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Background: During muscle regeneration, excessive formation of adipogenic and fibrogenic tissues, from their
respective fibro/adipogenic progenitors (FAPs), impairs functional recovery. Intrinsic mechanisms controlling
the proliferation and differentiation of FAPs remain largely unexplored.
Methods: Here, we investigated the role of retinoic acid (RA) signalling in regulating FAPs and the subsequent
effects on muscle restoration from a cardiotoxin-induced injury. Blockage of retinoic acid receptor (RAR) sig-
nalling was achieved through dominant negative retinoic acid receptor o (RARx403) expression specific in
PDGFRa+ FAPs in vivo and by BMS493 treatment in vitro. Effects of RAR-signalling on FAP cellularity and mus-
cle regeneration were also investigated in a high-fat diet-induced obese mice model.
Findings: Supplementation of RA increased the proliferation of FAPs during the early stages of regeneration
while suppressing FAP differentiation and promoting apoptosis during the remodelling stage. Loss of RAR-
signalling caused ectopic adipogenic differentiation of FAPs and impaired muscle regeneration. Furthermore,
obesity disrupted the cellular transition of FAPs and attenuated muscle regeneration. Supplementation of RA
to obese mice not only rescued impaired muscle fibre regeneration, but also inhibited infiltration of fat and
fibrotic tissues during muscle repair. These beneficial effects were abolished after blocking RAR-signalling in
FAPs of obese mice.
Interpretation: These data suggest that RAR-signalling in FAPs is a critical therapeutic target for suppressing
differentiation of FAPs and facilitating the regeneration of muscle and other tissues.
Funding: This study was supported by grants from the National Institutes of Health (R01-HD067449 and R21-
AG049976) to M.D.
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Introduction

As a tissue with high plasticity, adult skeletal muscle maintains an
impressive capacity to regenerate after injury. Muscle regeneration is
a well-coordinated process which involves multiple types of cells [3].
Satellite cells (SCs) have garnered most attentions because they are

As the largest organ, skeletal muscle exerts multiple functions in
organisms, including motility support, and the regulation of basal
energy metabolism [1]. Fatty infiltration and fibrosis of skeletal mus-
cle due to degenerative diseases, sarcopenia or incomplete regenera-
tion from injuries progressively impair its physical and metabolic
functions [2]. In an attempt to better understand preventative meth-
ods of such conditions, intensive research has been done on myo-
genic and non-myogenic progenitors involved in pathological muscle
degeneration and regeneration.

* Corresponding author: Min Du, Ph.D., Department of Animal Sciences, Washing-
ton State University, Pullman, WA 99164, USA
E-mail address: min.du@wsu.edu (M. Du).

https://doi.org/10.1016/j.ebiom.2020.103020

directly responsible for repair of damaged myofibers and the forma-
tion of new myofibers [4,5]. Myogenic functions of SCs are regulated
by a group of non-myogenic cells in the local milieu including
immune cells, vascular cells, and mesenchymal stem cells [3,6,7].
Paracrine signals originating from these non-myogenic cells orches-
trate expansion and differentiation of SCs, and hence the progress of
muscle repair. amongst these supportive non-myogenic cells, mesen-
chymal fibro/adipogenic progenitors (FAPs) reside in the interstitial
space between myofibers and have been recognized as critical media-
tors for myogenic differentiation of SCs [8—11].

FAPs are a group of progenitor cells expressing cell surface
markers, stem cell antigen-1 (Sca-1) and platelet-derived growth
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Research in context

Evidence before this study

Intramuscular fibro/adipogenic progenitors (FAPs) are generally
quiescent but undergo rapid activation under pathophysiologi-
cal conditions such as muscle injury in order to facilitate muscle
regeneration. However, failure of apoptosis at the late stage of
regeneration leads to fibrotic or adipogenic infiltration. Intrinsic
mechanisms regulating the cellular states of FAPs remain
largely undefined.

Added value of this study

Our findings delineate the importance of retinoic acid (RA) sig-
nalling in regulating cellular states of FAPs and muscle regener-
ation after injury. Blockage of RAR-signalling in FAPs leads to
ectopic infiltration of adipocytes and impaired muscle fibre
regeneration. RA treatment promotes cellular proliferation, but
inhibits the adipogenic and fibrogenic differentiation of FAPs.
Furthermore, RA-signalling in the skeletal muscle of obese mice
is down-regulated while dynamic changes of FAPs during mus-
cle regeneration are also impaired. Supplementation of RA to
obese mice not only rescues impaired muscle fibre regeneration
but also inhibits fatty and fibrotic infiltration through promot-
ing the proliferation of FAPs at the early stage and increasing
their apoptosis at the remodelling stage.

Implications of all the available evidence

RA-signalling mediators in FAPs represent novel therapeutic
targets to inhibit the pathological infiltration of fatty and
fibrotic tissues of skeletal muscle. Such complications are asso-
ciated with various conditions including, but not limit to, mus-
cular dystrophy, sarcopenia, and muscle degeneration due to
obesity and diabetic conditions. In addition, because adipogen-
esis and fibrosis are not limited to muscle tissue, our data have
wide clinical applications.

factor receptor alpha (PDGFRw) [8,9,12]. While FAPs are largely quies-
cent under physiological conditions, acute injury rapidly stimulates
their massive expansion, reaching a maximum number within
3—4 days post-injury [8,11]. Trophic factors such as IGF1, IL6, Wnt1,
Wnt3A and Wnt5A, released from FAPs, provide a transient and stim-
ulatory environment for the activation and differentiation of SCs
[8,13]. However, during the remodelling stage of muscle regenera-
tion, these massive FAPs need to be cleared timely from the regener-
ated areas; unsuccessful FAP clearance impels their differentiation
into fibroblasts and adipocytes, resulting in muscle fibrosis and
degeneration [11,14]. In addition to acute injuries, dysregulated FAPs
are also involved in the aetiological changes of genetic or non-genetic
muscular diseases such as Duchenne muscular dystrophy (DMD),
neurogenic atrophy and sarcopenia, leading to muscle fibre loss and
intramuscular infiltration of fatty or fibrotic tissues [15—17]. Despite
known roles of FAPs in muscle regeneration and degeneration, intrin-
sic mechanisms controlling their dynamic changes during muscle
repair and their fate decision during remodelling remain poorly char-
acterized [10,11,18].

The beneficial effects of retinoic acid (RA) signalling on tissue
regeneration has been reported in both cardiac and skeletal muscle
[19—21]. However, the regulatory role of RA-signalling on the cellular
states of FAPs has not been reported. As dynamic changes of FAPs are
critical for proper muscle regeneration, exploration of the intrinsic
mechanisms controlling their cellularity provides opportunities to
optimize muscle regeneration process. In this study, we explored the

role of retinoic acid receptor (RAR) signalling on cellular states of
FAPs and consequent impacts on muscle restoration. Obesity induces
multiple adverse changes in skeletal muscle, including metabolic dys-
function, chronic inflammation, and insulin resistance. This disrupts
the homoeostasis of the local tissue microenvironment, leading to
attenuated myofiber regeneration in addition to increased lipid and
collagen accumulation in regenerated skeletal muscle [22-26]. The
contribution of FAPs to obesity-induced regenerative dysfunction has
not been examined and possible solutions remain elusive. Therefore,
we explored pathological changes of FAPs during impaired regenera-
tion due to obesity and its rescue by RAR activation in FAPs. We found
that RAR activation promotes FAP proliferation during the initial
stage of muscle regeneration but inhibits their adipogenic and fibro-
genic differentiation during the remodelling stage, thus facilitating
muscle regeneration. These discoveries have board implications con-
sidering that ectopic fatty infiltration and fibrosis are major aetiologi-
cal factors for a variety of pathological changes and diseases.

Methods
Mice

Tg(Pdgfra-Cre/ERT)467Dbe (Pdgfra-Cre; RRID: IMSR_JAX:018,280)
mice were purchased from the Jackson Laboratory (Bar harbour,
Maine). ROSA26-RARa403 dominant-negative mice were kindly pro-
vided by Dr. Cathy Mendelsohn [27]. These two strains were cross-
bred at Washington State University to generate Pdgfra-Cre RARa403
(RARaDN) mice. Littermates lacking the cre allele served as the wide
type (WT) group. To verify Cre-dependant recombination, Pdgfra-Cre
mice were crossbred with Gt(ROSA)26Sortm4(ACTB-tdTomato-EGFP)Luo
(ROSA™/MC Jackson Laboratory, RRID: IMSR_JAX:007,676) mice to
generate Pdgfro-Cre ROSA™/™C mice. All animal studies were con-
ducted in AAALAC-approved facilities and approved by the Institu-
tional Animal Use and Care Committee (IACUC) at Washington State
University (Permit No. 06,300).

Lean male mice were fed with a normal fat diet (ND, 10% energy
from fat, D12450, Research Diets, New Brunswick, NJ) while obesity
was induced by feeding male mice for 12 weeks of a high-fat diet
(HFD; 60% energy from fat, D12492; Research Diets) starting at 10
weeks of age. To induce transgenic gene recombination, all mice
were intraperitoneally injected with 75 mg/kg tamoxifen (Sigma
#T5648) for three days. Two days later, 10 mg/ml of all trans-retinoic
acid (RA, Sigma #R2625) dissolved in corn oil or corn oil only was
injected subcutaneously above the Tibialis anterior (TA) muscle of
mice (10 mg/kg body weight) once every other day for 4 days before
inducing injury. TA muscle injury was induced by intramuscular
injection of 50 uL of 10 mol/L cardiotoxin (CTX, Sigma #217,503).
The experimental sample size was determined by previous studies in
our lab [26]. Three mice at a similar age were randomly selected and
assigned to each treatment. A total of 72 mice were used for the
regeneration studies. Samples were collected at different days post-
injury (dpi) to evaluate the regenerating progress.

Muscle histology

TA muscle was fixed in 4% paraformaldehyde (PFA) and cryopre-
served with 30% sucrose before being frozen in isopentane pre-
cooled in liquid nitrogen with an embedding OCT compound (Fisher
Scientific #23,730,571). Sections were stained for H&E or Masson tri-
chrome staining, and imaging was performed with an EVOS micro-
scope (Advanced Microscopy Group, Bothell, WA, USA) [28]. For
immunofluorescence staining, sections were heated in citrate buffer
for 20 min and blocked with 1% BSA in TBS containing 0.3% Triton X-
100 for 2 h. Slides were incubated overnight at 4 °C with the follow-
ing primary antibodies: anti-PERILIPIN (Cell Signalling #9349,
RRID: AB_10,829,911); anti-COL1« (Santa Cruz #59,772, RRID:
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AB_1121,787); anti-PDGFRa (R&D Systems #AF1062; RRID:
AB_2236,897); anti-cleaved CASPASE 3 (Cell Signalling #9664, RRID:
AB_2070,042). Corresponding fluorescent secondary antibodies were
applied for 1 h. Nuclei were stained with DAPI in mounting medium
(Vector Laboratories #H-1500). Immunofluorescence was imaged
using a fluorescence microscope (EVOS FL, Life Technologies). Image ]
software (NIH) was used to assess size distribution of regenerated
myofibers in H&E staining, collagen deposition in Masson trichrome
staining, and the ratio of PERILIPIN+ and COL1«+ areas in regenerated
TA muscle by fluorescence staining. The percentage of interstitial
space was calculated by the percentage of areas absent of muscle
fibres in each view. FAP cell numbers were calculated by counting
the number of PDGFRa+ cells with nuclei identified by DAPI staining
per field. Four representative sections from each muscle sample of
different mice from each group were used for measurements.

Primary cell isolation and purification

Isolation of FAPs was conducted using magnetic activated cell
sorting (MACS) following previous reports [10,29]. Briefly, finely
minced TA muscles were digested in 800 U/ml Collagenase Il (Gibco
#17,101,015) in Dulbecco modified Eagle medium (DMEM
#10,313-021) media for 1 hour at 37 °C. After washing, additional
digestion was performed in 100 U/ml Collagenase Il and 1.1 U/ml Dis-
pase Il (Gibco #17,105,041) for 30 min. Muscle slurries were then fil-
tered through a 40 um cell strainer and pelleted at 400 x g. Re-
suspended cell samples were incubated with anti-CD16/32 antibody
(BioLegend # 101,302, RRID:AB_312,801) for 5 min to block Fc recep-
tors. For magnetic isolation, cells were incubated with biotinylated
antibodies against anti-CD31 (Biolegend #102,404, RRID:
AB_312,899), anti-CD45 (BioLegend #109,804, RRID: AB_313,441),
and anti-a7 integrin (Miltenyi Biotec #A130-501-979) followed by
incubation with anti-biotin microbeads (Miltenyi Biotec
#120-000-900). Cells were loaded on LD columns (Miltenyi Biotec
#130-042-901). The flow through fraction was collected and incu-
bated with an anti-Scal-PE antibody (Biolegend #108,108, RRID:
AB_313,345) followed by anti-PE microbeads (Miltenyi Biotec
#130-048-801).

Cell culture

Fresh isolated FAPs (PO) were plated at a density of 1 x 10* cm? in
growth media containing DMEM, which was supplemented with 20%
heat-inactivated foetal bovine serum (FBS, Gibco #10,439,001), 1%
penicillin-streptomycin (Sigma #P0781) plus 2.5 ng/ml of bFGF (Invi-
trogen #PHGO0021). After reaching about 80% confluence, cells were
detached (P1) and distributed for subsequent treatments. For adipo-
genic induction, confluenced FAPs were firstly exposed to adipogenic
differentiation medium consisting of DMEM with 20% FBS, 1 pg/mL
insulin (Sigma #I3536), 0.5 mM of 3-isobutyl-1-methylxanthine
(IBMX, Sigma # [5878), and 1 mM dexamethasone (DEX, Sigma
#D4902). Three days later, cells were switched to an adipogenic
maintenance medium containing DMEM with 10% FBS and 1 pg/ml
insulin for 3 additional days. For fibrotic induction, FAPs were treated
with fibrotic induction media consisting of DMEM media with 2% FBS
and 2 ng/ml of transforming growth factor b 1 (TGFb1) (PeproTech
#100-21) for 5 days. For spontaneous differentiation, FAPs were cul-
tured in growth media for 13 days for adipogenic evaluation or
7 days for fibrotic evaluation. Stocks of RA and BMS493 (Tocris Biosci-
ence #3509) were dissolved in DMSO and diluted by corresponding
culture media. To assess FAP proliferation, vehicle only (CON), 1 uM
RA, 1 uM BMS493 and combined 1 ©M RA with 1 ©M BMS493 were
added to the growth media of FAPs. Samples were collected one day
after treatments and used for immunofluorescence analysis of PCNA.

Oil red staining

As previously described, differentiated cells were fixed in 4% PFA
for 30 min, rinsed with distilled water and 60% isopropanol, and then
stained with OQil-Red O (Sigma #00625) in 60% isopropanol for
10 min [26]. Free dye was removed by washes with distilled water.
The percentage of Oil Red O occupied area was quantified and nor-
malized to the control group.

Immunocytochemical staining

Cells were fixed in 4% PFA for 20 min, permeabilized with 0.1% Tri-
ton X-100 for 5 min, blocked with 2% BSA, and incubated with pri-
mary antibodies including PERILIPIN (Cell Signalling #9349, RRID:
AB_10,829,911) or COL1« (Santa Cruz #59,772, RRID: AB_1121,787)
at 4 °C overnight. Alternatively, cells were fixed in cold methanol for
10 min for staining of PCNA (Santa Cruz #25,280, RRID: AB_628,109).
Cells were then stained with corresponding secondary antibodies for
1 h. Nuclei were stained with DAPI in mounting medium (Vector Lab-
oratories, Burlingame, CA). Images were taken using a fluorescence
microscope (EVOS FL, Life Technologies).

Quantitative real-time pcr analyses

Total RNA was isolated using TRIzol reagent (Sigma #T9424). The
cDNA templates were obtained from 500 ng of purified RNA using
iScriptTM cDNA Synthesis kit (Bio-Rad #1708,891). The CFX RT-PCR
detection system (Bio-Rad) with a SYBR Green RT-PCR kit (Bio-Rad
#1725,274) was used to run qRT-PCR [28]. B-Actin (for tissue) or
Gapdh (for cell) were used as reference genes to normalize mRNA
expression levels. Data were analysed using 2-AACt method [30].
Primer sequences are listed in Table S1. In addition, the cDNA of
RARa403 was amplified to verify its specific transcription in PDGFRa-
Cre expressing FAPs using the following primer: Forward 5'-
GCGCTCTGACCACTCTCCAGC-3’; Reverse 5-TGCTTGGCGAACTCCA-
CAGTCTTA-3' [31].

Immunoblotting analysis

As previously described, immunoblotting analyses were per-
formed using the Odyssey Infrared Image System (LICOR Biosciences,
Lincoln, NE, USA) [32]. The anti-DESMIN (Abcam #15,200, RRID:
AB_301,744) and anti-B-ACTIN (Cell signalling, #4967, RRID:
AB_330,288) were used as the primary antibodies. The secondary
antibodies, IRDye 800CW goat anti-rabbit (#926—32,211, RRID:
AB_621,843) and IRDye 680RD goat anti-mouse (#926—-68,070, RRID
AB_10,956,588), were purchased from LI-COR Biosciences (Lincoln,
NE, USA). Quantification of DESMIN expression was normalized
according to the expression of S-ACTIN.

Statistics

Three biological replicates were used for animal and cell culture
experiments unless specifically indicated. All data were analysed
with GraphPad Prism (version 7) and represented as means + SEM.
All data were found to be normally distributed. For comparison
between multiple groups, a one-way ANOVA followed by a Dunnett’s
multiple comparison were used. For comparison involving both
genotype and treatment, a two-way ANOVA followed by Tukey’s
multiple comparison was used. # shows significant interaction
between two factors while & and $ show significant difference
between genotypes (WT and RARaDN) and treatments (CON and
RA), irrespectively. *<0.05 and **<0.01 show significant difference
between two groups.
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Role of funding source

The funding sources were not involved in study design, data col-
lection, data analyses, interpretation, or writing of the report.

Results

Loss of retinoic acid signalling in FAPs impairs skeletal muscle
regeneration

Blockage of RA-signalling in FAPs was achieved through dominant
negative expression of a truncated RARx (RARa403) specifically in
PDGFRa-expressing cells (RAReDN mice, Fig. 1a). This mutant recep-
tor binds with RA but does not induce downstream signalling
[27,33]. Cre-dependant recombination was verified using Pdgfro-Cre
ROSA™T/MS double fluorescent reporter mice (Fig. S1a). Without Cre
expression, cell membrane-localized tdTomato (mT) fluorescence
was widely expressed in all cells of the skeletal muscle (Fig. S1b).
After tamoxifen-induced recombination, EGFP fluorescence (mG)
replaced the expression of tdTomato in cells located in the interstitial
space between myofibers, which is consistent with the location of
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FAPs. To confirm the specific transcription of RARx403 in FAPs,
freshly isolated FAPs and any remaining cells (Non-FAPs) from the TA
muscle of WT and RAR«eDN mice were used for RT-PCR analysis (Fig.
S1c). While RARx403 was detected in FAPs isolated from RARwDN
mice, it was hardly detectable in other types of cells including
remaining cells (Non-FAPs) from RARa¢DN and WT mice. Further-
more, the expression of RA-responsive genes including Crbpl,
Cyp26al, Rara, Rarf, and Rary were decreased only in FAPs from
RARaDN mice (Fig. S1d). Overall, these data verified that RA-signal-
ling was specifically suppressed in FAPs of RARa¢DN mice.

Loss of RA-signalling in FAPs resulted in lower muscle weight fac-
tored for tibia length in RARa¢DN groups compared to WT groups at
both 7 and 14 days-post injury (dpi; Fig. 1b). At 14 dpi, H&E staining
showed well-restored muscle structure in both WT+CON and WT+RA
groups (Fig. 1c), while substantial interstitial space between myofib-
ers (areas absent of myofibers) was observed in the RAReDN+CON
group compared to the WT+CON group (Fig. S2a). Significant interac-
tions between genotypes and treatments (p<0.05, two-way ANOVA)
on the percentage of interstitial space suggest important roles of RA-
signalling in FAPs for the formation of non-myogenic areas in regen-
erated muscle. In addition, regenerated myofibers in RAReDN groups
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Fig. 1. Loss of retinoic acid (RA) signalling in FAPs impairs skeletal muscle regeneration. (a) A schematic showing dominant negative retinoic acid receptor o (RARx403) expres-
sion was conditionally induced in PDGFRa-expressing FAPs after administration of tamoxifen and those mice are referred as RAR¢DN mice. (b) Weight of the Tibialis anterior (TA)
muscle after normalized to tibia length at different days post-injury (dpi). (c) H & E staining of regenerated TA muscle and the distribution of cross-sectional areas of regenerated
myofibers (fibres with central nuclei) between them. Bars, 200 pm. (d) Immunoblotting of DESMIN protein in the regenerated TA muscle at 14 dpi and quantification of its relative
abundance after normalized to the expression of S-ACTIN. (e) Relative mRNA expression of myogenic genes including Pax7, Myf5, Myod and Myogenin at 7 dpi. (f) Relative mRNA
expression of trophic factors for myogenic cells including Igf1, 116, Wnt1, Wnt3« and Wnt5« at 3 dpi. Results represent the means & SEM of three mice per group at each time point.
Statistics were analysed using a two-way ANOVA followed by Tukey’s multiple comparison. # shows significant interaction (p<0.05) between two factors while & and $ show signif-
icant difference (p<0.05) between genotypes (WT and RARaDN) and treatments (CON and RA), irrespectively. *<0.05 and **<0.01 show significant difference between two groups.
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were smaller, as shown by higher percentages of fibres between
0-250 and 250-750 pum? at 7 dpi, and between 250—750 and
750—1250 um? at 14 dpi (Fig. S2b and Fig. 1c). RA treatment
increased myofiber sizes regardless of genotypes. However, no signif-
icant interactions (p>0.05, two-way ANOVA) were found between
genotypes and treatments, suggesting FAPs-independent roles of RA
treatment in myofiber regeneration. Impaired myofiber regeneration
in the RARaDN groups was also confirmed by a decreased abundance
of DESMIN in regenerated skeletal muscle at 14 dpi compared to WT
groups (Fig. 1d). In addition, we also evaluated the number of SCs in
the skeletal muscle following RA injection but before inducing injury
(Fig. S2¢). Two days after the last RA injection, SC density was higher
in the RA-treated groups compared to the groups without RA treat-
ment. The direct stimulation on SC proliferation due to RA could par-
tially explain the increased size of the regenerating myofibers after
RA supplementation in both groups (Fig. 1c, Fig. S2b, Fig. S2c).

We further evaluated the expression of myogenic markers at ear-
lier stages after injury (Fig. S2d). RA treatment increased Pax7 and
Myod expression at 3 dpi and Myod and Myogenin expression at 7 dpi
of WT mice while this increasement was interrupted by the RA-sig-
nalling blockage in FAPs (Fig. 1e and Fig. S2d). On the other hand, loss
of RA-signalling in FAPs down-regulated Myod expression at 3 dpi
and Pax7 and Myf5 expression at 7 dpi compared to WT groups. In
addition, RA treatment also up-regulated gene expression of trophic
factors including Igf1, Wnt3a and Wnt5« of WT mice at 3 dpi, while
RA-induced expression of Wnt3w and Wnt5« was blocked in
RARaDN+RA groups (Fig. 1f). These data showed that RA-signalling
in FAPs is needed for mediating myogenesis at the early stage of
regeneration. In summary, loss of RA-signalling in FAPs impairs myo-
genesis during the initial stage of muscle regeneration, thus impair-
ing muscle fibre regeneration.

Retinoic acid signalling suppresses adipogenic differentiation of
FAPs

To further characterize fat infiltration in RAReDN and RARaDN
+RA groups shown by H&E staining (Fig. 1c), the presence of adipo-
cytes was further confirmed by PERILIPIN expression (Fig. 2a and Fig.
S2e). Loss of RA-signalling in FAPs caused ectopic adipocyte forma-
tion at both 7 and 14 dpi, which was not prevented due to RA treat-
ment of RAReDN mice. Consistently, loss of RA-signalling in FAPs
induced higher expression of adipogenic markers including Fabp4, C-
ebpa, and Ppary at 7 dpi, which was not observed in the presence of
RAR-signalling (Fig. 2b). Because CTX-induced injury does not induce
adipocyte formation in WT lean mice, very few PERILIPIN-expressing
adipocytes were detected in WT groups in this study and supplemen-
tation of RA did not further decrease that (Fig. 2a and Fig. S2e) [34].
As a result, no interactions on adipogenesis were found between gen-
otypes and treatments.

To validate the effects of RA-signalling on the adipogenic differen-
tiation of FAPs, we isolated FAPs from the lower limb muscle of WT
mice. After adipogenic induction by culturing FAPs in adipogenic
medium which drives adipogenic differentiation, large areas of lipid
droplets were detected in FAPs without RA treatment, which was
dose-dependently inhibited by RA (Fig. 2c). Both 1 and 10 uM RA
dramatically suppressed fat formation, and 1 ©M RA was chosen for
further studies. BMS493, an antagonist of the pan-RARs, was used to
inhibit RA-signalling in isolated WT FAPs. Addition of RA to the adi-
pogenic media reduced fat formation compared to the CON group,
however, inhibition of RA-signalling by BMS493 did not affect adipo-
cyte formation (Fig. 2d). As large areas of adipocytes were found in
the CON group in which FAPs might reach their maximal adipogenic
potential driven by the adipogenic medium, BMS493 did not further
increase adipogenesis. Combined treatment of RA and BMS493,
which neutralizes RAR, blocked the inhibitory role of RA on adipocyte
formation. Consistently, expression of adipogenic genes including C-

ebpa, Ppary and Fabp4 were reduced in the RA-treated group com-
pared to the CON group, while their expression was reversed in the
BMS493+RA group (Fig. 2e). In addition, we investigated spontaneous
adipogenic differentiation of FAPs in growth media for 13 days
(Fig. 2f). Without adipogenic stimulation, adipogenic differentiation
of FAPs is spontaneous. Consistently, RA treatment reduced areas of
PERILIPIN-expressing adipocytes compared to the CON group. More-
over, blockage of RAR-signalling in FAPs promoted formation of PER-
ILIPIN-expressing adipocytes, which was blocked in BMS493+RA
group. Meanwhile, RA treatment inhibited, while BMS493 treatment
promoted, expression of adipogenic genes including C-ebpa, Ppary
and Fabp4 compared to the CON group during spontaneous differen-
tiation (Fig. 2g). Therefore, adipogenesis of FAPs is inhibited by RA-
signalling in FAPs.

Retinoic acid supplementation inhibits fibrogenic differentiation
of FAPs

The effects of RA-signalling on fibrotic tissue formation in regen-
erated skeletal muscle were studied by immunofluorescence staining
of COL1w at 14 dpi (Fig. 3a). Supplementation of RA reduced COL1ae+
areas in regenerated muscle regardless of genotypes. Decreased
fibrogenic gene expression of Colloe and Col3« was also found at 7
dpi in RA-treated groups (Fig. 3b). No interactions between the treat-
ment and genotype were found on COL1a+ areas and fibrotic gene
expression (Fig. 3a and Fig. 3b). These results suggest that the
observed fibrosis reduction caused by the RA treatment was indepen-
dent of RA-signalling in FAPs. Interestingly, blockage of RA-signalling
in FAPs decreased fibrotic tissue accumulation in RARxDN groups at
14 dpi, which was consistent with down-regulated gene expression
of a-Sma, Colla and Col3w at 7 dpi compared to WT groups (Fig. 3a
and Fig. 3b).

Effects of RA-signalling on fibrotic differentiation of FAPs were
also investigated in vitro. After culturing FAPs in a fibrotic-induction
medium with TGFb1, the percentage of COL1a positive FAPs was
lower in RA treatment group with decreased gene expression of
Colla and Col3c, while no difference was found in the BMS493 treat-
ment group compared with the CON group (Fig. 3c and d). These data
showed that the loss of RA-signalling does not change fibrotic differ-
entiation of FAPs under a fibrogenic environment. When FAPs were
cultured in growth media without fibrogenic induction and differen-
tiated spontaneously, treatment with RA reduced the percentage of
COL1w-expressing FAPs (Fig. 3e). Surprisingly, inhibition of RA-sig-
nalling also reduced COL1« expression, which should be due to a shift
from fibrogenesis to adipogenesis of FAPs in the absence of RA-sig-
nalling (Fig. 2f). Treatment of RA and BMS493 to FAPs at the same
time, which neutralized RA-signalling, did not affect the spontaneous
differentiation of FAPs compared to CON group. Gene expression of
Collee and Col3w also showed consistent changes (Fig. 3f). Overall,
these data suggest that supplementation of RA inhibits the fibrogenic
differentiation of FAPs both in vivo and in vitro while blockage of RA-
signalling in FAPs shifts their differentiation to adipogenic, rather
than fibrogenic.

To elucidate regulatory mechanisms of RA-signalling on FAP cellu-
larity, we evaluated associated gene expression. Alternative process-
ing of the Pdgfra transcripts were reported to regulate adipogenic or
fibrogenic fate decision of FAPs, with an increased ratio of intronic
variant of Pdgfra (Pdgfra In) to full length of Pdgfro (Pdgfrac FL) associ-
ated with decreased fibrogenic potential [9]. A gradually increased
ratio of Pdgfra In/Pdgfrac FL was found when BMS493 was added to
the growth media of FAPs in vitro, however, RA supplementation did
not change this ratio (Fig. 4a). Therefore, alternative processing of the
Pdgfra transcripts might not be involved in the RA-induced inhibition
on FAP differentiation. Thus, we further investigated the expression
of preadipocyte genes including Pref1, Sox9 and KIf2, which are direct
targets of RAR (Fig. 4b). Their expression was increased in the RA
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group while decreased in the BMS493 group. Increased preadipocyte
gene expression in adipogenic progenitors is associated with inhib-
ited adipogenic differentiation [35]. In summary, RA-signalling inhib-
its the adipogenic differentiation of FAPs.

Retinoic acid regulates cellularity of FAPs

To elucidate the mechanism of RA-signalling in FAPs-induced
changes during muscle regeneration, the chronological changes of
FAPs during this process were investigated. Supplementation of RA
to WT mice increased the proliferation of FAPs at 3 dpi while

blockage of RA-signalling reduced their proliferation in the RARDN
+CON group compared to the WT+CON group (Fig. S2f and Fig. 4c).
Significant interaction (p<0.01, two-way ANOVA) between geno-
types and treatments was found on the proliferation of FAPs at 3 dpi,
suggesting important roles of RA-signalling in FAPs for muscle regen-
eration. In addition, the percentage of PCNA+ FAPs was also increased
in the RA-treated group and reduced in the BMS493-treated group
while treatment of RA and BMS493 simultaneously diminished RA-
induced proliferation (Fig. 4d). Though increased proliferation of
FAPs at an early stage is beneficial for myogenesis, failed clearance of
FAPs at a later stage leads to excessive adipogenesis or fibrosis. A
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higher number of FAPs remained in regenerated skeletal muscle of
RARaDN groups at both 7 and 14 dpi compared to WT groups (Fig.
S2f and Fig. 4c). Also, loss of RA-signalling in RAR«DN groups reduced
the proportion of cleaved CASPASE3+ (cCAS3+) FAPs compared to WT
groups at 7 dpi (p<0.01), regardless of RA treatment (Fig. 4e). No
interaction between genotypes and treatments was found on
the number of FAPs at 7 and 14dpi, and the number of cCAS3+ FAPs
at 7 dpi, suggesting the involvement of other types of cells in the reg-
ulation of FAP apoptosis. In summary, loss of RA-signalling impairs
the proliferation of FAPs at an early stage while reducing their
apoptosis at the remodelling stage, resulting in impaired muscle
regeneration.

Supplementation of ra rescues skeletal muscle regeneration
impaired due to obesity

Chronic inflammation is associated with declined RA-signalling in
tissues while modest decreases in endogenous RA levels are reported
to enhance adipogenic differentiation [36—39]. Since obesity is also
characterized with an increased inflammatory response, we further
explored the expression of RA signals in the skeletal muscle of obese
mice and the effects of RA-signalling in FAPs for muscle regeneration.
We firstly compared the expression of RA-signalling responsive
genes in lean and high-fat-diet induced obese mice (Fig. S3a). While
the expression of RarB, Rxry and Aldhla1 was up-regulated in obese
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mice, expression of Rary, Aldh1a2, and Cyp26b1 was down-regulated.
We also analysed the expression of Crabpl, Crabp2 and Cyp26al,
which was hardly detectable. Consistently, as a feedback mechanism,
the attenuation of RA signals increases the expression of RA-synthe-
sizing enzymes (retinaldehyde dehydrogenases, ALDH1As) while
decreases expression of RA-catabolizing enzymes (CYP26A1 and
CYP26B1) [40—-42]. Therefore, our finding suggest overall declined
RA-signalling in the skeletal muscle of obese mice.

Regeneration of skeletal muscle in obese mice is characterized
with excessive fat and fibrotic infiltration [24,25]. To investigate the
effects of RA-signalling in FAPs for muscle regeneration in obese
mice, we treated HFD-induced obese WT and RAReDN mice with/
without RA and compared their regeneration process. The HFD treat-
ment induced body weight gain along with elevated fasting glucose,
insulin, and HOMA-IR (Fig. 5a and Fig. S3b). Following CTX-induced
injury, no difference in TA muscle weight factored to Tibia length was
found between lean and obese mice (Fig. 5b). Regenerated TA muscle
weight was higher in WT+HFD+RA group than in the RAReDN+HFD
+RA group at both 7 and 14 dpi. Obesity impairs muscle regeneration
as shown in H&E staining with more interstitial areas compared to
the lean mice at both 7 and 14 dpi (Fig. 5¢). Supplementation of RA
reduced interstitial spaces in the regenerated TA muscle of WT obese
mice, but not in obese mice without RA-signalling in FAPs. The size
distribution of regenerated myofibers in WT obese group decreased
compared to CON mice (Fig. S3c and Fig. 5¢). Supplementation of RA
reversed those changes; however, these beneficial effects were

blocked in obese mice with RA-signalling blockage in FAPs. In addi-
tion, the HFD-treatment reduced expression of myogenic genes
including Pax7, Myf5 and Myod at 3 dpi, and Myod and Myogenin at 7
dpi, which was largely rescued by RA supplementation to WT obese
mice but not to RARxDN obese mice (Fig. 5d and Fig. S3d). Decreased
expression of Igf1 and Wnt3a was also found in obese mice compared
to lean mice (Fig. 5e). While supplementation of RA rescued
decreased Igf1, Wnt3« and Wnt5« expression in obese mice at 3 dpi,
this beneficial effect was blocked in the absence of RA-signalling in
FAPs of obese mice. Therefore, supplementation of RA rescues muscle
regeneration impaired due to obesity through stimulating RA-signal-
ling in FAPs.

Supplementation of ra inhibits both adipogenesis and
fibrogenesis in regenerated skeletal muscle of obese mice

Obesity increased areas of PERILIPIN-expressing adipocytes in
regenerated skeletal muscle compared to lean mice at both 7 and 14
dpi, which was inhibited by RA treatment (Fig. 6a and Fig. S3e). Block-
age of RA-signalling in FAPs abolished the inhibitory effects of RA on
adipogenesis in obese mice. Consistently, expression of adipogenic
genes including C-ebpa and Ppary at 7 dpi was increased in obese
mice compared to lean mice (Fig. 6b). Supplementation of RA inhib-
ited adipogenic gene expression in WT obese mice but not in obese
mice without RA-signalling in FAPs. In addition, Masson trichrome
staining showed increased fibrotic tissue accumulation in
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regenerated skeletal muscle of obese mice at 14 dpi, which was
inhibited by RA treatment (Fig. 6¢). Blockage of RA-signalling in FAPs
of obese mice further decreased fibrotic tissue accumulation com-
pared to the other groups, explained by their enhanced fatty infiltra-
tion (Fig. 6a). Obesity also increased the expression of fibrotic genes
including Tcf4, a-Sma, Collo and Col3« compared to lean mice at 7
dpi, while expression of Tcf4, Colla and Col3« was inhibited after RA
supplementation (Fig. 6d).

Dynamic changes of FAPs were tracked by immunofluorescent
staining of PDGFRa-expressing cells before and at different times
post-injury (Fig. 6e and Fig. S3f). The number of PDGFRa-positive
FAPs was significantly lower (p<0.01) in the skeletal muscle of obese
mice before injury and they failed to proliferate sufficiently at 3 dpi
compared to lean mice. Failed clearance of FAPs in the regenerated
muscle of obese mice was also found at 7 and 14 dpi with a higher
number of surviving FAPs (Fig. 6e and S3f). Supplementation of RA to
obese mice not only rescued impaired proliferation of FAPs at 3 dpi,
but also promoted their timely clearance in the regenerated muscle
at 7 and 14 dpi. Blockage of RA-signalling in FAPs of obese mice abol-
ished beneficial effects of RA on proliferation at 3 dpi and the clear-
ance of FAPs at 14 dpi. Consistently, the proportion of FAPs
undergoing apoptosis (cleaved CASPASE3+) was lower in regenerat-
ing muscle of obese mice at 7 dpi (Fig. 6f), but elevated due to RA sup-
plementation while loss of RA-signalling in FAPs abolished such
effects. In summary, obesity impairs skeletal muscle regeneration by
attenuating FAP proliferation at an early stage and timely clearance

at a later stage. RA supplementation rescues skeletal muscle regener-
ation impaired due to obesity through promoting FAP proliferation
during the initial stage and apoptosis of FAPs at a later stage of mus-
cle regeneration.

Discussion

Since FAPs were identified, the supportive functions of FAPs on
myogenesis during muscle regeneration have attracted considerable
attentions [8,12]. Trophic factors including IGF1, IL-6, Wnt1, Wnt3A
and Wnt5A released by FAPs promote proliferation and differentia-
tion of SCs, while the disruption of FAPs causes attenuated myogene-
sis and muscle loss under pathological conditions [8,43,44]. Our
study showed that RA-signalling in FAPs is indispensable for the pro-
liferation of FAPs at an early stage of regeneration along with the
expression of Wntl, Wnt3a and Wnt5«. One recent study also
showed that FAPs are the primary source of WNT ligands in skeletal
muscle, which is important for their pro-myogenic functions [13].
Meanwhile, impaired proliferation and release of trophic factors
were also found in obese FAPs, and supplementation of RA rescues
this disrupted function of FAPs. Noticeably, RA treatment significantly
increased the sizes of regenerated myofibers in obese mice where
regeneration process was inhibited. These data show that RA-signal-
ling in FAPs promotes myogenesis and muscle regeneration. In this
study, we focus on FAPs, yet we should also consider the direct role
of RA on other cell types such as satellite cells, which can also be
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affected by RA-supplementation [45,46]. Consistently, we found that
SC-proliferation was stimulated by RA injection before muscle injury,
which should also contribute to the improved muscle regeneration.
FAPs mostly maintain quiescence in vivo in healthy skeletal mus-
cle, but they spontaneously differentiate into adipocytes or fibro-
blasts when cultivated in vitro [8,12]. The differentiation of FAPs is
thus speculated to be tightly regulated by microenvironment in the

*<0.05 and **<0.01 show significant difference between two groups.

skeletal muscle. Altered microenvironment due to pathological con-
ditions induces ectopic adipogenic or fibrogenic differentiation of
FAPs [11,15,47]. In our study, we found adipogenesis of FAPs was
inhibited by RA-signalling both in vivo and in vitro. A recent study
found that RA directly induced the expression of preadipocyte genes
including Pref1, Sox9 and KIf2 in isolated preadipocytes from adipose
tissue, which suppressed adipogenesis [35]. Consistently, we also
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found that expression of preadipocyte genes was increased after
treating FAPs with RA, which maintains FAPs in a preadipocyte state
and restricts their differentiation. In short, RAR-signalling directly
inhibits adipogenic differentiation and promotes FAPs to maintain an
undifferentiated state.

Transitions of FAPs from proliferation, differentiation, and apo-
ptosis are well controlled by the dynamic niche in the skeletal
muscle after injury. Inflammatory cells such as eosinophils and
macrophage are recruited immediately after injury, to form a
transitional niche for the activation and proliferation of FAPs via
the release of cytokines such as IL-4 [10,48]. In absence of these
proliferative cytokines, FAPs fail to proliferate and undergo differ-
entiation [10]. Our in vitro cell culture data showed RA treatment
directly promoted the proliferation of FAPs and maintained FAPs
in a pre-differentiated state, which may further promote their
proliferation. After peaking at about 4 days post-injury, the num-
ber of FAPs starts to decrease, which is caused by increased TNFo
expression by pro-inflammatory cells [11]. Local inflammation
induces TGFf expression which prevents TNFa-induced apoptosis
and induces the fibrotic differentiation of FAPs [11]. In other
fibrosis models, differentiating myofibroblasts stimulated by TGFS
or other profibrotic signals acquire apoptosis resistance [49-51].
Our study showed that RA-supplementation maintained FAPs in
an undifferentiated state and prevented TGFB-induced differenti-
ation, which might increase their sensitivity to TNFa-induced
apoptosis. In addition, RA exhibits cell type-specific regulations
on apoptosis, promoting apoptosis in certain cells especially can-
cer cells while preventing apoptosis in others [52—55]. The proa-
poptotic regulation of RA is predominantly regulated by RAR and
its transporter, CRABP-II [56]. Therefore, the role for RA on the
proliferation of FAPs at the initial stage and their clearance at the
later stage of muscle regeneration may be regulated by maintain-
ing FAPs in an undifferentiated state.

Increased fat and fibrosis deposition were found in regenerated
skeletal muscle of obese mice, hallmarks of incomplete muscle regen-
eration [22,24,25]. Using reporter mice, RA-signalling was found in
large parts of the skeletal muscle tissue of mice and was activated
after muscle injury [19]. A recent study also identified the differential
expression of ALDH1As enzymes in specific cell populations in
human skeletal muscle, and their expression was also linked to the
disease of Duchenne muscular dystrophy [57]. Endogenous RA-sig-
nalling including RARy and Aldh1a2 are important for regeneration
in skeletal and cardiac muscle after injury [19,21]. Attenuated RA-sig-
nalling in the skeletal muscle of obese mice was also found in this
study and that might be responsible for the dysregulated prolifera-
tion, differentiation, and apoptosis of FAPs during regeneration. In
our study, treatment of RA not only promotes the proliferation of
FAPs but helps to clear FAPs timely after repair. Supplementation of
RA to obese mice reduced fat degeneration and fibrotic tissue accu-
mulation in regenerated skeletal muscle. Our data are consistent
with therapeutic effects of RA on fibrotic diseases in the liver, lungs
and kidneys [58].

In conclusion, RA-signalling maintains FAPs in an undifferenti-
ated state, and promotes their proliferation at the early stage and
apoptosis at the remodelling stage of muscle regeneration espe-
cially in obese mice. Supplementation of RA inhibits both adipo-
genic and fibrotic differentiation of FAPs, which are beneficial to
muscle regeneration impaired due to obesity. Since excessive
accumulation of intramuscular fat or fibrosis was also found in
various muscular diseases such as dystrophies, denervation, dia-
betes, and ageing-related sarcopenia, RA-signalling mediators in
FAPs are novel therapeutic targets to inhibit muscle loss and
improve muscle functions. Due to the wide existence of RA-sig-
nalling in various cells, and fatty infiltration and fibrosis as key
aetiological factors in the degeneration of tissues and organs, our
discovery has wide clinical implications.

Contributors

M. Du and L. Zhao designed and coordinated the whole study. L.
Zhao, ].S. Son, B. Wang, Q. Tian, Y. Chen, and X. Liu conducted experi-
mental works; L. Zhao and M. Du analysed the data, wrote, and edited
the manuscript. L. Zhao, M. Du, ].M. de Avila and M,]. Zhu discussed
and revised the manuscript. All authors read and approved the final
version of the manuscript.

Declarations of Competing Interests

The authors declare no conflict of interest.

Acknowledgments

We thank Dr. Cathy Mendelsohn for providing the ROSA26-
RAR403 mice. This study was supported by grants from the National
Institutes of Health (RO1-HD067449 and R21-AG049976) to M.D. We
also thank Mr. NOE A Gomez for revising and editing the manuscript
to provide grammatical coherence.

Supplementary materials

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.ebiom.2020.103020.

References

[1] Frontera WR, Ochala ]. Skeletal muscle: a brief review of structure and function.
Calcified Tissue Int 2015;96(3):183-95.

[2] Karalaki M, Fili S, Philippou A, Koutsilieris M. Muscle regeneration: cellular and
molecular events. In Vivo (Brooklyn) 2009;23(5):779-96.

[3] Wosczyna MN, Rando TA. A Muscle Stem Cell Support Group: coordinated Cellu-
lar Responses in Muscle Regeneration. Dev Cell 2018;46(2):135-43.

[4] Lepper C, Partridge TA, Fan C-M. An absolute requirement for Pax7-positive satel-
lite cells in acute injury-induced skeletal muscle regeneration. Development
2011;138(17):3639-46.

[5] Dumont NA, Wang YX, Rudnicki MA. Intrinsic and extrinsic mechanisms regulat-
ing satellite cell function. Development 2015;142(9):1572-81.

[6] Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon G. Satellite cells, con-
nective tissue fibroblasts and their interactions are crucial for muscle regenera-
tion. Development 2011;138(17):3625-37.

[7] Saini J, McPhee ]S, Al-Dabbagh S, Stewart CE, Al-Shanti N. Regenerative function
of immune system: modulation of muscle stem cells. Ageing Res Rev
2016;27:67-76.

[8] Joe AW, Yi L, Natarajan A, et al. Muscle injury activates resident fibro/adipogenic
progenitors that facilitate myogenesis. Nat Cell Biol 2010;12(2):153-63.

[9] Mueller AA, van Velthoven CT, Fukumoto KD, Cheung TH, Rando TA. Intronic pol-
yadenylation of PDGFR« in resident stem cells attenuates muscle fibrosis. Nature
2016;540(7632):276-9.

[10] Heredia Jose E, Mukundan L, Chen Francis M, et al. Type 2 Innate Signals Stimulate
Fibro/Adipogenic Progenitors to Facilitate Muscle Regeneration. Cell 2013;153
(2):376-88.

[11] Lemos DR, Babaeijandaghi F, Low M, et al. Nilotinib reduces muscle fibrosis in
chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic
progenitors. Nat Med 2015;21(7):786-94.

[12] Uezumi A, Fukada S-i, Yamamoto N, Takeda Si, Tsuchida K. Mesenchymal progen-
itors distinct from satellite cells contribute to ectopic fat cell formation in skeletal
muscle. Nat Cell Biol 2010;12(2):143-52.

[13] Reggio, Alessio, Marco Rosina, et al. Adipogenesis of skeletal muscle fibro/adipo-
genic progenitors is affected by the WNT5a/GSK3/B-catenin axis. Cell Death Dif-
fer2020: 1-21.

[14] Wosczyna MN, Biswas AA, Cogswell CA, Goldhamer DJ. Multipotent progenitors
resident in the skeletal muscle interstitium exhibit robust BMP—dependent oste-
ogenic activity and mediate heterotopic ossification. ] Bone Miner Res 2012;27
(5):1004-17.

[15] Cordani N, Pisa V, Pozzi L, Sciorati C, Clementi E. Nitric oxide controls fat deposi-
tion in dystrophic skeletal muscle by regulating fibro—adipogenic precursor dif-
ferentiation. Stem Cells 2014;32(4):874-85.

[16] Madaro L, Passafaro M, Sala D, et al. Denervation-activated STAT3-IL-6 signalling
in fibro-adipogenic progenitors promotes myofibres atrophy and fibrosis. Nat Cell
Biol 2018;20(8):917-27.

[17] Hogarth MW, Defour A, Lazarski C, et al. Fibroadipogenic progenitors are respon-
sible for muscle loss in limb girdle muscular dystrophy 2B. Nat Commun 2019;10
(1):2430.


https://doi.org/10.1016/j.ebiom.2020.103020
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0001
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0001
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0002
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0002
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0003
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0003
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0004
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0004
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0004
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0005
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0005
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0006
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0006
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0006
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0007
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0007
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0007
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0008
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0008
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0009
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0009
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0009
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0009
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0010
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0010
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0010
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0011
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0011
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0011
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0012
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0012
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0012
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0015
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0015
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0015
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0015
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0016
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0016
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0016
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0016
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0017
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0017
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0017

12 L. Zhao et al. / EBioMedicine 60 (2020) 103020

[18] Kang X, Yang M-y, Shi Y-x, et al. Interleukin-15 facilitates muscle regeneration
through modulation of fibro/adipogenic progenitors. ] Cell Commun Signal
2018;16(1):42.

[19] Di Rocco A, Uchibe K, Larmour C, et al. Selective Retinoic Acid Receptor y Agonists
Promote Repair of Injured Skeletal Muscle in Mouse. Am ] Pathol 2015;185
(9):2495-504.

[20] Lin S-C, Dollé P, Ryckebiisch L, et al. Endogenous retinoic acid regulates cardiac
progenitor differentiation. P Natl Acad Sci USA 2010;107(20):9234-9.

[21] Kikuchi K, Holdway JE, Major RJ, et al. Retinoic acid production by endocardium
and epicardium is an injury response essential for zebrafish heart regeneration.
Dev Cell 2011;20(3):397-404.

[22] Xu P, Werner J-U, Milerski S, et al. Diet-induced obesity affects muscle regenera-
tion after murine blunt muscle trauma—a broad spectrum analysis. Front Physiol
2018;9:674.

[23] D'Souza Donna M, Karin E, et al. Diet—induced obesity impairs muscle satellite
cell activation and muscle repair through alterations in hepatocyte growth factor
signaling. Physiol Rep 2015;3(8):e12506.

[24] Hu Z, Wang H, Lee IH, et al. PTEN inhibition improves muscle regeneration in
mice fed a high fat diet. Diabetes 2010;59(6):1312-20.

[25] Mogi M, Kohara K, Nakaoka H, et al. Diabetic mice exhibited a peculiar alteration
in body composition with exaggerated ectopic fat deposition after muscle injury
due to anomalous cell differentiation. ] Cachexia Sarcopeni 2016;7(2):213-24.

[26] Fu X, Zhu M, Zhang S, Foretz M, Viollet B, Du M. Obesity impairs skeletal muscle
regeneration via inhibition of AMP-activated protein kinase. Diabetes 2016;65
(1):188-200.

[27] Rosselot C, Spraggon L, Chia I, et al. Non-cell-autonomous retinoid signaling is
crucial for renal development. Development 2010;137(2):283-92.

[28] Zhao L, Zou T, Gomez NA, Wang B, Zhu M-], Du M. Raspberry alleviates obesity-
induced inflammation and insulin resistance in skeletal muscle through activa-
tion of AMP-activated protein kinase (AMPK) 1. Nutr Diabetes 2018;8(1):1-8.

[29] Kopinke D, Roberson EC, Reiter JF. Ciliary Hedgehog signaling restricts injury-
induced adipogenesis. Cell 2017;170(2) 340-51.e12.

[30] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2— AACT method. Methods 2001;25(4):402-8.

[31] Rajaii F, Bitzer ZT, Xu Q, Sockanathan S. Expression of the dominant negative reti-
noid receptor, RAR403, alters telencephalic progenitor proliferation, survival, and
cell fate specification. Dev Biol 2008;316(2):371-82.

[32] Zhao L, Wang B, Gomez NA, de Avila JM, Zhu M-J, Du M. Even a low dose of
tamoxifen profoundly induces adipose tissue browning in female mice. Int J Obe-
sity 2019;44(1):226-34.

[33] Wang B, Fu X, Liang X, et al. Maternal retinoids increase PDGFRa+ progenitor
population and beige adipogenesis in progeny by stimulating vascular develop-
ment, EBioMedicine 2017;18:288-99.

[34] Mahdy MA, Lei HY, Wakamatsu ]I, Hosaka YZ, Nishimura T. Comparative study of
muscle regeneration following cardiotoxin and glycerol injury. Ann Anat
2015;202:18-27.

[35] Berry DC, DeSantis D, Soltanian H, Croniger CM, Noy N. Retinoic acid upregulates
preadipocyte genes to block adipogenesis and suppress diet-induced obesity. Dia-
betes 2012;61(5):1112-21.

[36] Khatib T, Chisholm DR, Whiting A, Platt B, McCaffery P. Decay in Retinoic Acid Sig-
naling in Varied Models of Alzheimer’s Disease and In-Vitro Test of Novel Recep-
tor Acid Receptor Ligands (RAR-Ms) to Regulate Protective Genes. ] Alzheimers
Dis 2020;73:935-54.

[37] Kern ], Schrage K, Koopmans GC, Joosten EA, McCaffery P, Mey J. Characterization
of retinaldehyde dehydrogenase-2 induction in NG2-positive glia after spinal
cord contusion injury. Int ] Dev Neurosci 2007;25(1):7-16.

[38] Etchamendy N, Enderlin V, Marighetto A, et al. Alleviation of a selective age-
related relational memory deficit in mice by pharmacologically induced normali-
zation of brain retinoid signaling. ] Neurosci 2001;21(16):6423-9.

[39] Yang D, Vuckovic MG, Smullin CP, et al. Modest decreases in endogenous all-
trans-retinoic acid produced by a mouse Rdh10 heterozygote provoke major
abnormalities in adipogenesis and lipid metabolism. Diabetes 2018;67(4):662-
73.

[40] Kern ], Schrage K, Koopmans GC, Joosten EA, McCaffery P, Mey J. Characterization
of retinaldehyde dehydrogenase-2 induction in NG2-positive glia after spinal
cord contusion injury. Int ] Dev Neurosci 2007;25(1):7-16.

[41] D’Aniello E, Waxman JS. Input overload: contributions of retinoic acid signaling
feedback mechanisms to heart development and teratogenesis. Dev Dynam
2015;244(3):513-23.

[42] Ray W], Bain G, Yao M, Gottlieb DI. CYP26, a novel mammalian cytochrome P450,
is induced by retinoic acid and defines a new family. ] Biol Chem 1997;272
(30):18702-8.

[43] Lukjanenko L, Karaz S, Stuelsatz P, et al. Aging Disrupts Muscle Stem Cell Function
by Impairing Matricellular WISP1 Secretion from Fibro-Adipogenic Progenitors.
Cell Stem Cell 2019;24(3):433-46.

[44] Mozzetta C, Consalvi S, Saccone V, et al. Fibroadipogenic progenitors mediate the
ability of HDAC inhibitors to promote regeneration in dystrophic muscles of
young, but not old Mdx mice. EMBO Mol Med 2013;5(4):626-39.

[45] ElHaddad M, Notarnicola C, Evano B, et al. Retinoic acid maintains human skeletal
muscle progenitor cells in an immature state. Cell Mol Life Sci 2017;74(10):1923-
36.

[46] Okabe Y, Medzhitov R. Tissue-specific signals control reversible program of locali-
zation and functional polarization of macrophages. Cell 2014;157(4):832-44.

[47] Marinkovic M, Fuoco C, Sacco F, et al. Fibro-adipogenic progenitors of dystrophic
mice are insensitive to NOTCH regulation of adipogenesis. Life Sci Alliance 2019;2
(3):201900437.

[48] Mounier R, Théret M, Arnold L, et al. AMPKa1 regulates macrophage skewing at
the time of resolution of inflammation during skeletal muscle regeneration. Cell
Metab 2013;18(2):251-64.

[49] Rangarajan S, Bone NB, Zmijewska AA, et al. Metformin reverses established lung
fibrosis in a bleomycin model. Nat Med 2018;24(8):1121-7.

[50] Ashley SL, Sisson TH, Wheaton AK, et al. Targeting inhibitor of apoptosis proteins
protects from bleomycin-induced lung fibrosis. Am ] Respir Cell Mol Biol 2016;54
(4):482-92.

[51] Hecker L, Logsdon NJ, Kurundkar D, et al. Reversal of persistent fibrosis in aging
by targeting Nox4-Nrf2 redox imbalance. Sci Transl Med 2014;6(231) 231ra47-
231ra47.

[52] Donato Lj, Noy N. Suppression of mammary carcinoma growth by retinoic acid:
proapoptotic genes are targets for retinoic acid receptor and cellular retinoic acid-
—binding protein II signaling. Cancer Res 2005;65(18):8193-9.

[53] Donato Lj, Suh JH, Noy N. Suppression of mammary carcinoma cell growth by ret-
inoic acid: the cell cycle control gene Btg2 is a direct target for retinoic acid recep-
tor signaling. Cancer Res 2007;67(2):609-15.

[54] Besnard V, Nabeyrat E, Henrion-Caude A, et al. Protective role of retinoic acid
from antiproliferative action of TNF-& on lung epithelial cells. Am ] Physiol-Lung
C2002;282(4):L863-L71.

[55] Kholodenko R, Kholodenko I, Sorokin V, Tolmazova A, Sazonova O, Buzdin A. Anti-
apoptotic effect of retinoic acid on retinal progenitor cells mediated by a protein
kinase A-dependent mechanism. Cell Res 2007;17(2):151-62.

[56] Noy N. Between death and survival: retinoic acid in regulation of apoptosis. Annu
Rev Nutr 2010;30:201-17.

[57] Etienne ], Joanne P, Catelain C, et al. Aldehyde dehydrogenases contribute to skel-
etal muscle homeostasis in healthy, aging, and Duchenne muscular dystrophy
patients. ] Cachexia Sarcopeni 2020.

[58] Zhou T-B, Drummen GP, Qin Y-H. The controversial role of retinoic acid in fibrotic
diseases: analysis of involved signaling pathways. Int J] Mol Sci 2013;14(1):226-
43.


http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0018
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0018
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0018
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0019
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0019
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0019
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0019
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0020
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0020
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0020
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0020
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0021
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0021
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0021
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0022
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0022
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0022
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0022
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0023
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0023
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0023
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0023
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0024
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0024
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0025
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0025
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0025
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0026
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0026
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0026
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0027
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0027
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0028
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0028
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0028
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0028
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0029
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0029
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0030
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0030
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0030
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0030
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0031
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0031
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0031
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0032
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0032
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0032
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0033
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0033
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0033
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0033
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0034
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0034
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0034
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0035
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0035
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0035
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0036
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0036
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0036
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0036
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0037
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0037
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0037
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0038
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0038
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0038
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0039
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0039
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0039
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0039
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0040
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0040
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0040
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0041
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0041
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0041
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0042
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0042
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0042
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0043
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0043
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0043
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0044
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0044
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0044
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0045
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0045
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0045
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0046
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0046
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0047
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0047
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0047
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0049
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0049
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0050
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0050
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0050
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0051
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0051
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0051
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0052
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0052
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0052
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0053
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0053
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0053
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0054
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0054
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0054
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0054
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0055
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0055
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0055
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0056
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0056
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0057
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0057
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0057
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0058
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0058
http://refhub.elsevier.com/S2352-3964(20)30396-0/sbref0058

	Retinoic acid signalling in fibro/adipogenic progenitors robustly enhances muscle regeneration
	Introduction
	Methods
	Mice
	Muscle histology
	Primary cell isolation and purification
	Cell culture
	Oil red staining
	Immunocytochemical staining
	Quantitative real-time pcr analyses
	Immunoblotting analysis
	Statistics
	Role of funding source

	Results
	Loss of retinoic acid signalling in FAPs impairs skeletal muscle regeneration

	Retinoic acid signalling suppresses adipogenic differentiation of FAPs
	Retinoic acid supplementation inhibits fibrogenic differentiation of FAPs
	Retinoic acid regulates cellularity of FAPs
	Supplementation of ra rescues skeletal muscle regeneration impaired due to obesity
	Supplementation of ra inhibits both adipogenesis and fibrogenesis in regenerated skeletal muscle of obese mice
	Discussion
	Contributors
	Declarations of Competing Interests
	Acknowledgments
	Supplementary materials
	References



