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Remodeling p38 signaling in muscle controls locomotor 
activity via IL- 15
Cintia Folgueira1*†, Leticia Herrera- Melle1†, Juan Antonio López1,2, Victor Galvan- Alvarez3,4, 
Marcos Martin- Rincon3,4, María Isabel Cuartero1,5, Alicia García- Culebras1,6, Phillip A. Dumesic7, 
Elena Rodríguez1,8, Luis Leiva- Vega1,8, Marta León1,8, Begoña Porteiro9,10, Cristina Iglesias9,10,  
Jorge L. Torres11, Lourdes Hernández- Cosido12, Clara Bonacasa1,8, Miguel Marcos13,  
María Ángeles Moro1, Jesús Vázquez1,2, Jose A. L. Calbet3,4,14, Bruce M. Spiegelman7,  
Alfonso Mora1,8*, Guadalupe Sabio1,8*

Skeletal muscle has gained recognition as an endocrine organ releasing myokines upon contraction during phys-
ical exercise. These myokines exert both local and pleiotropic health benefits, underscoring the crucial role of 
muscle function in countering obesity and contributing to the overall positive effects of exercise on health. Here, 
we found that exercise activates muscle p38γ, increasing locomotor activity through the secretion of interleukin-
 15 (IL- 15). IL- 15 signals in the motor cortex, stimulating locomotor activity. This activation of muscle p38γ, leading 
to an increase locomotor activity, plays a crucial role in reducing the risk of diabetes and liver steatosis, unveiling 
a vital muscle- brain communication pathway with profound clinical implications. The correlation between p38γ 
activation in human muscle during acute exercise and increased blood IL- 15 levels highlights the potential thera-
peutic relevance of this pathway in treating obesity and metabolic diseases. These findings provide valuable in-
sights into the molecular basis of exercise- induced myokine responses promoting physical activity.

INTRODUCTION
Obesity is the most common metabolic disorder worldwide, with its 
incidence and prevalence rates continuing to rise, affecting over 
650 million adults globally according to 2016 estimates (1). In the 
battle against the global epidemic of obesity- induced metabolic dis-
eases, adopting a healthy lifestyle, including calorie restriction and 
regular exercise, has proven to be an effective strategy for prevention 
and treatment. While physical activity has been found to trigger in-
trinsic motivation for exercising (2), the precise molecular mecha-
nisms underlying this muscle- brain interaction have not been fully 
determined. Recent evidence highlights the role of skeletal muscle as 
an endocrine organ that secretes various factors participating in inter-
organ communication (3). These secreted factors, collectively known 
as myokines, include protein hormones, small molecules, lipids, and 

other substances released from contracting skeletal muscle (4). It has 
been shown that exercise improves metabolic status because of not 
only its well- known effects on skeletal muscle metabolism but also by 
the secretion of myokines acting in distant organs (5). Understanding 
the role of these myokines and their secretion in response to exercise 
holds great promise in preventing obesity and associated metabolic 
disorders.

Alterations of skeletal muscle signaling can compromise meta-
bolic homeostasis (6), and physical inactivity can disrupt the secre-
tion of myokines (7). This disturbance in interorgan cross- talk can 
lead to various metabolic diseases, including chronic conditions like 
type 2 diabetes, cardiovascular disease, fatty liver disease, and can-
cer (5, 7). Despite the notable benefits of exercise in the treatment 
and prevention of metabolic diseases, our understanding of the 
mechanisms through which exercise improves metabolic health re-
mains limited. One of the pathways activated during intermittent or 
continuous exercise in human skeletal muscle is the p38 signaling 
pathway (8). Although p38 activation increases insulin- independent 
glucose uptake and oxidative metabolism in muscle during exercise, 
the same pathway promotes insulin resistance and glucose intoler-
ance in metabolic syndrome (9). The contrasting effects of p38 acti-
vation in exercise and obesity may be attributed to the different 
functions of the four members of the p38 family: alpha, beta, gam-
ma, and delta. Encoded by four separate genes with distinct tissue 
expression patterns (10), each p38 family member has the potential 
to induce specific responses in skeletal muscle; however, the indi-
vidual contributions of p38s to the metabolic adaptation of skeletal 
muscle remain unclear. The impact of muscle- specific p38 deficien-
cy on systemic metabolism is still unknown.

In this study, we revealed that exercise- induced activation of 
muscle p38γ leads to the production of interleukin- 15 (IL- 15), which 
subsequently enhances spontaneous physical activity. Furthermore, 
we observed the presence of this p38γ/IL- 15 axis in humans after 
exercise, underscoring the relevance of this signaling pathway, which 
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could be activated to promote spontaneous exercise in healthy indi-
viduals and patients with medical conditions.

RESULTS
Exercise induces activation of p38α in human muscle
The p38 pathway has been recognized as a crucial player in exercise- 
induced skeletal muscle adaptation. Notably, studies with transgenic 
and knockout (KO) mice have demonstrated that this pathway en-
hanced mitochondrial biogenesis, underscoring the importance of 
p38 in endurance exercise- induced muscle adaptation (11). Build-
ing on these findings, we sought to investigate the activation of p38α 
in human muscle after exercise. For this purpose, volunteers under-
went an incremental exercise test on a cycle ergometer, and muscle 
biopsies were obtained from the vastus lateralis of one thigh before, 
immediately after, and 10 s after a 30- s maximal sprint (Wingate 
test). We found that exercise induces p38α activation in human 
muscle (Fig. 1A).

Mice deficient for p38α in striated muscle exhibit 
improved metabolism
To investigate the relevance of the p38 pathway in regulating muscle 
adaptations during exercise and its potential implications for human 
health, we generated conditional KO mice lacking p38α in striated 
muscle by expressing Cre recombinase under the muscle creatine 
kinase (MCK) promoter. Immunoblot images confirmed the ab-
sence of p38α in skeletal muscles (quadriceps, gastrocnemius, sole-
us, and extensor digitorum longus) and hearts of p38αMCK- KO mice, 
while no changes in p38α levels were observed in other tissues 
(fig. S1A).

We found that p38αMCK- KO mice had lower body weight than 
control mice when fed a normal chow diet (ND) (Fig. 1B and fig. S1B). 
Moreover, p38αMCK- KO mice displayed lower blood glucose levels in 
both fasted and fed states, along with improved glucose tolerance 
(Fig. 1, C and D).

Metabolic cages did not show changes in locomotor activity, 
energy expenditure, or respiratory quotient (RQ) compared to con-
trol mice (fig. S1, C to E) or anxiety- related behavior (which corre-
spond with longer time spent on the periphery during the open 
field test) (fig.  S2, A to E). However, p38αMCK- KO mice displayed 
improved fine motor coordination and balance, as evidenced by 
fewer slips and increased time on the beam in the balance beam as-
say (fig. S2, F to I). To gain a more comprehensive understanding of 
the mice’s activity patterns comparable to human leisure time physi-
cal activity, we evaluated wheel engagement within the metabolic 
cages. This allowed us to measure both distance run and speed. Our 
findings revealed that p38αMCK- KO mice exhibit enhanced and faster 
running behavior (Fig. 1, E and F). In addition, no differences were 
observed in body temperature, interscapular temperature, or rectal 
temperature after cold exposure (fig. S2, J to L). These findings sug-
gest that muscle- specific p38α deficiency contributes to improved 
metabolic outcomes.

p38αMCK- KO mice are protected against diet- induced obesity, 
diabetes, and liver steatosis
The lower body weight observed in ND- fed mice prompted us to 
investigate whether lack of p38α in striated muscle also conferred 
protection against obesity induced by a high- fat diet (HFD). 
HFD- fed p38αMCK- KO mice exhibited lower body- weight gain and 

weighed less than their control counterparts primarily due to a reduc-
tion in the weight of adipose depots (Fig. 2, A and B, and fig. S3A), indi-
cating that muscle- specific p38α deficiency offers protection against 
HFD- induced obesity. HFD- fed p38αMCK- KO mice displayed higher 
locomotor activity (Fig. 2C) with more movement and total distance 
and showed no anxiety- like behavior, demonstrated by their lack of 
preference for the periphery in the open field (fig. S3, B to F). In 
concordance with this increased activity, they presented higher en-
ergy expenditure without affecting RQ or temperature (body or in-
terscapular) (Fig. 2D and fig. S3, G to I). These findings support the 
notion that muscle- specific p38α deficiency contributes to increase 
the spontaneous locomotor activity and plays a role in the regula-
tion of energy balance during HFD. We ruled out the possibility that 
the increased locomotor activity observed in these mice was due to 
protection against heart damage following the HFD, as they exhib-
ited a reduction in p38α in the heart. Echocardiography analysis 
revealed no differences in heart function or structure, as measured 
by ejection fraction or fractional shortening, between genotypes 
(fig. S4, A to J).

HFD feeding can lead to hyperglycemia and hyperinsulinemia in 
mice, increasing the risk of insulin resistance and diabetes (12). The 
reduced fat accumulation in p38αMCK- KO mice led us to examine 
whether they were also protected against HFD- induced glucose intol-
erance. Analysis of plasma samples indicated that p38αMCK- KO mice 
had less severe HFD- induced hyperglycemia and hyperinsulinemia 
than wild- type (WT) mice (Fig. 2, E and F), as well as a lower homeo-
static model assessment of insulin resistance (HOMA- IR) index, indi-
cating lower insulin resistance (Fig. 2G). Furthermore, HFD- fed 
p38αMCK- KO mice exhibited enhanced glucose tolerance even when 
administered the same amount of glucose regardless of their weight 
(Fig. 2H and fig. S5A), correlating with higher glucose- induced insu-
lin release (Fig. 2I). Higher insulin sensitivity in p38αMCK- KO mice was 
confirmed by insulin tolerance test (ITT; Fig. 2J). Immunoblot analy-
sis of Akt phosphorylation, an index of insulin resistance (12), showed 
a higher insulin- induced Akt phosphorylation in the liver and skel-
etal muscle in p38αMCK- KO mice than that in control mice, indicat-
ing protection against insulin resistance in these organs in the KO 
mice (fig. S5, B to E). Hematoxylin and eosin (H&E) and Oil Red 
histological analysis of liver samples revealed a lower grade of he-
patic steatosis in HFD- fed p38αMCK- KO mice than that in control 
mice (Fig. 2, K and L).

These results suggest that, in addition to protect against diet- 
induced obesity, the absence of p38α in muscle also protects against 
HFD- induced diabetes and hepatic steatosis.

p38α- deficient muscles hyperactivate p38γ and its 
upstream kinases
The observed changes in metabolism within skeletal muscle prompt-
ed us to investigate into the activation of p38γ, a key regulator iden-
tified in driving endurance exercise- induced metabolic adaptation 
in skeletal muscle (11). Western blot analysis revealed activation of 
p38γ in different skeletal muscles from HFD- fed p38αMCK- KO mice. 
This increase was not accompanied by changes in the total content 
of p38γ mRNA or protein (Fig. 3A and fig. S6, A to D). As expected, 
the specific p38α/β substrate mitogen- activated protein kinase 
(MAPK)–activated protein kinase 2 (MK2) (13) and the MK2 sub-
strate, Hsp27, were not phosphorylated in HFD- fed p38αMCK- KO 
mice (fig. S6E), suggesting that p38α loss was not compensated by 
p38β kinase activity. Moreover, in line with the p38γ activation, 
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Fig. 1. Lack of p38α in striated muscle decreases body weight, improves glucose homeostasis, and exhibits enhanced and faster running behavior in mice fed 
an ND. (A) Representative Western blot of human muscle samples from two individuals before exercise (Pre) and immediately after exercise (Post) {at the end of the incre-
mental test to exhaustion [post exhaustion test (exh)] and post Wingate test (Win)} was examined with antibody against phospho- p38. Quantifications are shown. vincu-
lin protein expression was monitored as a loading control. data are normalized to pre- exercise levels and shown as means ± SeM; *P < 0.05 and **P < 0.01. Student’s t 
test; n = 10. a.u., arbitrary units. (B to F) eight- week- old p38αMcK- KO and control mice were fed a normal chow diet (nd). (B) Body weight; (c) fasting and fed plasma glucose 
levels at 16 weeks old; (d) glucose tolerance test (Gtt) and area under the curve (AUc). Mice fasted overnight were injected intraperitoneally with glucose (1 g/kg) and 
blood glucose concentration was measured at the indicated time points. (e) distance run and (F) speed during 24- hour period measured in metabolic cages with wheels. 
data are shown as means ± SeM; *P < 0.05 and ***P < 0.001; Student’s t test (B to F); two- way analysis of variance (AnOvA) coupled to Bonferroni’s multiple comparisons 
test (d); n = 7 to 13.
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Fig. 2. Lack of p38α in striated muscle increases voluntary locomotor activity, protects against HFD- induced obesity, improves glucose metabolism, and re-
duces hepatic steatosis. p38αMcK- KO and control mice were fed hFd, and body weight was monitored for 8 weeks. (A) Body weight gain measured at the indicated times 
during hFd treatment. (B) Body weight measured at sacrifice. (C) locomotor activity (lA) during a 48- hour period after hFd. (D) energy expenditure (ee) and analysis of 
covariance (AncOvA). (E) Fasting and fed plasma glucose levels. (F) Fasting plasma insulin levels. (G) insulin resistance rate calculated as homeostasis model assessment 
of insulin resistance (hOMA- iR) ratio. (H) Gtt and AUc. Mice fasted overnight were injected intraperitoneally with glucose (1 g/kg). (I) insulin release assay and AUc. Mice 
fasted overnight were injected intraperitoneally with glucose (2 g/kg), and insulin levels were measured at the indicated points. (J) insulin tolerance test (itt) and 
AUc. Mice fed ad libitum were injected intraperitoneally with insulin (0.75 U/kg). Blood glucose concentration was measured at the indicated points in Gtt and itt. data 
are shown as means ± SeM; *P < 0.05, **P < 0.01, and ***P < 0.001; two- way AnOvA coupled to Bonferroni’s multiple comparisons test (A and h to J); Student’s t test 
[with Welch’s correction for lA- dark phase, for glucose (fasted) and hOMA- iR] (B to J); n = 6 to 14. Gluc, glucose; ins, insulin. (K and L) p38αMcK- KO and control mice were 
fed an hFd, fasted overnight, and euthanized. (K) Representative h&e– and (l) Oil Red O–stained liver sections are presented. Scale bars, 150 μm. n = 5.
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Fig. 3. Lack of p38γ in p38αMCK- KO mice loses their protection against HFD- induced obesity and diabetes. eight- week- old p38αMcK- KO and control mice were fed an hFd, 
fasted overnight, and euthanized. (A) extracts prepared from quadriceps were examined by immunoblot analysis with antibodies against phospho (p)–p38 and total protein 
levels. Quantifications are shown. vinculin protein expression was monitored as a loading control. Student’s t test; n = 4 to 5. (B and C) p38α/γMcK- KO, p38αMcK- KO, and control mice 
were fed an hFd, and metabolic parameters were assayed. (B) lA and (c) ee and AncOvA. data are shown as means ± SeM; *P < 0.05, **P < 0.01, and ***P < 0.001; one- way 
AnOvA coupled to Bonferroni’s multiple comparisons test; n = 9 to 10. * Symbols indicate differences between p38αMcK- KO and control mice unless otherwise indicated. (D and 
E) p38α/γMcK- KO, p38αMcK- KO, and control mice were fed hFd, and body weight was monitored for 2 weeks. (d) Body weight gain measured at the indicated times during hFd 
treatment. (e) Body weight measured during hFd feeding. data are shown as means ± SeM; ***P < 0.001; one- way (e) or two- way AnOvA (d) coupled to Bonferroni’s multiple 
comparisons test; n = 8 to 9. * Symbols indicate differences between p38αMcK- KO and control mice unless otherwise indicated. (F and G) p38α/γMcK- KO, p38αMcK- KO, and control 
mice were fed a hFd for 3 weeks. (F) Gtt and AUc. (G) itt and AUc. data are shown as means ± SeM; *, #, or §P < 0.05; ## or §§P < 0.01; *** or §§§P < 0.001; two- way AnOvA 
coupled to Bonferroni’s multiple comparisons test; n = 9 to 10. * Symbols depict significant differences between p38αMcK- KO and control mice; # symbols indicate significant 
differences between p38α/γMcK- KO and control mice; and § symbols depict significant differences between p38α/γMcK- KO and p38αMcK- KO mice.
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p38α deficiency triggered activation of the two main upstream MAPK 
kinases (MAP2K) in the p38 signaling pathway, MKK3 and MKK6, 
linked to increased MKK3 and MKK6 mRNA and total protein ex-
pression (fig. S6, E to G). These findings suggest that the absence of 
p38α in muscle leads to the activation of p38γ and its upstream kinas-
es, providing valuable insights into the molecular basis of the observed 
metabolic pathway changes in p38α- deficient skeletal muscle.

p38γ activation in p38α- deficient muscle mediates 
protection against obesity
Given the implication of p38γ in obesity comorbidities (14, 15), we 
investigated the influence of p38γ phosphorylation on the phenotype 
of mice lacking p38α in striated muscle. To address this, we generated 
mice with striated muscle deletion of both p38α and p38γ (p38α/
γMCK- KO). Upon HFD feeding, we observed that the lack of p38γ 
reversed the protective phenotype associated with striated- muscle 
p38α deficiency, because p38α/γMCK- KO mice display lower locomo-
tor activity linked to the reduced energy expenditure that was associ-
ated with higher body weight and body weight gain compared to 
p38αMCK- KO mice (Fig. 3, B to E). No discernible differences between 
genotypes in RQ or temperature (body or interscapular) were ob-
served (fig. S7, A to C). These results highlight the crucial role of 
p38γ activation in mediating the protective effects against obesity 
observed in p38αMCK- KO mice. In agreement with the loss of obesity 
protection, p38α/γMCK- KO mice exhibited impaired glucose tolerance 
and insulin sensitivity (Fig. 3, F and G), similar to the values ob-
served in control mice. These results provide compelling evidence 
that p38γ activation in p38αMCK- KO skeletal muscle is instrumental in 
conferring protection against obesity and diet- induced diabetes.

p38γ activation increases voluntary physical activity
Our data suggest that activating p38γ in muscle enhances locomotor 
activity. To test this hypothesis, we overexpressed active p38γ in 
muscle using an adeno- associated virus (AAV- sk- cm4- cherry- p38γ*) 
(Fig. 4A). Metabolic cages demonstrated that muscle expression of 
active p38γ increased locomotor activity (Fig. 4B). In addition, mice 
overexpressing active p38γ in muscle exhibit increased and quicker 
voluntary wheel running, suggesting that p38γ in muscle tissue plays 
a role in incentivizing voluntary physical activity (Fig. 4, C and D). 
This increase of locomotor activity resulted in reduced weight gain 
(Fig. 4E). To gain insights into how muscle p38γ might influence ex-
ercise performance, we conducted a treadmill exhaustion test. While 
the absence of muscle p38α resulted in a slight increase in maximal 
velocity and distance, the expression of active p38γ in muscle in-
creased both maximal velocity and distance, suggesting that the acti-
vation of p38γ improves exercise performance (Fig.  4, F and G). 
Maximum speed, work performed, and distance to exhaustion were 
all higher in p38γ* animals, demonstrating durable and substantially 
increased levels of physical endurance (Fig. 4G). Furthermore, our 
analysis revealed no differences in the open field test between mice 
overexpressing p38γ* in muscle and control group, indicating that 
the observed increase in locomotor activity is not due to altered ex-
ploratory behavior or anxiety levels (fig. S7, D to H).

Activation of p38γ induces the secretion of IL- 15, which, in 
turn, increases locomotor activity
Exercise can stimulate the release of myokines in skeletal muscle, 
potentially contributing to metabolic improvements. To evaluate 
whether lack of muscle p38α can affect myokine production, improving 

metabolism, we performed transcriptomic analysis of p38αMCK- KO 
muscle. Through RNA sequencing (RNA- seq)–based transcriptomic 
analysis of control, p38αMCK- KO and p38α/γMCK- KO muscles, combined 
with secretome screening for genes encoding secreted proteins, we 
identified 15 differentially expressed genes (DEGs) in p38αMCK- KO 
mice likely to encode secreted proteins, including IL- 15, a well- known 
myokine linked to locomotor activity control (16–18). The analysis re-
vealed increased IL- 15 expression in p38αMCK- KO muscle but not in 
p38α/γMCK- KO muscles, confirmed by quantitative polymerase chain 
reaction (qPCR) (Fig. 5, A to D). Furthermore, we corroborate that 
p38αMCK- KO mice display higher plasma IL- 15 concentrations than 
control mice (Fig. 5E). In addition, both muscle and plasma IL- 15 lev-
els increase with the overexpression of p38γ in muscle (fig. S7, J and K). 
IL- 15 production involves diverse cell types with evidence pointing to 
its generation by not only conventional immune cells but also other 
types of cells as myocytes. To evaluate whether myocytes can produce 
this cytokine, we analyze single- cell public datasets (19) (https://
rstudio- connect.hpc.mssm.edu/muscle- multiome/). This reveals that 
myogenic cells, derived from muscle progenitors, exhibit elevated IL- 
15 levels compared to mesenchymal or neuronal cells (fig. S8A). In 
addition, we found that muscle fibers can produce IL- 15 (fig. S8B). 
These results suggest that, in the muscles of p38αMCK- KO mice, p38γ 
activation induced IL- 15 release, contributing to their higher sponta-
neous locomotor activity.

To confirm that IL- 15 increases voluntary physical activity, we 
treat animals with IL- 15 intravenously. Metabolic cage analysis re-
veals that IL- 15 increases both locomotor activity and energy ex-
penditure (Fig. 5, F and G). Released by skeletal muscle, IL- 15 can 
influence brain function (20) and has also been associated to lower 
anxiety- related behaviors (21, 22). Compared with the other geno-
types, p38αMCK- KO mice also showed a tendency toward lower 
depression- like behavior (less immobility) in the tail suspension test 
(Fig. 5H).

IL- 15 signaling in the brain primary and secondary motor cortices 
(M1 and M2) controls movement (23). Therefore, we investigated 
whether the elevated muscle IL- 15 in p38αMCK- KO mice affects motor 
cortex signaling. We observed higher phosphorylation of extracellu-
lar signal–regulated kinase (ERK), signal transducer and activator 
of transcription 3 (STAT3), and STAT5 in these brain areas of 
p38αMCK- KO mice (Fig. 5I), suggesting that higher IL- 15 signaling in 
the motor cortex might contribute to the elevated locomotor activity 
in p38αMCK- KO mice. To test this hypothesis, we suppressed IL- 15 sig-
naling in M1 by using a stereotaxic procedure to inject short hairpin 
RNA (shRNA) against the α subunit of the IL- 15 receptor (IL- 15Rα; 
shIL- 15Rα) (Fig. 5J). p38αMCK- KO mice with reduced motor cortex IL- 
15Rα expression exhibited lower locomotor activity (Fig. 5K), glucose 
intolerance, and body weight (Fig. 5, L and M, and fig. S8C) than 
p38αMCK- KO mice injected with control shRNA (shScramble). More-
over, p38αMCK- KO mice treated with shIL- 15Rα displayed a higher 
depression- like behavior in the tail suspension test to those treated 
with control shRNA (Fig. 5N).

Muscle p38γ activation upon exercise stimulates 
IL- 15 secretion
Our results suggest that p38γ activation in muscle plays a role in 
promoting IL- 15 production, thereby enhancing voluntary physical 
activity and contributing to improved health. To further understand 
the physiological relevance of this pathway, we investigated the re-
sponse of p38γ activation during exercise. WT mice were subjected 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 27, 2024

https://rstudio-connect.hpc.mssm.edu/muscle-multiome/
https://rstudio-connect.hpc.mssm.edu/muscle-multiome/


Folgueira et al., Sci. Adv. 10, eadn5993 (2024)     14 August 2024

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

7 of 18

Fig. 4. p38γ activation increase LA. eight- week- old Wt mice fed an nd were injected intravenously (iv) with 5 × 1011 per mice AAv- scramble or AAv- sk- cm4- cherry- 
p38γ* (active p38γ). (A) Representative anti- cherry immunohistochemistry muscle sections are presented at ×20 magnification. (B) lA, (C) wheel distance run, (D) wheel 
speed in metabolic cages, and (E) body weight change 4 weeks after AAv- scramble or AAv- sk- cm4- cherry- p38γ* intravenous injection. (F and G) Measurement of exercise 
capacity using a graded exercise treadmill, and mice were run to exhaustion. (F) Maximal velocity, total distance, work, and power were evaluated in p38αMcK- KO and 
control mice and (G) in Wt mice 4 weeks after AAv- scramble or AAv- sk- cm4- cherry- p38γ* intravenous injection. data are shown as means ± SeM; *P < 0.05, **P < 0.01, 
and ***P < 0.001. Student’s t test (B to G); n = 7 to 10.
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Fig. 5. p38αMCK- KO mice have higher muscle IL- 15 expression and increased plasma IL- 15 levels following exercise controlled by the motor cortex. (A to C) RnA- 
seq analysis with gastrocnemius samples from hFd- fed p38αMcK- KO, p38α/γMcK- KO, and control mice, fasted overnight. (A) venn diagram illustrating differentially expressed 
genes (deGs) for secreted proteins comparing p38αMcK- KO or p38α/γMcK- KO mice with controls, (B) heatmap, (c) Il- 15 mRnA expression in RnA- seq. (D) Il- 15 measure by 
qRt- PcR normalized to Rps18 mRnA. data are normalized to control mice (E) il- 15 levels of mice subjected to treadmill exercise for 30 min. (F and G) eight- week- old Wt 
mice fed an nd were injected iv with il- 15 (500 pg per mice). (F) lA and (G) ee and AncOvA 48 hours after injection. (H) tail suspension test performed in 18-  to 
23- week- old mice fed a nd. (I) extracts prepared from the motor cortex were examined by immunoblot analysis with indicated antibodies. data are normalized to control 
mice. (J to N) eight-  to 11- week- old mice were injected in the motor cortex with an shRnA targeting il- 15Rα (shil- 15Rα) or a control sequence (shScramble) by stereo-
taxic surgery. (J) Schematic representation of the brain area targeted during the surgical procedure. (K) lA during a 48- hour period 4 weeks after stereotaxic injection. (l 
and M) Four weeks after stereotaxic injection p38αMcK- KO, and control mice were placed on an hFd and Gtt and AUc were measured. Mice fasted overnight were injected 
intraperitoneally with glucose (1 g/kg). (n) tail suspension test was performed. data are shown as means ± SeM; (A to d, h, and i) one- way AnOvA coupled to Bonferroni’s 
multiple comparisons test or Student’s t test (e and G); *, $, or #P < 0.05; **, $$, or ##P < 0.01; ***, $$$, or ###P < 0.001.
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to treadmill exercise and evaluated p38γ activation in the muscle 
after 30 min of exercise. Our findings revealed that acute exercise 
induced increased levels of p38γ activation in the muscle (Fig. 6A). 
This correlates with an increase of IL- 15 in plasma, which aligns 
with its role in regulating IL- 15 expression (Fig. 6B). These results fur-
ther support the notion that p38γ is involved in the regulation of IL- 
15 production during exercise and highlights the potential relevance 
of this pathway in modulating physical activity and health benefits.

p38α and p38γ kinases are differentially regulated 
after training
Our findings indicate that both p38α and p38γ are activated after 
exercise but play opposing roles in regulating voluntary physical 
activity. p38γ promotes IL- 15 production, enhancing voluntary 
physical activity, whereas p38α appears to inhibit p38γ activation, 
acting as a brake. This regulatory mechanism might ensure a bal-
anced response to exercise, controlling its duration and intensity 
to prevent overexertion. To assess whether training changes the 
relative activation of these kinases, we evaluated p38α and p38γ 
activation in both trained and non- trained animals. After 5 weeks 
of aerobic training, we observed higher expression and activation 
of p38γ, while p38α activation remained reduced (Fig.  6, C and 
D). This suggests a shift in the balance between these regulators 
during training, where increased p38γ activation may contribute 
to enhanced exercise tolerance.

The p38γ/IL- 15 axis is activated in human muscle 
after exercise
To confirm the relevance of the p38γ/IL- 15 axis in human muscle, 
we analyzed muscle biopsies from individuals who underwent in-
cremental exercise to exhaustion (24). Consistent with our earlier 
observations in mice, the phosphorylation of p38γ and the expres-
sion of IL- 15 were found to be increased in human muscle after ex-
ercise (Fig. 6E). Furthermore, we observed a corresponding increase 
in plasma IL- 15 levels following exercise (Fig. 6F). These findings 
reinforce the clinical importance of the p38γ/IL- 15 axis, suggesting 
that this signaling pathway plays a crucial role in regulating physical 
activity in both mice and humans.

Using a cohort consisting of both healthy participants and indi-
viduals with obesity (Table 1), we investigated plasma IL- 15 levels. 
Unexpectedly, our analysis revealed reduced blood levels of this 
myokine in individuals with obesity (Fig. 6G), further suggesting its 
potential involvement in obesity and related metabolic disorders. 
Together, these findings emphasize the crucial role of p38γ activa-
tion in muscle and its connection to IL- 15 production, both during 
acute exercise and in response to incremental exercise in human 
subjects. This pathway’s clinical relevance is further supported by its 
association with reduced plasma IL- 15 levels in patients with obe-
sity, suggesting its potential as a target for interventions aimed at 
addressing obesity and related metabolic disorders.

DISCUSSION
Exercise has been recognized as a beneficial strategy for combating 
obesity and improving metabolic homeostasis, partly attributed to the 
secretion of myokines from skeletal muscle. In our study, we discover 
that p38γ is activated in human muscle after exercise, suggesting its 
potential role in promoting metabolic health. Our findings demon-
strate that p38γ expressed in skeletal muscle enhances the production 

and secretion of IL- 15 by the muscle, leading to increased activation 
of the motor cortex and subsequent elevation in spontaneous loco-
motor activity. This heightened locomotor activity results in higher 
energy expenditure, offering protection against obesity, diabetes, and 
liver steatosis.

IL- 15 appears to be a key player in driving the high locomotor 
activity observed in p38αMCK- KO mice. IL- 15 is among several fac-
tors secreted by skeletal muscle that are elevated following exercise 
in mice and humans (7). However, the regulation of muscle- 
derived IL- 15 and its physiological consequences have remained 
unclear. While some studies have reported elevated IL- 15 levels 
in humans after exercise (16, 25), others have not observed these 
changes (26). In our study, following endurance exercise, we ob-
served a tendency for increased IL- 15 levels in the blood and the 
use of occlusion intensified this increase. However, we cannot ex-
clude the possibility that secretion of IL- 15 is very limited in the 
time, and, therefore, occlusion might have allowed for the accumu-
lation of IL- 15 in muscle (or interstitial space) and facilitated the 
detection of IL- 15 increases in muscle and blood immediately after 
exercise. Previous research has described a relatively transient in-
crease in IL- 15 in circulation immediately following exercise (16, 
25), suggesting the importance of timing in blood sampling to de-
tect the exercise response. Moreover, an immediate change in cir-
culating IL- 15 levels implies the presence of a pool of readily 
secretable IL- 15 that may not necessarily depend on transcription-
al changes in IL- 15 mRNA (16).

Our results suggest that higher muscle IL- 15 expression facili-
tates its secretion after exercise. Higher exercise- induced plasma IL- 
15 appears to signal the cerebral motor cortex to enhance voluntary 
locomotor activity and reduce depression- like behavior, a conclu-
sion supported by the reduced locomotor activity in p38αMCK- KO 
mice upon suppression of motor cortex expression of IL- 15Rα. Al-
though we cannot pinpoint muscle- derived IL- 15 as the exclusive 
source, the link between exercise and increased IL- 15 action is evi-
dent in our findings, reinforcing the importance of IL- 15 signaling 
in this area for the control of voluntary movements.

The regulation of muscle- derived IL- 15 and its physiological 
consequences remain unclear, although IL- 15 has been linked to re-
ductions in adiposity and protection against type 2 diabetes and 
fatty liver disease (27–29). Moreover, there is also controversy about 
the role of IL- 15 signaling in the control of locomotor activity, with 
IL- 15 reported to enhance (16) or to decrease locomotor activity 
(17, 18). This controversy also applies to the role of IL- 15 in the 
modulation of anxiety and depression (21, 22, 30). Our results in-
dicate that IL- 15 signaling in the motor cortex contributes to the 
increased locomotor activity, establishing an important cross- talk 
between the muscle and the brain.

In addition to its role in activating p38γ and promoting IL- 15 
production, our data reveal that p38α exerts a negative regulation 
over p38γ. This negative feedback of p38α on p38γ has been report-
ed in previous studies (31, 32), further highlighting the complexity 
of the p38 family and the need to comprehensively understand the 
distinct functions of its different members. Our results suggest that 
p38α activation serves to block the activation of p38γ, which, in 
turn, regulates IL- 15 and the reward or interest associated with ex-
ercise. We have observed that exercise activates both p38α and p38γ 
in muscle. These kinases exert opposing effects: While p38γ enhanc-
es voluntary physical activity, p38α refrain it by inhibiting p38γ 
activation and IL- 15 production. This coordinated action might 
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Fig. 6. Muscle p38γ activation upon exercise stimulates IL- 15 secretion. (A and B) eight- week- old control mice were subjected to treadmill exercise for 30 min, and (A) 
gastrocnemius and (B) blood samples were extracted after exercise. immunoblot analysis and quantification of muscle phospho- p38γ, p38γ total, and circulating il- 15 
levels immediately after exercise are shown. data are shown as means ± SeM; *P < 0.05, **P < 0.01, and ***P < 0.001; Student’s t test; n = 4. (C and D) Gastrocnemius 
samples were extracted from trained and non- trained mice. immunoblot analysis and quantification of muscle phospho- p38γ (p- p38γ)/phospho- p38α (p- p38α) and 
phospho- p38γ (p- p38γ)/phospho- p38α (p- p38α) ratio and p38γ/p38α ratio. vinculin protein expression was monitored as a loading control. data are shown as means ± 
SeM; **P < 0.01; Student’s t test; n = 4. (E) Muscle human samples obtained before exercise, immediately after exercise (at the end of the incremental test to exhaustion 
(post exhaustion test) and post Wingate test) were examined by immunoblot analysis with antibodies against phospho- p38γ, p38γ total, and il- 15. vinculin protein ex-
pression was monitored as a loading control. (F) il- 15 circulating levels were measured in human samples obtained before exercise and after exercise. Quantifications are 
shown. data are normalized to pre- exercise levels and shown as means ± SeM; *P < 0.05, **P < 0.01, and ***P < 0.001. Student’s t test; n = 13 to 16. (G) circulating il- 15 
expression in patient controls and patients with obesity. data are shown as means ± SeM; **P < 0.01. Student’s t test; n = 8 to 9.
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ensure that exercise provides a rewarding experience and promotes 
further activity while also preventing exhaustion and overexertion 
by limiting excessive activity. Training shifts the balance between 
p38α and p38γ, favoring increased activation of p38γ, which may 
contribute to enhanced exercise tolerance. Previously, we have ob-
served a similar coordinated action of the same both kinases to 
avoid loss of energy associated with excessive brown adipose tissue 
(BAT) thermogenesis (31). We believe that this illustrates a consis-
tent pattern of control over energy balance and expenditure. More-
over, our experiments in mice demonstrate that deleting p38α in 
muscle tissue leads to an increase in voluntary physical activity 
compared to controls. Further experiments are needed to fully un-
derstand how this regulatory pathway operates in humans, particu-
larly during training and in conditions such as obesity. Our results 
suggest that IL- 15 increases spontaneous physical activity, which, in 
humans, is equivalent to leisure time physical activity. To ascertain 
whether repeated exercise- induced IL- 15 increases could translate 
into enhanced exercise adherence in humans will require further 
experiments. Continued research in this area will provide valuable 
insights into the physiological mechanisms underlying exercise be-
havior and its modulation in various contexts.

The existence of these opposing regulatory mechanisms empha-
sizes the importance of elucidating the specific roles of individual 
family members to fully grasp their contributions to cellular pro-
cesses and physiological outcomes. As we understand better the 
functions of the p38 family, we gain valuable insights that can im-
prove the development of targeted therapeutic strategies for ad-
dressing various metabolic disorders and related health challenges.

This study identifies skeletal muscle p38γ as a central signaling 
hub involved in the amount of physical exercise undertaken by in-
ducing IL- 15 production. The presence of this pathway in humans 
offers a promising target for the development of therapeutic ap-
proaches to combat the obesity epidemic. Understanding the inter-
play between muscle and brain signaling pathways could open up 
avenues for interventions aimed at promoting physical activity and 
metabolic health.

MATERIALS AND METHODS
Exercise responses in humans: Study population
Seventeen young men volunteered to participate in this study 
[means ± SD; age, 22.5 ± 2.4 years; body mass, 72.7 ± 7.6 kg; height, 
178 ± 8 cm; body fat, 18.6 ± 5.8%; body mass index (BMI), 23.1 ± 2.3 kg 
m−2; and maximal oxygen consumption VO2max, 47.9 ml kg−1 
min−1]. The inclusion criteria were (i) age between 18 and 35 years, 
< 30 kg m−2; (ii) sex, male; (iii) normal resting 12- lead electrocar-
diogram; and (iv) having a physically active lifestyle exercising 
regularly two to four times a week, but without following a specific 
training program. The exclusion criteria were (i) any disease or al-
lergy, (ii) any medical contraindication for exercise, (iii) smoking, 
and (iv) being under any medical treatment. The study was approved 
by the Ethical Committee of the University of Las Palmas de Gran 
Canaria and was carried out by the Declaration of Helsinki (CEIH- 
2015- 03). All volunteers received written and oral information re-
garding the aims of the study and the associated risk and signed a 
written consent before starting the experiments. Subjects were re-
quested to avoid drinking caffeine, taurine, or alcohol- containing 
beverages and not to exercise 24 hours before the experiments. Be-
sides, they were asked to maintain their usual diet until the end of 
the study. Upon completion of the study, all participants received a 
small monetary compensation, which was approved by the ethical 
committee. The study was designed to determine the main signaling 
pathways activated by cellular stress during exercise and after exer-
cise ischemia, using an experimental model previously charac-
terized (24).

Exercise responses in humans: Pretest and familiarization
During the first visit to the laboratory, anthropometric measure-
ments were taken, and their body composition was assessed using 
dual- energy x- ray absorptiometry (Lunar iDXA, GE Healthcare, 
Milwaukee, WI, USA) (33). After that, the volunteers visited the 
laboratory on at least three additional days for familiarization with 
experimental procedures by performing an incremental exercise to 
exhaustion and sprint exercise (30- s Wingate all- out test). This was 

Table 1. Characteristics of obese patients and controls for human plasma samples. variables are presented as mean (Sd) or absolute frequency 
(percentage) and are compared by means of chi- square test. BMi, body mass index; ASt, aspartate aminotransferase; Alt, alanine aminotransferase; ldl, 
low- density lipoprotein; hdl, high- density lipoprotein.

Variable Patients with obesity (n = 11) Patient controls (n = 9) P

Age (years) 47.6 (11.60) 53.11 (16.16) 0.40

BMi (kg/m2) 48.816 (8.527) 24.13 (2.27) <0.0001

Body fat (%) 47.77 (4.26) 24.20 (3.76) <0.0001

Fasting blood sugar (mM) 7.14 (4.18) 5.16 (0.57) 0.236

insulin (pM) 807.013 (648.11) 114.27 (24.50) 0.021

hOMA- iR 8.16 (9.57) 0.742 (0.15) 0.082

ASt (iU/liter) 28.3 (12.45) 36.57 (39.66) 0.542

Alt (iU/liter) 38.7 (16.47) 32 (23.62) 0.512

total cholesterol (mM) 4.95 (1.27) 4.68 (1.28) 0.69

triglycerides (mM) 1.92 (1.14) 1.26 (0.52) 0.184

ldl- cholesterol (mM) 2.77 (1.56) 2.98 (1.17) 0.786

hdl- cholesterol (mM) 1.01 (0.19) 1.12 (0.32) 0.446
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continued by three sessions to determine their (VO2max); in one 
session, an incremental exercise to exhaustion was carried out as 
previously reported (34), and, during the other two sessions, they 
performed repeated supramaximal exercise bouts at 120% of VO2max 
until exhaustion, interspaced with 20- s recovery periods, 1 day re-
covering with a free circulation and the other with total occlusion of 
the circulation (34). The exercise tests were carried out on a Lode 
ergometer (Groningen, The Netherlands), while subjects were re-
quested to maintain a pedaling cadence close to 80 rpm (33, 34). 
Exhaustion was defined by the subject stopping pedaling suddenly 
or by a drop in the pedaling cadence below 50 rpm despite strong 
verbal encouragement for 5 s. The highest 20- s averaged VO2 value 
recorded during the incremental exercise to exhaustion or repeated 
supramaximal exercise bouts was taken as the VO2max (35). Oxygen 
uptake was measured breath by breath using a metabolic cart (Vyntus, 
Jaeger- CareFusion, Höchberg, Germany) calibrated immediately be-
fore each test using high- grade certified gases provided by the manu-
facturer. The volume flow sensor was calibrated immediately before 
each test at low (0.2 liter/s) and high (2 liter/s) rates. The validity of 
this metabolic cart was established by a butane combustion test (36).

Exercise responses in humans: Main experiment
One week after the VO2max assessment, volunteers reported to the 
laboratory at 07.00 hours, following a 12- hour overnight fast. Both 
femoral veins were catheterized under local anesthesia (2% lido-
caine) before the exercise tests using the Seldinger technique as pre-
viously reported (33). After catheterization, a first basal muscle 
biopsy was obtained from the m. vastus lateralis of one of the two 
thighs, assigned randomly, using the Bergstrom’s technique with 
suction, as previously reported (24). The needle was directed dis-
tally for the first biopsy, with 45° inclination (37) and the skin inci-
sion covered with a temporary dressing easy to remove at exhaustion. 
After that, a cuff (SCD10, Hokanson, Bellevue, WA, USA) connected 
to a rapid cuff inflator (Hokanson, E20 AG101) was placed around 
the thighs (chosen randomly), as close as possible to the inguinal 
crease, and a resting blood sample was obtained from one of the 
femoral veins. Then, the subjects sat on the cycle ergometer, and, 
after verification of proper readings, the incremental exercise test 
started with 3 min at 20 W, followed by 20- W increases every 3 min 
until the respiratory exchange ratio was ≥1.00. After that, the er-
gometer was unloaded while the subjects kept pedaling at 30 to 
40 rpm for 2 min. Then, the exercise intensity was increased to the 
same reached at the end of the previous phase and increased by 15 W 
every minute until exhaustion. At this moment, the cuff was inflated 
instantaneously at 300 mmHg, and a second biopsy was obtained 20 s 
after exhaustion. For this second biopsy, the needle was intro-
duced perpendicular to the thigh (37). Then, the subject rested qui-
etly on the cycle ergometer and was prepared to perform a 30- s 
maximal sprint (Wingate test) with the ergometer set in isokinetic 
mode (80 rpm) exactly 60 s after exhaustion. During these 60 s, the 
cuff remained inflated, and the circulation occluded in the cuffed 
leg. At the start of the 30- s sprint, the cuff was instantaneously de-
flated and reinflated at 300 mmHg at the end of the 30- s sprint. 
Exactly 10 s after the sprint, a third muscle biopsy was obtained from 
the occluded leg. For this third biopsy, the needle was introduced 
with a 45° inclination and pointing proximally (37). Immediately 
after the biopsy, the incision was covered, and the subject moved 
carefully to a stretcher where he rested in the supine position with 
the circulation of leg biopsied fully occluded. Ninety seconds after 

the end of the exercise, the cuff was deflated, and, 30 s later, a bilat-
eral blood sample was obtained simultaneously from both femoral 
veins. Thus, one leg that had an occluded circulation of 60 s after the 
incremental exercise and another lasting 90s after the sprint exer-
cise and the contralateral leg with always with a free circulation. All 
biopsies were immediately frozen in liquid nitrogen and stored at 
−80°C. The blood samples (6 ml) were collected into vacutainer 
tubes with EDTA (BD Medical 368861 Vacutainer PET) and im-
mediately centrifuged at 2000g at 4°C for 10 min. The plasma ob-
tained was stored at −80°C.

Study patient controls and patients with obesity and 
sample collection
For the analysis of human levels of blood IL- 15 in patient controls 
and patients with obesity, the study population included 19 patients 
(11 adult patients with BMI ≥ 35) and control subjects (n  =  8, 
BMI ≤ 30). Baseline characteristics of these groups are listed in 
Table 1. Fasting blood samples were collected for IL- 15 analysis. 
Blood was extracted using straight needles (21- gauge butterfly) 
and Vacuette Z Serum Sep Clot Activator tubes. After 30 min, these 
tubes were centrifuged at 1500 rpm for 10 min at room temperature 
to separate serum, which was divided into aliquots and stored at 
−80°C until further analysis. Patients were excluded if they had a 
history of alcohol use disorders or excessive alcohol consumption 
(>30 g/day in men and >20 g/day in women), had chronic hepatitis 
C or B, or if laboratory and/or histopathological data showed causes 
of liver disease other than metabolic associated fatty liver disease. 
The study was approved by the Ethics Committee of the University 
Hospital of Salamanca and the Instituto de Salud Carlos III (Código 
CEIm: PI 2020 12 653) with all subjects providing a written informed 
consent to fasting blood extraction.

Mouse model
Mice carrying the floxed p38α alleles (B6.129-  Mapk14tm2.1/N) were 
generated by Boehringer Ingelheim Pharmaceuticals and have been 
described previously (38). These mice were crossed with mice 
expressing Cre recombinase under the MCK promoter [FVB- Tg 
(Ckmm- cre)5Khn/N; control mice] to conditionally delete p38α 
from striated muscle (Mapk14MCK- cre; p38αMCK- KO in the text). To 
generate double- KO mice for p38α and p38γ, we crossed p38αMCK- KO 
mice with whole- body KO mice for p38γ (B6.129- Mapk12tm1), gen-
erating mice with whole- body deletion of p38γ and striated- muscle 
deletion of p38α (p38α/γMCK- KO in the text). All animal procedures 
conformed to European Union Directive 2010/63/EU and Recom-
mendation 2007/526/EC regarding the protection of animals used 
for experimental and other scientific purposes, enforced in Spanish 
law under Real Decreto 53/2013. All experiments were approved by 
the Spanish National Center for Cardiovascular Research (CNIC) 
Animal Care and Use Committee and the Community of Madrid. 
The protocol code is PROEX 215/18.

Mice were backcrossed for at least 10 generations to the C57BL/6N 
background and genotyped by PCR analysis of genomic DNA isolat-
ed from mouse tails. All studies were performed with male mice (8 to 
29 weeks old). Mice were housed randomly in a pathogen- free animal 
facility and maintained on a 12- hour light/dark cycle at constant tem-
perature and humidity. Mice were fed an ND (breeding and mainte-
nance diets: D183, SAFE; and 1410, Altromin) or an HFD (HFD with 
60% kcal fat and 1.5% cholesterol: D11103002i, Research Diets Inc.) 
ad libitum. HFD feeding started at 8 weeks of age.
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Determination of energy balance
To determine energy expenditure, food intake, locomotor activity, wheel 
distance, wheel speed, and RQ, animals were placed in a custom- made 
12 cage indirect calorimetry system for monitoring food intake and lo-
comotor activity (TSE LabMaster, TSE Systems; Panlab, Harvard 
Apparatus and Sable Systems) (39). Mice were acclimatized to the 
metabolic cages for 48 hours and were then monitored for a further 
48 hours. The indirect calorimetry system collected information about 
food intake, locomotor activity, wheel distance, wheel speed, and respi-
ratory gas exchange [oxygen consumption, vO2, and carbon dioxide 
production (vCO2)] every 30 min. Reported results for all parameters 
were calculated from data collected throughout the second 48- hour pe-
riod. RQ was calculated as the ratio of vCO2 produced to vO2 consumed 
(vCO2/vO2), thus determining the preferential macronutrient oxi-
dation. Energy expenditure was calculated from O2 consumption and 
CO2 production measurements using standard analysis software pro-
vided with the calorimeter system. Locomotor activity was determined 
with infrared sensors that register horizontal and vertical movements.

Temperature measurement
Body temperature was measured with a rectal thermometer (AZ 8851 
K/J/T Handheld Digital Thermometer- Single from AZ Instruments 
Corp. or a BAT- 12 Microprobe Thermometer from Physitemp). For the 
determination of interscapular temperature as an index of BAT tempera-
ture, mice were shaved in the interscapular region, and images were cap-
tured with a thermographic camera (E60bx: Compact Infrared Thermal 
Imaging Camera, FLIR). Images were analyzed with FLIR Tools software.

For the cold exposure test, body temperature was measured with 
a rectal thermometer (BAT 12 Microprobe Thermometer, Physi-
temp), and mice were placed in a cold room at 4°C. Rectal tem-
perature was measured every 60 min, with the last measurement 
made 6 hours after the beginning of the test.

In vivo metabolic tests
Glucose tolerance tests (GTTs), ITTs, and insulin release tests were 
performed as described (40). For GTT, mice were fasted overnight 
(16 hours), and basal glucose concentration was measured in tail- tip 
blood with a glucometer (Ascensia BREEZE 2 or Ascensia Contour 
Next One). Mice were then injected intraperitoneally with d- (+)- glucose 
monohydrate (Merck) dissolved in phosphate- buffered saline (PBS), 
and blood glucose concentration was measured at 15, 30, 60, 90, and 
120 min after injection. For ITT, mice were fed ad libitum, and baseline 
glucose concentration was measured as for GTT. Mice were then in-
jected intraperitoneally with insulin (0.75 U/kg body weight) (Lilly). 
Blood glucose concentration was measured at 15, 30, 60, 90, and 
120 min after insulin injection and was expressed as a percentage of the 
baseline value. For the insulin release test, mice were fasted overnight 
(16 hours), and 100 μl of blood was collected from the submandibular 
vein in EDTA blood collection tubes (Microvette). Mice were then 
injected intraperitoneally with glucose (2 g/kg), and 100 μl of blood 
samples was collected using the same procedure 10 and 30 min after 
glucose injection. Plasma samples were obtained by centrifuging blood 
samples at 9600g for 20 min at 4°C.

Homeostasis model assessment of insulin resistance
The HOMA- IR was calculated as described (40). Glucose and insu-
lin concentrations obtained after 16 hours of food withdrawal were 
measured and fed into the following formula

Tail suspension test
The tail suspension test was performed as described (41) with minor 
modifications. Mice were acclimatized to the experimental room for 
15 min. Mice were placed in a custom- made white tail suspension box 
measuring 42- cm high by 56- cm wide by 17.5- cm deep, which was 
divided into four three- walled rectangular compartments (42 cm- 
high by 14- cm wide by 17.5- cm deep) to prevent the mice from ob-
serving other animals. A suspension bar (1 cm- high by 1- cm wide by 
60- cm long) was placed on the top of the box. The end of the mouse’s 
tail was attached to the suspension bar in a parallel arrangement using 
a 17- cm tape. Hollow cylinders (4- cm long, 1.6- cm outside diameter, 
1.2- cm inside diameter, 4.15 g) were placed around the mouse tails to 
prevent climbing behavior. Mice were suspended by the tail in the 
middle of their compartments, with the nose at an approximate height 
of 15 cm above the apparatus floor. Video recordings were made with 
digital camera over 6- min sessions, with four mice tested simultane-
ously. On- screen stopwatch software (Xnote Stopwatch, dnSoft Re-
search Group) was used to measure mobility time for each mouse; 
small movements confined to the front legs and oscillations due to 
momentum gained during earlier movements were considered im-
mobility and were excluded. Immobility time was calculated by sub-
tracting the mobility time from the total 6 min of the session. All 
analysts were blinded to experimental group.

Treadmill exercise
ND- fed mice (7 to 8 weeks old) were exercised for 30 min by forced 
treadmill running at 10 cm/s for 5 min, 15 cm/s for 20 min, and 20 cm/s 
for 5 min, with the treadmill at a 10° uphill incline (five- lane LE8710 
treadmill, Harvard Apparatus, Panlab) (42, 43). The intensity of electri-
cal stimulation was 0.2 mA. The same exercise protocol was repeat-
ed 2 days later. Blood was obtained from the submandibular vein 
immediately after exercise and collected in EDTA blood collection 
tubes (Microvette). Plasma was obtained after centrifugation at 9600g 
for 20 min at 4°C.

For the treadmill exhaustion test, acclimated mice to the LE405 
treadmill (Harvard Apparatus, Panlab) were subjected with 10° in-
clination to the following protocol: 5 min at 10 cm/s, 5 min at 15 cm/s, 
5 min at 20 cm/s, 5 min at 25 cm/s, and 3 cm/s more every 3 min 
until the mouse was exhausted (more than 3 s standing on the elec-
trical shock grid set at 0.2 mA) (44). The investigator was blinded to 
the mouse genotype. Running speed, time, and distance were re-
corded. Work was calculated as previously described (45).

Endurance exercise training
ND- fed mice (7 to 8 weeks old) swam in 25- cm deep water in a glass 
container (60 cm by 30 cm by 45 cm) at 30° to 32°C for 5 weeks. The 
animals were progressively familiarized with swimming training 
over the first 2 weeks by increasing each swimming session by 10 min 
per day. Sessions were then maintained at 90 min until the end of 
the training. The first swimming session started at 12.30 p.m., and 
sessions were followed by 4 hours of rest. Mice were allowed to swim 
at their own pace, and the water was gently bubbled to ensure that 
mice swam rather than floating. The details of the protocol are de-
tailed in Table 2.

Fasting blood glucose (mg∕dl) × Fasting insulin (μU∕ml)

405
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Open field
The apparatus of open field was a square white plastic box (40 cm by 
40 cm by 40 cm) from Panlab (Harvard Apparatus). Mice were 
placed in the center region of the open field, and their movements 
were recorded for 7 min by videotaping from above. Videos were 
analyzed by AnyMaze software and total moving distance, mobile 
time, speed, and the time spent in the periphery, inner, or central 
region of the field were quantified. The apparatus was cleaned with 
70% ethanol and air- dried before being used for another mouse.

Balance beam assay
The balance beam assay was carried out on a custom- built behavioral 
setup consisting of 2 beams of 80 cm of length and flat surfaces of 12-  
and 5- mm width, respectively, and resting 50 cm above the table top 
on two poles. Mice were subjected to three trials per day with the 12-  
and 5- mm beam, with 10-  to 15- min intervals between trials for three 
consecutive days. In each session, mice were placed at the starting 
point of the beam, and the time required to cross to the end of the 
beam was recorded by a videotape. The finish point is one of the ends 
of the beam wherein a black box is located. When mice reached the 
end of the beam, they were allowed to stay there for 15 s. After each 
acclimated session, mice were returned to their home cages. The 
number of slips and the time spent in crossing the beam were manu-
ally quantified by a blinded investigator. The beam and the box were 
cleaned with 70% ethanol and air- dried between animals.

Echocardiography
Mice were anesthetized by inhalation of isoflurane and oxygen (1.25 
and 98.75%, respectively), and echocardiography was performed 
with a 30- MHz transthoracic echocardiography probe. Images were 
obtained with the Vevo 2100 micro- ultrasound imaging system 
(VisualSonics, Toronto, Canada). Short- axis, long- axis, B- mode, and 
two- dimensional M- mode views were captured. Scans were performed 
by two experienced researchers who were blinded to the mouse geno-
type. Measurements of left parasternal long and short axes and M- mode 
images (left parasternal short axis) were taken at a heart rate of 500 
to 550 beats per minute. Left ventricle (LV) end- diastolic diameter 
(LVEDD), LV end- systolic diameter (LVESD), and wall thickness were 
derived from M- mode tracings, and the average of three consecutive 
cardiac cycles was recorded. LV fractional shortening percentage was 
calculated as [(LVEDD − LVESD)/LVEDD] × 100. Lung MRI was 
conducted using a 7- T Agilent scanner equipped with a DD2 console 
and an actively shielded gradient set (205/120 insert of a maximum 
gradient strength of 130 mT m−1). Signal- to- noise ratio during image 
acquisition was enhanced using a combination of a 72- mm–inner 

diameter quadrature birdcage TX volume coil and an actively detuning 
30- mm flexible customized surface RX coil. Following the acquisition 
of a tripilot gradient- echo image, oblique coronal slices (1 to 2 slices) 
and axial slices (7 to 10 slices covering the entire lung) were obtained 
using specific parameters. These images facilitated the determination 
of interventricular septum and LV posterior wall thicknesses, as well as 
LV corrected mass; short- axis M- mode quantification was chosen as 
the most representative. Cardiac function was estimated from ejection 
fraction and fractional shortening obtained from M- mode views by a 
blinded echocardiography expert. Ejection fraction measurements 
were obtained from long-  or short- axis views of the heart, with M- 
mode registration performed in a line perpendicular to the left ven-
tricular septum and posterior wall at the level of the mitral chordae 
tendineae. The images were transferred to a computer and analyzed 
offline using the Vevo 2100 Workstation software.

Lentivirus vector production and stereotaxic microinjections
Lentiviruses were produced as described (46) with some modifica-
tions. Human embryonic kidney (HEK)–293 T cells were plated at 
25 to 35% confluence in Dulbecco’s modified Eagle medium (Gibco) 
supplemented with 10% fetal bovine serum (Sigma- Aldrich), 200 mM 
l- glutamine (Lonza), and penicillin/streptomycin (10,000 U/ml; 1:1; 
Lonza). HEK- 293 T cells were transiently co- transfected using the cal-
cium phosphate method with the pGIPZ empty vector or shRNAs 
against the IL- 15 receptor α subunit (pGIPZ.shIL15Rα vector, 
V3LMM_451921, Dharmacon) together with the pΔ8.9 and pVSV- G 
packaging plasmids. Supernatants containing the lentiviral particles 
were collected 48 hours after removal of the calcium phosphate pre-
cipitate, filtered through 0.45- μm filters, and concentrated by ultracen-
trifugation at 115,500g for 2 hours at 4°C (Ultra- Clear Tubes, SW28 
rotor and Optima L- 100 XP Ultracentrifuge; Beckman Coulter).

Mice received injections in the primary motor cortex (M1) of 
1 μl of lentiviral particles suspended in sterile PBS at a rate of 100 nl/
min. Mice were placed in a stereotaxic frame (World Precision In-
struments) under ketamine- xylazine anesthesia [intraperitoneally 
injected with 42.5% ketamine (Richter Pharma AG) and 20% xyla-
zine hydrochloride (Bayer) in NaCl]. A longitudinal incision was 
made in the skin above the cranium, and lentiviruses were injected 
stereotaxically into the M1 area with a 32- gauge needle (Hamilton) 
connected to a 1- μl syringe. The following coordinates were used to 
reach the M1 area: anterior to the bregma, +1.1 mm; lateral to the 
sagittal suture, ±1.2 mm; and ventral to the skull surface, −1.5 mm. 
The incision was closed with sutures, and buprenorphine (0.1 mg/kg 
body weight) (Richter Pharma AG) was injected intraperitoneally 
after surgery as a painkiller.

Table 2. Endurance swimming exercise training protocol. 

Time [min (′)]

Week 1 10′ + 10 20′ + 20′ 30′ + 30′ 40′ + 40′ 50′ + 50′ 0 0

Week 2 60′ + 60′ 70′ + 70′ 80′ + 80′ 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′

Week 3 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′

Week 4 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′

Week 5 90′ + 90′ 90′ + 90′ 90′ + 90′ 90′ + 90′ end
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Tail vein injection
WT male mice (weight, 20 to 25 g; age, 8 to 10 weeks old) were used 
and were held in a specific restrainer for tail vein injections. Mice 
were injected intravenously with 200 μl of IL- 15 diluted in water 
(500 pg per mice; PeproTech, catalog no. 210- 15). To overexpress 
p38γ specifically in the muscle, we designed an adenovirus (AAV- 
sk- cm4- cherry- p38γ*) in accordance with the previously outlined 
methodology (47). Subsequently, we administered the designed ad-
enovirus, along with a control containing shScramble, intravenously 
at a dosage of 5 × 1011.

Blood and organ collection
At sacrifice, blood samples were obtained from the submandibular 
vein and collected in EDTA blood collection tubes (Microvette), 
and plasma was obtained after centrifugation at 9600g for 20 min at 
4°C. For most experiments, mice were fasted overnight, euthanized 
by cervical dislocation, and organs were removed, weighed using a 
precision balance and frozen in liquid nitrogen. For insulin signal-
ing analysis, mice were injected intraperitoneally with insulin (1.5 U/
kg; Lilly) 15 min before organ removal. Liver samples were collected 
in 10% formalin (Bio Optica) for H&E staining or frozen on dry ice 
after being embedded in optimal cutting temperature (OCT) com-
pound (Tissue- Tek) for Oil Red staining. Brain samples were frozen 
on dry ice to preserve anatomy. The primary and secondary motor 
cortices (M1 and M2) were removed from the brain by cutting the 
caudal part of the hippocampus parallel to the base of the hypo-
thalamus and 1.2 mm lateral to each side of the corpus callosum. 
The isolated sections were ~1- mm thick, in line with the Allen Brain 
reference Atlas (48).

Plasma analysis
Plasma insulin concentrations were measured by magnetic bead–
based multiplex assay (Bio- Rad) with a Luminex 200 analyzer. IL- 15 
was detected in plasma samples by Western blot. Samples were di-
luted in PBS (1/5), Milli- Q water (H2Omq), and Laemmli sample 
buffer and separated by SDS–polyacrylamide gel electrophoresis 
(PAGE) using AnykD Criterion TGX Precast gels (Bio- Rad).

Immunoblot analysis
From human muscle biopsies, ~10 mg of muscle was ground by stain-
less steel balls during 1 min in a Mikro- Dismembrator S (Sartorius, 
Goettingen, Germany) and immediately homogenized in urea lysis 
buffer (6 M urea, 1% SDS) and 50× Complete protease inhibitor (cat-
alog no. 11697498001) and 10× PhosSTOP phosphatase inhibitor 
(catalog no. 4906837001) cocktails (Roche, Basel, Switzerland). Al-
most equal final concentration in all muscle protein extracts was ac-
quired by following an individual adjustment of the extract volume 
using a volume calibration curve. Then, the lysate was centrifuged for 
12 min at 25,200g at 16°C. The resulting supernatant was diluted with 
electrophoresis loading buffer [160 mM tris- HCl (pH 6.8), 5.9% SDS, 
25.5% glycerol, and 15% β- mercaptoethanol- bromophenol blue] to 
achieve a similar concentration in all muscle lysates.

Mice tissue samples were homogenized with a T10 Ultra- Turrax 
(IKA) dispersing device in lysis buffer [50 mM tris- HCl (pH 7.5), 1 mM 
EGTA, 1 mM EDTA, 50 mM NaF, 1 mM sodium glycerophosphate, 
5 mM sodium pyrophosphate, 0.27 M sucrose, 1% Triton X- 100, 0.1% 
β- mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM 
sodium orthovanadate, leupeptin (1 μg/ml), and aprotinin (1 μg/ml)]. 
Lysates were centrifuged at 19,000g for 20 min at 4°C, and protein 

concentration in supernatants was quantified by the Bradford method 
(Bio- Rad Protein Assay). Samples were denatured in loading buffer 
[0.24 M tris- HCl (pH 6.8), 40% glycerol, 8% SDS, 5% β- mercaptoethanol, 
and 0.04% bromophenol blue] at 95°C for 5 min. Equal protein 
amounts (20 to 50 μg) were loaded onto 10% polyacrylamide gels 
(30% acrylamide/bis solution, 29:1, Bio- Rad) or AnykD Criterion 
TGX Precast gels for IL- 15 detection (Bio- Rad) and separated by 
SDS- PAGE. Gels were transferred to 0.2- μm–pore size nitrocellu-
lose membranes (Bio- Rad) and blocked with 10% fat- free milk pow-
der for 45 min. Membranes were probed overnight with primary 
antibodies against phospho- p38 (T180/Y182; 9211), phospho- p38γ 
(Invitrogen; PA5- 105907), p38α (Santa Cruz Biotechnology, sc- 535), 
p38γ (2307), phospho- MKK3 (S189)/MKK6 (S207) (9231), MKK3b 
(9238), MKK6 (Enzo Life Sciences; ADI- KAP- MA014- E), phospho- 
MK2 (T334; 3007), MK2 (3042), phospho- HSP27 (S82; 9709), 
phospho- AKT (T308; 2965), phospho- AKT (S473; 9271), AKT 
(9272), IL- 15 (Abcam, ab273625), phospho- ERK1/2 (T202/Y204; 
3101), ERK1/2 (9102), phospho- STAT3 (Y705; 9145), STAT3 (12640), 
phospho- STAT5 (Y694; 9359), STAT5 (94205), and vinculin (Sigma- 
Aldrich, V4505). All primary antibodies were used at 1:1000, except 
from anti- vinculin (1:2000) and were obtained from Cell Signaling 
Technology unless otherwise indicated. After washes with PBS–
0.1% Tween, membranes were incubated for 1 hour at room tem-
perature with horseradish peroxidase–conjugated goat anti- rabbit 
and sheep anti- mouse secondary antibodies (GE Healthcare) (1:5000). 
After further washes, reactive bands were detected by enhanced 
chemiluminescence (GE Healthcare) and quantified with ImageJ 
software (National Institutes of Health). In certain instances, mem-
branes probed for phospho- proteins were stripped by incubation 
at 55°C for 15 min in stripping buffer [68 mM tris- HCl (pH 6.8), 
1% SDS, and 0.7% β mercaptoethanol] and reprobed for the corre-
sponding total protein. Phospho- protein amounts were normalized 
to the corresponding total protein.

RNA isolation and RT- qPCR
RNA from gastrocnemius samples was extracted with the RNeasy 
Fibrous Tissue Mini kit (QIAGEN). Muscle samples were dispersed with 
a T10 Ultra- Turrax (IKA) dispersing device. RNA concentration was 
measured with a NanoDrop 1000 spectrophotometer (Thermo Fisher 
Scientific). Between 200 ng and 1 μg of RNA were retrotranscribed 
using the High- Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). The following program was used: 10 min at 25°C, 2 hours 
at 37°C, and 5 min at 85°C. Samples were diluted 1:5, and mRNA 
expression was examined by real- time qPCR (RT- qPCR) using the 
7900HT Fast Real- Time PCR System and FAST SYBR GREEN assays 
(Applied Biosystems). For RT- qPCR, 2 μl of diluted cDNA was added 
to 384 well MicroAmp Optical plates (Applied Biosystems) together 
with the following mix per well: 4 μl of the Fast SYBR Green Master 
Mix (Applied Biosystems), 0.16 μl of each primer, and 2 μl of ribonu-
clease (RNase)–free water. The plate included an eight- point standard 
curve created by fivefold serial dilution. SDS 2.4 software was used to 
run the following PCR program: one cycle of 20 s at 95°C plus 40 cycles 
of 1 s at 95°C and 20 s at 60°C. A dissociation curve was used after 
each reaction to verify primer specificity and PCR product purity. 
Relative mRNA expression was normalized to ribosomal protein 
S18 (Rps18) or glyceraldehyde- 3- phosphate dehydrogenase (Gapdh) 
mRNA measured in each sample. The following genes were ampli-
fied using primers purchased from Sigma- Aldrich (F, forward; and R, 
reverse): Map2k3, F: GCCTCAGACCAAAGGAAAATCC and R: 
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GGTGTGGGGTTGGACACAG; Map2k6, F: ATGTCTCAGTC-
GAAAGGCAAG and R: TTGGAGTCTAAATCCCGAGGC; Mapk12, 
F: ATGCGCTACACGCAGACA and R: TGGTCATTGCCTTTGAA 
CAG; Rps18, F: CAGCTCCAAGCGTTCCTGG and R: GGCCTT 
CAATTACAGTCGTCTTC; Gapdh, F: TGAAGCAGGCATCTGA 
GGG and R: CGAAGGTGGAAGAGTGGGA; and Il15, F: CATC-
CATCTCGTGCTACTTGTG and R: GCCTCTGTTTTAGGGA 
GACCT.

RNA- seq library preparation and sequencing and generation 
of FastQ files
Total RNA was isolated using the RNeasy Fibrous Tissue Mini Kit 
(QIAGEN) from gastrocnemius samples of mice fed a HFD for 6 weeks. 
RNA quality was verified using an Agilent 2100 Bioanalyzer, and 
individual samples with an RNA integrity number > 8 were included 
in the study. Two individual samples were pooled to obtain 200 ng 
of total RNA (100 ng from each pooled sample) in 100 μl of RNase- 
free water. RNA- seq was performed in the CNIC Genomics Unit. 
Total RNA was used to generate barcoded RNA- seq libraries using 
the NEBNext Ultra II Directional RNA Library preparation kit 
(New England Biolabs). First, poly A+ RNA was purified using 
poly- T oligo- attached magnetic beads followed by fragmentation and 
the first and second cDNA strand synthesis. Next, cDNA ends were 
repaired and adenylated. The NEBNext adaptor was then ligated, 
followed by second strand removal, uracile excision from the adap-
tor, and PCR amplification. The size of the libraries was checked us-
ing the Agilent 2100 Bioanalyzer, and concentration was determined 
with a Qubit fluorometer (Thermo Fisher Scientific). Libraries were 
sequenced on a HiSeq2500 System (Illumina) to generate 60- base 
single reads. FastQ files for each sample were obtained using CASAVA 
v1.8 software (Illumina).

RNA- seq data were analyzed by the CNIC Bioinformatics Unit. 
The number of reads per sample was between 25 million and 30 million. 
After assessing read quality with FastQC (49), reads were mapped 
against the GRCm38.76 mouse transcriptome, and gene expression 
levels were estimated with RNA- seq by Expectation Maximization 
(50). The “strandedness reverse” parameter was included to calcu-
late expression from directional RNA- seq data. The percentage of 
aligned reads was between 91 and 94% for all samples. Expression 
count matrices were then processed with an analysis pipeline that 
used the Bioconductor package limma (51) for normalization (using 
trimmed mean of M- value method) and differential expression test-
ing, taking into account only those genes expressed with at least one 
count per million in at least three samples (the number of samples 
available for each condition). Three pairwise contrasts were per-
formed: p38αMCK- KO versus control, p38α/γMCK- KO versus control, 
and p38αMCK- KO versus p38α/γMCK- KO. Changes in gene expression 
were considered significant if associated with a Benjamini and 
Hochberg adjusted P value of <0.05.

Histological analysis
Liver tissue samples were fixed for 48 hours in 10% formalin (Bio- 
Optica), dehydrated, and embedded in paraffin. Sections (8 μm) 
were cut and stained with H&E (American Master Tech Scientific). 
For Oil Red staining, 8- μm sections were prepared from tissue fro-
zen in OCT compound (Tissue- Tek) using a cryostat (Leica CM 
1950). Sections were fixed in 10% formalin (Bio- Optica) for 10 min 
at 4°C and rinsed with distilled water. Sections were immersed in 
propylene glycol (Sigma- Aldrich) for 5 min at room temperature, 

changed to propylene glycol, and left for a further 5 min. Samples 
were stained for 10 min with pre- warmed (60°C) Oil Red O solution 
(7 mg/ml; Oil Red O from Sigma- Aldrich in propylene glycol). 
Propylene glycol (85%) was added for 3 min, and samples were 
rinsed in distilled water and embedded in hematoxylin for 1 min, 
washed in water, and introduced into Bluing solution. Sections were 
then washed in tap water, rinsed in distilled water, and mounted in 
Aquatex aqueous mounting agent (Merck).

All samples were examined with a Leica DM2500 microscope at 
various magnifications and imaged using Leica Application Suite 
v4.3 (LAS v4.3). For histological examination of skeletal muscles, 
samples were immediately frozen in liquid nitrogen–cooled isopen-
tane (2- methylbutane, Sigma- Aldrich) following extraction and 
kept on dry ice until lastly stored at −80°C. Muscle samples were cut 
into 8- μm- thick cryosections with a cryostat (Leica CM 1950) on 
microscope slides (Superfrost Plus, Thermo Fisher Scientific) main-
tained at −20°C and incubated with the antibody rabbit anti- DsRed 
(Living colours; ref. 632496, Clontech) 4°C overnight. Three con-
secutive washes with PBS–Triton X- 100 (0.1%) and one with PBS at 
room temperature for 5 min each were followed by sequential incu-
bation with Alexa Fluor 546–conjugated secondary antibody (Invit-
rogen) at room temperature for 1 hour in the dark. Muscle sections 
were then washed three times with PBS–Triton X- 100 (0.1%) and 
once with PBS at room temperature for 5 min each. Slides were 
mounted in VECTASHIELD mounting medium (Palex) and visual-
ized with a Leica TCS- SP5 confocal at ×20 magnification.

Identification of secreted proteins
Potential p38γ- induced genes were identified by gene expression 
analysis comparing muscles from p38αMCK- KO or p38α/γMCK- KO 
mice with controls, and all candidates with a P value of <0.05 were 
filtered for those encoding secreted proteins using the SignalP, 
SecretomeP, and TargetP programs (www.cbs.dtu.dk/services/) (52). 
Heatmap representations were created using the Heatmapper tool.

Statistics
Values are presented as means ± SEM. Differences between groups 
were examined for statistical significance by two- tailed unpaired 
Student’s t test (with Welch’s correction when variances were differ-
ent) or one-  or two- way analysis of variance (ANOVA) coupled to 
Bonferroni’s posttest. Analysis of covariance for energy expenditure 
measurements was performed with body weight as the covariate 
using R software. Statistical significance was determined as a two- 
sided P value of <0.05 (GraphPad Prism 8.0). Family- wise error 
rate P values are displayed for GSEA to correct for multiple hypoth-
esis testing. Statistical details and experimental n are specified in 
figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
data S1 and S2
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