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Exercise-induced CLCF1 attenuates age-
related muscle and bone decline in mice
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Skeletal muscle undergoes many alterations with aging. However, the impact
of aging on muscle’s ability to secrete myokines and its subsequent effects on
the body remain largely unexplored. Here, we identify myokines that have the
potential to ameliorate age-related muscle and bone decline. Notably, circu-
lating levels of cardiotrophin-like cytokine factor 1 (CLCF1) decrease with age,
while exercise significantly upregulates CLCF1 levels in both humans and
rodents. Restoring CLCF1 levels in aged male mice improves their physical
performance, glucose tolerance, and mitochondrial activity. Furthermore,
CLCF1 protects against age-induced bone loss by inhibiting osteoclastogenesis
and promoting osteoblast differentiation in aged male mice. These improve-
ments mirror some of the effects of exercise training. Conversely, blocking
CLCF1 activity significantly abolishes these beneficial effects, confirming the
crucial role of CLCF1 in mediating the positive effects of exercise on muscle
and bone health in male mice. These findings collectively suggest that CLCF1
may contribute to the regulation of age-associated musculoskeletal dete-
rioration, and warrant further investigation into its potential role as a mod-
ulator of musculoskeletal health during aging.

Aging leads to significant alterations in the musculoskeletal system better musculoskeletal health and overall quality of life. Muscles and
and affects the bones, muscles, joints, and connective tissues, resulting  bones share a mutual dependence, and their health is interconnected'.
in reduced function and mobility. However, regular physical activity — Several studies have demonstrated a correlation between sarcopenia
has been shown to counteract these age-related changes, promoting  and increased susceptibility to osteoporosis®. Notably, myokines have
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been shown to orchestrate intricate communication between muscle
and bone, and play a key role in combating age-related decline in
muscle and bone*'. For example, exercise-induced myokine irisin
exhibits a decrease in plasma level in aged mice’”. Irisin supple-
mentation induced muscle hypertrophy and enhanced skeletal muscle
regeneration through satellite cell activation and expansion®, and
promoted bone formation®. Furthermore, exercise reversed the
aging-induced decrease in the level of the myokine apelin. Apelin
reversed age-related decline in skeletal muscle by enhancing mito-
chondrial biogenesis, counteracting inflammation, and stimulating
muscle stem cells, and promoted osteogenic differentiation via the
Wnt/B-catenin signaling pathway”. However, the question of how
aging affects muscle’s ability to secrete myokines and the implications
of these changes remain largely unexplored.

Considering that exercise-induced myokines are crucial for
maintaining muscle function, we speculated that aged skeletal mus-
cles may have a diminished capacity to produce these essential sig-
naling molecules, potentially compromising muscle strength and
regeneration. To identify exercise-induced myokines in trained old
adult muscle tissue, we analyzed human skeletal muscle tran-
scriptome datasets generated from exercise response studies in
young and old adults®”. Here, we identified cardiotrophin-like cyto-
kine factor 1 (CLCF1) as an exercise-induced myokine that declines
with aging. CLCF1, a member of the interleukin-6 (IL-6) family, has
been identified as a regulator of the glycoprotein 130 (gp130)/leu-
kemia inhibitory factor receptor (LIFR[) signaling pathway. It func-
tions by binding to the ciliary neurotrophic factor receptor (CNTFR),
promoting the recruitment and phosphorylation of gp130 and LIFR™,
Additionally, CLCF1 may engage alternative receptor mechanisms
that remain unidentified™'®. CLCF1 plays several roles in develop-
ment, motor neuron survival, immunomodulatory functions, and
cancer”?°, Mutations in CLCF1 are associated with crisponi/cold-
induced sweating syndrome (CS/CISS) with dysregulated body tem-
perature, facial muscle weakness, and skeletal abnormalities™?*.
However, the role of CLCFI1 in skeletal muscle and bone remains
unclear. In this study, we investigated the role of CLCF1 in mediating
exercise-induced benefits. We observed that elevating CLCF1 levels
significantly enhanced muscle function and bone formation, while
blocking CLCF1 abolished these exercise-induced effects.

Results

Exercise induces CLCF1 production in skeletal muscle

We hypothesized that the aging-related decline in muscle function
could be attributed to reduced secretion of myokines from aging
muscle. To identify myokines affected by aging, we aimed to analyze
the changes in secreted protein profiles in muscle tissues from young
and old individuals before and after exercise. We reanalyzed tran-
scriptomic data from muscle biopsies obtained in a previous study by
Raue et al.. This study investigated the effects of acute resistance
exercise (RE), progressive resistance training (PRT), and aging on gene
expression in human skeletal muscle. Two groups were examined:
young adults (24-25 years old) and older adults (78-84 years old). Both
age groups participated in a 12-week PRT program, with muscle
biopsies collected from the vastus lateralis muscle before and after a
single RE session, as well as before the first and last sessions of the PRT
program. Biopsies were also collected from untrained young and older
adults to analyze baseline differences. We utilized the dataset from
mixed muscle containing both slow and fast-twitch fibers (GSE28422).
We screened 2933 genes encoding secreted proteins, focusing on
those that are altered in trained muscles (Supplementary Data 1 and 2).
Specifically, we aimed to identify exercise-inducible genes that do not
exhibit a response to a single bout of exercise in older individuals but
show alterations with chronic exercise. Our analysis revealed sig-
nificant alterations in the mRNA expression of cardiotrophin-like
cytokine factor 1 (CLCF1), lecithin-cholesterol acyltransferase (LCAT),

C-C motif chemokine ligand 2 (CCL2), and probable threonine pro-
tease PRSS50 (PRSS50) in older adults following a 12-week exercise
program (Fig. 1A, B and Fig. S1A, B). Among the significantly upregu-
lated secretory genes, CLCF1 emerged as a promising candidate due to
its exercise-induced upregulation in muscle tissue” 2. Despite the lack
of known functional roles for CLCF1, the expression of its receptors
(gp130/LIFR/CNTFR) is altered in skeletal muscles undergoing atro-
phy, suggesting a potential link between CLCF1 and muscle health”*°.
Following the identification of CLCF1 as a muscle-derived exerkine, we
systematically investigated its plasma concentration in healthy young
and older adults before and after exercise under various experimental
conditions. In young adults (human study 1) and young jiu-jitsu ath-
letes (human study 2), both resistance and high-intensity interval
exercise performed for one hour led to a significant increase in cir-
culating plasma CLCF1 levels (Fig. S1C, D). The rigorous training regi-
men, characterized by high intensity and frequency, coupled with
advanced training experience and competitive participation, may
account for the elevated baseline CLCFI levels in the young jiu-jitsu
athletes group. However, treadmill aerobic exercise for one hour did
not significantly increase plasma CLCF1 levels (human study 3)
(Fig. SIE). We further demonstrate that both resistance training for
16 weeks (human study 4) and resistance band exercise for 12 weeks
(human study 5) significantly elevated plasma CLCF1 levels in older
adults (Fig. SIF, G). Additionally, we investigated differences in plasma
CLCF1 levels between young and elderly groups under non-exercise
conditions. For this analysis, we analyzed levels of CLCF1 in plasma
samples from subjects in Fig. SIC-G and additionally recruited parti-
cipants (human study 6) under non-exercise conditions. Our data
revealed that circulating CLCF1 levels were significantly lower in
elderly individuals compared to young subjects (Fig. SIH). These
findings are exploratory and require further validation in larger and
more controlled studies. Based on these results, we investigated
whether CLCF1 is mainly produced by skeletal muscle. C2C12 myo-
tubes were treated with AICAR, an AMPK activator, which is one of the
signaling pathways activated during exercise, and the protein and
mRNA levels of CLCF1 were examined. AICAR treatment significantly
increased both CLCF1 protein and mRNA expression (Fig. 1C, D). We
further confirmed that electrical pulse stimulation (EPS), an in vitro
exercise model that mimics muscle adaptations in vivo, increased
CLCF1 expression (Fig. 1E, F). Furthermore, high-intensity treadmill
running significantly upregulated CLCF1 mRNA expression specifically
within the muscle tissue of young mice. Importantly, no significant
differences in CLCF1 mRNA expression were observed in other tissues
examined both before and after exercise (Fig. 1G). Consistent with
these findings, plasma CLCF1 concentrations significantly increased
after a single bout of exercise in young mice, whereas exercise-induced
CLCF1 release was not significantly elevated in older mice (Fig. 1H).
Interestingly, under basal conditions, plasma CLCFI1 levels were sig-
nificantly lower in old mice compared to young mice. To investigate
this further, we measured CLCF1 levels in mice at 3, 8, and 18 months of
age, and observed a progressive decline in CLCF1 levels with increasing
age (Fig. 1I). Moreover, we investigated CLCF1 expression in muscle
tissue throughout the aging process using SarcoAtlas (https://
sarcoatlas.scicore.unibas.ch), a comprehensive resource for muscle
gene expression data. Our analysis demonstrated that CLCF1 expres-
sion remained stable with age, whereas cytokine receptor-like factor 1
(CRLF1), a protein crucial for CLCF1 secretion, exhibited a significant
decline in expression (Fig. S2A, B). In line with these findings, we
observed a substantial reduction in Crfll expression in aged mouse
muscles compared to young muscles. Conversely, ClcfI expression
showed no significant age-related alterations (Fig. S2C). These results
suggest that the age-associated decrease in CLCF1 plasma levels may
be primarily attributed to the downregulation of CRLF1. To elucidate
whether the low plasma CLCF1 levels in exercised aged mice were
attributed to reduced CRLF1 expression, we analyzed the expression
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Fig. 1| Exercise induces CLCF1 expression in skeletal muscle. A Volcano plots
showing differentially expressed genes (DEGs) encoding secretory proteins in
skeletal muscles of young and old adults before and after 12 weeks of progressive
resistance training. B Expression levels of genes commonly found in three DEG
groups (yBase, n =15; ylIst, n =16; yFinal, n =16; oBase, n =12; olst, n=12; oFinal,
n=12, p=0.0278, 0.0453, 0.0223 (CLCFI); 0.0011, 0.0379 (LCAT); 0.005, 0.0299,
0.014, 0.0095 (CCL2); 2.00e-7, 0.0002 (PRSS50): young and old adults). C Clcf1
expression in C2C12 myotubes treated with AICAR (1mM, 24 h; n=3, p=0.001;
biological replicates). D Left: Immunoblot analysis of C2C12 myotubes treated with
AICAR. Right: Quantification by densitometry analysis (n =4, p=0.0026). E ClcfI
expression in C2C12 myotubes subjected to electrical pulse contraction (EPS; n=6,
p =0.0015; biological replicates). F Left: Inmunoblot of C2C12 myotubes after EPS.
Right: Quantification of western blots by densitometry analysis (n=3, p = 0.046).

G mRNA expression of ClcfI in skeletal muscles following treadmill running (3 mo,
male, created in BioRender.com) (n=4; p=0.0062, 0.047, 0.018). H Plasma con-
centration of CLCF1 measured 30, 60, or 90 min after treadmill exercise in young (3
mo, male) and aged (24 mo, male) mice (n=4, p=0.026, 0.038, 1.3e-4), Box plots
show the median (center line), interquartile range (25th-75th percentiles), and the
full data range (minimum to maximum, shown as whiskers). I Plasma CLCF1 con-
centration in young (3 mo, male), middle-aged (8 mo, male), and aged (18 mo, male)
mice (n=10; p=3.4.e-4, 1e-6, 0.041). Data are presented as means * s.e.m.; one-way
ANOVA with post hoc Tukey’s multiple comparison test (B, I); two-tailed unpaired
Student’s t-test (C-G); two-way ANOVA with post hoc Tukey’s multiple comparison
test (H). *p <0.05, *p < 0.005 and ***p < 0.001. Source data are provided as a
Source Data file.

changes of CLCF1 and CRLF1 in the skeletal muscles of aged mice
following exercise. Unlike young mice, aged mice demonstrated no
significant upregulation of CLCF1 and CRLF1 expression following
exercise. The observed absence of CLCF1 and CRLF1 upregulation in
aged mice following exercise might be attributable to age-related
alterations in cellular signaling, receptor sensitivity, or transcriptional
regulation (Fig. S2D). Collectively, these results indicate that aging may
affect the production of the exercise-induced CLCF1.

CLCF1 supplementation ameliorates age-related muscle weak-
ness and bone loss

CLCF1 receptors (gpl130/LIFRB/CNTFRa) are upregulated in muscle
tissues in models of muscle atrophy” . We hypothesized that exer-
cise might modulate the expression of these receptors as a potential
adaptive response to muscular stress. Consistent with this hypothesis,
physical exercise resulted in increased expression of Gp130, Lifr, and
Cntfr in the skeletal muscle of mice (Fig. S3A). Given the observed
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changes in young mice, we further investigated whether aging might
impair this adaptive response mechanism. Conversely, aged mice
demonstrated a notable decrease in Gp130 and Lifr expression within
muscle tissues (Fig. S3B). These observations led us to hypothesize
that CLCF1 plays a critical role in muscle function and is essential for
maintaining skeletal muscle homeostasis. To investigate the effects of
CLCF1 on muscle health, aged male mice received intraperitoneal
injections of recombinant CLCF1 at two different doses: 0.1 and
0.5mg/kg (Fig. 2A). Plasma CLCF1 concentrations increased after
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CLCF1 injection at 0.5 mg/kg doses (Fig. S4A). There were no statisti-
cally significant differences in muscle, heart, and body weights
between the control and CLCF1 treatment groups (Fig. 2B, Fig. S4B, C).
Mice administered 0.1mg/kg of CLCF1 exhibited no significant
alterations in grip strength compared to control aged mice. In con-
trast, when the CLCF1 dosage was increased to 0.5 mg/kg, a statistically
significant enhancement in grip strength was observed (Fig. 2C). In the
running test, aged mice injected with both 0.1 and 0.5 mg/kg of CLCF1
demonstrated a statistically significant improvement in running
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Fig. 2 | Supplementation of CLCF1 improves muscle function and bone density
in aged mice. A Experimental scheme (created in BioRender.com). Aged mice (20
mo, male) were treated daily with CLCF1 (0.1 or 0.5 mg/kg) or vehicle for 2 weeks.
B Muscle weights (SOL, GA, EDL, and TA) (vehicle, n = 8; 0.1 mg/kg, n=9; 0.5 mg/kg,
n=11). C Grip strength test (vehicle, n=11; 0.1 mg/kg, n=7; 0.5 mg/kg, n=10;
p=0.0081). D Running curves (vehicle, n=8; 0.1mg/kg, n=7; 0.5mg/kg, n=7;
p=6.7e-5,0.0018), E distance ran (vehicle, n=8; 0.1 mg/kg, n=8; 0.5 mg/kg, n=7;
p=0.0008, 0.0012), and F time to exhaustion (vehicle, n=8; 0.1mg/kg, n=8;
0.5mg/kg, n=7; p=0.0010, 0.0014). G Left: Full cross-section of TA muscle. Scale
bar, 0.5 mm. Right: Total muscle fiber number (vehicle, n=6; 0.5 mg/kg, n=5).

H Laminin-stained myofibers in TA of young, old, and old-CLCF1 mice (0.5 mg/kg).
Scale bar, 50 pm. I-K Quantification of muscle fiber size (n =3, biological repli-
cates): I mean muscle fiber area (p = 0.038), J frequency distribution of fiber areas,
and K quartile analysis of the distribution (p = 0.0364, 0.0427, 0.0406). L The
maximum twitch force at superamaximal voltage, M tetanic force at different

stimulation frequencies (10-150 Hz) and area under curve (p =0.039, 0.0043,
0.0040), N, O fatigue resistance and area under curve of old and old-CLCF1 mice
(n=10; p = 0.034). P Representative micro-CT images of the trabecular and cortical
bone compartments of distal femoral metaphyseal regions (old and old-CLCF1
mice, 0.5 mg/kg) Scale bar, 1 mm. Q Measurement of trabecular bone volume/total
volume (BV/TV), trabecular thickness (TbTh), trabecular separation (TbSp), trabe-
cular number (TbN), cortical bone volume/total volume (Corti BV/TV), and cortical
thickness (Corti Th) (n=8; p=0.022, 0.196, 0.038, 0.013, 0.019, 0.093).

R Representative hematoxylin/eosin (H&E), TRAP, and Runx2-stained histological
sections of proximal tibiae. Scale bar, 100 pm. S Quantification of osteoclast
number per bone surface (n=8; p=0.02) and T Osteoblast (n=8). Data are pre-
sented as means + s.e.m.; two-tailed unpaired Student’s t-test (B-K, O, Q, S, T);
Mann-Whitney U test (D); or two-way ANOVA with post hoc Bonferroni’s multiple
comparison test (M, N). *p < 0.05, **p < 0.005 and **p < 0.001; n.s., p > 0.05. Source
data are provided as a Source Data file.

endurance compared to control aged mice. Notably, mice adminis-
tered 0.5 mg/kg exhibited a higher proportion of individuals reaching
maximal running time compared to the 0.1 mg/kg group (Fig. 2D-F).
Histological analysis showed that CLCF1 treatment significantly
increased the cross-sectional area of TA muscle fibers without affect-
ing muscle fiber number, compared to the control group. (Fig. 2G-K).
Although there was no significant difference in twitch force potentia-
tion between the groups (Fig. 2L), tetanic force was significantly higher
in CLCFl-treated muscles than in the muscles of aged mice in the
control group (Fig. 2M). Additionally, CLCF1 treatment enhanced
fatigue resistance in aged mice (Fig. 2N, O). Next, we analyzed the
molecular changes in the muscle of aged mice following CLCF1
administration (0.5 mg/kg). Real-time polymerase chain reaction (RT-
gPCR) was performed to examine the expression of MyHC isoforms,
markers of muscle fiber type, in the mouse skeletal muscle. In the
soleus muscle of aged mice, the expression levels of Myh7 and Myh2
were significantly elevated; however, these increases were markedly
attenuated by CLCF1 treatment. In contrast, the expression of Myh4
mRNA was significantly reduced in aged mice compared to young
controls. CLCF1 treatment in aged mice restored Myh4 (type 2B)
expression to levels comparable to those observed in young mice,
although the increase did not reach statistical significance (Fig. S4D, E).
CLCF1 treatment enhanced the phosphorylation of key proteins
involved in muscle anabolic signaling pathways, including AKT, mTOR,
S6K, and 4E-BP1 (Fig. S4F, G).

Currently, there are discrepancies on the role of CLCF1 in bone
health'**, indicating the need for further research on the association
between CLCF1 expression and bone health. Exercise is widely recog-
nized as one of the most effective interventions for improving and
maintaining bone health, primarily through its significant impact on
the muscle-bone unit. Given the critical role of muscle-derived factors
in bone metabolism and the existing knowledge gaps in this domain,
we hypothesized that CLCF1 might exert beneficial effects on bone
health. To address this hypothesis, we subsequently investigated the
potential protective role of CLCF1 in maintaining bone integrity and
elucidated its underlying molecular mechanisms. We found that CLCF1
treatment (0.5mg/kg) significantly increased bone volume and
decreased trabecular separation in the trabecular bone of aged mice.
Additionally, CLCF1 treatment significantly increased both the volume
and thickness of the cortical bone (Fig. 2P, Q). Histological analysis
revealed that CLCF1 treatment influenced bone remodeling in aged
mice by regulating changes in osteoclast and osteoblast activities.
Specifically, CLCF1 treatment significantly reduced the number of
osteoclasts and slightly increased the number of osteoblasts, although
the effect was not significant. (Fig. 2R-T).

We next investigated whether CLCF1’s beneficial effects extend to
aged female mice. Our study demonstrated that CLCF1 significantly
improved muscle function (Fig. S5A-H) and inhibited bone

deterioration (Fig. S5I, J) in these mice. Collectively, these data
demonstrate that CLCF1 exerts potent inhibitory effects on osteoclast
activity while modestly stimulating osteoblast function, thereby pro-
moting increased bone mass.

To evaluate whether CLCF1 exerts similar effects in young mice,
we administered a 0.5 mg/kg dose of CLCF1 to 3-month-old mice for
two weeks and subsequently analyzed their muscle and bone para-
meters (Fig. S6A). A significant increase in soleus muscle weight was
observed, while no differences were detected in other muscles and
body weight (Fig. S6B, C). However, no significant differences were
observed in grip strength or running performance between the groups
(Fig. S6D-F). Notably, a higher proportion of CLCFl-injected mice ran
to the maximum time. No statistically significant differences were
observed in bone parameters between CLCFl-injected and control
mice (Fig. S6G, H). These findings suggest that CLCF1 levels are already
within the normal physiological range in young mice. Given the opti-
mal muscle and bone function typically observed at this age, the
effects of CLCF1 treatment are less pronounced compared to older
mice, where there is a greater capacity for improvement in muscle and
bone health.

CLCF1 treatment stimulates glucose uptake and improves glu-
cose metabolism

Given that multiple signaling pathways, including AKT/mTOR, JAK/
STAT, and ERK1/2, are known to be triggered by CLCF1 and are
involved in muscle function®*, we hypothesized that CLCF1 may
modulate key cellular signaling mechanisms in muscle cells. To test
this hypothesis, we investigated the effects of CLCF1 on the expression
and activation of these signaling pathways in C2C12 cells. CLCF1
treatment activated AKT/mTOR/S6K, STAT3, and ERK1/2 pathways,
but inactivated the forkhead box protein O 1/3 (Fox01/3) signaling
pathway (Fig. S7A, B). Notably, previous literature suggests that STAT3
activation can promote mitochondrial respiration, depending on the
specific cellular context®*, To explore whether CLCF1 enhances
mitochondrial respiration, we measured oxygen consumption rate
(OCR) in CLCFI- and vehicle-treated myotubes. CLCF1 treatment sig-
nificantly increased basal, ATP-linked, and maximal respiration in
myotubes compared with that in the control group (Fig. 3A, B). How-
ever, the effect of CLCF1 on mitochondrial respiration was markedly
abrogated in the presence of the STAT3 inhibitor BP-1-102 (Fig. S8A).
The tricarboxylic acid (TCA) cycle receives metabolites from various
sources through glycolysis, fatty acid oxidation (FAO), and amino acid
catabolism. To clarify the energy dependence of mitochondrial
metabolism in CLCFl-treated cells, myotubes were treated with tar-
geted inhibitors of glycolysis, FAO, and glutaminolysis. Glycolysis
suppression had a significantly higher inhibitory effect on OCR in
CLCFl-treated cells than FAO and glutaminolysis inhibition (Figs. 3C, D,
S8B, C). Notably, CLCF1 treatment did not affect mitochondrial DNA
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copy number or the expression of genes involved in mitochondrial
biogenesis (Fig. 3E, F). We next sought to determine whether the
increased OCR observed following CLCF1 treatment was due to ele-
vated glucose uptake and glycolytic activity. CLCF1 treatment sig-
nificantly increased glucose uptake compared with that in the control
group, both in the presence and absence of insulin, but did not affect
fatty acid uptake (Fig. 3G, H). To investigate whether CLCF1 induces
glucose uptake in different cell types, we analyzed glucose uptake and
metabolic changes in 3T3-L1 adipocytes. CLCF1 effectively induced
phosphorylation of STAT3 and AKT in 3T3-L1 adipocytes (Fig. S9A).
CLCF1 stimulated glucose uptake in the absence of insulin but did not
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v T T T T 1
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significantly enhance insulin-induced glucose uptake in 3T3-L1 adipo-
cytes (Fig. S9B). These findings suggest that CLCF1 may modulate
glucose metabolism not exclusively in muscle tissue, but potentially
also in adipose tissue. In adipocytes, the limited effect of CLCF1 in the
presence of insulin may be attributed to saturation of the insulin sig-
naling pathway or full activation of metabolic enzymes and pathways
by insulin. In addition, CLCF1 treatment did not affect the expression
of genes involved in mitochondrial electron transport chain (ETC),
glycolysis, and FAO. Additionally, no significant changes in OCR were
observed upon CLCF1 treatment (Fig. SOC-D). To investigate to role of
glucose transporters in CLCF1-induced increase in glucose uptake, we
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Fig. 3 | Recombinant CLCF1 treatment stimulates glucose uptake and glucose
metabolism. A, B Oxygen consumption rate (OCR) and quantification of basal
respiration, ATP production, and maximal respiration in C2C12 myotubes treated
with CLCF1 (100 ng/ml) for 48 h (vehicle, n=10; CLCF1, n = 9; biological replicates,
p=1.0e-6,7.0e-7,1.3e-8). C OCR traces and D quantification in response to UK5099.
(n=10; p=1.6e-5, 5.2e-7, 1.6e-4, 4.6e-5, 2.0e-11, 2.0e-11, 2.0e-11). E, F Mitochondrial
DNA content and expression of mitochondrial genes in C2C12 myotubes after 48 h
of CLCFI1 treatment (n =3). G Relative level of glucose uptake in C2C12 myotubes
with CLCF1 treatment overnight (n=6; p =9.8e-3, 2.86e-2). H Relative level of fatty
acid uptake in C2C12 myotube with CLCF1 overnight (n=5). I Left: Western blot
analysis of GLUT1 and GLUT4 in membrane and cytosolic fractions after 24 h of
treatment with vehicle or CLCF1 in C2C12 myotubes (n = 3; p = 0.0469). Right:
Quantification of Western blots was performed by densitometry analysis.

J Measurement of glycolysis by extracellular acidification rate (ECAR) in C2C12
myotubes treated with vehicle or CLCF1 for 48 h (n = 8). K Quantification of

glycolysis and glycolytic capacity (p =3.0e-4, 2.0e-4). L Expression of glycolysis-
related enzymes in C2C12 myotubes treated with vehicle or CLCF1 for 24 h.

M Quantification of glycolytic enzymes (n=4; p =3.44e-2, 4.6e-3, 2.05e-2, 2.2e-3).
N Top: Expression of glycolysis-related enzymes in muscle of young (3 mo, male),
old (20 mo, male), and old-CLCF1 (20 mo, male). Bottom: Quantification of western
blots (n=4; p=0.0313, 0.0135, 0.0049, 0.0001). O Intraperitoneal glucose toler-
ance test (IPGTT) in young, old, and old-CLCF1 (p = 4.8e-5, 7.5e-5). P Area under
curve (AUC) (young, n=12; old, n=10; old_CLCFI, n = 8; biological replicates,
p=0.0149, 0.0293). Q Insulin tolerance test in young, old, and old-CLCF1 (p = 2.5e-
6,8.2e-7). RAUC young, n = 8; old, n =11; old_CLCF1, n=10; p = 0.0251, 0.0135. Data
are presented as means + s.e.m.; two-tailed unpaired Student’s ¢-test (B, E-1, K, M);
one-way ANOVA with post hoc Bonferroni’s multiple comparison test (J, N, P, R); or
two-way ANOVA with post hoc Tukey’s multiple comparison test (D, O, Q).
*p<0.05, *p <0.005 and **p < 0.001; n.s., p > 0.05. Source data are provided as a
Source Data file.

examined the expression of GLUT1 and GLUT4 in CLCFl-treated
myotubes. Notably, CLCF1 treatment increased GLUT1 protein levels in
the plasma membrane, but did not affect GLUT4 expression (Fig. 3I).
Given the observed increase in glucose uptake following CLCF1 treat-
ment, we hypothesized that this enhanced glucose influx would sti-
mulate glycolysis. To test this, we measured extracellular acidification
rate (ECAR) in C2C12 myotubes to directly assess the impact of CLCF1
on glycolytic metabolism. CLCF1 treatment significantly enhanced
both glycolysis and glycolytic capacity in myotubes (Fig. 3J, K). Fur-
thermore, the treatment upregulated several key glycolytic enzymes
(Fig. 3L, M). Aged muscles exhibit a significant decline in both glyco-
lytic enzyme expression and glycolytic capacity, which contributes to
metabolic dysfunction during aging’®*. Given these age-related
metabolic changes, we investigated whether CLCF1 might play a
restorative role in reversing the age-associated decline of glycolytic
enzyme expression. CLCF1 treatment specifically restored the
decreased expression of PFKM and PKM2 in the muscle of aged mice
(Fig. 3N). Based on these findings, to further evaluate the effects of
CLCF1 treatment on glucose metabolism, we performed intraper-
itoneal glucose tolerance tests (GTT) and insulin tolerance tests (ITT)
two weeks after CLCF1 injection. CLCF1 treatment significantly
improved glucose tolerance but did not improve insulin tolerance in
old mice (Fig. 30-R). Overall, these results indicate that exercise-
induced CLCF1 expression facilitates glycolysis and enhances glucose
uptake by muscle cells, potentially contributing to glucose metabolism
and muscle function in aged mice.

CLCF1 inhibits bone resorption and enhances bone formation

Considering that CLCF1 contributes to increased bone mass through
strong inhibition of osteoclast formation and slight increase in
osteoblast formation in vivo, we investigated its direct effects on
osteoclast and osteoblast differentiation in vitro. To assess the effect
of CLCFI1 on osteoclastogenesis, bone marrow-derived macrophages
(BMMs) were treated with varying concentrations of CLCF1 during
RANKL-induced osteoclast differentiation. CLCF1 treatment inhibited
RANKL-induced osteoclast formation in a dose-dependent manner
(Fig. 4A) and significantly suppressed the expression of key osteoclast-
related genes at both the mRNA and protein levels (Fig. 4B, C). CLCF1
receptor components (Cntfr, Lifr, and Gp130) and their binding part-
ner, cytokine receptor-like factor 1 (CRLF1), were expressed in bone
and joint tissues, suggesting their potential involvement in skeletal and
joint-related physiological and pathological®®**®. These findings
prompted us to investigate whether CLCF1 exerts a cell-autonomous
regulatory effect on osteoclast differentiation. Although CLCF1 con-
tains a signal sequence, its secretion is inefficient unless co-expressed
with its chaperone, CRLF1. We confirmed that the CLCF1/CRLF1 com-
plex produced in Expi293 cells induced signaling activation and
increased oxygen consumption rate (OCR) in C2CI2 cells, demon-
strating a response similar to native CLCF1 treatment (Fig. SI0A-D).

Based on these preliminary findings, we co-overexpressed CLCF1 and
CRLF1 in bone marrow macrophages (BMMs). Notably, this over-
expression significantly inhibited osteoclast differentiation (Fig. 4D).
To confirm the protective effects of CLCF1 against bone resorption
in vivo, we established a model of RANKL-induced bone loss (Fig. 4E).
Micro-CT analyses demonstrated the potent inhibitory effect of CLCF1
on RANKL-induced bone resorption in vivo (Fig. 4F-J). To confirm the
effect of CLCF1 on osteoblastogenesis, osteoblast precursor cells were
treated with CLCF1 during osteoblast differentiation. CLCF1 treatment
slightly enhanced ALP activity, significantly stimulated nodule forma-
tion (Fig. 4K, L), and significantly upregulated the expression of the
osteoblast marker genes Alpl and /bsp (Fig. 4M). Next, we investigated
whether CLCF1 autonomously regulates osteoblast differentiation and
found that CLCF1 and CRLF1 overexpression in osteoblast precursor
cells significantly enhanced osteoblast differentiation (Fig. 4N, O).
Furthermore, we implanted BMP2-soaked sponges with or without
CLCFlinto a dorsal subcutaneous pocket to evaluate CLCF1's potential
to stimulate bone formation in vivo. Implantation of sponges con-
taining BMP2 with CLCF1 significantly enhanced BMP2-induced ecto-
pic bone formation compared to the BMP2 with PBS control groups
(Fig. 4P-R). Collectively, these results suggest that CLCF1 negatively
regulates osteoclast differentiation and positively regulates osteoblast
differentiation to increase bone mass.

To elucidate the underlying mechanisms through which CLCF1
regulates osteoclast and osteoblast differentiation, we examined the
modulation of STAT signaling. Considering that CLCF1 can induce
STATI1 and STAT3 phosphorylation, we investigated whether these
pathways mediate the effects of CLCF1 in bone cells. CLCF1 pretreat-
ment for 1 h markedly induced STAT1 and STAT3 phosphorylation in
both BMMs and osteoblasts (Fig. S11A, D). Further experiments using
STATI- and STAT3-specific siRNAs revealed that STATI plays a key role
in osteoclastogenesis regulation, whereas STAT3 is more critical for
osteoblastogenesis. STAT1 knockdown significantly mitigated the
inhibitory effect of CLCF1 on osteoclast formation (Fig. S11B, C),
whereas STAT3 knockdown effectively abrogated the stimulatory
effect of CLCF1 on osteoblast differentiation (Fig. S11E, F). Overall,
these results suggest that CLCF1 exerts its anti-osteoclastogenic and
pro-osteogenic functions via STAT1 and STAT3 phosphorylation,
respectively.

Enhanced muscle function and bone formation in CLCF1
transgenic mice

To investigate the long-term effects of elevated circulating CLCF1
levels, we generated transgenic (TG) mice overexpressing CLCFL.
Considering that CLCF1 secretion relies on a heteromeric complex
with CRLF1*°, we constructed and expressed CLCF1 fused to CRLF1 for
enhanced secretion (Fig. 5A). Expectedly, Clcfl and Crifi mRNA
expression and circulating CLCF1 levels were significantly higher in the
muscle tissue of TG mice than in wild-type (WT) mice (Fig. 5B-D).
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Fig. 4 | CLCF1 inhibits osteoclast differentiation and stimulates osteoblast
differentiation. A-C BMMs were treated with different concentrations of CLCF1in
the presence of M-CSF and RANKL for 3 days. A The numbers of TRAP-positive
osteoclasts were counted (n =4; biological replicates, p = 3.32e-5, 4.6e-9, 2.0e-10).
Scale bar, 100 pm. B Real-time PCR analyses for the expression of the indicated
genes (n=3; p=2.2e-7, 8.0e-4, 0.4408, 1.0e-9, 1.0e-9). C Western blot for the
expression of the indicated molecules. D TRAP staining and quantification of
osteoclasts differentiated from BMMs transduced with pMX-IRES-EGFP or CLCF1
and CRLFI retrovirus for 3 days (n=3; biological replicates, p = 0.0081). Scale bar,
100 pum. E Schemes of RANKL-induced bone loss (created in BioRender.com).

F Representative pCT images of the trabecular and cortical compartments of distal
femoral metaphyseal regions. Scale bar, 1 mm. G-J Measurement of trabecular
bone volume /total volume (BV/TV, p =5.0e-5, 0.0052, 0.019), trabecular thickness
(TbTh, p=0.0174, 0.0032), trabecular separation (TbSp, p = 0.0329, 0.0007), tra-
becular number (TbN, p =0.0014, 0.000046) (n=4). K-M Osteoblast precursors

Vehicle

CLCF1

differentiated with OGM for 3 or 6 days in the presence or absence of CLCF1
(100 ng/mL). K ALP assay after 3 days (n=3; biological replicates, p = 0.0130).

L Alizarin red staining and quantification at 6 days (n=3; p=0.0208). M PCR
analyses for the expression of the indicated genes (n=3; p =1.0e-4, 1.0e-10).

N, O Osteoblasts transduced with pMX-IRES-EGFP or CLCF1 and CRLFI retrovirus
were differentiated with OGM for 3 or 6 days. N ALP activity was measured (n=3;
p=0.0198). O Alizarin red staining and quantification (n=3; p=0.0064).

P Schemes of BMP2-induced ectopic bone formation (created in BioRender.com).
Q Representative uCT images of the ectopic bones. Scale bar, 1 mm.

R Measurement of BV and BV/TV (n=6; p = 0.0451, 0.0437). Data are presented as
means * s.e.m.; two-tailed unpaired Student’s t-test (A, D, R); one-way ANOVA with
post hoc Tukey’s multiple comparison test (G-J); or two-way ANOVA with post hoc
Tukey’s multiple comparison test (B, K-0). *p < 0.05, **p < 0.005 and ***p < 0.001.
Source data are provided as a Source Data file.
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Fig. 5 | CLCF1 transgenic mice exhibit enhanced muscle function and bone
formation. A Schematic representation of CLCF1-CRLF1 transgenic mice genera-
tion (created in BioRender.com). Male TG mice (10 weeks) were used. B, C Relative
mRNA expression levels of ClcfI (WT,n=9; TG, n=8; p=0.0038) (B) and Crifl (WT,
n=9;TG, n=7; p=0.0051) (C) in TA muscle. D Plasma levels of CLCF1 protein from
control and TG mice (WT, n=4; TG, n=5; p=0.0240). E Weight of dissected SOL,
TA, EDL, and GA muscles (WT, n=9; TG, n =7; biological replicates, p = 0.0096).
F Grip strength test (WT,n=9; TG, n=7; p=6.0e-6). G Grid hanging test (WT,n=8§;
TG, n=9; p=0.0252). H Treadmill running performance test in mice: running
curves, distance run, and time to exhaustion (WT, n=8; TG, n=7; p=0.0008,
0.004, 0.003). 1 The number of fibers in the TA muscle (n = 4; biological replicates).
J Immunostaining for myofiber boundaries using laminin in TA muscles of WT and
TG mice (WT, n=3; TG, n=3; p=0.0201, 0.001, 6.2e-7, 0.014, 0.005, 7.6e-7). Scale
bar, 50 pm. K Glucose tolerance test in WT and TG mice (n=9; p=0.0494, 0.0001,

0.0318). L Representative uCT images of the trabecular and cortical compartments
of distal femoral metaphyseal regions of control and TG mice. Scale bar, 1 mm.

M Measurement of trabecular bone volume/total volume (BV/TV), trabecular
thickness (TbTh), trabecular separation (TbSp), trabecular number (TbN), cortical
bone volume/total volume (Corti BV/TV), and cortical thickness (Corti Th) (WT,
n=9; TG, n=8; p=0.0071, 0.0349, 0.0461, 0.0134). N TRAP, hematoxylin/eosin
(H&E), and Runx2 staining of a histological section of proximal tibiae. Scale bar,
100 pum. O Osteoclast number per bone surface and osteoblast number per bone
surface were assessed (WT,n=9; TG, n = 8; p=0.0001, 0.0067). Data are presented
as means + s.e.m.; two-tailed unpaired Student’s t-test (B-0); Log-rank
(Mantel-Cox) test (H); or two-way ANOVA with post hoc Bonferroni’s multiple
comparison test (K). *p < 0.05, **p <0.005 and ***p < 0.001. Source data are pro-
vided as a Source Data file.
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While the mean weights of EDL, TA, and GA muscles showed a non-
significant increasing trend in TG mice, soleus muscle mass was sig-
nificantly higher in TG mice compared to WT mice (Fig. 5E). Addi-
tionally, forelimb grip strength, grid hang time, and running capacity
were higher in TG mice than in WT mice (Fig. 5F-H). Histological
analysis showed that TG mice exhibited a larger cross-sectional area of
TA muscle fibers compared to WT mice, while muscle fiber number
remained unchanged (Fig. 51, J). As expected, TG mice exhibited
improved glucose tolerance than WT mice (Fig. 5K).

To investigate the effects of CLCF1 overexpression on bone,
micro-CT scans were performed on TG and WT mice. Compared with
that in WT mice, there was a significant increase in trabecular bone
volume, thickness, and number, and cortical bone volume and thick-
ness in the TG mice. Additionally, trabecular separation was sig-
nificantly reduced in the TG mice (Fig. 5L, M). Moreover, there was a
significant decrease in osteoclast number and a significant increase in
osteoblast number in the TG mice compared with that in WT mice
(Fig. 5N, O). These results indicate that CLCF1 upregulation increases
bone mass in vivo by stimulating osteoblast differentiation and sup-
pressing osteoclast differentiation. Collectively, continuous over-
expression of CLCF1 significantly improved both muscle and bone
health, whereas a two-week administration exhibited limited effects in
young mice.

CLCF1 deficiency in muscle impairs exercise-mediated
improvements in muscle functions

Our in vivo and in vitro results highlighted the potential significance of
CLCF1 in muscle and bone function. To definitively validate its func-
tional role in muscle and bone, we sought to develop a muscle-specific
genetic model. We intercrossed Clcf1 floxed mice with Mlc-Cre mice to
generate skeletal muscle-specific Clcfl knockout (ClcfI-skm KO) mice
(Fig. 6A). Under sedentary conditions, no significant differences in
Clcfl mRNA expression were observed in muscle between ClcfI-skm
KO and WT™ mice (Fig. S12A). However, in response to exercise, ClcflI-
skm KO mice showed a significant reduction in ClcfI expression spe-
cifically in muscle tissue, but not in other tissues, compared to WT™
mice (Figs. 6B and S12B). Exercise may trigger the activation of specific
transcription factors or epigenetic modifications in skeletal muscles,
leading to the induction of ClcfI expression. Despite decreased muscle
Clcfl expression, plasma CLCF1 levels remained unchanged in both
exercised and sedentary ClcfI-skm KO and WT™ mice (Fig. S12C). These
findings imply that CLCF1 may be expressed in tissues other than
skeletal muscle, including those we have not yet investigated, poten-
tially contributing to the overall circulating CLCF1 pool. Sedentary
Clcfi-skm KO male mice at 3 months of age exhibited no significant
differences in body weight, grip strength, grid hanging performance,
running capacity, or muscle weight compared to control WT™ male
mice (Fig. SI2D-H). We postulated that despite unaltered plasma
CLCF1 levels, the autocrine effects of exercise-induced muscle-
expressed CLCF1 on muscle function would be compromised in ClcfI-
skm KO mice. Therefore, we performed a one-month high-resistance
treadmill running and compared the phenotypes of WT™ and CicfI-
skm KO mice (Fig. 6A). Clcfl-skm KO mice exhibited significantly
decreased muscle mass in both the TA and GA muscles compared to
WT™ mice (Fig. 6C). Clcfl-skm KO mice exhibited reduced grip
strength compared to WT™ mice, while grid hanging performance
remained unaffected (Fig. 6D, E). Although ClcfI-skm KO mice showed
a trend toward decreased running capacity, this difference did not
reach statistical significance (Fig. 6F). Histological analysis revealed a
significant decrease in the cross-sectional area of TA muscle fibers in
Clcfl-skm KO mice compared to WT™ mice (Fig. 6G-I). However,
analysis of isolated muscle tissue revealed no significant differences in
the expression of genes associated with 3-oxidation, glycolysis, or fiber
type (Fig. S12I-K). Next, we analyzed the bones of exercised ClcfI-skm
KO and WT™ mice. Micro-CT analysis showed there were no significant

differences in trabecular bone volume, thickness, and number, cortical
bone volume and thickness, and trabecular separation between WT™
and Clcfl-skm KO mice (Fig. 6, K). Additionally, there were no sig-
nificant differences in osteoclast and osteoblast numbers between the
groups (Fig. 6L, M). The effect of skeletal muscle-specific ClcfI defi-
ciency on muscle and bone function is less pronounced than expected,
even under exercise conditions. These findings suggest that exercise-
induced CLCF1 expression may be upregulated in muscle fibers or
other cell types within muscle tissue that are not targeted by Cre dri-
ven by the myofiber-specific promoters.

eCNTFR blocks the beneficial effect of high-resistance running
in mice

Based on the partial effects of muscle-specific Clcfl knockout, we
next investigated alternative strategies to inhibit exercise-induced
circulating CLCF1 activity. Building upon previous work, we have
engineered a high-affinity soluble receptor, eCNTFR, which specifi-
cally binds to CLCF1 but blocks its interaction with gp130 and LIFR™®
(Fig. S13A, B). eCNTFR pretreatment significantly decreased CLCFI1-
induced phosphorylation of STAT3, AKT, and ERK1/2 in C2C12 cells,
whereas WT soluble CNTFR had no effect on CLCF1-mediated sig-
naling (Fig. S13C, D). Additionally, eCNTFR pretreatment mitigated
the effects of CLCF1 on basal, ATP-linked, and maximal mitochon-
drial respiration in C2C12 myotubes (Fig. SI3E). Furthermore,
eCNTEFR injection efficiently reversed the anti-osteoclastogenic and
pro-osteoblastogenic effects of CLCF1 (Fig. S13F, G). To evaluate the
effect of blocking CLCF1 signaling in vivo, three-month-old male
mice received vehicle or eCNTFR injections during one month of
high-intensity treadmill running (Fig. 7A). After 4 weeks, there was no
significant difference in body, heart, and epididymal white adipose
tissues (WAT) weights among the four groups (Fig. S14A-C). There
was no significant difference in muscle weight after 4 weeks of
exercise (Fig. 7B). Although exercise enhanced grip strength, hang-
ing time, and running performance compared with that in the control
group, eCNTFR injection significantly abolished these exercise-
induced improvements (Fig. 7C-G). Additionally, histological analy-
sis showed that eCNTFR abolished the exercise-induced increase in
muscle fiber size (Fig. S14D-G). To elucidate the underlying mole-
cular mechanisms, we performed transcriptome analysis of the
muscle tissue. eCNTFR injection significantly abolished exercise-
induced upregulation of genes associated with FAO (Cptlb and
Hadha) and glycolysis (Hkl, Pkm2, and Pdk4) in muscle tissues
(Fig. 7H, I). Treatment with eCNTFR also affected exercise-induced
upregulation of genes related to ETC components and fiber type
(Fig. S14H). Importantly, eCNTFR pretreatment significantly down-
regulated genes involved in ETC function (AtpSb and Ndufv2), gly-
colysis (Hk2), and FAO (Acaa2, Acadl, Acadm, Acoxl, and Acsll) even
in non-exercised mice. Collectively, these results indicate that CLCF1
plays a critical role in mediating the beneficial effects of exercise on
muscle function and metabolism.

Furthermore, we investigated the effects of eCNTFR-induced
CLCF1 inhibition on exercise-associated benefits in the bone. eCNTFR
injection significantly suppressed the exercise-induced increase in
bone mass (Fig. 7J). Micro-CT analysis revealed eCNTFR injection sig-
nificantly reversed exercise-induced increase in bone volume and
trabecular number and partially counteracted exercise-induced
decrease in trabecular separation (Fig. 7K). Histological analysis fur-
ther supported the involvement of osteoclasts and osteoblasts in the
observed bone phenotypic changes. eCNTFR administration sig-
nificantly reversed exercise-induced decrease in osteoclast numbers
and attenuated exercise-induced increase in osteoblast numbers
(Fig. 7L, M). Collectively, these findings demonstrate that CLCF1 plays a
crucial role in mediating the beneficial effects of exercise on bone mass
and microarchitecture, likely through its influence on osteoclast and
osteoblast activity.
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Fig. 6 | Characterization of skeletal muscle-specific CLCF1 knockout (skm

KO) mice. A Scheme showing the generation of skeletal muscle-specific CLCF1
knockout mice and the experimental plan of exercise (created in BioRender.com).
We used 12-week-old male skm KO mice. B Relative mRNA expression levels of
CLCF1 in TA muscle in WT™ and skm KO mice (n=3; p=0.0231). C Weight of
dissected SOL, TA, EDL, and GA muscles in WT™ and skm KO mice (n = 5; biological
replicates, p=0.0271, 0.039). D Grip strength test (n=5; p=0.0026). E Grid
hanging test (n=5; p=0.9296). F Treadmill running performance test in mice:
running curves, distance run, and time to exhaustion (n=>5). G Immunostaining for
myofiber boundaries using laminin in TA muscles of WT™ and skm KO mice. Scale
bar, 50 um. H, I Quantification of muscle fiber size and distribution in TA muscles:
H mean muscle fiber area (WT, n=4; skm KO, n =3; biological replicates,

p=0.006), I frequency distribution of fiber area (WT, n=4; skm KO, n =3; biolo-
gical replicates, p=0.027, 0.045, 0.031). J Representative uCT images of the tra-
becular and cortical compartments of distal femoral metaphyseal regions of WT™
and skm KO mice. Scale bar, 1 mm. K Measurement of trabecular bone volume/total
volume (BV/TV), trabecular thickness (TbTh), trabecular separation (TbSp), trabe-
cular number (TbN), cortical bone volume/total volume (Corti BV/TV), and cortical
thickness (Corti Th) (n=5). L TRAP, hematoxylin/eosin (H&E), and Runx2 staining
of a histological section of proximal tibiae. Scale bar, 100 pm. M Osteoclast number
per bone surface and osteoblast number per bone surface were assessed (n=5).
Data are presented as means + s.e.m.; two-tailed unpaired Student’s ¢-test

(B-E, H-M); Log-rank (Mantel-Cox) test for running curve (F).*p < 0.05, **p < 0.005
and **p < 0.001. Source data are provided as a Source Data file.

Discussion

Skeletal muscle and bone mass decline with age, leading to functional
limitations. At the molecular level, aging alters the expression of sev-
eral genes encoding proteins involved in mitochondrial function, the
ubiquitin-proteasome proteolytic pathway, stress responses, and

hormone/cytokine/growth factor signaling in muscles. However, little
is known about age-related alterations in the expression of myokine
genes in skeletal muscles. In this study, we examined age- and exercise-
related alterations in myokine expression in human skeletal muscles.
Notably, circulating CLCF1 levels decline with age in both mice and
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Fig. 7 | Exercise’s positive effects on muscle and bone are mitigated by eCNTFR.
A Experimental schemes for eCNTFR supplementation protocols during exercise
(n=8; created in BioRender.com). We used 12-week-old male mice. B Weight of
dissected TA, GA, SOL, and EDL muscles (n=8; p=0.0674, 0.0754). C Grip strength
test (n=38; p=0.0009, 0.0205). D Grid hanging test (n=8; p=0.0078, 0.0166).
E-G Treadmill running performance test in mice: E running curves (p = 0.0025,
0.0285), F distance run (n=7; p=0.0014, 0.0172), and G time to exhaustion (n=7;
p=0.0014, 0.0172). H,  mRNA expression of genes involved in fatty acid oxidation
(n=5; p=121e-2, 4.89%¢-2, 2.3e-3, 5.0e-3, 3.0e-4, 4.0e-4, 1.0e-3, 1.2e-2, 5.0e-5, 1.5e-2,
1.4e-3, 8.0e-3, 8.0e-4) (H) and glycolysis (I) in TA muscles (n=5, p=_8.2e-3, 8.8¢-3,
1.71e-2, 4.0e-4, 6.5e-3, 2.12e-2). J Representative uCT images of the trabecular and
cortical compartments of distal femoral metaphyseal regions of vehicle or eCNTFR-

supplemented mice during exercise. Scale bar, 1 mm. K Measurement of trabecular
bone volume/total volume (BV/TV, p =3.0e-9, 5.0e-5), trabecular thickness (TbTh),
trabecular separation (TbSp, p =1.0e-7, 0.007), trabecular number (TbN, p =1.0e-8,
0.0001), cortical bone volume/total volume (Corti BV/TV, p=0.001, 0.001), and
cortical thickness (Corti Th, n=35). L TRAP, hematoxylin/eosin (H&E), and

Runx2 staining of a histological section of proximal tibiae. Scale bar, 100 pm.

M Osteoclast number per bone surface and osteoblast number per bone surface
were assessed (n=6; p=0.0326, 0.0281, 0.0021, 0.0101). Data are presented as
means * s.e.m.; one-way ANOVA with post hoc Tukey’s multiple comparison test
(B-M); or Log-rank (Mantel-Cox) test (E). *p < 0.05, **p < 0.005 and **p < 0.001.
Source data are provided as a Source Data file.
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humans, but are restored by resistance exercise training. Our finding
suggests that CLCF1 is an exercise-responsive myokine with ther-
apeutic potential for mitigating age-related muscle and bone loss.
Moreover, plasma CLCF1 may serve as a biomarker for monitoring the
efficacy of exercise interventions in the elderly.

During exercise, muscle contractions require energy derived from
ATP breakdown. Skeletal muscles utilize various energy systems to
produce ATP, including phosphocreatine (PCr), anaerobic, and aerobic
systems. Although aerobic metabolism serves as the predominant
energy source during exercise, it is also essential for low- to moderate-
intensity endurance. In contrast, high-intensity exercise requires a
rapid rate of ATP resynthesis, primarily fueled by the ATP-PCr system
and anaerobic glycolysis*. Notably, older men display reduced capa-
city for anaerobic glycolysis, a key energy source, during high-intensity
exercise”. Glycolysis and glycolytic capacity were significantly lower in
senescent human myoblasts*2. Similarly, aged rats exhibited decreased
LDH activity and LDHA mRNA expression in their skeletal muscles®.
Additionally, proteomic and transcriptomic profiling of the muscle of
elderly men with metabolic syndrome revealed a marked down-
regulation in specific glycolytic enzymes, including isoforms of PYGM,
TPI1, ENO1, ENO3, and PKM, which are strongly associated with age-
related muscle decline**. Similarly, metabolomic analysis of skeletal
muscles from young and old mice has previously revealed decreased
glycolytic pathway activity in aged mice®®. Our present study demon-
strates that CLCF1 treatment effectively reverses these age-related
decreases in glycolytic enzymes, particularly PKM2, while promoting
anaerobic glycolysis in mouse muscle tissue (Fig. 31, J). Notably, when
CLCF1 was inhibited through eCNTFR administration, the exercise-
induced increase in PKM2 mRNA levels was abolished in exercised
mice (Fig. 7I). These findings align with research by Verbrugge et al.,
who identified PKM2 as a key glycolytic enzyme regulated by resis-
tance exercise and demonstrated its crucial role in muscle cell
hypertrophy through isoform expression changes in human skeletal
muscle.

CLCF1 was found to enhance glucose uptake and glycolysis
(Fig. 3G, J), suggesting a role in supporting the energy demands of
glycolytic fast-twitch fibers during acute resistance exercise. Con-
sistently, CLCF1 secretion increased in response to acute resistance
exercise in both humans and rodents. In addition, CLCF1 promoted
mitochondrial metabolism (Fig. 3A), and its circulating levels were
elevated following repeated bouts of acute exercise during long-term
training, including in older individuals (Fig. S1). These findings raise the
possibility that, in addition to its effects on fast-twitch fibers, CLCF1
may also act on oxidative slow-twitch fibers, which are rich in mito-
chondria. Together, these data suggest that CLCF1 contributes to fiber-
type-specific metabolic regulation, promoting glycolytic flux in fast-
twitch fibers and mitochondrial oxidative metabolism in slow-twitch
fibers. This dual action highlights the versatility of CLCF1 in coordi-
nating muscle energy metabolism in response to different forms of
exercise.

Research evidence indicates that the IL-6 family of cytokines
exerts their activities in a complex manner. Although members of the
IL-6 family of cytokines are similar in structure and intracellular
signaling, they have distinct biological activities and different bind-
ing affinities for receptors*. Although CLCF1 shares low homology
(-23%) with CNTF, it has a highly conserved site that binds to CNTFR.
CLCF1 or CNTF binds to a CNTFR-«, which induces the recruitment of
gpl130/ LIFRP for signaling activation. Notably, CLCF1 and CNTF dif-
fer in their receptor specificity. For example, CNTF activates cells
through IL-6Ra;, LIFR-B, and gp130, whereas CLCF1/CRLF1 does not
activate cells expressing these receptors*®*’. Unlike CNTF, CLCF1
forms a complex with CRLF1 or soluble ciliary neurotrophic factor
receptor (SCNTFR), not only for its secretion from target cells but
also for receptor activation*’. Recent studies reported that recom-
binant CLCF1 stimulates target cells without forming complexes with

CRLF1 or sCNTFR'®3, Nahlé et al. reported that CLCF1 did not require
CNTEFR to stimulate mesenchymal stem cells during osteoblast dif-
ferentiation and that a CLCF1 mutant with disrupted CNTFR binding
activated mesenchymal stem cells'®. CLCF1/CRLF1 and CNTF also use
sortilin as a co-receptor to facilitate signaling®. To elucidate the
underlying signaling pathways, we examined the effects of siRNA-
mediated targeting of each receptor subunit on CLCF1 activation.
LIFR or gp130 knockdown inhibited CLCF1-mediated phosphoryla-
tion of STAT3, AKT, and ERK1/2, whereas CNTFR or sortilin knock-
down had no effect (Fig. S15A, B). In contrast, CNTF signaling was
abrogated by CNTFR-a knockdown in C2C12 cells (Fig. S15C). Col-
lectively, these findings suggest that CLCF1 may engage an alter-
native receptor to mediate downstream signaling in skeletal muscle.
Further work is required to define the receptor(s) through which
CLCF1 acts in skeletal muscle.

CLCF1 is detected in a wide range of tissues®. Our findings
demonstrate that CLCF1 is predominantly upregulated in skeletal
muscle in response to exercise stimuli (Fig. 1G). Despite confirming a
significant reduction in CLCF1 mRNA levels in the skeletal muscle of
clefl-skm KO mice compared to WT, we observed no significant dif-
ferences in plasma CLCF1 levels (Figs. 6B and S12C). This unexpected
finding suggests the possibility of CLCF1 expression in uncharacter-
ized tissues or other cell types within muscle during exercise. Fur-
thermore, the effect of skeletal muscle-specific Clcfl deficiency on
muscle and bone function was less pronounced than anticipated, even
under exercise conditions. These data suggest that muscle-specific
knockout may have only partially disrupted the autocrine action of
CLCF1, implying that its local effects are predominantly mediated
through an autocrine mechanism. This notion is further supported by
results in Fig. 7, where blockade of exercise-induced CLCF1 activity
using eCNTFR attenuated the beneficial effects of exercise on both
muscle and bone.

CLCF1 mutations can cause a syndrome characterized by cold-
induced sweating and skeletal abnormalities®, emphasizing a potential
role for CLCF1in bone health. Chen et al. observed a decrease in CLCF1
expression in peripheral blood mononuclear cells (PBMCs) from
postmenopausal women with osteoporosis compared with that in
healthy individuals®. However, the precise role of CLCF1 in bone for-
mation remains unresolved, with some reports suggesting a potential
inhibitory effect. For example, Nahlé et al. demonstrated that CLCF1-
induced STAT3 phosphorylation and suppressed the expression of
osteoblast-specific genes in stem cells’. In contrast, Yokota et al.
reported that CLCF1 promoted bone formation by suppressing
osteoclast differentiation through the activation of interferon signal-
ing and repression of the nuclear factor-kB pathway*’. CLCF1 did not
have any adverse effects on osteoblast differentiation in vivo or
in vitro; rather, it increased the expression of Runx2, a master tran-
scription factor for osteoblast differentiation. Overall, these conflict-
ing findings highlight the need for further studies on the role of CLCF1
in bone health. In the present study, both external treatment and
retroviral-induced overexpression of CLCFI1 significantly suppressed
osteoclast precursor cell differentiation through CLCFI-mediated
activation of STATI, which negatively regulates osteoclast develop-
ment by inhibiting c-Fos and NFATc1. Additionally, the inhibitory
effect of CLCF1 on osteoclastogenesis was strongly correlated with
STATI activation and c-Fos and NFATcl suppression. Moreover, the
ectopic bone formation assay suggests a positive role for CLCF1 in
promoting bone formation. Furthermore, mice with disrupted
STAT3 signaling in osteoblasts exhibited an osteoporotic phenotype
due to decreased bone formation®. In the present study, CLCF1
treatment increased STAT3 phosphorylation in osteoblasts. Addition-
ally, STAT3 downregulation reversed the CLCF1-mediated increase in
nodule formation to normal levels. Collectively, these findings suggest
that CLCF1 positively regulates osteoblast differentiation via a STAT3-
dependent pathway.
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Our results showed inconsistent effects of CLCF1 on bone for-
mation across different experimental models. In both in vitro cell
models and young mouse models, CLCF1 promoted osteoblast for-
mation and inhibited osteoclast formation (Fig. 4). However, in aging
mouse models, the effect of CLCF1 on osteoblast formation was less
pronounced (Fig. 2T). The diminished pool of stem and progenitor
cells in aging bone compromises the tissue’s capacity for self-renewal
and repair**. The limited effect of CLCF1 on osteoblast differentiation
may be attributed to the age-related decline in the number of osteo-
blast precursor cells and stem cells. Consequently, in aged mice, CLCF1
appears to have a more significant impact on inhibiting bone resorp-
tion than on stimulating bone formation.

Aging is associated with structural and functional deterioration of
the neuromuscular junction (NMJ), leading to impaired neuromuscular
transmission and reduced muscle strength®> . Although accumulating
evidence suggests that regular physical activity preserves or restores
NM]J integrity in aged muscle’®, the underlying mechanisms remain
incompletely understood. CLCF1 and its secretion partner CRLF1 are
co-expressed in developing muscle®, and genetic ablation of either
gene results in perinatal lethality due to motor neuron deficits and
impaired suckling behavior'>°. Previous reports have demonstrated
that CLCF1 promotes motor neuron survival in embryonic models*,
Exercise-induced upregulation of CLCFI1, together with these earlier
findings, raises the possibility that CLCF1 may contribute to muscle
function in part through motor neuron support. However, further
studies are required to determine how CLCF1 modulates motor neuron
integrity and neuromuscular function.

While the preclinical findings provide new insights into the phy-
siological role of CLCFI, several limitations should be acknowledged.
In particular, plasma CLCF1 levels at baseline and after exercise were
notably higher in Brazilian Jiu-Jitsu athletes compared to other cohorts
(Fig. SID). Although these participants underwent standardized testing
procedures, including a four-week familiarization period to ensure
acclimatization, the elevated levels may reflect long-term physiological
adaptations to high-intensity training. However, a systematic evalua-
tion of the relationship between exercise intensity and circulating
CLCF1 levels is lacking, and limited access to blood samples across
varied exercise regimens constrained further analysis. Therefore,
findings from the human cohorts should be interpreted as exploratory.
Future studies incorporating well-characterized participants across a
range of training intensities and durations will be required to clarify the
potential association between CLCF1 and exercise load in humans.

This study identifies CLCF1 as an exercise-induced myokine with
potential roles in attenuating age-related decline in muscle and bone.
We show that CLCF1 expression is reduced in aged mice and elderly
individuals, but can be restored through resistance exercise. In skeletal
muscle, CLCF1 enhances glucose uptake, glycolytic flux, and mito-
chondrial metabolism, while in bone, it promotes formation via
STAT3 signaling and suppresses resorption through STATI activation.
These findings suggest that CLCF1 contributes to the beneficial effects
of exercise on musculoskeletal health and may represent a potential
therapeutic target for age-related musculoskeletal conditions. Fur-
thermore, circulating CLCF1 levels may serve as a biomarker for
assessing exercise responsiveness in older populations.

Methods

Transcriptomic analysis for identification of exercise-induced
myokines

To identify the exercise-induced myokines, transcriptomic data
(GSE28422)" were analyzed using ‘GEOquery v2.60.0° and ‘LIMMA
v3.48.3 in the R environment (v4.2). We followed the GEOquery-
LIMMA pipeline to obtain and normalize the expression data, followed
by the identification of differentially expressed genes in age groups
between before and after exercise (p-value<0.05, [log2Fold-
Change| > 1.5). To examine the expression of secretory protein genes, a

list of predicted secretory proteins was downloaded from The Human
Protein Atlas (2933 genes as of May 2022) at https://www.proteinatlas.
org/humanproteome/tissue/secretome, and their expression fold-
change values and p-values were extracted from the differential
expression analysis result between pre- and post-exercise samples
obtained earlier. Volcano plots were generated by the ‘ggplot2 v3.3.6’
package in R.

Ethics

Human cohorts 1-4 were conducted as Basic Experimental Studies
involving Humans (BESH), and participants were not enrolled in a
clinical trial. All procedures were approved by the relevant institutional
review boards and were conducted in accordance with the Declaration
of Helsinki. Human cohort 5 consisted of previously collected samples
from a published study®?, which reported the primary outcomes and
was not considered a clinical trial. Human studies 1, 3, 4, and 6 were
approved by the Institutional Review Board (IRB) at Pusan National
University (IRB protocol number PNU_2021_140_HR). Human study 2
was approved by the IRB at Inha University (170621-1AC). Human study
5 was approved by the IRB at Seoul National University (SNUIRB
no.1305/001-009). Written informed consent was obtained from all
participants.

Human cohorts

Human study 1 (Young adults_acute resistance exercise): Ten young,
active males (age 25.33 +1.837 years; height 178.4 +1.913 cm; weight
76.08 +2.983; BMI 23.84 + 0.5952 kg/m?) males recruited to partake in
this study. Participants were compensated with a monthly gym mem-
bership worth 45,000 won. Participants trained at a moderate intensity
corresponding to 50-69% of their one-repetition maximum (1-RM),
which is the heaviest weight they could lift for one repetition in this
exercise. The exercise program is described in Table S1. Participants
fasted for at least 8 h prior to exercise. Blood samples were collected
before exercise and 1h post-exercise.

Human study 2 (Young Jiu-Jitsu athletes_High-intensity interval
exercise): Participants were selected based on the following criteria: a
minimum of 4 years of Jiu-Jitsu training, training at least 4 days per
week, aminimum of 8 h of training per week, and a history of placing in
national Jiu-Jitsu competitions. Participants were compensated
200,000 won over the course of the study. Blood samples were col-
lected from young Jiu-Jitsu athletes (age: 28.25+3.62; height
176.63 £3.58 cm; weight 76.76 +8.62kg; BMI 24.59 +2.48 kg/m?)
before and immediately after completing the 4 rounds of the exercise
program in a previous study by Park et al.®®. Briefly, the high-intensity
interval resistance exercise program, designed to mimic match con-
ditions and induce exhaustion, consisted of six exercises, each per-
formed for 1 min, followed by a 12-min rest period, and repeated for a
total of 4 rounds. The exercises were: 1. Bar Cross Lateral Jump and
Sprawl, 2. Bar hanging kimono holding, 3. 4-Step turtle control in the
top position, 4. Gi grip jump over and roll back from the top position
on the turtle, 5. Jump over the vaulting horse and tackle, 6. Rolling drill
between the legs.

Human study 3 (Young adults_acute aerobic exercise): Ten young,
active males (age 25.98+1.74 years; height 175.9 +1.53 cm; weight
75.38 +2.53kg; BMI 24.44 +0.98 kg/m?) participated in this study.
Participants were compensated with a monthly gym membership
worth 45,000 won. Participants fasted for a minimum of 8 h prior to
exercise and then exercised on a treadmill for 60 min at a moderate
intensity (heart rate between 40% and 59% of their maximum). The
exercise program is described in Table S2. Blood was collected at rest
before and one hour after exercise to evaluate plasma CLCF1 levels.

Human study 4 (Older adults_Chronic resistance training): Twenty-
seven female older participants (age 72.32 +0.9484 years; height
155.7 + 0.8637 cm; weight 60.04 +1.257 kg; BMI 24.79 + 0.5447 kg/m?)
participated in this study (details provided in Table S3). Participants
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were compensated with a monthly gym membership worth 45,000
won. Older participants exercised at 30~49% of 1-RM (light intensity)
for one hour per day, 5 times per week for 16 weeks. Blood samples
were collected from all participants the day after the final exercise
session, following a minimum of 8 h of fasting. The exercise program is
described in Table S4.

Human study 5 (Older adults_Chronic resistance band exercise):
Blood samples were collected in a project investigating the effect of
12 weeks of elastic band-based high-speed power training on cognition
and muscle function in elderly participants (n=14, age 75.0 +3.46
years), as described in a study by Yoon et al.®>. As a reward for their
participation, participants were provided with exercise elastic bands
and received personalized feedback on their exercise performance
and blood test results. Briefly, the intensity was set by adjusting the
length of the green elastic band (Hygenic Corporation, Akron, OH,
USA). Participants engaged in a 12-week exercise program, completing
two weekly 60-min sessions (Tuesday and Thursday). Each session
included a 10-min warm-up, 40 min of elastic band training, and a 10-
min cool-down period. Blood samples were collected before and after
a 12-week exercise program in elderly participants. Following a mini-
mum of 8 h of fasting, blood samples were collected from all partici-
pants the day after they completed the final exercise session.

Human study 6 (Plasma levels of CLCF1 in young and elderly
subjects): To measure basal CLCF1 levels in young and elderly indivi-
duals, we utilized pre-exercise plasma samples from Human studies
1-5, along with additional plasma samples from 16 healthy young
individuals and 10 healthy elderly individuals (age: 73.36 + 4.69; height
153.57 +3.14 cm; weight 54.13 + 4.12 kg; BMI 22.72 +1.92 kg/m?).

Animals

All animal experiments conducted in this study were approved by the
Animal Care and Use Committee of the Korea Research Institute of
Bioscience and Biotechnology (KRIBB). The mouse strains used in the
experiments were of the C57BL/6) background. Young mice (3 months
old), middle-aged mice (8 months old), and aged mice (18-24 months
old) were obtained from the Laboratory Animal Resource Center
(KRIBB). The mice were housed in cages maintained at 22-24 °C under
a 12-h light/12-h dark cycle and were provided with free access to food
and water. All mice were euthanized by CO, inhalation followed by
cervical dislocation. Serum and tissue samples were subsequently
collected.

Generation of CLCF1-CRF1 TG mice and ClcflI-skeletal muscle-
specific knockout mice

CLCF1 transgenic C57BL/6N mice were generated (Macrogen, Seoul,
Korea). To facilitate efficient secretion, CRLF1 acted as a chaperone for
CLCF1*°. A G4Sx3 linker was used to fuse CLCF1 with CRLF1. The
cytomegalovirus (CMV) promoter was utilized to drive the expression
of the Clcfl_ G4Sx3_Crlif construct. Subsequently, the resulting plasmid,
CMV_Clcf1_G4Sx3_Crlf IRES_ EmGFP, underwent digestion using Nrul
and Psil enzymes to isolate the transgenic cassette. This expression
cassette was purified and delivered through pronuclear injection into
mouse zygotes with a C57BL/6N genetic background.

In order to create mice with skeletal muscle-specific Clcfl dele-
tion, mice harboring the conditional CicfI floxed allele were generated
from ClcflmEVCOMMWE ES cells obtained from EUCOMM. The floxed
Clcfl mice were kindly provided by the Korea Mouse Phenotyping
Center (KMPC). They were bred with Flp recombinase mice to get
homozygous Clcf1 floxed breeders. These breeders were crossed with
Mic-Cre mice to produce a strain of mice that lack ClcfI specifically in
their skeletal muscles.

Plasma sample assays ELISA
Blood samples were collected into tubes containing the anticoagulant
EDTA (Greiner Bio-One, 450542) to prevent coagulation. The collected

blood was then centrifuged at 1000 x g for 10 min at 4 °C to separate
the plasma. After centrifugation, the plasma was carefully collected
into new tubes to avoid contamination with cellular components and
stored at —80 °C until further analysis. The concentration of CLCF1 in
the plasma was measured using an enzyme-linked immunosorbent
assay (ELISA) kit (USCN, SEC389Hu; Mybiosource, MBS762838)
according to the manufacturer’s instructions. Mouse and human
plasma samples were diluted 5-fold prior to performing the ELISA
experiments. Samples were incubated at 37 °C for 1h, followed by
three washes with PBST (1 x PBS containing 0.05% Tween 20). The
secondary antibody was diluted at 1:1000 in dilution buffer and incu-
bated for 1h. The plates were then washed three times with PBST,
followed by incubation with TMB substrate solution at 37°C for
20 min. The reaction was stopped by adding the Stop Solution. All
samples and standards were assayed in duplicate, and absorbance was
measured using a microplate reader.

Cell culture

The C2C12 mouse muscle cell line (ATCC, #CRL-1772) was maintained
in a humidified incubator at 37 °C with 5% CO, and cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and penicillin/streptomycin (100 U/mL,
100 pg/mL). To induce differentiation, C2C12 cells were grown in
DMEM containing 2% FBS and 1% penicillin/streptomycin (Pen/Strep)
until they formed myotubes. 3T3-L1 cells were differentiated in DMEM
supplemented with 10% FBS, 1% Pen/Strep, and MDI (S5mM iso-
butylmethylxanthine (IBMX), 5pg/mL insulin, and 1pM dex-
amethasone) for 2 days following cell confluence. The cells were then
maintained in medium containing 5pg/mL insulin for an addi-
tional 2 days.

Primary osteoblast precursor cells were isolated from neonatal
mouse calvariae using enzymatic digestion. The first set of cells fol-
lowing an initial treatment of calvariae for 10 min at 37 °C with 0.1%
collagenase (Life Technologies, Carlsbad, CA) and 0.2% dispase Il
(Roche Diagnostics GmbH, Mannheim, Germany) were discarded.
Primary osteoblast precursor cells were isolated from clavariae by
sequential enzymatic digestion with collagenase for four 10-min peri-
ods. Osteoblast differentiation was then induced using osteogenic
medium (OGM) containing 100 ng/mL BMP2, 50 pg/mL ascorbic acid,
and 100 mM f-glycerophosphate for 3 or 6 days. ALP activity analysis
was performed on day 3 of osteogenic differentiation. The following
lysis of cells using an osteoblast lysis buffer [S0 mM Tris-HCI (pH 7.4),
1% Triton X-100, 150 mM NaCl, and 1mM EDTA], cell lysates were
incubated with p-nitrophenyl phosphate substrate (Sigma-Aldrich, St
Louis, MO) and ALP activity was determined by measuring the absor-
bance at 405 nm using a spectrophotometer. The alizarin red staining
was performed after 6 days of osteogenic differentiation. The cultured
cells were fixed with 70% ethanol and treated with a 40 mM alizarin red
(pH 4.2) for 10 min. The stained culture was visualized with a CanoScan
9900F (Canon Inc., Japan), and then alizarin red was extracted with
10% acetic acid to quantify the substrate calcification. The concentra-
tion of alizarin red was determined by measuring the absorbance at
405 nm using a spectrophotometer.

Bone marrow cells were isolated from the long bones of ICR mice
by flushing with a-MEM and incubated with a Red Blood Cell Lysis
Buffer (Sigma-Aldrich, St. Louis, MO, USA). Bone marrow cells were
cultured in a-MEM containing 10% FBS and antibiotics in the presence
of M-CSF (30 ng/mL) for 3 days. Adherent cells (osteoclast precursors)
were cultured in the presence of M-CSF and RANKL for 3 days. The
cultured cells were fixed with 3.7% formalin and treated with TRAP
staining solution (Sigma-Aldrich) for 10 min. The stained cells were
visualized with a ProgRes CFscan camera (Jenoptik, Jena, Germany)
and ProgRes Capture Pro software (Jenoptik). TRAP-positive multi-
nucleated cells containing more than three nuclei were counted as
osteoclasts.
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Electrical pulse stimulation (EPS)

C2C12 myoblasts were seeded in six-well plates and differentiated into
myotubes by culturing in differentiation medium (DMEM supple-
mented with 2% FBS) for 3 days. Following the differentiation period,
the myotubes were subjected to electrical pulse stimulation (EPS)
using the C-PACE EP culture pacer system (IlonOptix, Dublin, Ireland) in
a humidified incubator maintained at 37°C with 5% CO,. The EPS
protocol consisted of monophasic square wave pulses with a pulse
duration of 2 milliseconds (ms) delivered at a frequency of 1Hz. The
voltage applied was 11.5 volts (V). Prior to the initiation of stimulation,
cells were allowed to equilibrate in the stimulation setup for 1h to
recover from handling stress. Electrical stimulation was then applied
continuously for 24 h under the specified conditions.

All stimulation parameters, including frequency, pulse width, and
voltage, were optimized based on previous studies to mimic in vivo
muscle contraction and ensure viability of C2C12 myotubes during
prolonged stimulation.

Treadmill exercise

Mice underwent a gradual acclimatization process over two days,
starting with a low incline and slow speed to familiarize them with the
exercise equipment. Over the next two days, the incline was moder-
ately increased while progressively extending the session duration.
From day 5 onwards, the incline was further increased, and speed was
slightly adjusted based on the mice’s tolerance. The objective was to
push both young and aged mice near exhaustion without causing
complete physical collapse. After exercise adaptation, all exercise
bouts were performed at 70% of maximal speed on an incline greater
than 5°. While young mice could easily maintain a speed of 24 m/min
on a 10° incline, aged mice could only manage a speed of 15-18 m/min
on a 5° incline. Each exercise bout was maintained for a total duration
of 1h. High-resistance running was defined as maintaining a speed of
24 m/min on a 10° incline. The chronic training protocol involved daily
exercise sessions conducted over 30 consecutive days. Blood samples
were collected from the mice before the exercise and immediately
after the final exercise session.

Mitochondrial DNA contents

Genomic DNA was isolated from differentiated C2C12 myotubes using
the Quick-DNA Miniprep Plus Kit (Zymo Research, D4068) according
to the manufacturer’s instructions. Mitochondrial DNA (mtDNA) con-
tent was assessed by measuring the relative abundance of the mito-
chondrial gene ND1 to the nuclear gene HK2 using quantitative real-
time PCR (qRT-PCR). The relative mtDNA content was calculated using
the ACt method, where ACt=Ct(HK2) - Ct(ND1). Lower ACt values
indicate a higher mitochondrial-to-nuclear DNA ratio. Primer sequen-
ces used for ND1 and HK2 are provided in Supplementary Table Sé.

Glucose uptake and free fatty acid uptake assay

Glucose uptake was measured in vitro using differentiated C2C12
myotubes and 3T3-L1 adipocytes. After full differentiation, cells were
serum-starved for 4 h in glucose-free DMEM prior to treatment. For
stimulation of glucose uptake, cells were incubated with 1 uM insulin
for 20 min at 37 °C. Following treatment, cells were washed with PBS,
lysed, and analyzed using the Glucose Uptake Assay Kit (Abcam,
ab136955) according to the manufacturer’s instructions. Absorbance
was measured using a microplate reader at the recommended wave-
length, and relative glucose uptake was quantified by interpolation
from a standard curve. To measure free fatty acid (FFA) uptake, dif-
ferentiated C2C12 myotubes and 3T3-L1 adipocytes were cultured in
96-well plates and treated with recombinant CLCF1 (100 ng/mL) for
24 h. FFA uptake was then assessed using the Free Fatty Acid Uptake
Assay Kit (Abcam, abl76768), according to the manufacturer’s
instructions. Briefly, after CLCF1 treatment, cells were incubated with a
fluorescent fatty acid substrate provided in the kit, and uptake was

measured using a fluorescence microplate reader at Ex/Em =485/
535 nm. Background signal was subtracted using control wells con-
taining no cells, and relative fluorescence units (RFU) were normalized
to total protein concentration per well. All experiments were per-
formed in at least five independent biological replicates.

Glucose tolerance and insulin tolerance test

For glucose tolerance tests (GTT), mice were fasted overnight
(10-12 h) before receiving an intraperitoneal injection of glucose at a
dose of 2 g/kg body weight. Blood glucose levels were measured at O,
15, 30, 60, 90, and 120 min using the ACCU-CHEK Performa test strip.
Similarly, for insulin tolerance tests (ITT), mice were fasted for 4 h
before receiving an intraperitoneal injection of insulin at a dose of
0.75U/kg body weight. Blood glucose levels were measured at the
same time points (0, 15, 30, 60, 90, and 120 min) using ACCU-CHEK
Performa test strips. For both tests, blood samples were collected from
the tail vein at the indicated time points.

Western blotting

Cells and tissues were lysed with RIPA buffer containing 0.1mM
Na3VO4, 1mM NaF, 1mM 4-(2-aminoethyl)-benzenesulfonyl fluoride
hydrochloride (AEBSF), and 5mg/ml aprotinin (Sigma-Aldrich). Total
proteins were quantified using the BCA (bicinchoninic acid) assay kit and
Bradford assay (Thermo Fisher, 23227). Protein samples were loaded on
SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membranes
and nitrocellulose (NC) membranes. The membranes were blocked for
1h at RT with 5% skim milk or 2% BSA in Tris-buffered saline (TBS). The
membrane was incubated with the respective primary antibodies at 4 °C
overnight. All listed primary antibodies were used 1:1000. After washing
with TBST, membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:5000-1:10,000) for 1 h at RT.
The image was detected using the ChemiDoc (Thermo Fisher, iBright
CL1500). All primary antibodies used in this study are listed in Supple-
mentary Table S5, along with their sources and catalog numbers.

Retroviral gene transduction

Retroviral vectors were transfected into the packaging cell line, Plat E,
using FUGENE 6 (Promega, Madison, WI) according to the manu-
facturer’s instructions. Target cells were plated on 48-well or 6-well
plates 24 h prior to infection. Viral supernatants, collected from the
culture medium 48 h after transfection, were then incubated with the
target cells for 6 h in the presence of 10 ug/mL polybrene (Sigma-
Aldrich, St Louis, MO, USA).

Immunocytochemistry

C2C12 myoblasts were seeded on 24-well plates and differentiated into
myotubes. Myotubes were rinsed in PBS, fixed in 4% paraformaldehyde
for 15 min at room temperature, and washed three times with PBS and
permeabilized in 0.25% Triton X-100 in PBS for 10 min. The myotubes
were blocked with 1% BSA in PBS containing 0.1% Tween 20 for 30 min
and incubated with anti-MYH (sc-376157) in blocking buffer overnight
at 4 °C, followed by Alexa Fluor 488 (#A-21121, Thermo Fisher) with 1%
BSA in PBS for 1h at room temperature. And the myotubes were
incubated with Vectashield with DAPI mounting medium (VECTOR
Laboratories) for 1 min in the dark. Images were captured using a Nikon
Eclipse Ti-U inverted microscope and Nikon DS-Ri2 camera using NIS-
Elements software. The short-axis diameters of myotubes were ana-
lyzed by Image ] software.

Immunohistology

Muscles were mounted in optimal cutting temperature medium
(O.C.T, Tissue-Tek) at resting length and frozen in dry ice and stored at
-80 °C. Muscle sections (7 um) were cut from the mid at -20°C on a
cryostat (Leica, CM1950) and collected on Micro Slides (MUTO, Japan)
and stored at =80 °C. For immunofluorescence staining, serial sections
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were air-dried for 30 min and washed three times with PBS. Sections
were blocked and permeabilized in PBS and 0.4% Triton X-100 for
30 min before being incubated for 2 h at room temperature in a pri-
mary antibody solution containing laminin (L9393, Sigma-Aldrich) and
10% goat serum (ab7481, Abcam) followed by Alexa555 (A32732, Invi-
trogen), Alexa555 (A28180, Invitrogen) in PBS containing 10% goat
serum. Sections were washed three times in PBS and mounted with
Vectashield with DAPI mounting medium (VECTOR Laboratories).
Images were captured using a Nikon Eclipse Ti-U inverted microscope
and Nikon DS-Ri2 camera using NIS-Elements software.

Quantitative RT-PCR (qPCR)

Total RNA was isolated from tissues and cells using RiboEx reagent
(GeneAll Biotechnology Co., South Korea). cDNA synthesis was per-
formed using the iScript cDNA synthesis kit (Bio-Rad). Quantitative RT-
PCR analysis was performed using StepOnePlus (Applied Biosystems)
with a 20 pl reaction volume containing cDNA, primers, and SYBR
Master Mix (Applied Biosystems). The sequences of the primers used
in this study are provided in Supporting Information, Table Sé.

CLCF1 supplementation

3-month-old and 20-month-old C57BL6 mice were injected intraper-
itoneally with either recombinant CLCF1 (Abcam, ab50021 or Enzy-
nomics, C045) or PBS (vehicle control) at a dose of 0.1 or 0.5 mg/kg
body weight per day for 14 consecutive days.

eCNTFR production and supplementation

We used an engineered CNTFR (eCNTFR)® to achieve effective
blockade of CLCFI1. This blockade requires both increased binding of
the decoy to CLCF1 and decreased binding of CLCF1 to gp130 and LIFR.
The eCNTFR-Fc recombinant protein, containing eight consensus
mutations (R110Q, T174P, S237F, 1287F, Y177H, K178N, T268A, D269A),
was synthesized by Y-Biologics (Y-Biologics, Deajeon, South Korea).
Mice were treated with eCNTFR-Fc (10 mg/kg) or PBS (vehicle) by i.p
injection for 1 month, three times per week.

Production of CLCF1/CRLFI1 protein complex

The human Cardiotrophin-like cytokine factor 1 (hCLCF1, Uniprot
Q9UBD9) and human Cytokine receptor-like factor 1 (hCRLF1, Uniprot
075462) genes were amplified by PCR (Sogent, SPX16-R250). Ampli-
cons were digested with BamHI (New England Biolabs, R0136) / Xhol
(New England Biolabs, RO146) and inserted into the pcDNA3.4 vector
(Thermo Fisher Scientific, A14697). A polyhistidine tag was placed at
the C-terminus of CLCF1 for affinity chromatography. For transient
expression of CLCF1/CRLF1 protein complex, Expi293FTM cells
(Thermo Fisher Scientific, A14527) were cultured in Expi293TM
expression medium (Thermo Fisher Scientific, A1435102). The cells
were maintained in a humidified chamber at 37 °C with 8% CO,. Expi-
FectamineTM 293 transfection kit (Thermo Fisher Scientific, A14525)
was used following the manufacturer’s instructions for efficient
transfection of Expi293FTM cells with plasmids. Briefly, the cells were
diluted at a density of 1.7 x 106 cells/ml in 300 ml of fresh mediain 1L
Erlenmeyer shake flask (Corning, 7513). On the following day, DNA
plasmids encoding hCLCF1 and hCRLF1 genes and ExpiFectamineTM
293 were separately mixed in Opti-MEMTM (Thermo Fisher Scientific,
31985070) and incubated at room temperature for 5min. Then, the
ExpiFectamineTM 293 and DNA mixtures were combined and incu-
bated for another 20 min at room temperature. Finally, the mixture
was added to flasks containing the cells and incubated in a humidified
chamber at 37 °C with 8% CO,. After 18 h, a cocktail of Enhancer land Il
was added to the flask. The cells were then incubated for 72-96 h, and
the culture media were collected. Recombinant CLCF1/CRLF1 protein
complex was purified by affinity and size exclusion chromatography
using a fast protein liquid chromatography machine (FPCL) (Cytiva,
AKTA Go system). The flited culture media was applied at a flow rate of

5ml/min to the HisTrap Excel column (Cytiva, 17371205) previously
equilibrated with 20 mM imidazole, 500 mM NaCl, and 20 mM
Na,HPO, at pH 7.4. Unbound proteins were washed away with 50 ml
equilibration buffer. Bound fractions were eluted with 75 mL elution
buffer containing a 20-to-500 mM imidazole gradient in 20 mM
Na,HPO, and 500 mM NacCl at pH 7.4 for 15 min. The protein complex
was collected, pooled, and analyzed by SDS-PAGE. The eluted proteins
were polished by SEC on an FPLC machine using a HiLoad 16/600
Superdex 200 pg (Cytiva, 28989335) previously equilibrated with PBS
(pH 7.4) at a flow rate of 0.5 ml/min. Finally, Fractions containing
CLCF1/CRLF protein complex were collected, pooled, and analyzed by
SDS-PAGE and immunoblot analysis.

Glycolysis measurement and oxygen consumption rate

Oxygen consumption rates of C2C12 myotube cells, seeded at a den-
sity of X cells/well in a 96-well cell culture plate, were recorded on an
XF96 Extracellular Flux Analyzer using the XF Cell Mito Stress Test Kit
(Seahorse Bioscience, North Billerica, MA) according to the manu-
facturer’s protocol. Following seeding, cells were washed and pre-
incubated in XF DMEM media (pH 7.4) for 1 h prior to the assay. The XF
Cell Mito Stress Test was then performed according to the manu-
facturer’s protocol. Oligomycin (1 M), FCCP (2 uM), and rotenone &
antimycin A (0.5pM each Rot/Anti) were added as indicated. All
measured values were normalized to total protein content, which was
quantified using the BCA protein assay.

siRNA transfection

C2C12 cells were seeded in 24-well plates with 1 x 105 cells per well and
then differentiated into myotubes for 4 days using a differentiation
medium (2% FBS DMEM). At 3 days during differentiation, myotube
was transiently transfected with siRNA control (Dhamacon, ON-
TARGET plus siRNA) or siRNA Cntfr, ll6st (gp130), and Lifr using Lipo-
fectamin RNAIMAX reagent (Thermo Fisher Scientific, USA) according
to the manufacturer’s protocols. Primary osteoblast precursor cells or
osteoclast precursor cells were transfected with siRNA control, siRNA
Statl, or siRNA Stat3 (Dhamacon, ON-TARGET plus siRNA) using
Lipofectamine RNAIMAX (Thermo Fisher Scientific, USA), according to
the manufacturer’s instructions.

Skeletal muscle function exploration

Time and distance to exhaustion. After five consecutive days of
acclimation, running performance was tested in mice by measuring
their ability to run until exhaustion. Mice were exercised on a treadmill
at 10 m/min for 10 min, and the speed was increased every 2 min by
2 m/min until 24 m/min. Mice were considered to be exhausted when
mice remained on the electric shock grid for more than 10 s. Time and
distance were recorded and calculated.

Strength by grip test. Mice were allowed to grasp an angled grid with
all four limbs. They were then gently pulled backwards until they lost
their grip, for a total of three attempts. The force (in Newtons) applied
to the grid during each attempt was recorded. The average of these
three measurements was then normalized to the body weight of
each mouse.

Inverted grid test. Mice were placed in the center of a wire grid sys-
tem, which was then inverted and held steadily 40 cm above a padded
surface. The latency to fall, measured by the time the mice spent
hanging onto the grid system, was then recorded.

Ex vivo isometric force and fatigue measurements

Intact TA muscles were isolated from the hindlimb of euthanized mice
and mounted vertically between a force transducer (Model FT03, Glass
Instruments, USA) in an organ bath with platinum electrodes and
continuous perfusion with 95% O, +5% CO,-saturated Krebs—-Ringer
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solution (118 mM NaCl, 4.75mM KCl, 24.8 mM NaHCO3, 1.18 mM
KH,PO,, 2.5 mM CaCl, « 2H,0, 1.18 mM MgSO,, and 10 mM glucose).
Optimal muscle stretch was determined by applying a single twitch at a
supramaximal voltage of 100V for 1 ms, and set at the length that
generated maximal twitch force after 10 min of equilibration, TA
muscles were tested with a range of stimulation frequencies (tetanic
with increasing frequencies from 30 to 200 Hz every 500 ms, with
2-min recovery intervals between each frequency). The fatigue prop-
erties of the TA muscles were assessed by repeated stimulation at 1 Hz
and 100V for 10 min. All experiments were conducted at 25 °C. Data
acquisition and analysis were performed using LabChart Pro Software
(Version 8; AD Instruments, Pty Ltd.). At the end of each experiment,
muscle length, diameter, and wet weight were measured.

RANKL-induced bone loss and ectopic bone formation

For the RANKL-induced bone loss mouse model®, 7-week-old male ICR
mice were divided into three groups: PBS, RANKL with PBS, and RANKL
with CLCF1. PBS or CLCF1 (0.2 mg/kg) was intraperitoneally injected
for 4 consecutive days. From the second day, PBS, RANKL with PBS, or
RANKL with CLCF1 was intraperitoneally administered for 3 con-
secutive days. For the ectopic bone formation model, a sponge soaked
with BMP2 (1pg) and PBS or a sponge soaked with BMP2 (1ug) and
CLCF1 (1 pg) was subcutaneously implanted on the left or right side,
respectively, of 5-week-old male ICR mice. After four weeks, all spon-
ges were collected from mice and then subjected to micro-computed
tomography analysis.

Micro-computed tomography (pCT) analysis

Distal femurs were scanned with a SkyScan 1172 system (SkyScan,
Kontich, Belgium) using the following parameters: 50kV, 201 A,
0.5 mm aluminum filter, and a resolution of 11 pm per pixel. Images
were captured every 0.7° over a 180° angular range. The raw images
were reconstructed into serial cross-sections using NRecon 1.4 (Sky-
Scan) for analysis of femoral morphometric parameters. CTAn (Sky-
Scan) and Ant 2.4 (SkyScan) software were used for further data
analysis and 3D model visualization, respectively.

Histological analysis

Harvested tibias from mice were fixed with 4% paraformaldehyde
overnight, followed by decalcification in 3.8% formaldehyde buffer
containing 5.5% EDTA for 3 weeks at 4 °C. Decalcified tibias were
dehydrated and embedded in paraffin blocks. The paraffin blocks were
cut into 4-um-thick longitudinal sections. The sectioned samples were
deparaffinized using xylene and subjected to tartrate-resistant acid
phosphatase (TRAP) staining to identify osteoclasts located below the
growth plate and hematoxylin & eosin (H&E) and Runx2 (ab192256,
Abcam) staining to identify osteoblasts located below the
growth plate.

Statistical analysis

All data here are expressed as the mean + standard error of the mean
(SEM). Statistical analyses were performed using Student’s t-test (two-
tailed paired or unpaired), one-way ANOVA followed by the post hoc
Bonferroni’s and Tukey’s test, or two-way ANOVA followed by the post
hoc Bonferroni’s and Tukey’s test with GraphPad Prism 10 software
(GraphPad Software). p-values less than 0.05 (* or #), 0.01 (* or ##) or
0.001 (* or ###) were statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. The dataset generated in this
study was derived from a reanalysis of data available in the GEO

database under accession code GSE28422. Additional datasets used
and/or analyzed during the current study are available as the Supple-
mentary Information files. Source data are provided with this paper.
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