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Abstract

Repeated bouts of exercise condition muscle mitochondria to meet increased energy demand, an
adaptive response associated with improved metabolic fitness. We find that the type 2 cytokine
interleukin-13 (IL-13) is induced in exercising muscle, where it orchestrates metabolic
reprogramming that preserves glycogen in favor of fatty acid oxidation and mitochondrial
respiration. Exercise training-mediated mitochondrial biogenesis, running endurance, and
beneficial glycemic effects are lost in /37~ mice. By contrast, enhanced muscle IL-13 signaling
is sufficient to increase running distance, glucose tolerance, and mitochondrial activity similar to
that of exercise training. IL-13 acts through both muscle IL-13Ra 1 and Stat3. The genetic ablation
of either of these downstream effectors reduces running capacity. Thus, coordinated
immunological and physiological responses mediate exercise-elicited metabolic adaptations that
maximize muscle fuel economy.

One Sentence Summary:

Endurance exercise activates I1L-13 signaling to regulate muscle mitochondrial oxidative capacity
and glucose homeostasis.

Exercise reduces the risk of multiple diseases, notably metabolic syndrome. Many beneficial
effects of regular exercise occur independently of body weight changes (1). Early studies
implicated unidentified humoral factors that mediate insulin-independent, exercise-induced
muscle glucose uptake (2). Subsequently, several “myokines” or muscle-produced factors
have been reported (3). IL-6 is one of the first myokines described to be acutely induced
after exercise. In vitro studies suggested that IL-6 enhances glucose utilization in
differentiated myotubes (3). However, resting IL-6 levels are actually reduced by endurance
training and increased in obesity (3). Furthermore, //6 gene deletion in mice does not affect
glucose uptake, substrate metabolism, or running capacity, suggesting that additional factors
are involved in metabolic adaptations to prolonged physical activity (4, 5).

IL-13 is an exercise-induced regulator of endurance capacity

To better understand the immunological response and identify circulating factors elicited by
endurance exercise, we profiled a panel of human type 1 and 2 cytokines in plasma from
obese, normal-weight sedentary, and endurance-trained women (performing >1 hour of
aerobic exercise at least four times per week). Consistent with prior reports, obese female
participants had higher plasma IL-6 levels (Fig. 1A and table S1). Endurance-trained women
had significantly higher IL-13, but lower IL-6 levels (Fig. 1A and table S1). In a separate
cohort of normal-weight sedentary men, college cross-country runners, and American-
football players (samples collected post-season), male athletes had significantly higher
plasma IL-13 levels but showed no differences in IL-6 levels, compared to controls (Fig.
1B). We observed similar (albeit non-statistically significant) trends for higher IL-13 and
lower IL-6 circulating concentrations when female or male mice subjected to 4-5 weeks of
endurance training (40-min low-intensity treadmill running daily, 5 days per week) were
compared to untrained controls (fig. S1, A and B). Exercise is reported to increase myokine
production. However, //73 mRNA was not detectable in mouse primary myotubes but
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enriched in Percoll-isolated immune and stromal cells from muscle lysate (Fig. 1C).
Exercise training further upregulated //Z3expression in these cells (Fig. 1D). The myokine
116 was expressed in both myotubes and muscle immune/stromal cells. Its expression was
not affected by exercise. A primary source of I1L-13 is tissue resident type 2 innate lymphoid
cells (ILC2s) (6). After 4 weeks of endurance training, the percentage of ILC2 in the Cd45*
cell population was significantly increased, whereas the percentage of ILC3 or T cells did
not change (Fig. 1E and fig. S1C). In addition, among CD45* cells, ILC2s constituted a
greater percentage of 1L-13-producing cells than T cells (Fig. 1F). A well characterized
activator of ILC2 is IL-33, which is produced by multipotent stromal cells (MSC) in skeletal
muscle and adipose tissue (7-10). In mice, serum IL-33 concentrations increased following
one bout of exercise and remained elevated for at least 2 hours (fig. S1D). Treatment with
IL-33 or phorbol myristate acetate plus ionomycin upregulated //13expression in muscle
immune/stromal cells (fig. S1E). Thus, ILC2s in skeletal muscle may service as a source of
IL-13 producing cells activated by endurance exercise.

To examine the relevance of IL-13 in exercise physiology, we performed treadmill-running
tests comparing WT and //23whole-body—knockout (//237/7) mice. /13~ mice displayed a
significant reduction in running time and distance (Fig. 1G). However, there were no
differences in their muscle strength, compared to WT controls (fig. S1F). Similar results
were observed for both male and female mice. Data presented are primarily from male mice
unless stated otherwise. Thus, IL-13 is a candidate humoral factor induced by endurance
training that modulates running capacity.

IL-13 regulates energy substrate utilization during endurance exercise

To determine the molecular basis of I1L-13 signaling in regulating exercise physiology, we
performed mMRNA expression profiling by RNA-sequencing (RNA-seq) using gastrocnemius
muscle samples from WT control and //23/~ mice with or without exercise training as
described earlier. Exercise training significantly upregulated the expression of 155 genes and
downregulated 81 genes in skeletal muscle of WT mice (FDR<0.05). However, only two of
these genes were similarly regulated by exercise training in muscle of /23~ mice (fig.
S2A). A similar discordance was observed among genes nominally (£<0.05) regulated by
exercise when comparing WT with //237/~ mice (fig. S2A). We therefore included
differentially expressed genes with £<0.05 in gene ontology analysis to ensure sufficient
power for identifying enriched biological functions. Gene ontology enrichment analyses
identified fatty acid/lipid metabolism (FDR-enrichment<0.05) and tricarboxylic acid (TCA)
cycle (FDR-enrichment=0.056) among the most upregulated biological processes,
comparing exercise-trained WT mice with untrained WT controls (fig. S2B and data S1).
Differential expression of selected key genes in these biological processes could be validated
by real-time quantitative PCR (gPCR, fig. S2C). Among the genes upregulated by exercise
training in muscle of WT mice were those involved in fatty acid uptake (e.g., lipoprotein
lipase (Lp/) and acyl-coA synthetase long-chain family member 1 (Acs/1)), fatty acid beta
oxidation (e.g., carnitine palmitoyltransferase 1b (Cpt1b) and acyl-coA dehydrogenase very
long chain (Acaadvl)) and TCA cycle enzymes (e.g., pyruvate dehydrogenase alpha 1 (Pdhal)
and isocitrate dehydrogenase 2 (/dh2)) (Fig. 2A). In addition, glycogen branching enzyme
(Gbel) (required for glycogen synthesis) and lactate dehydrogenase b (Ladhb) (an enzyme
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converting lactate to pyruvate for entrance into the TCA cycle) were also increased in
exercised muscle. By contrast, glycogenolysis (e.g., phosphorylase kinase subunit gamma 1
(Phkg1)) was among the major biological processes downregulated by endurance exercise in
WT muscle (Fig. 2A and fig. S2, B and C). This agrees with the notion that endurance
running preserves muscle glycogen stores and promotes a metabolic switch from glycolysis
to fatty acid oxidation (11). However, this metabolic reprogramming was lost in /137~
mice.

Consistent with the RNA-seq data, recombinant IL-13 (rIL-13) increased fatty acid uptake,
[B-oxidation, and glucose uptake in differentiated C2C12 myotubes (Fig. 2, B and C) with
similar results observed in primary myotubes (fig. S2D). Single bouts of acute exercise
without exhaustion (30 min, 12 m/min) were used to examine the role of IL-13 in muscle
substrate utilization in vivo. WT mice had significantly lower intramuscular triglyceride
(TG, quadriceps) and maintained glycogen levels after exercise (Fig. 2D). Mice lacking //13
had reduced muscle glycogen content, whereas TG content was unchanged. Muscle TG and
glycogen levels did not differ between WT and /237~ mice at resting state. Serum free fatty
acid (FFA), triglyceride (TG), and glycerol levels were similarly elevated by exercise in both
genotypes (Fig. 2E). This suggests that the exercise-elicited defect in /73~ mice was
muscle-intrinsic and not at the substrate level. Using an enclosed metabolic treadmill
chamber in a running test, we determined that /23~ mice had lower maximal oxygen
uptake (VO, max) (Fig. 2F), consistent with their reduced running capacity (Fig. 1G).
Muscle structure and mass were similar between WT and /237~ mice (fig. S2, E and F).
There was no significant difference in the basal oxygen consumption rate between untrained
or trained WT and //137/~ mice (5 months old, fig. S2G). Thus, IL-13 plays a role in
regulating the metabolic substrates that fuel exercising muscle.

Exercise training-induced muscle mitochondrial biogenesis and glucose

tolerance require IL-13

Endurance training increases mitochondrial oxidative metabolism by increasing both
mitochondrial biogenesis and respiratory capacity. For genes differentially expressed in
muscle of WT and /237~ mice, gene ontology analysis further identified oxidation
reduction as a key biological process dysregulated in /13~ muscle (FDR-
enrichment<0.05), in addition to fatty acid metabolism, especially under trained conditions
(fig. S3A, and data S2). Most genes in this category belonged to mitochondrial oxidative
metabolism that were also upregulated by endurance exercise in WT mice (Fig. 3A and fig.
S3B). These included genes involved in the electron transfer flavoprotein, mitochondrial
ribosome, mitochondrial protein import, and components of the electron transport chain
(ETC) complexes. The expression of these genes was either unchanged or instead
downregulated by exercise training in /237~ mice.

In C2C12 myotubes, rIL-13 treatment led to higher basal and maximal mitochondrial
oxygen consumption rate. This was accompanied by an increase in mitochondrial biogenesis
determined by the ratio of mitochondrial DNA (mtDNA) to nuclear DNA (Fig. 3B). Similar
results were observed in primary myotubes (fig. S3C). By contrast, rIL-6 failed to promote
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respiration (fig. S3D). Consistent with the RNA-seq results, endurance training increased
mitochondrial ETC complex proteins in the gastrocnemius muscle of WT but not /237~
mice (Fig. 3C). Electron microscopy further demonstrated that endurance exercise increased
the average muscle mitochondrial area in WT mice (fig. S3E). /137~ muscle mitochondrial
area was not altered by exercise. Endurance training also promoted a shift in muscle fiber
type composition towards increased oxidative fibers (types | and lla; succinate
dehydrogenase activity-positive) and reduced glycolytic fibers (types I1b and I1x) in WT but
not /137~ mice (Fig. 3, D and E, and fig. S3, F and G). These changes were associated with
IL-13-dependent increases in muscle mitochondrial respiration when the complex 11 and IV
substrates—succinate and ascorbate/tetramethyl-p-phenylenediamine, respectively—were
used (Fig. 4A). Similar results were obtained for complex IV activity (Fig. 4B). In addition,
endurance training increased the running capacity and glucose tolerance of WT male (Fig. 4,
C and D) and female mice (fig. S4, A and B), compared to untrained animals. This training-
induced increase in metabolic fitness was lost in /237~ mice. Thus, although IL-13
signaling is dispensable for basal mitochondrial respiration, it is necessary to increase
muscle mitochondrial biogenesis and oxidative capacity and enhance systemic glucose
homeostasis in response to exercise training.

The IL-13Ra.1-Stat3 axis mediates IL-13 activity in muscle

IL-13 signals via a heterodimeric receptor composed of IL-13Ra1 and IL-4R. Knockdown
of //13ralin C2C12 myotubes blocked rIL-13-mediated increases in mitochondrial
respiration (fig. S5A). Similar to /137~ mice, whole-body //13ral—knockout (//13ra1”")
mice had reduced endurance running capacity (Fig. 5A). Subsequently, skeletal muscle-
specific //13ral-knockout (skm//13ra1~/~) mice were generated by crossing //13ra1f allele
with ACTAI-cre mice (fig. S5B). skm//13ra1~/~ mice retained normal muscle weight/
morphology (fig. S5, C and D), but had a significant reduction in endurance running
capacity and muscle fatty acid oxidation (Fig. 5B). Stat6 is the canonical transcription factor
mediating transcription downstream of IL-13 receptors in immune cells. However, it is not
expressed in muscle. De novo motif analysis of the promoters of mitochondrial genes
differentially regulated in muscle of exercise trained WT and //237/~ mice identified several
enriched binding sites for transcription factors, such as the Err nuclear receptors and Stat3
(Fig. S5E and data S3). Activation of Stat3 through Jak signaling downstream of IL-13Ra1
has been described in other cell types, including hepatocytes (12, 13). Stat3 phosphorylation
was elevated in muscle after both a single session and endurance training (fig. S5F and Fig.
5C), an effect lost upon //23deletion. In concert, muscle IL-13 protein levels were increased
by one exercise session and, to a greater extent, by endurance training (fig. S5G, IL-13
protein increase in single session exercise was not significant). riL-13 treatment in C2C12
myotubes directly increased Stat3 phosphorylation, whereas Sfat3 knockdown blocked
riL-13-induced mitochondrial respiration (fig. S5, H and I). Skeletal muscle-specific Stat3-
knockout (skmStat37/-) mice, generated by crossing Stat¥/f (control) to ACTAI-cre mice
(fig. S5, J and K), also ran less and had reduced soleus muscle fatty acid p-oxidation (Fig.
5D), similar to /137, 1/13ra17!~, and skm//13ra1”~ mice.
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Elevated IL-13 signaling in muscle confers an endurance training-like effect

To examine the dependence of IL-13 signaling on muscle Stat3, intramuscular injection of
adenoviral 1L-13 (adIL-13; adGFP was used as a control) was employed to increase 1L-13
levels in skeletal muscle. Injection of adlL-13 into gastrocnemius muscle (fig. S6, A and B)
induced Stat3 phosphorylation (as well as total Stat3 protein) in uninjected quadriceps
muscle (fig. S6C), with concomitant increases in quadriceps and serum IL-13 levels (fig.
S6D) and without altering muscle mass (fig. S6E). Elevated 1L-13 signaling in muscle
through gastrocnemius adlL-13 injection was sufficient to regulate the expression of
exercise-controlled genes identified by RNA-seq (fig. S6F), increase respiration of isolated
mitochondria given substrates for complexes Il and IV (fig. S6G), enhance treadmill running
time and distance and soleus muscle fatty acid oxidation (Fig. 6A), and improve glucose
tolerance in WT mice (Fig. 6B). These effects were completely abolished in skmStat3/~
mice. Thus, IL-13 activates muscle Stat3 to regulate mitochondrial oxidative metabolism
during exercise. In addition, increasing IL-13 signaling locally in the muscle drives an
exercise-like effect on mitochondrial activity that is accompanied by increased running
capacity and glucose tolerance.

The motif enrichment analysis indicated that the Err nuclear receptor family, which is
upregulated by exercise (14) and controls oxidative metabolism in both skeletal and cardiac
muscle (15, 16), may be downstream of muscle IL-13-Stat3 signaling. RNA-seq data
(validated by real-time PCR) demonstrated that exercise-induced muscle expression of Esrra
and Esrrg was IL-13-dependent (Fig. 6C). Furthermore, adlL-13 increased Esrraand Esrrg
in the quadriceps of Stat¥/f but not skmStat3/~ mice (Fig. 6D). Putative Stat3-binding sites
were identified ~2 kb upstream of the transcriptional initiation site for both Esrraand Esrrg
genes (fig. S6H). The overexpression of Stat3in AD293 cells was sufficient to increase the
2-kb reporter activity of either Esrraor Esrrg in a dose-dependent manner (Fig. 6E and fig.
S6l), but not the 1-kb promoter that lacked Stat3-binding sites. Mutation of the only Stat3-
binding site in the £srrg promoter abolished Stat3 regulation (Fig. 6E). To examine the
regulation in a relevant cell type, Sta3'~ C2C12 myoblasts were generated through
CRISPR/Cas9. rIL-13 increased luciferase activity of the 2-kb promoter in control but not
Stat3!~ myoblasts (Fig. 6F and fig. S6J). The introduction of Stat2in Sta3~'~ myoblasts
increased basal promoter luciferase activities and restored the sensitivity to rIL-13 treatment.
Thus, 1L-13 appears to act as a regulator of the adaptive metabolic response of muscle to
exercise training. This occurs, in part, through a coordinated transcriptional program
mediated by Stat3 and Erra/Erry.

Discussion

Metabolic conditioning of muscle to endurance exercise enhances fatty acid utilization and
mitochondrial respiration, while reserving glycogen utilization, as a strategy to sustain
energy supply for prolonged physical activity (17) (fig. S6K). This coordinated effort
extends metabolic flexibility/efficiency, which contributes to the beneficial effects of
exercise on health. In the current study, we demonstrate the interplay between immune and
metabolic pathways through IL-13 signaling in the control of energy substrate utilization in
endurance exercise. 1L-13 acts directly on muscle cells to increase fatty acid oxidation and
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mitochondrial ETC complex activity that is dependent on the downstream effector Stat3.
Among the targets of the IL-13-Stat3 signaling are £srraand Esrrg, two nuclear receptors
also known to control fat catabolism and mitochondrial respiration in muscle (15, 18). A
previous study examining Erra/Erry cistromes in mitochondrial oxidative metabolism using
ChiIP-seq has predicted Stat3 binding sites co-localized with those occupied by Errs (19),
implicating a feedforward mechanism for robust transcriptional outputs. Erra/Err-y are
“orphan” nuclear receptors without well-defined endogenous ligands (20). How these
receptors are activated remains unclear. Our results suggest that IL-13 may function as an
upstream signal of the Stat3—Err transcriptional network.

Several lines of evidence indicate that 1L-13 fits the criteria of a humoral factor mediating
the metabolic benefits of exercise training. Endurance exercise increases circulating 1L-13
levels in both women and men. rIL-13 treatment increases the uptake of glucose and fatty
acid in myotubes. In mice, exercise-induced mitochondrial biogenesis and glucose
homeostasis require IL-13 signaling. Furthermore, elevated IL-13 signaling in muscle drives
exercise-like metabolic effects. IL-13 is not a classical myokine, since it is not produced by
the muscle. One potential source of 1L-13 is ILC2s. In concert, exercise leads to a higher
percentage of ILC2 in the CD45* cell population in mouse muscle. Although IL-13-
mediated Stat3 phosphorylation could be observed after a single exercise session, a
significant increase in muscle IL-13 levels is achieved after training. This indicates that
IL-13 signaling is induced immediately after exercise to modulate substrate utilization and
stabilized by endurance training to mediate mitochondrial biogenesis.

Both ILC2 and IL-13 play important functions in the immune response to parasitic worms.
Interestingly, prior infection with helminths in humans is associated with a higher VO, max
(21), which is indicative of mitochondrial oxidative capacity and a predictor of running
fitness. Thus, the coevolution of helminths and hosts may have resulted in increased
metabolic efficiency in the latter, perhaps in response to the increased metabolic burden
from parasite infection. Thus, IL-13 signaling may have evolved to regulate metabolic
adaptation to energy stress during various states including parasitic infection, endurance
exercise, and exposure to cold temperatures (22).

Methods summary

IL-13 levels were measured in plasma from sedentary and exercise-trained humans subjects
and C57BL/6J mice. IL-13-producing ILC2s in mouse muscle after endurance training were
identified by flow cytometry. /237~ mice in the C57BL/6J background were used to
determine the role of IL-13 in muscle substrate utilization and mitochondrial respiration,
running capacity and metabolic adaptation to endurance exercise. RNA-seq analyses were
performed to identify 1L-13-dependent, exercise-regulated metabolic programs in muscle.
C2C12 myotubes were used for in vitro analysis of the effects of IL-13 signaling on energy
metabolism and mitochondrial function. Skeletal muscle-specific //13raz”~ and Sta3™'~
mice were generated to examine direct actions of IL-13 signaling in muscle. Intramuscular
injection of adenoviral 1L-13 was employed to increase I1L-13 levels in skeletal muscle for
gain-of-function studies.
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Fig. 1. IL-13isan exercise-inducible factor regulating endurance capacity
(A) Resting plasma concentrations of IL-13 and IL-6 in sedentary (n=36 obese; n=23 normal

weight) and exercise-trained (n=25) women. Linear regressions were used to examine
associations adjusting for age and obesity status. Detailed data are in table S1. (B) Resting
plasma concentrations of IL-13 and IL-6 in normal-weight sedentary controls (n=48) and
exercise-trained men (n=25 cross-country; n=24 football). Linear regressions were used to
examine associations adjusting for age and training type. Detailed data are in table S2. (C)
MRNA expression of //13and //6in primary myotubes (differentiated from primary
myoblasts or satellite cells) or muscle immune/stromal cells (Percoll gradient-isolated)
measured by gPCR. n=4-6/group, experiment performed twice, statistical analysis
performed using unpaired Student’s £test. (D) mRNA expression of //Z3and //6in muscle
immune/stromal cells from untrained or 4-week endurance-trained mice measured by gPCR.
n=6/group, experiment performed twice, statistical analysis performed using unpaired
Student’s ttest. (E) Quantification of % ILC2 (Gata3™), ILC3 (Roryt*), and T cells (CD3%)
among CD45™ cells in skeletal muscle of untrained or 4-week endurance—trained mice. n=6/
group, 10-week-old male mice, experiment performed twice, statistical analysis performed
using unpaired Student’s £test. (F) Quantification of % IL-13* ILC2 (Gata3*) and T cells
(CD3*) among CD45™ cells in skeletal muscle of untrained or 4-week endurance—trained
mice. n=6/group, 10-week old male mice, experiment performed twice, statistical analysis
performed using unpaired Student’s #test. (G) Endurance capacity test performed by
treadmill running in WT and /237~ mice. n=9/group, 16-week-old male mice, experiment
performed four times, statistical analysis performed using unpaired Student’s #test.
Additional mouse cohort data included in table S3. Error bars indicate SEM. *p<0.05,
**p<0.01, ***p<0.001.
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Fig. 2. IL-13 regulates metabolic substrate utilization in exercising muscle.
(A) Hlustration of key metabolic genes in muscle metabolism regulated by endurance

training in gastrocnemius of WT and /237~ mice identified by RNA-seq. Data presented as
heatmap (log,-fold change, trained versus untrained of the same genotype) with WT animals
on the left and //2137/~ on the right. Red indicates higher expression in exercised muscle,
whereas blue indicates lower expression. n=4/group, 20-week-old male mice. (B) Fatty acid
uptake and oxidation and (C) glucose uptake in C2C12 myotubes treated with rIL-13 (10
ng/mL) overnight. n=5-6 biological replicates/group/experiment, experiment performed four
times, statistical analysis performed using unpaired Student’s #test. (D) Triglyceride (TG)
and glycogen levels in the quadriceps of non-exercised (control) and single-session
exercised, WT and //237/~ mice. n=4-5/group, 24-week-old male mice, experiment
performed twice, statistical analysis (non-exercise vs single-session of the same genotype)
performed using unpaired Student’s £test. (E) Serum concentrations of free fatty acids
(FFA), triglyceride (TG) and glycerol in control and single-session exercised, WT and
11137~ mice. n=4-5/group, 24-week-old male mice, experiment performed twice, statistical
analysis (hon-exercise vs single-session of the same genotype) performed using unpaired
Student’s #test. (F) Respiration of exercising WT and //13/~ mice at increasing running
speeds. Maximum oxygen uptake (VO, max) under the experimental setting was assessed
and shown in the right panel. n=4/group, 24-week-old female mice, experiment performed
twice, statistical analysis performed using two-way ANOVA with Bonferroni post-hoc test
with animal group and time points modeled as variables (respiration) and unpaired Student’s
ttest (VO max). Error bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3. Mitochondrial biogenesisin endurance-trained musclerequires|L-13 signaling.
(A) Representative mitochondrial genes differentially regulated in the gastrocnemius of

endurance-trained WT and //13~ mice identified by RNA-seq. Data presented as a heatmap
(logo-fold change, trained versus untrained of the same genotype) with WT animals on the
left and //237/~ on the right. Red indicates higher expression in exercised muscle, whereas
blue indicates lower expression. n=4/group, 20-week-old male mice. (B) Left panel:
mitochondrial respiration of C2C12 myotubes treated with rIL-13 (10 ng/mL) overnight.
Oligomycin (1) was added to block ATP-coupled respiration, FCCP (2) to induce maximal
respiration, and antimycin A/rotenone (3) to block mitochondrial electron transport. n=5
biological replicates/group/experiment, experiments performed six times, statistical analysis
performed using two-way ANOVA with Bonferroni post-hoc test with treatment and time
points modeled as variables. Right panel: mtDNA content of C2C12 myotubes treated with
riL-13 (10 ng/mL) overnight. Relative mitochondrial DNA (mtDNA) content was measured
by gPCR normalized to nuclear DNA (nDNA). n=3 biological replicates/group/experiment,
experiments performed six times, statistical analysis performed using unpaired Student’s #
test. (C) Immunoblot analyses of gastrocnemius mitochondrial protein content from
untrained and endurance-trained WT and //23/~ mice. n=4/group, experiment performed
twice, 20-week-old male mice. (D) mMRNA expression of oxidative and glycolytic muscle
fiber type markers measured by gPCR in gastrocnemius muscle from untrained and
endurance-trained WT and /13~ mice. n=6-7/group, 20-week-old male mice, experiment
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performed three times, statistical analysis (untrained vs trained of the same genotype)
performed using unpaired Students #test. (E) Quantification of succinate dehydrogenase
positive (SDH*) muscle fibers in cross-sections of gastrocnemius from untrained and
endurance-trained WT and /13~ mice. n=8/group, 20-week-old male mice, experiment
performed twice, statistical analysis (untrained vs trained of the same genotype) performed
using unpaired Student’s #test. Error bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001.
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F_igugj(_e 4. Endurancetraining increases running capacity and glucosetolerancevia IL-13
signaling.

(Ag\) Elegtron flow assay using Seahorse bioanalyzer with mitochondria isolated from
gastrocnemius of untrained and endurance-trained WT and /737~ mice. Complex | (C-1)
respiration was measured using pyruvate and malate as substrates and blocked with
rotenone. Complex 11 (C-11) was measured using succinate as substrate and blocked with
antimycin A. Complex IV (C-1V) respiration was measured by injecting tetramethyl-p-
phenylenediamine/ascorbate. n=15-25 replicates/group, data combined from three
experiments, statistical analysis (untrained vs trained of the same genotype) performed using
unpaired Student’s #test. (B) Complex 1V activity assay performed with gastrocnemius
mitochondria from untrained and endurance-trained WT and /237~ mice. The activity was
assessed by the rate of cytochrome ¢ oxidation measured by the decline in reduced
cytochrome ¢ (absorbance at 550 nm). n=3-5/group, 20-week-old female mice, experiment
performed twice, statistical analysis performed using two-way ANOVA with Bonferroni
post-hoc test with animal group and time points modeled as variables. (C) Endurance
capacity test performed by treadmill running in untrained and endurance-trained WT and
111371~ mice. n=6-7/group, 16-week-old male mice, experiment performed twice, statistical
analysis (untrained vs trained of the same genotype) performed using unpaired Student’s #
test. (D) Left panel: glucose tolerance test (GTT) of untrained and endurance-trained WT
and //137~ mice. Middle panel: area under the curve (AUC) of the GTT. Right panel: fasting
serum insulin levels of untrained and endurance-trained WT and /237~ mice. n=5/group for
GTT/AUC and n=4/group for serum insulin, 20-week-old male mice, experiment performed
three times, statistical analysis (untrained vs trained of the same genotype) performed using
two-way ANOVA with Bonferroni post-hoc test with animal group and time points modeled
as variables (GTT) and unpaired Student’s #test (AUC and serum insulin). Error bars
indicate SEM. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 5. 1L-13Ral and Stat3 are downstream effectorsof 1L-13 in muscle.
(A) Endurance capacity test of WT and //13ra1~/~ mice performed by treadmill running.

n=6/group, 20-week-old male mice, experiment performed twice, statistical analysis
performed using unpaired Student’s £test. (B) Endurance capacity test performed by
treadmill running and ex vivo fatty acid oxidation of isolated soleus muscle from //13ra1f
(control) and skm//13ra1~/~ mice. n=6-8/group (endurance capacity) and n=5-8/group (fatty
acid oxidation), 24-week-old male mice, experiment performed twice, statistical analysis
performed using unpaired Student’s #test. (C) Immunoblot analyses and quantification of
Stat3 phosphorylation (Y705) in quadriceps muscle of untrained and endurance-trained WT
and //137'~ mice. n=6/group, 16-week-old female mice, experiment performed three times,
statistical analysis (untrained vs trained of the same genotype) performed using unpaired
Student’s #test. p-Stat3: phospho-Stat3; t-Stat3: total-Stat3. (D) Endurance capacity test
performed by treadmill running and ex vivo fatty acid oxidation of isolated soleus muscle
from Stat3f (control) and skmStat3/~ mice. n=12/group for endurance capacity and n=5/
group for fatty acid oxidation, 24-week-old male mice, experiment performed twice,
statistical analysis performed using unpaired Student’s #test. Error bars indicate SEM.
*p<0.05, **p<0.01.
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Figure 6. Increased |L-13 signaling in muscle drives a Stat3-dependent, exercise-like effect.
(A) Endurance capacity test performed by treadmill running of Stat3/f and skmStat37/~ mice

injected with adGFP or adlL-13 into gastrocnemius muscle. n=6-8/group, 24-week-old male
mice, experiment performed twice, statistical analysis (adGFP vs adIL-13 of the same
genotype) performed using unpaired Student’s #test. Right panel: Ex vivo fatty acid
oxidation of isolated soleus muscle from Stat3/f and skmStat3/~ mice injected with adGFP
or adlL-13 into gastrocnemius muscle. n=5-6/group, 24-week-old male mice, experiment
performed once, statistical analysis (adGFP vs adIL-13 of the same genotype) performed
using unpaired Student’s #test. (B) Glucose tolerance test (GTT) of mice injected with
adGFP or adlIL-13 into gastrocnemius muscle. n=6-8/group, 24-week-old male mice,
experiment performed twice, statistical analysis performed using two-way ANOVA with
Bonferroni post-hoc test with animal group and time points modeled as variables. (C)
MRNA expression of £srraand Esrrg in gastrocnemius muscle of untrained and endurance-
trained WT and //237/~ mice measured by gPCR. n=6-7/group, 20-week-old male mice,
experiment performed twice, statistical analysis (untrained vs trained of the same genotype)
performed using unpaired Student’s #test. (D) mRNA expression of Esrraand Esrrgin
quadriceps muscle of Stat3/f and skmStat3/~ mice after gastrocnemius injection of adGFP
or adlL-13 measured by gPCR. n=6-8/group, 24-week-old males, experiment performed
once, statistical analysis (adGFP vs adIL-13 of the same genotype) performed using
unpaired Student’s #test. (E) Stat3 regulation of £srrg gene promoter in reporter transient
transfection assays. Relative luciferase activity of reporters driven by Esrrg promoters in
AD293 cells co-transfected with increasing amounts of Stat3 expression vector. “1-kb”, “2-
kb WT”, and “2-kb mutant” refer to reporter constructs containing 1-kb, 2-kb, and 2-kb with
the mutated Stat3 binding site of £srrg promoter, respectively. n=6 biological replicates/
group/experiment, experiment performed four times, statistical analysis performed using
unpaired Student’s #test. (F) Relative luciferase activity of 2-kb Esrrg promoter in WT and
Stat3'= C2C12 myoblasts. Stat3™~ cells were co-transfected with a control or Stat3
expression vector + rlL-13 overnight. n=12 biological replicates/group/experiment,
experiment performed three times, statistical analysis performed using unpaired Student’s #
test. Error bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001.
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