
www.manaraa.com

Interleukin 37 reverses the metabolic cost of
inflammation, increases oxidative respiration,
and improves exercise tolerance
Giulio Cavallia,b,c, Jamie N. Justiced,1, Kristen E. Boylee, Angelo D’Alessandrof, Elan Z. Eisenmesserf, Jonathan J. Herrerad,
Kirk C. Hansenf, Travis Nemkovf, Rinke Stienstrac, Cecilia Garlandag, Alberto Mantovanig, Douglas R. Sealsd,
Lorenzo Dagnab, Leo A. B. Joostenc, Dov B. Ballaka,d,2, and Charles A. Dinarelloa,c,2,3

aDepartment of Medicine, University of Colorado Denver, Aurora, CO 80045; bUnit of Immunology, Rheumatology, Allergy and Rare Diseases, Istituto
Di Ricovero e Cura a Carattere Scientifico (IRCCS) San Raffaele Scientific Institute and Vita-Salute San Raffaele University, Milan, 20132 Italy; cDepartment of
Medicine, Radboud University Medical Center, 6525 HP Nijmegen, The Netherlands; dDepartment of Integrative Physiology, University of Colorado Boulder,
Boulder, CO 80309; eDepartment of Pediatrics, University of Colorado Denver, Aurora, CO 80045; fDepartment of Biochemistry and Molecular Genetics,
University of Colorado Denver, Aurora, CO 80045; and gExperimental Immunopathology, Humanitas Research Institute, Rozzano, 20089 Italy

Contributed by Charles A. Dinarello, December 28, 2016 (sent for review November 18, 2016; reviewed by Diana Boraschi and Michael Wegmann)

IL-1 family member interleukin 37 (IL-37) has broad antiinflammatory
properties and functions as a natural suppressor of innate inflamma-
tion. In this study, we demonstrate that treatment with recombinant
human IL-37 reverses the decrease in exercise performance observed
during systemic inflammation. This effect was associated with a
decrease in the levels of plasma and muscle cytokines, comparable in
extent to that obtained upon IL-1 receptor blockade. Exogenous
administration of IL-37 to healthy mice, not subjected to an in-
flammatory challenge, also improved exercise performance by 82%
compared with vehicle-treated mice (P = 0.01). Treatment with eight
daily doses of IL-37 resulted in a further 326% increase in endurance
running time compared with the performance level of mice receiving
vehicle (P = 0.001). These properties required the engagement of the
IL-1 decoy receptor 8 (IL-1R8) and the activation of AMP-activated
protein kinase (AMPK), because both inhibition of AMPK and IL-1R8
deficiency abrogated the positive effects of IL-37 on exercise perfor-
mance. Mechanistically, treatment with IL-37 induced marked meta-
bolic changes with higher levels of muscle AMPK, greater rates of
oxygen consumption, and increased oxidative phosphorylation.
Metabolomic analyses of plasma and muscles of mice treated with
IL-37 revealed an increase in AMP/ATP ratio, reduced levels of proin-
flammatory mediator succinate and oxidative stress-related metabo-
lites, as well as changes in amino acid and purine metabolism. These
effects of IL-37 to limit the metabolic costs of chronic inflammation
and to foster exercise tolerance provide a rationale for therapeutic
use of IL-37 in the treatment of inflammation-mediated fatigue.
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The IL-1 family cytokine interleukin 37 (IL-37) functions as a
natural suppressor of innate inflammation and acquired immu-

nity (1). Reduction in endogenous IL-37 levels results in increased
cytokine production induced by toll-like receptors (TLR) in human
monocytes. In mice, IL-37 is truncated and not functional, but the
human IL37 transgenic mouse exhibits reduced severity of systemic
and local inflammation, as well as dampening of acquired immune
responses (2–5). Moreover, administration of recombinant human IL-
37 to wild-type mice also suppresses proinflammatory cytokines and
curbs excessive inflammation, for example, in inflammatory arthritis
(5). Recombinant IL-37 suppresses NLRP3 and IL-1β gene expres-
sion following acute lung injury (6). Recombinant IL-37 also increases
insulin sensitivity in diet-induced obesity (7).
The mechanism of action for IL-37 is unique in the IL-1 family.

IL-37 binds to the IL-18 receptor alpha chain (IL-18Rα), but then
recruits IL-1R8. IL-1R8 functions to suppress local and systemic
inflammation, as well as acquired immunity (8). Indeed, recombinant
IL-37 administered to mice deficient for IL-1R8 does not suppress
inflammation (5, 9). The complex of IL-18Rα with IL-37 plus IL-
1R8 as the coreceptor signals the cell to reduce phosphorylation of

proinflammatory kinases (1, 2, 7) and increase antiinflammatory
cytokines (1, 3).
Here, we evaluated IL-37 treatment on exercise tolerance in mice

subjected to systemic inflammation, and assessed whether IL-37 ad-
ministration reduces the metabolic costs of inflammation. We further
evaluated IL-37 monotherapy on exercise performance in healthy
mice. The findings provide a rationale for exploring recombinant
IL-37 as a therapy to combat fatigue in chronic inflammatory diseases.

Results
Recombinant Human IL-37 Reduces Local and Systemic Inflammatory
Mediators and Improves Exercise Tolerance. WT mice received
recombinant human IL-37 or vehicle 24, 12, and 2 h before a
single i.p. low dose of lipopolysaccharide (LPS) (10 μg per
mouse, ∼0.33 mg/kg). Because IL-1 mediates inflammation-
induced fatigue in mice (10), IL-37 treatment was compared with
anakinra, the recombinant form of the naturally occurring hu-
man IL-1 receptor antagonist (IL-1Ra) (11, 12). Four hours after
the administration of LPS, exercise tolerance was evaluated by
using a Rota-Rod endurance test (13). As shown in Fig. 1A,
vehicle-treated mice receiving LPS exhibited a 30% reduction in
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endurance running time (P = 0.008) compared with mice not
receiving LPS. However, performance increased by 24% in mice
treated with IL-37 before LPS challenge (P = 0.01). In fact, this
increase restored performance to near baseline levels. An im-
provement over the LPS suppression was also observed with
anakinra treatment, although that improvement did not reach
statistical significance.
Levels of IL-6, IL-1Ra, and the neutrophil chemotactic factor

chemokine (C-X-C motif) ligand 1 (CXCL-1) were determined
in muscle and plasma 1 h after the endurance challenge. IL-1β
levels were below detection at this time point. However, as
shown in Fig. 1, in mice treated with IL-37, levels of IL-6 were
reduced by 50% in the plasma (Fig. 1B; P = 0.01) and by 79% in
muscle homogenates (Fig. 1C; P < 0.0001). In muscle of IL-37–
treated mice, CXCL-1 was reduced by 45% (Fig. 1D; P = 0.001).
IL-1Ra was also reduced by 21% (Fig. 1E; P = 0.04). We ob-
served no significant changes in the levels of muscle IL-1α, which
is constitutively present as a precursor in muscle cells (Fig. 1F).

IL-37 Improves Exercise Tolerance. We next evaluated whether
administration of IL-37 improved exercise tolerance in healthy
mice. As shown in Fig. 2A, improved performance was clearly
evident 1 day following IL-37 administration, at a time when
mice were challenged with three consecutive tests of accelerating
speed on the Rota-Rod apparatus. The performance of vehicle-
treated mice initially improved because of learning of the testing;
however, performance then reached a plateau. In contrast, mice
receiving IL-37 exhibited a progressive improvement in the

running time, with performance levels 33% higher than in ve-
hicle-treated mice (P < 0.01). On day 2, mice treated with IL-37
exhibited an 82% increase in endurance running time compared
with vehicle-treated mice (P = 0.01; Fig. 2B). We also challenged
mice with treadmill stress testing and observed similar effects
with IL-37 treatment (Fig. S1).
We then treated healthy mice with eight daily doses of 1 μg of

IL-37, and exercise tolerance was assessed on days 2 and 8. As
shown in Fig. 2C, on day 2, there was a 102% increase in the
endurance run time of IL-37–treated mice, comparable to the
improvement shown in Fig. 2B (P = 0.02). However, after eight
daily doses of IL-37, we observed a 326% increase in endurance
running time compared with vehicle-treated mice (P = 0.001).
Compared with day 2, this finding represents a 71% further in-
crease in endurance running time (P = 0.04).
Cytokine levels were evaluated in plasma and in muscle ho-

mogenates 1 h after exercise tolerance testing. As shown in Fig. 2
D and E, levels of circulating and muscle IL-6 were moderately
increased in mice treated with IL-37 (P = 0.003 and P = 0.04,
respectively). This increase is consistent with production and
release of IL-6 from skeletal muscle during exercise in humans
(14). No significant differences were observed in the levels of
circulating IL-1β, TNFα, and IL-1Ra (Fig. S2). We conclude that

Fig. 1. Effects of IL-37 treatment on systemic inflammation. (A) Mean ± SEM of
endurance Rota-Rod run time in seconds. (B) Mean ± SEM plasma levels of IL-6.
(C) Muscle content of IL-6. (D) CXCL-1. (E) IL-1Ra. (F) IL-1α. n = 5 mice per group.
Statistical significance evaluated with the one-way ANOVA test. *P < 0.05; **P <
0.005; ***P < 0.001; ****P < 0.0001; ns, nonsignificant. Veh, vehicle.

Fig. 2. Effects of IL-37 treatment on physical performance. Mice receiving
daily injections of IL-37 or vehicle control were subjected to accelerating Rota-
Rod training sessions on day 1 and to an exercise tolerance test on day 2 and
on day 8. (A) Mean ± SEM run time in seconds in three consecutive acceler-
ating Rota-Rod training sessions (∼1 h apart). (B) Endurance run time in sec-
onds on day 2. n = 12 mice per group. (C) Separate experiment for endurance
run time in seconds on day 2 and day 8. n = 9 mice per group. (D) Circulating
levels of IL-6 evaluated 1 h after the exercise tolerance test. (E) Muscle IL-6 1 h
after the exercise tolerance test. n = 5 mice per group. Data expressed as mean
± SEM. Statistical significance evaluated with the Student’s unpaired t test and
with the one-way ANOVA test. *P < 0.05, **P < 0.005.
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the effects of IL-37 in healthy mice do not solely depend on
antiinflammatory properties.

AMP-Activated Protein Kinase and IL-1R8 Mediate the Effects of IL-37
on Exercise Tolerance. We reported that IL-37 increases AMP-
activated protein kinase (AMPK) in adipocytes and macrophages
(2, 4); we now investigated whether IL-37 increases AMPK in
muscle tissue. First, we evaluated the effects of IL-37 treatment on
muscle AMPK activation ex vivo. In gastrocnemiusmuscles of mice
treated with IL-37, but not subjected to exercise, 8 days of IL-37
treatment significantly increased total AMPK (P = 0.01). How-
ever, at this time point, there was no significant difference in
phosphorylated AMPK (Fig. 3A). Nevertheless, to assess a role for
AMPK, we administered dorsomorphin (compound C), a tran-
sient inhibitor of AMPK (15, 16), to IL-37–treated mice 1 h before
the exercise challenge. We observed that the increase in endur-
ance run time of IL-37–treated mice was significantly reduced with
inhibition of AMPK (Fig. 3B), whereas the performance of vehi-
cle-treated mice was unaffected. We next examined the effect of

IL-37 on AMPK in differentiated C2C12 mouse muscle cells
in vitro. Short-term treatment with IL-37 for 1 h increased phos-
phorylated AMPK (Fig. 3C).
Deficiency of the IL-1R8 (formerly TIR8 or SIGIRR) in mice

results in a hyperinflammatory phenotype (reviewed in ref. 8),
and this receptor is required for the antiinflammatory properties
of IL-37 (6, 7, 9). Mice deficient for IL-1R8 have similar baseline
exercise tolerance as WT mice. However, treatment with IL-37
before Rota-Rod testing did not result in any improvement in IL-
1R8–deficient mice (Fig. 3D), consistent with the requirement of
IL-1R8 for the function of IL-37.

IL-37 Increases Mitochondrial Respiration in Skeletal Muscle. Acti-
vation of AMPK stimulates mitochondrial biogenesis and in-
creases mitochondrial density and/or function in muscle (17). We
therefore investigated whether treatment with IL-37 affected
mitochondrial function. Fresh skeletal muscle mitochondria were
isolated from the gastrocnemii of mice treated for 8 days with
either IL-37 or vehicle but not subjected to an exercise challenge.
As shown in Fig. 4A, there was a 25% increase in the state 3
oxygen consumption rate (OCR) in mitochondria isolated from
IL-37–treated mice compared with vehicle-treated mice (P =
0.01). The OCR was assessed in the presence of glutamate +
malate + ADP (GMD), representing oxidative phosphorylation
substrate flux. State 4 (or basal) respiration in the presence of
glutamate + malate (GM) was not different, nor was respiration
in the presence of oligomycin (OLIG). These data indicate that
basal respiration and proton leak were similar in IL-37– and
vehicle-treated mice; however, oxidative phosphorylation (Fig.
4A; GMD) was increased only in IL-37–treated mice. Because
IL-37 treatment did not affect proton leak, the data suggest that
IL-37 does not increase metabolic capacity or metabolic rate by
uncoupling mitochondrial oxidative respiration. Rather, IL-37
increases oxidative phosphorylation substrate flux.
We next measured mitochondrial citrate synthase (CS) activity

to determine whether changes in mitochondrial content account
for IL-37-induced increases in oxidative phosphorylation (GMD).
CS activity was not different between vehicle- and IL-37–treated
mice (Fig. 4B). With mitochondrial protein content normalized,
these data, together with measurement of oxidative phosphory-
lation, reveal that the increase in oxidative phosphorylation (Fig.
4A; GMD) is likely due to qualitative changes in mitochondrial
respiration, rather than increased mitochondrial content.

IL-37 Treatment Induces Increased Amino Acid Catabolism and Nucleoside/
Phosphocreatine Synthesis. Because AMPK plays a key role in meta-
bolic reprogramming (18, 19), metabolomic analyses was performed
onm. gastrocnemius, plasma, and red blood cells from vehicle-treated

Fig. 3. IL-37 activates the IL-1R8/AMPK axis. (A) In vivo levels of total AMPK,
phosphorylated AMPK, and relative ratio in m. gastrocnemius (n = 8 mice per
group). (B) Decline in exercise tolerance after in vivo inhibition of AMPK with a
single i.p. dose of 0.2 mg/kg dorsomorphin 1 h before testing (n = 5 mice per
group). (C) Western Blot and relative ratio for phospho-AMPK and total AMPK in
differentiated C2C12 muscle cells stimulated with IL-37; total of four separate ex-
periments. (D) Exercise tolerance test forWTor IL-1R8−/−mice treatedwith vehicle or
IL-37 (n = 5 mice per group). Data expressed as mean ± SEM. Statistical significance
evaluated with the Student’s unpaired t test and with the one-way ANOVA test.
*P < 0.05, ns, nonsignificant. pAMPK, phosphorylated AMPK; tAMPK, total AMPK.

Fig. 4. IL-37 increases oxidative phosphorylation substrate flux. Oxygen
consumption rate was evaluated by using isolated mitochondria from
m. gastrocnemius of mice treated with IL-37 for 8 days. (A) Respiration rates
under described substrate conditions. (B) Citrate synthase activity, measured as
an index of mitochondrial content. Data expressed as mean ± SEM. n = 4 mice
per group. Statistical significance evaluated with the Student’s unpaired t test
and with the one-way ANOVA test. *P < 0.05. GM, glutamate + malate; GMD,
glutamate + malate + ADP; OCR, oxygen consumption rate; Olig, oligomycin.

Cavalli et al. PNAS | February 28, 2017 | vol. 114 | no. 9 | 2315

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
31

, 2
02

1 



www.manaraa.com

and IL-37–treated mice. IL-37 treatment was associated with a
decrease (P < 0.05) in circulating levels of nucleotides and nu-
cleotide derivatives (particularly hypoxantine, guanine, and ino-
sine) and oxidative stress-related metabolites (ribose phosphate
and isobaric pentose phosphate compounds, oxidized glutathione,
kynurenine, and spermine (Fig. 5 A and B). Notably, Krebs cycle
intermediates citrate, α-ketoglutarate, and succinate were signifi-
cantly (P < 0.05) lower in plasma and muscle from IL-37–treated
mice (Fig. 5 B and C), as reported with reduced inflammation
(20). Increases in AMP/ATP ratios trigger AMPK (21). Also in
muscle, we observed increased AMP/ATP ratios in muscle from
IL-37–treated mice (Fig. 5D).
Top up-regulated pathways further suggested an increase in

citric acid cycle and nucleoside and amino acid metabolism in
the muscle of IL-37–treated mice (Fig. 6A). As shown in Fig. 6B,
mice receiving IL-37 exhibited higher levels of phosphocreatine
and higher phosphocreatine/creatine ratios compared with ve-
hicle-treated mice. Also, steady-state levels of guanidinoacetate,
a precursor for creatine, were lower in the muscle of IL-37 mice.

Steady-state decreases of the precursor guanidinoacetate and in-
creased levels of the final product, phosphocreatine, are indicative of
increased fluxes through this anabolic pathway. As shown in Fig. 6C,
total purine levels, including precursors phosphoribosylglycinamide
(FGAM), ribose phosphate, and inosine monophosphate (IMP) were
significantly increased by IL-37 treatment. IL-37 monotherapy also
resulted in lower levels of amino acids, which serve as substrates to
fuel pyruvate and citrate. Indeed, these Krebs cycle substrates were
significantly increased in this group (P < 0.05; Fig. 6D).

Discussion
In this study, we demonstrate that activation of the AMPK
pathway by IL-37 improves exercise tolerance with a dual
mechanism of suppression of inflammation and modulation of
metabolic pathways. The effects of IL-37 treatment on exercise
tolerance were first evaluated during systemic inflammation in-
duced by the administration of low-dose LPS (Fig. 1). Treatment
with IL-37 reduced muscle and plasma levels of inflammatory
cytokines and normalized endurance running performance. With
suppression of systemic inflammation by IL-37 (1), it was not
unexpected that exercise tolerance would improve upon IL-37
treatment during an inflammatory state. Additionally, however,
there may be mechanisms of IL-37 action beyond suppression of
inflammation that we investigated.
We did not expect that IL-37 treatment would improve exercise

performance in healthy mice not subjected to LPS challenge (Fig. 2).
IL-37–treated mice exhibited a marked increase in endurance run
time, which improved further upon additional treatment with IL-37.
These effects of IL-37 on exercise in healthy mice were not secondary
to suppression of the inflammatory response: Indeed, in mice treated
with IL-37, we observed a modest increase in muscle and circulating
IL-6. Such increases are 100-fold lower compared with those ob-
served during systemic inflammation (Figs. 1B and 2D) and reflect
the known release of IL-6 from muscle during exercise (14).
The present study further suggests that the IL-1 family re-

ceptor IL-1R8 may be implicated in the transduction of the
metabolic effects of IL-37, because the increase in exercise tol-
erance upon IL-37 treatment was absent in healthy mice de-
ficient for this receptor (Fig. 3). IL-1R8 is required for the
antiinflammatory effects of IL-37 by inhibiting the NFκB and
cJun N-terminal kinases pathways (6, 7, 9).
Recombinant IL-37 directly activates AMPK (2), a central reg-

ulator of cellular energy homeostasis and exercise-regulated meta-
bolism (reviewed in ref. 22). AMPK regulates several biochemical
pathways to modulate energy expenditure and substrate utiliza-
tion in response to various stresses, particularly in cancer (23),
inflammatory diseases (24), and exercise (25). Here, we show that
IL-37 activates AMPK specifically in muscle cells and that acti-
vation of AMPK mediates the improvement in physical perfor-
mance induced by IL-37 in vivo. These findings are consistent with
our previous observations that IL-37 activates AMPK in myeloid
and nonmyeloid cells (2, 7). Specific pharmacologic blockade of
AMPK precluded the benefit of IL-37 treatment in healthy mice.
Activation of AMPK stimulates mitochondrial biogenesis and

function (17). In freshly isolated mitochondria from gastrocne-
mius muscles of mice treated with IL-37, we observed a signifi-
cant increase in oxidative phosphorylation substrate flux, which
was not secondary to differences in proton leak, nor associated
with an increase in mitochondrial content in the same muscles.
We conclude that the increased mitochondrial respiration in the
muscles of IL-37–treated mice reflects qualitative changes in
mitochondrial function, not content or quantity.
IL-37 treatment resulted in an increase in AMP/ATP ratio as-

sociated with reduced levels of succinate, a potent proinflammatory
mediator typically elevated during anaerobic glycolysis and in-
flammatory states (20, 26, 27) (Fig. 5 C and D). These findings are
related and consequential to the observed activation of AMPK.
Specifically, activation of AMPK is known to follow increased

Fig. 5. Metabolome changes upon treatment with IL-37. M. gastrocnemius,
red blood cells, and plasma were analyzed for metabolic profiles. (A) Heat-
map for metabolites in plasma. (B) Significant plasma metabolites and their
respective fold change IL-37/Control. (C) Succinate levels in muscle. (D) AMP/
ATP ratio in muscle. n = 5 mice per group. Statistical significance evaluated
with the Student’s unpaired t test. *P < 0.05.
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AMP/ATP ratios, as observed during accelerated ATP consump-
tion (e.g., muscle contraction) (21, 25), and result in increased
oxidative phosphorylation and reduced levels of the proin-
flammatory mediator succinate (reviewed in ref. 24). Each of these
mechanistic processes adds to the understanding of the improved
exercise tolerance in mice treated with IL-37.
AMPK is also known to play a primary role in metabolic

reprogramming (18, 19), and treatment with IL-37 is associated
with marked metabolic changes (Figs. 5 and 6). For example, a
decrease in oxidative stress-related metabolites with a corre-
sponding increase in the antioxidant glutathione was observed.
The production of reactive oxygen species during exercise pro-
motes muscle contractile dysfunction, whereas administration of
antioxidant agents delays muscle fatigue (reviewed in ref. 28).
Thus, the antioxidant effects of IL-37 are consistent with the ob-
served increase in exercise tolerance. Additional metabolic
changes induced by IL-37 as depicted in Figs. 5 and 6 may rep-
resent contributing factors to the increase in exercise tolerance.
These factors include phenomena augmenting muscle reserves
and energy generation, such as catalysis of amino acid and syn-
thesis of nucleosides and phosphocreatine, or consistent with in-
creased AMPK activation and mitochondrial respiratory capacity,
such as a decrease in the muscle levels of pyruvate, citrate, and
hypoxanthine (29–31).

In summary, the present data demonstrate that IL-37 increases
exercise tolerance by inducing metabolic reprogramming via acti-
vation of AMPK: Downstream effects include increased mito-
chondrial respiration, changes in redox state, increased oxidative
phosphorylation, and reduction of proinflammatory mediators.
Production of proinflammatory cytokines is associated with fatigue
and decreased physical activity, as exemplified by the lethargy ex-
perienced during acute infections or chronic inflammatory diseases
(10). Thus, the implications of the present findings impact on pa-
tients with chronic inflammatory diseases spanning from rheuma-
toid arthritis to cancer, in which fatigue is often incapacitating.
Confirmation to the crucial role of cytokines in human fatigue
comes from clinical experience: For example, inhibition of IL-1
reduces fatigue in patients with rheumatologic conditions (32, 33).
It was not unexpected that by inhibiting cytokine production,

exogenous IL-37 would curb fatigue and ameliorate exercise
tolerance. However, broad metabolic effects yielded an im-
provement in exercise tolerance even in healthy, unchallenged
mice. This study demonstrates that administration of recombi-
nant IL-37 ameliorates fatigue and improve exercise tolerance,
via a dual mechanism of action of modulation of inflammation
and metabolic reprogramming. In summary, the findings provide
rationale for exploring the use of recombinant IL-37 in the
treatment of inflammation-induced fatigue.

Fig. 6. Changes in energy reservoirs and amino acid catabolism in muscle of IL-37–treated mice. (A) MetaboAnalyst elaboration of the metabolic pathways
up-regulated in muscles of IL-37–treated mice indicated an increase in citric acid cycle, amino acid metabolism, nucleoside (purine and pyrimidine), phos-
phocreatine, and glutathione homeostasis. (B) Phosphocreatine synthesis, phosphocreatine/creatine ratios. (C) Purine synthesis intermediates and products in
IL-37 mouse muscles in comparison with controls. (D) Amino acids can fuel energy metabolism by providing substrates for late glycolysis and citric acid cycle at
different levels. Free muscle amino acid levels decreased in IL-37–treated mice, whereas pyruvate and citrate levels increased. n = 5 mice per group. Statistical
significance evaluated with the Student’s unpaired t test. *P < 0.05, **P < 0.005. Creat, creatine; PCreat, phosphocreatine.
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Methods
Mice. Male C57BL/6 mice, 8–10 wk of age, were purchased from Jackson
Laboratories. IL-1R8 deficient were generated as reported (34). Mice were
age- and sex-matched and between 22 and 26 g of weight.

Recombinant IL-37 Purification. IL-37 residues 46–218 were cloned into a
pET21 vector (Novagen) with an N-terminal 6xHis tag and thrombin cleavage
site. Protein was expressed in BL21/DE3 cells and purified via Ni affinity
chromatography. Eluted fractions containing IL-37 were dialyzed into
50 mM Tris, pH 7.2, 100 mM NaCl, 1 mM EDTA, and applied onto an SP ion
exchange using SP fast-flow resin (GE Healthcare). SP ion exchange eluted
fractions were concentrated and cleaved with thrombin to remove the 6xHis
tag for a final application to size-exclusion chromatography by using a
Superdex-75 (GE Healthcare).

IL-37 and Other Treatments. For doses and timing of injections, see SI Methods.

Rota-Rod and Treadmill Testing. Exercise tolerance was assessed by using two
different methods: a rotating rod device (Rota-Rod, Ugo Basil) (13) and a
treadmill Exer 3/6 model (Columbus Instruments) (35). See SI Methods.

Tissue Processing and Cytokine Determinations. See SI Methods.

Cell Culture. See SI Methods.

Mitochondrial Respiration and Citrate Synthase Activity. See SI Methods for
details on mitochondrial isolation (36), respiration experiments with the
Seahorse Flux Analyzer (Seahorse Bioscience), and CS activity assay (37).

Western Blot. See SI Methods.

Metabolomics Studies. Targeted metabolomics analyses were performed as
reported (38). Plasma (20 μL), red blood cells (100 μL of buffy-coat depleted
packed erythrocytes) and m. gastrocnemius muscles (10 mg) were extracted
in 1 mL of ice-cold lysis/extraction buffer (methanol:acetonitrile:water 5:3:2).
After discarding protein pellets, water and methanol soluble fractions were
injected into a C18 reversed phase column (phase A: water, 0.1% formic acid;
B: acetonitrile, 0.1% formic acid - Phenomenex) through an ultra-high per-
formance chromatographic system (UHPLC, Ultimate 3000; Thermo Fisher).
UHPLC was coupled online with a high-resolution quadrupole Orbitrap in-
strument run in either polarity modes (QExactive, Thermo Fisher) at 70,000
resolution (at 200 m/z). Maven software (Princeton), KEGG pathway data-
base, and an in-house validated standard library (>650 compounds; Sigma
Aldrich; IROATech) were used for metabolite assignment and peak in-
tegration for relative quantitation. Integrated peak areas were exported
into Excel (Microsoft) and elaborated for statistical analysis (t test, ANOVA)
and hierarchical clustering analysis through the software GraphPad Prism
(GraphPad Software) and GENE E (Broad Institute). Top up- and down-reg-
ulated metabolic pathways were determined through MetaboAnalyst 3.0
(www.metaboanalyst.ca/MetaboAnalyst/).

Statistics. See SI Methods.

Study Approval. The Institutional Animal Care and Use Committees of the
University of Colorado Denver, Aurora, CO, approved the studies.
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