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Abstract

Background The regenerative and adaptive capacity of skeletal muscles reduces with age, leading to severe disabil-
ity and frailty in the elderly. Therefore, development of effective therapeutic interventions for muscle wasting is impor-
tant both medically and socioeconomically. In the present study, we aimed to elucidate the potential contribution

of fibro-adipogenic progenitors (FAPs), which are mesenchymal stem cells in skeletal muscles, to immobilization-
induced muscle atrophy.

Methods Young (2-3 months), adult (12-14 months), and aged (20-22 months) mice were used for analysis. Muscle
atrophy was induced by immobilizing the hind limbs with a steel wire. FAPs were isolated from the hind limbs on days
0, 3, and 14 after immobilization for transcriptome analysis. The expression of ST2 and IL-33 in FAPs was evaluated

by flow cytometry and immunostaining, respectively. To examine the role of IL-33-ST2 signaling in vivo, we intraperi-
toneally administered recombinant IL-33 or soluble ST2 (sST2) twice a week throughout the 2-week immobilization
period. After 2-week immobilization, the tibialis anterior muscles were harvested and the cross-sectional area of mus-
cle fibers was evaluated.

Results The number of FAPs increased with the progression of muscle atrophy after immobilization in all age-groups.
Transcriptome analysis of FAPs collected before and after immobilization revealed that /133 and //7r/7 transcripts,
which encode the IL-33 receptor ST2, were transiently induced in young mice and, to a lesser extent, in aged mice.
The number of FAPs positive for ST2 increased after immobilization in young mice. The number of ST2-positive FAPs
also increased after immobilization in aged mice, but the difference from the baseline was not statistically significant.
Immunostaining for IL-33 in the muscle sections revealed a significant increase in the number of FAPs expressing

IL-33 after immobilization. Administration of recombinant IL-33 suppressed immobilization-induced muscle atrophy
in aged mice but not in young mice.

Conclusions Our data reveal a previously unknown protective role of IL-33-ST2 signaling against immobilization-
induced muscle atrophy in FAPs and suggest that IL-33-ST2 signaling is a potential new therapeutic target for alleviat-
ing disuse muscle atrophy, particularly in older adults.
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Introduction

Muscle wasting or atrophy can result from a range of
conditions, such as injury, immobility, chronic inflam-
matory disease, and cachexia [1-3]. In most cases,
muscle atrophy is a fully reversible condition. How-
ever, the exceptional regenerative and adaptive capac-
ity of skeletal muscles reduces with age, leading to
severe disability and frailty in older adults [4, 5]. To
date, there are no established treatment modalities or
medications—other than physical exercise or nutri-
tional support—to facilitate recovery from muscle
atrophy [6, 7]. Considering that most developed coun-
tries are rapidly aging societies, developing treatments
to ameliorate this undesirable condition is both medi-
cally and socioeconomically important.

Skeletal muscles have at least two distinct types of
stem cells: muscle satellite cells (SCs), which can dif-
ferentiate into muscle fiber cells, and fibro-adipogenic
progenitors (FAPs), which can differentiate into multi-
ple cell lineages, including osteoblasts, chondrocytes,
and adipocytes. SCs are the sole stem cells that can
differentiate into myoblasts and are indispensable for
muscle regeneration after injury [8]; however, previ-
ous studies have shown that SCs are not necessarily
required for the homeostasis or adaptive capability of
muscle fibers, as evidenced in several different mouse
models lacking SCs [9-11]. In contrast, FAPs are con-
sidered the source cells of various skeletal muscle
conditions, such as fatty infiltration, heterotopic ossi-
fication, and fibrosis. Recent studies have revealed that
mice lacking FAPs develop progressive muscle atrophy
and show a decrease in the number of SCs [12-14].
These studies indicate that FAPs are major regulators
of SCs and muscle fibers and are essential for preserv-
ing skeletal muscle homeostasis and adaptability. In
the present study, we aimed to elucidate the poten-
tial role of FAPs in immobilization-induced muscle
atrophy.

Our findings show that the 1/33 and I/1r/1 transcript,
which encode the IL-33 receptor ST2, are transiently
induced in FAPs of young mice and, to a lesser extent,
in aged mice following immobilization. Of note, we
found that administration of recombinant IL-33 atten-
uates the progression immobilization-induced muscle
atrophy in aged mice, but not in young mice, indicat-
ing that the IL-33-ST2 signaling is defective in aged
mice and that IL-33 supplementation can have a posi-
tive effect. Taken together, the present study highlights
the previously uncharacterized roles of FAPs and the
IL-33-ST2 autocrine signaling in the regulation of
immobilization-induced muscle atrophy.
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Methods

Mouse models

C57BL/6 ] male mice were purchased from CLEA Japan
(Shizuoka, Japan) and Oriental Yeast (Tokyo, Japan). To
induce muscle atrophy, bilateral hind limbs were immo-
bilized for 2 weeks using a steel wire, as described previ-
ously [15]. The wire was replaced as needed during the
2-week immobilization period. In certain experiments,
mice were injected intraperitoneally with recombinant
mouse IL-33 (2 pg/100 ul PBS; BioLegend, San Diego,
CA, USA) or soluble ST2 (sST2) (5 pg/100 pl PBS; 1004-
MR-050; R&D Systems, Minneapolis, MN, USA) twice a
week. The first injection to the hindlimb immobilization
model was performed at the start of immobilization. B6N.
Cg-Tg(Pdgfra-cre/ERT)467Dbe/] (018280) and B6.Cg-
Gt(ROSA)26Sorm4(CAG-tdTomatolHze 1 ((0)7914) transgenic
mice were purchased from Jackson Laboratories (Bar Har-
bor, ME, USA). These two transgenic mice were mated
to generate platelet-derived growth factor receptor o
(PDGFRa) reporter mice, in which PDGFRa-positive cells,
including FAPs, express the tdTomato fluorescent protein
upon tamoxifen induction. These mice were used to visual-
ize FAPs in muscle sections (Fig. 3C). To induce Cre-medi-
ated recombination, mice were intraperitoneally injected
with tamoxifen (100 mg/kg; Toronto Research Chemicals,
Toronto, Canada) dissolved in corn oil three times every
other day.

Flow cytometry

Skeletal muscles from the hind limbs were used for flow
cytometric analysis. Single-cell isolation was performed
as described previously [16]. In short, after removal of the
fat tissues, vessels, nerves, and tendons, the muscles were
minced with forceps and digested in Hanks’ balanced
salt solution containing 0.2% collagenase type II (Wor-
thington Biochemical, Lakewood, NJ, USA). The digested
samples were filtered through 70- and 40-um cell strain-
ers to remove the debris. Red blood cells were removed
using Red Blood Cell Lysis Buffer (Roche Diagnostics,
Rotkreuz, Switzerland). The following fluorochrome-
conjugated monoclonal antibodies were used for cell sort-
ing: anti-CD31 (102,405, 1:50; BioLegend), anti-CD45
(103,107, 1:200; BioLegend), anti-PDGFRa (FAB1062P,
1:10; R&D Systems), anti-Scal (108,113, 1:80; BioLegend),
anti-mouse ST2 (FAB10041A, 1:20; R&D Systems) and
Brilliant Violet 421 streptavidin (405,226, 1:666; Bioleg-
end). The biotinylated SM/C2.6 monoclonal antibody was
generously provided by Dr. S. Fukada [17]. Flow cytom-
etry was performed using the CytoFLEX S flow cytometer
(Beckman Coulter, Brea, CA, USA). Because of the easier
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availability of young mice, more animals were used in the
analysis for young mice than for adult and aged mice.

Isolation and culture of SCs and FAPs

SCs (CD317/CD457/SM/C2.5") and FAPs (CD317/
CD457/Scal*/PDGFRa™) were isolated using a MoFlo
XDP cell sorter (Beckman Coulter). The isolated FAPs
and SCs were cultured in high-glucose Dulbecco’s modi-
fied Eagle medium (DMEM) (Nacalai Tesque, Kyoto,
Japan), 20% fetal bovine serum, and antibiotics in
Matrigel (Corning, Corning, NY, USA)-coated dishes, as
described previously [16]. To induce myogenic differenti-
ation of SCs, the medium was replaced with DMEM sup-
plemented with 2% horse serum and antibiotics.

Total RNA sequencing

FAPs isolated from mice 3 days and 2 weeks after hind-
limb immobilization were used to evaluate transcrip-
tional changes in FAPs after immobilization in young
and aged mice. FAPs collected from untreated mice were
used as baseline controls. Two mice were used at each
time point (6 young and 6 aged mice). The total RNA was
extracted from cells using the RNeasy Micro Kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
instructions. ¢cDNA was prepared using a SMART-
Seq v4 Ultra Low Input RNA kit and sequenced using
a NovaSeq 6000 sequencer (Illumina, San Diego, CA,
USA). After filtering genes with low expression levels or
levels with high variation from each RNA sequence data-
set, we screened genes with >twofold change compared
with baseline controls. To determine the 10 DEGs with
the largest fold change, genes with a maximum transcript
per million of less than 10 transcripts in both the immo-
bilized muscle samples and the corresponding baseline
samples were excluded. The sequence data are available
in the DDBJ Sequence Read Archive (https://www.ddb;.
nig.ac.jp/) under accession number DRA016863.

Quantitative RT-PCR

The tibialis anterior (TA) muscles from untreated and
immobilized mice were harvested and minced. Total
RNA was isolated using Sepasol-RNA I Super G rea-
gent (Nacalai Tesque), according to the manufacturer’s
instructions. Total RNA was reverse-transcribed using
ReverTra Ace Reverse Transcriptase (Toyobo, Osaka,
Japan). PCR and quantification were performed using
the Thunderbird qPCR Mix (Toyobo) and a 7500 Real-
Time PCR System (Applied Biosystems, Foster City,
CA, USA). Gene transcript levels were normalized to
the expression levels of Actb transcripts. The follow-
ing primers were used: Fbx032 (forward: TCTCCAGAC
TCTCTACACATCC; reverse: GAATGGTCTCCATCC
GATACACQ), Trim63 (forward: TACGTTGGTGCGAAA
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TGAAA; reverse: AATCGCCAGTCACACAATGA), II-
33 (forward: ACTATGAGTCTCCCTGTCCTG; reverse:
ACGTCACCCCTTTGAAGC), Ilirll (forward: TCT
GTGGAGTACTTTGTTCACC; reverse: TCTGCTATT
CTGGATACTGCTTTC), and Actb (forward: CTGAAC
CCTAAGGCCAACCGTG; reverse: GGCATACAGGGA
CAGCACAGCC). Because of the easier availability of
young mice, more animals were used in the analysis for
young mice than for aged mice.

Cell staining

Cells were treated with mouse recombinant IL-33
(30 ng/ml) for 1 h, fixed with 4% paraformaldehyde,
and permeabilized with 0.2% Triton X-100/PBS. Fixed
cells were incubated with rabbit anti-NF-xB p65 (8242,
1:200; Cell Signaling Technology, Danvers, MA, USA)
at 4 °C overnight, followed by secondary antibody stain-
ing with 4’,6-diamidino-2-phenylindole (DAPI). Images
were captured using an Olympus FSX100 fluorescence
microscope and Olympus FSX-BSW software (Olympus,
Tokyo, Japan).

Immunohistochemistry

To evaluate the cross-sectional area (CSA) of the mus-
cle fiber, muscle tissues were snap-frozen in isopentane
cooled with liquid nitrogen. Cryosections with thickness
of 10 um were fixed in acetone at—20 °C for 20 min. Sec-
tions were washed with PBS and incubated with Block-
ing One (Nacalai Tesque) for 1 h, followed by incubation
with rat anti-laminin-a2 (L0663, 1:500; Sigma-Aldrich,
St. Louis, MO) at 4 °C overnight. Bound antibodies
were detected using Alexa Fluor 488-conjugated anti-
rat IgG (A21208, 1:1000; Invitrogen, Waltham, MA,
USA). Images of entire sections were captured using an
Olympus FSX100 fluorescence microscope and Olympus
FSX-BSW software. The CSA of the muscle fibers was
measured using Image] (National Institutes of Health,
Bethesda, MD, USA).

Muscle tissues obtained from PDGFRa reporter mice
were used for immunostaining of IL-33. Muscles were
fixed in 2% paraformaldehyde for 2 h and consecutively
immersed in 10% and 20% sucrose solutions for 1 h and
30% sucrose solution overnight. Muscles were snap-fro-
zen in isopentane that was cooled with liquid nitrogen.
Cryosections with thickness of 10 um were rehydrated
with PBS, permeabilized with 0.2% Triton X-100 for
10 min, and treated with proteinase K (1 pg/ml; Nacalai
Tesque) for 5 min at room temperature. Sections were
incubated with Blocking One for 1 h and subsequently
with primary antibodies at 4 °C overnight. Goat anti-
IL-33 antibody (AF3626-SP, 1:100; R&D Systems) and
rabbit anti-RFP antibody (ab62341, 1:250; Abcam,
Cambridge, UK) were used for immunostaining. For
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immunostaining of IL-33 in aged mice, sections of TA
from wild-type mice were used and rabbit anti-PDGFRa
antibody (sc338, 1:50; Santa Cruz Biotechnology, TX,
USA) were used as primary antibody. Images were cap-
tured using an LSM980 confocal microscope (Carl Zeiss,
Oberkochen, Germany). Three arbitrary areas (500 pm?)
were chosen per sample, and cell counts were determined
using Image J. For Hematoxylin and Eosin (H&E) stain-
ing, sections were fixed in acetone at—20 °C for 20 min,
washed in PBS and then stained in hematoxylin for
10 min and eosin for 7 min. The muscle sections were
dehydrated in gradually increasing concentration of etha-
nol/ water solutions and fixed in 100% xylene.

Statistical analysis

GraphPad Prism version 6.05 (GraphPad, La Jolla, CA,
USA) was used for the statistical analyses. Student’s ¢-test
(two-tailed and assuming equal variances) was used to
calculate the P values. For comparison of more than two
groups, one-way ANOVA was used, followed by Tukey’s
post hoc testing. P<0.05 was considered statistically sig-
nificant. Data are presented as mean + standard error of
the mean unless otherwise noted.

Results

Immobilization leads to an increase in the number of FAPs
To investigate the potential contribution of FAPs to mus-
cle atrophy, we first determined whether the number of
FAPs in skeletal muscles was affected by immobiliza-
tion in mice. Immobilization-induced muscle atrophy
was achieved by using a steel wire to immobilize the
hind limbs, as described previously [15]. The hind limbs
muscles were harvested for analysis on days 0, 3, and
14 after the treatment. The CSA of muscle fibers was
reduced on dayl4 compared to day O (Fig. 1A, and B).
Gene expression analysis using quantitative PCR con-
firmed that the levels of Fbx032 transcripts increased in
the skeletal muscle after immobilization in both young
and aged mice (Fig. 1C). As shown in Fig. 1D, the weight
of the hind limbs muscle significantly decreased by day
14 in each age group. Next, we examined the number of
FAPs and SCs in the hind limbsmuscle by flow cytom-
etry after immobilization. Consistent with previous
studies [14, 18], the numbers of SCs were lower in adult
(12-14 months) and aged (20-22 months) mice than
in young (2-3 months) mice at baseline (day 0; Fig. 1F,
P<0.01). Notably, our analysis revealed that the num-
bers of FAPs and SCs increased with the progression of
muscle atrophy after immobilization in all groups. These
observations suggest that FAPs and SCs play active roles
in immobilization-induced muscle atrophy.
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Expression of ST2 and IL-33 transcripts increases in FAPs
after immobilization

Considering that FAPs play an essential role in skeletal
muscle homeostasis [12, 14], we evaluated the impact of
immobilization on the gene expression of FAPs in young
and aged mice. To accomplish this, we isolated FAPs
from the hind limbs of young and aged mice on days 0,
3, and 14 post-immobilization and performed transcrip-
tome analyses. Differentially expressed genes (DEGs)
that exhibited more than a twofold change on days 3 and
14 compared with basal controls (day 0) were extracted;
this analysis resulted in 1148 and 272 unique DEGs in
young and aged mice, respectively. In total, 119 DEGs
overlapped between the two groups (Fig. 2A). Figure 2B
shows the 10 DEGs with the largest differences in their
expression levels between days 0 and 3 or day 14 in each
group of young and aged mice. Among these genes, //1rl]
shown by arrowheads, which encodes the IL-33 recep-
tor ST2, was upregulated in both young and aged mice
after immobilization, indicating its potential role in dis-
use muscle atrophy. Additionally, //33 was identified as
a DEGs with a significant increase, particularly in young
mice, after immobilization (Fig. 2C). Gene expression
analysis using quantitative PCR confirmed that the lev-
els of 7133 and Il1rl1 transcripts transiently increased in
the skeletal muscle after immobilization in young mice
(Fig. 2D). Consistent with the results of transcriptome
analysis, flow cytometry revealed an increase in the
number of FAPs positive for ST2 after immobilization in
young mice (Fig. 3A and B). The number of ST2-positive
FAPs also increased after immobilization in aged mice,
but the difference from the baseline was not statistically
significant. Immunostaining for IL-33 in the TA muscle
sections obtained from young PDGFRa reporter mice
on days 0, 3, and 14 revealed a significant increase in the
number of FAPs expressing IL-33 (Fig. 3C and E). Immu-
nostaining using aged wild-type mice similarly showed
increased expression of IL-33 after immobilization,
though the proportion of FAPs expressed IL-33 on days
3 and days14 was smaller than young mice (Fig. 3D and
F, P <0.01). These findings confirm that the expression of
IL-33 and ST2 is induced in FAPs during muscle atrophy,
and that this induction is suppressed in old mice com-
pared to young mice.

Administration of IL-33 suppresses immobilization-indued
muscle atrophy in aged mice

The enhanced expression of IL-33 and its receptor ST2
in FAPs after immobilization, particularly in young
mice, suggests that the IL-33-ST2 signaling pathway
may have a protective effect against muscle atrophy. To
test this hypothesis, we intraperitoneally administered
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Fig. 1 The number of FAPs and SCs in the TA muscle increases after hindlimb immobilization. A Micrographs of TA muscle tissue stained with H&E.
Muscles were collected from days 0 and 14 after hindlimb immobilization of young (upper) and aged (lower) mouse. Bar, 50 um. B Frequency
distribution of CSA of muscle fibers of TA muscles collected from days 0 and 14 after hindlimb immobilization of young (upper) and aged (lower)
mice. Accumulated data from three mice are shown in each group. C Expression levels of Fbxo32 (left) and Trim63 (right) transcripts in the TA
muscles from young and aged mice on days 0, 3, and 14 of immobilization (n=3-4). D Hindlimb muscle weight on days 3 and 14 after hindlimb
immobilization in young, adult, and aged mice. E,F Number of FAPs (E) and SCs (F) on days 3 and 14 after hindlimb immobilization (n=3-10 mice
per group). *P<0.05; **P<0.01
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recombinant IL-33 or sST2, which functions as a decoy
receptor for IL-33, twice a week throughout the 2-week
immobilization period and examined the impact of these
recombinant proteins on muscle atrophy. After a 2-week
period of immobilization, the TA muscles were harvested
and analyzed for the CSA of the muscle fibers. IL-33
treatment had only a marginal effect on the progression
of muscle atrophy in young mice (Fig. 4A, B). In con-
trast, it substantially suppressed muscle atrophy in aged
mice, as demonstrated by the rightward shift of the CSA
histogram in IL-33-treated mice (compared with vehi-
cle-treated controls). Treatment with sST2 exacerbated
muscle atrophy in both young and aged mice, as shown
by the leftward shift of the CSA histogram in sST2-
treated mice (compared with vehicle-treated controls).
Gene expression analysis using quantitative PCR showed
no significant difference among the levels of Fbx032 and
Trim63 transcripts in the skeletal muscle after IL-33 and
sST2 administration in young mice. In contrast, the lev-
els of Fbxo32 transcript increased in sST2-treated mice
compared with IL-33-treated mice in aged mice (Fig. 4C).

To examine the effect of IL-33 on mice in normal con-
dition, mice without hindlimb immobilization were
treated with IL-33 intraperitoneally for 2 weeks. The

TA muscles were harvested for CSA measurement after
2 weeks. There was no difference in the CSA of muscle
fibers in the non-immobilized IL-33-treated group com-
pared with those of the negative control group (Fig. 5A).
These results indicate that IL-33 has no hypertrophic
or atrophic effects on the muscle in its normal state.
Gene expression analysis using quantitative PCR dem-
onstrated no significant difference among the levels of
Fbx032 transcripts in the skeletal muscle after adminis-
tration of IL-33. In contrast, the levels of Trim63 tran-
script increased in non-immobilized IL-33-treated young
mice compared with those in the negative control mice
(Fig. 5B).Given that IL-33 counteracts muscle atrophy,
we investigated whether IL-33 operates directly on mus-
cle fibers or functions as an autocrine factor in FAPs.
The FAPs and muscle fiber cells (prepared from SCs
in vitro) were incubated with recombinant IL-33 for 1 h
and stained for NF-kB, one of the intracellular molecules
located downstream of ST2 [19]. We found that intra-
nuclear translocation of NF-kB, which reflects the acti-
vation of ST2, was readily observed in FAPs but not in
muscle fiber cells after IL-33 stimulation (Fig. 5C). Taken
together, these results indicate that IL-33 functions pri-
marily as an autocrine factor in FAPs and that IL-33-ST2
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(upper) and ST2-positive FAPs (lower) using a single-cell suspension prepared from the muscles of young mice collected on days 0 and 14

of immobilization. Boxed areas indicate FAPs (upper) and ST2-positive FAPs (lower). B Number of ST2-positive FAPs per muscle weight in the TA
muscles from young and aged mice collected on days 0, 3, and 14 of immobilization (n=3). C Sections of the TA muscle of young mice stained

for tdTomato (PDGFRa), IL-33, and laminin and with DAPI. Specimens were collected on days 0, 3 and 14 of immobilization. D Sections of the TA
muscle of aged mice stained for PDGFRaq, IL-33, and laminin and with DAPI. Specimens were collected on days 0, and 3 and 14 of immobilization. E,
F Ratio of FAPs positive for IL-33 on days 0, 3 and 14 of immobilization in young (E) and aged (F) mice. Three random sections from each specimen

(three mice) were evaluated. *P<0.05; **P<0.01. Bar, 50 um

signaling plays a protective role against immobilization-
induced muscle atrophy.

Discussion

This study investigated the role of FAPs in muscle atrophy
and identifies viable target molecules for the treatment
of immobilization-induced muscle atrophy. We found
that the number of FAPs increased after immobilization
and that the expression of I/1rl/1 and [I33 transcripts was
highly induced in the FAPs of both young and aged mice
after immobilization. Most importantly, we found that
autocrine IL-33-ST2 signaling in FAPs plays a protective

role against immobilization-induced muscle atrophy and
that administration of recombinant IL-33 alleviated mus-
cle atrophy in aged mice. These observations revealed a
previously unknown contribution of FAPs in counteract-
ing muscle atrophy and the unexpected involvement of
IL-33-ST2 signaling in this process.

Although FAPs were initially identified as the cells
responsible for muscle fat degeneration, heterotopic ossi-
fication, and fibrosis [20-22], subsequent studies have
revealed that FAPs are crucial for skeletal muscle homeo-
stasis, as evidenced by the severe muscle-wasting pheno-
type observed in FAP-depleted mice [12, 14]. However,
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Fig. 4 |L-33-ST2 signaling suppresses immobilization-induced muscle atrophy. A H&E staining of TA muscle cryosections at the day 14

after immobilization of negative-control, IL-33-treated and sST2-treated young (upper) and aged (lower) mice. Bar, 100 um. B Frequency distribution
of CSA of muscle fibers of TA muscles collected from IL-33- and sST2-treated young (upper) and aged (lower) mice. Accumulated data from four
mice are shown in each group. C Expression levels of Fbxo32 (upper) and Trim63 (lower) transcripts in the TA muscles from young and aged mice
on days 14 of immobilization (n=4). NC, vehicle-treated negative control. *P < 0.05; **P < 0.01
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their potential promoting and suppressive functions in
muscle atrophy are poorly understood. Madaro et al
showed that STAT3-IL-6 signaling in FAPs is activated
upon denervation and that inactivation of this signal-
ing could restrain muscle atrophy in their mouse mod-
els, suggesting that FAPs promote denervation-induced
muscle atrophy [23]. Similarly, Parker et al. found that
IL-1 transcripts were upregulated in FAPs in a hind-limb-
immobilization model, suggesting its potential involve-
ment in promoting muscle atrophy [24]. In agreement
with these studies, our data indicate a significant increase
in the number of FAPs as well as marked changes in the
gene expression profile of FAPs after muscle atrophy. In

contrast, although previous studies have suggested that
FAPs promote muscle atrophy by secreting IL-6 and IL-1,
our data indicate that FAPs mitigate immobilization-
induced muscle atrophy via autocrine IL-33-ST2 sign-
aling. The differences between our results and those of
previous studies may be attributed to the variations in
the mouse models used. Alternatively, the contribution of
FAPs to muscle atrophy may differ depending on specific
contexts and situations.

IL-33 is a member of the IL-1 cytokine family and plays
multiple roles in innate and acquired immunity, such
as the induction of Th2 cell maturation and activation
of mast cells and natural killer cells [25]. With respect
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to its potential involvement in muscle biology, Kasten-
schmidt et al. reported that the IL-33 secreted by FAPs
plays a role in the expansion of group 2 innate lymphoid
cells and promotion of fibrosis in a mouse model of mus-
cular dystrophy [26]. In contrast, Kuswanto et al. have
shown that IL-33 is secreted by FAPs after muscle injury
and regulates the muscle Treg cell population, thereby
promoting muscle repair [27]. In addition, their study
revealed that IL-33 production was decreased in aged
mice, resulting in incomplete muscle repair after injury.
The results obtained by Kuswanto et al. and our findings
are in agreement with respect to the fact that IL-33 plays
a protective role in maintaining muscle homeostasis and
that IL-33-ST2 signaling is impaired in aged mice com-
pared with young mice. Our study revealed that IL-33
alleviated muscle atrophy only in aged mice, whereas
sST2 exacerbated muscle atrophy in both young and aged
mice. These observations suggest that IL-33-ST2 signal-
ing is saturated in young mice but is not adequately acti-
vated in aged mice after immobilization. If this is also the
case in humans, IL-33 administration may be beneficial
in suppressing disuse atrophy in the elderly; however, its
efficacy in the young may be limited.

In this study, we observed intranuclear translocation
of NF-«B in FAPs upon the administration of IL-33. We
found that IL-33 acts protectively against muscle atro-
phy, although previous studies have shown that the acti-
vation of NF-kB is associated with muscle atrophy [28].
There are also reports showing that NF-kB contributes
to hypertrophy of cardiac and skeletal muscle [29, 30],
which suggest that the activation of NF-kB in FAPs does
not necessarily cause muscle atrophy and that its func-
tions are context dependent. Furthermore, it is possible
that IL-33 does not cause muscle atrophy because it does
not activate NF-«B in the muscle fibers themselves. This
study had several limitations. First, changes in structural
proteins and their encoding genes have not been inves-
tigated, and further analysis is needed. Second and most
importantly, the molecular mechanism underlying the
effect of IL-33 in suppressing muscle atrophy remains to
be elucidated. As IL-33 does not appear to have a direct
effect on muscle fiber cells, it is likely that FAPs suppress
muscle atrophy by producing secretory factors that have
a protective function against muscle atrophy. One poten-
tial contributing factor is WISP1, a secreted protein that
enhances the regenerative potential of SCs [18]. Accord-
ingly, our transcriptome analysis revealed that Ccn4,
which encodes WISP1, was among the DEGs that were
upregulated upon immobilization (data not shown). Our
investigation of the genes induced by IL-33 in FAPs is
ongoing, and we have identified several candidate genes
that encode secretory factors with potential roles in
maintaining muscle homeostasis. These findings will be
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investigated further and published in a separate study.
In addition, considering that IL-33-ST2 signaling is a
potential molecular target for suppressing disuse muscle
atrophy in humans, determining whether this signaling
pathway is activated in human FAPs after immobilization
is important.

Conclusions

Our data demonstrate that autocrine IL-33-ST2 signaling
in FAPs protects against immobilization-induced muscle
atrophy in mice. Most importantly, we found that IL-33
could alleviate disuse muscle atrophy in aged mice, sug-
gesting a potential therapeutic application of this signal-
ing pathway for the treatment of disuse muscle atrophy in
the elderly, a condition for which no established medical
intervention currently exists.

Abbreviations
CSA Cross-sectional area

DAPI 4’ 6-Diamidino-2-phenylindole

DEGs Differentially expressed genes

DMEM Dulbecco’s modified Eagle medium

FAP Fibro-adipogenic progenitor

HE Hematoxylin and Eosin

SC Satellite cell

PDGFRa  Platelet-derived growth factor receptor a
sST2 Soluble ST2

TA Tibialis anterior

Acknowledgements
We thank Dr. So-ichiro Fukada (Osaka University, Osaka, Japan) for generously
providing the biotinylated SM/C2.6 monoclonal antibody.

Authors’ contributions

YT conducted and analyzed most of the experiments and wrote the paper. MY
performed some of the experiments and provided technical assistance. OT,
KW, and MN supervised the study. KH conceived and coordinated the study,
provided technical assistance, and wrote the paper. All authors reviewed the
results and approved the final version of the manuscript.

Funding

This work was supported in part by JSPS KAKENHI (grant no. 23K08686, K.H.;
grant no. 21K09309, M.Y.), the General Insurance Association of Japan, and the
Keio Orthopaedic Hosoya Foundation Grant (grant no. 012, Y.T.).

Availability of data and materials

All data generated or analyzed during this study are included in this published
article. The datasets used and analyzed during the current study are available
from the corresponding author on reasonable request. The sequence data are
available in the DDBJ Sequence Read Archive (https://www.ddbj.nig.acjp/)
under accession number DRA016863.

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the Institutional Animal Care and
Use Committee of Keio University School of Medicine (approval #A2021-004).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


https://www.ddbj.nig.ac.jp/

Takahashi et al. Skeletal Muscle (2024) 14:6

Author details

'Department of Orthopaedic Surgery, Keio University School of Medicine, 35
Shinanomachi, Shinjuku-Ku, Tokyo 160-8582, Japan. 2Department of Ortho-
pedic Surgery, National Defense Medical College, Namiki 3-2, Tokorozawa,
Saitama 359-8513, Japan.

Received: 2 October 2023 Accepted: 29 February 2024
Published online: 01 April 2024

References

1. Mal, ChuW, ChaiJ, Shen C, Li D, Wang X. ER stress and subsequent acti-
vated calpain play a pivotal role in skeletal muscle wasting after severe
burn injury. PLoS ONE. 2017;12: e0186128.

2. Tuttle CSL, Thang LAN, Maier AB. Markers of inflammation and their
association with muscle strength and mass: A systematic review and
meta-analysis. Ageing Res Rev. 2020;64: 101185.

3. BowenTs, Schuler G, Adams V. Skeletal muscle wasting in cachexia and
sarcopenia: molecular pathophysiology and impact of exercise training. J
Cachexia Sarcopenia Muscle. 2015;6:197-207.

4. Suetta C, Frandsen U, Mackey AL, Jensen L, Hvid LG, Bayer ML, et al. Age-
ing is associated with diminished muscle re-growth and myogenic pre-
cursor cell expansion early after immobility-induced atrophy in human
skeletal muscle. J Physiol. 2013;591:3789-804.

5. RejcE, Floreani M, Taboga P, Botter A, Toniolo L, Cancellara L, et al. Loss
of maximal explosive power of lower limbs after 2 weeks of disuse
and incomplete recovery after retraining in older adults. J Physiol.
2018;596:647-65.

6. Nunes EA, Stokes T, McKendry J, Currier BS, Phillips SM. Disuse-induced
skeletal muscle atrophy in disease and nondisease states in humans:
mechanisms, prevention, and recovery strategies. Am J Physiol Cell
Physiol. 2022;322:C1068-84.

7. DuttV, Gupta S, Dabur R, Injeti E, Mittal A. Skeletal muscle atrophy: Poten-
tial therapeutic agents and their mechanisms of action. Pharmacological
Res. 2015;99:86-100.

8. Yin H, Price F, Rudnicki MA. Satellite Cells and the Muscle Stem Cell Niche.
Physiol Rev. 2013;93:23-67.

9. Boyer JG,Huo J,Han S, Havens JR, Prasad V, Lin BL, et al. Depletion of skel-
etal muscle satellite cells attenuates pathology in muscular dystrophy.
Nat Commun. 2022;13:2940.

10. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, et al.
Effective fiber hypertrophy in satellite cell-depleted skeletal muscle.
Development. 2011;138:3657-66.

11. Mizuno S, Yoda M, Shimoda M, Tohmonda T, Okada Y, Toyama Y,
et al. A Disintegrin and Metalloprotease 10 (ADAM10) Is Indispensa-
ble for Maintenance of the Muscle Satellite Cell Pool*. J Biol Chem.
2015;290:28456-64.

12. Wosczyna MN, Konishi CT, Perez Carbajal EE, Wang TT, Walsh RA, Gan
Q, et al. Mesenchymal Stromal Cells Are Required for Regeneration and
Homeostatic Maintenance of Skeletal Muscle. Cell Rep. 2019;27:2029-
2035.e5.

13. Fiore D, Judson RN, Low M, Lee S, Zhang E, Hopkins C, et al. Pharmacolog-
ical blockage of fibro/adipogenic progenitor expansion and suppression
of regenerative fibrogenesis is associated with impaired skeletal muscle
regeneration. Stem Cell Res. 2016;17:161-9.

14. Uezumi A, lkemoto-Uezumi M, Zhou H, Kurosawa T, Yoshimoto Y,
Nakatani M, et al. Mesenchymal Bmp3b expression maintains skeletal
muscle integrity and decreases in age-related sarcopenia. J Clin Invest.
2021;131:2139617.

15. Onda A, Kono H, Jiao Q, Akimoto T, Miyamoto T, Sawada Y, et al. New
mouse model of skeletal muscle atrophy using spiral wire immobilization.
Muscle Nerve. 2016;54:788-91.

16. Uezumi A, Kasai T, Tsuchida K. Identification, Isolation, and Characteriza-
tion of Mesenchymal Progenitors in Mouse and Human Skeletal Muscle.
Methods Mol Biol. 2016;1460:241-53.

17. Fukada S, Higuchi S, Segawa M, Koda K, Yamamoto Y, Tsujikawa K, et al.
Purification and cell-surface marker characterization of quiescent satellite
cells from murine skeletal muscle by a novel monoclonal antibody. Exp
Cell Res. 2004,296:245-55.

Page 11 of 11

8. Lukjanenko L, Karaz S, Stuelsatz P, Gurriaran-Rodriguez U, Michaud J,
Dammone G, et al. Aging Disrupts Muscle Stem Cell Function by Impair-
ing Matricellular WISP1 Secretion from Fibro-Adipogenic Progenitors. Cell
Stem Cell. 2019;24:433-446.¢7.

19. Kakkar R, Lee RT.The IL-33/ST2 pathway: therapeutic target and novel

biomarker. Nat Rev Drug Discov. 2008;7:827-40.

20. Joe AWB, YiL, Natarajan A, Le Grand F, So L, Wang J, et al. Muscle injury
activates resident fibro/adipogenic progenitors that facilitate myogen-
esis. Nature Cell Biol. 2010;12:153-63.

21. Uezumi A, Ito T, Morikawa D, Shimizu N, Yoneda T, Segawa M, et al. Fibro-
sis and adipogenesis originate from a common mesenchymal progenitor
in skeletal muscle. J Cell Sci. 2011;124:3654-64.

22. OishiT, Uezumi A, Kanaji A, Yamamoto N, Yamaguchi A, Yamada H, et al.
Osteogenic Differentiation Capacity of Human Skeletal Muscle-Derived
Progenitor Cells. PLoS ONE. 2013;8: e56641.

23. Madaro L, Passafaro M, Sala D, Etxaniz U, Lugarini F, Proietti D, et al. Den-
ervation-activated STAT3-IL-6 signalling in fibro-adipogenic progenitors
promotes myofibres atrophy and fibrosis. Nat Cell Biol. 2018;20:917-27.

24. Parker E, Khayrullin A, Kent A, Mendhe B, Youssef El Baradie KB, Yu K,
et al. Hindlimb Immobilization Increases IL.-13 and Cdkn2a Expression in
Skeletal Muscle Fibro-Adipogenic Progenitor Cells: A Link Between Senes-
cence and Muscle Disuse Atrophy. Front Cell Dev Biol. 2022;9:790437.

25. Liew FY, Girard J-P, Turnquist HR. Interleukin-33 in health and disease. Nat
Rev Immunol. 2016;16:676-89.

26. Kastenschmidt JM, Coulis G, Farahat PK, Pham P, Rios R, Cristal TT, et al.

A stromal progenitor and ILC2 niche promotes muscle eosinophilia and
fibrosis-associated gene expression. Cell Rep. 2021;35: 108997.

27. Kuswanto W, Burzyn D, Panduro M, Wang KK, Jang YC, Wagers AJ, et al.
Poor Repair of Skeletal Muscle in Aging Mice Reflects a Defect in Local,
Interleukin-33-Dependent Accumulation of Regulatory T Cells. Immunity.
2016;44:355-67.

28. Jackman RW, Cornwell EW, Wu C-L, Kandarian SC. Nuclear factor-xB
signalling and transcriptional regulation in skeletal muscle atrophy. Exp
Physiol. 2013;98:19-24.

29. Dahlman JM, Bakkar N, He W, Guttridge DC. NF-kappaB functions in
stromal fibroblasts to regulate early postnatal muscle development. J Biol
Chem. 2010;285:5479-87.

30. Hall G, Hasday JD, Rogers TB. Regulating the regulator: NF-kB signaling in

heart. J Mol Cell Cardiol. 2006;41:580-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	IL-33-ST2 signaling in fibro-adipogenic progenitors alleviates immobilization-induced muscle atrophy in mice
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Mouse models
	Flow cytometry
	Isolation and culture of SCs and FAPs
	Total RNA sequencing
	Quantitative RT-PCR
	Cell staining
	Immunohistochemistry
	Statistical analysis

	Results
	Immobilization leads to an increase in the number of FAPs
	Expression of ST2 and IL-33 transcripts increases in FAPs after immobilization
	Administration of IL-33 suppresses immobilization-indued muscle atrophy in aged mice

	Discussion
	Conclusions
	Acknowledgements
	References


