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Abstract: Skeletal muscle repair is initiated by local inflammation and involves the engulfment of dead
cells (efferocytosis) by infiltrating macrophages at the injury site. Macrophages orchestrate the whole
repair program, and efferocytosis is a key event not only for cell clearance but also for triggering the
timed polarization of the inflammatory phenotype of macrophages into the healing one. While pro-in-
flammatory cytokines produced by the inflammatory macrophages induce satellite cell proliferation and
differentiation into myoblasts, healing macrophages initiate the resolution of inflammation, angiogene-
sis, and extracellular matrix formation and drive myoblast fusion and myotube growth. Therefore, im-
proper efferocytosis results in impaired muscle repair. Retinol saturase (RetSat) initiates the formation of
various dihydroretinoids, a group of vitamin A derivatives that regulate transcription by activating retin-
oid receptors. Previous studies from our laboratory have shown that RetSat-null macrophages produce
less milk fat globule-epidermal growth factor-factor-8 (MFG-E8), lack neuropeptide Y expression, and
are characterized by impaired efferocytosis. Here, we investigated skeletal muscle repair in the tibialis
anterior muscle of RetSat-null mice following cardiotoxin injury. Our data presented here demonstrate
that, unexpectedly, several cell types participating in skeletal muscle regeneration compensate for the
impaired macrophage functions, resulting in normal muscle repair in the RetSat-null mice.

Keywords: cardiotoxin injury; retinol saturase; neuropeptide Y; MFG-ES8; efferocytosis; skeletal
muscle repair

1. Introduction

Skeletal muscle is frequently injured, but temporary damage is compensated by the
remarkable regenerative capacity of this tissue [1]. The regeneration process involves sev-
eral interrelated phases. In the first inflammation phase, tissue-resident macrophages
(Mds) sensing the damage initiate a local, sterile inflammation and recruit further im-
mune cells to the injury site. Then, quiescent myogenic stem cells, called satellite cells
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(SCs), become activated and differentiate into myoblasts, which proliferate and fuse. Fi-
nally, in the tissue remodeling phase, the growth of muscle fibers, resolution of inflam-
mation, revascularization, and innervation of new fibers take place [2].

In the inflammation phase, the first wave of arriving immune cells, neutrophils secrete
chemokines and pro-inflammatory cytokines to recruit blood-derived monocytes. Following
tissue entry, these monocytes differentiate into Ly6C* M1 polarized pro-inflammatory Mds,
which produce further inflammatory mediators, such as interleukin (IL)-6, IL-1, tumor necro-
sis factor- (TNF)-a, and nitric oxide (NO), which activate quiescent SCs to proliferate and dif-
ferentiate into myoblasts [3,4]. Ms also clear the necrotic myofibers and dying neutrophils in
the injured tissue. This efferocytosis process polarizes them to Ly6C- M2-like healing Mds,
which guide the resolution of inflammation and full tissue regeneration [5]. To do so, healing
Mds secrete anti-inflammatory lipid mediators [6] and cytokines, such as IL-10, thereby lim-
iting inflammation and favoring myoblast differentiation [7]. These cells also release growth
factors, e.g., transforming growth factor (TGF)-3, which induces new extracellular matrix for-
mation [8], and the TGF-3 family member growth differentiation factor (GDF)3, which specif-
ically stimulates myogenic cell fusion to form new myofibers [9]. Thus, Ms play a central role
in guiding the whole muscle-regeneration process, and the timed switch between their two
main subsets, the inflammatory and healing Ms, is key to proper repair [10]. Increasing evi-
dence indicates that when efferocytosis and consequently the M¢ polarization fail, regenera-
tion also fails. Thus, loss of efferocytosis receptors, such as scavenger receptor class Bl [11],
Mer tyrosine kinase [12], and integrin 33 coreceptor transglutaminase (TG)2 [13], or loss of the
macrophage polarization mediating transcription factor peroxisome proliferator-activated re-
ceptor (PPAR)y [9] have been reported to result in impaired skeletal muscle repair following
cardiotoxin (CTX)-induced injury.

Interestingly, both efferocytosis [14] and myoblast fusion [15] require the appearance
of phosphatidylserine (PS) on the cell surface and involve the same PS binding receptors.
Thus, the efferocytosis receptors brain angiogenesis inhibitor (BAI)1 [16], stabilin-2 [17],
TG2 [13], Ax1[12], and integrin 33 [18] were all found to participate in myoblast differen-
tiation and fusion. Some of the PS receptors directly bind PS, while others use bridging
molecules to form a link with PS. Integrins belong to the second group by using milk fat
globule-epidermal growth factor-factor 8 (MFG-E8) as a bridging molecule [19]. Both Mcs
[19] and myoblasts [20] secrete MFG-E8, which binds with its RGD domain to the integrin
receptor, and with its gamma carboxylated glutamate side chains to PS [21].

Retinol saturase (RetSat) is an oxidoreductase enzyme that catalyzes the conversion of
all-trans retinol to all-frans-13,14-dihydroretinol [22]. All-trans-13,14-dihydroretinol is oxi-
dized in vivo to all-trans-13,14-dihydroretinoic acid, a selective agonist of the retinoic acid re-
ceptor, and possibly to 9-cis-13,14-dihydroretinoic acid [23], which is identified as a physio-
logically relevant retinoid X receptor agonist [24]. Recent work in our laboratory has shown
that the loss of RetSat alters M¢ differentiation at the monocyte stage, resulting in Ms which
express less MFG-E8 and practically no neuropeptide Y (NPY) [25]. As a consequence of less
MFG-E8 production, RetSat-deficient M¢s show impaired phagocytic capacity [25]. Due to
the impaired macrophage efferocytosis, and also due to the fact that both MFG-E8 and NPY
would have anti-inflammatory activity by promoting M polarization [19,26,27], loss of
RetSat results in the development of systemic lupus erythematosus-like autoimmunity in aged
female mice, similar to other mice that show impaired efferocytosis [28]. In the present study,
we investigated whether the loss of RetSat affects the ability of skeletal muscle to be repaired
in mice.

2. Materials and Methods

2.1. Reagents

All reagents were obtained from Sigma-Aldrich (Budapest, Hungary), except where
indicated otherwise.
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2.2. Experimental Animals

Experiments were carried out using 2-6-month-old young adult male C57BL/6]
RetSat*mice and their full-body RetSat~-littermates [29]. Mice were bred in heterozygous
form under specific pathogen-free conditions in the central animal facility of the Univer-
sity of Debrecen. To check whether the RetSat”-mice are indeed full knock out, we deter-
mined the NEO cassette expression by qRT-PCR in several tissues and found it to be ex-
pressed (Supplementary Figure S1). All animal experiments were approved by the Ani-
mal Care and Use Committee of the University of Debrecen, with permission numbers
7/2016 and 7/2021/DEMAB.

2.3. Cardiotoxin-Induced Muscle Injury Model

Mice were anesthetized with 2.5% isoflurane using a SomnoSuite device. The muscle
damage was induced by injecting into the tibialis anterior (TA) muscle 50 pL of 12 uM
CTX (Latoxan, Valence, France), dissolved in phosphate-buffered saline (PBS). This con-
centration of CTX induces severe muscle injury, facilitating detection of more significant
alterations in the subsequent regeneration process in the absence of regeneration-related
genes but still allows full regeneration as detected 3 months after the injury. Mice were
sacrificed, and TA muscles were harvested at various time points following injury and
processed for further experiments.

2.4. Hematoxylin/Eosin and Immunofluorescent Staining of the Regenerating Muscle

TA muscles from control mice or at the indicated days post-injury were dissected for
histological assessment. The muscles were snap-frozen in liquid nitrogen-cooled isopen-
tane and kept at -80 °C. Seven micrometer cryosections were cut at —20 °C using a 2800
Frigocut microtome (Leica, St Jouarre, France) and were kept at =20 °C until further anal-
ysis. Hematoxylin/eosin (H&E) staining was performed to assess the overall morphology
and presence of necrotic fibers following injury. Images from the sections were taken us-
ing an AMG EVOS cl microscope (Thermo-Fisher Scientific, Waltham, MA, USA).

To calculate the cross-sectional areas (CSA) and collagen-stained areas, frozen muscle
sections were incubated in 10 mM citric acid-sodium citrate buffer (pH 6.0) for 15 min then in
blocking solution (50% FBS in PBS) for 1 h at room temperature. After blocking, samples were
labeled with Dylight 488 conjugated anti-laminin B (PA5-22901, Invitrogen, Carlsbad, CA,
USA) (1:100) and anti-collagen 1 antibody (SAB4500362, Sigma-Aldrich (Budapest, Hungary))
(1:100) at 4 °C overnight followed by Alexa Fluor 488 conjugated Goat anti-Rabbit IgG second-
ary antibody followed by washing three times with PBS. The nuclei were labeled with 4 pg/mL
4',6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA, USA), and the slides were
mounted with glass coverslips. Images were taken on a FLoid Cell Imaging Station fluorescent
microscope (Thermo-Fisher Scientific, Waltham, MA, USA.) and analyzed using ImageJ v1.52
software (National Institutes of Health, Bethesda, MD, USA) with a muscle morphometry
plugin. Areas with fibers containing centrally-located nuclei were considered regenerating
muscle parts. CSAs are reported in um? while collagen content is reported as the percentage
of the total examined regenerating area.

2.5. Quantification of Necrotic Areas

Necrotic myofibers were defined as pink pale patchy fibers infiltrated by basophil
single cells and quantified as described previously [11]. Briefly, 4 non-overlapping micro-
scope view field areas were digitally captured from 6-8 H&E stained TA muscle sections
at 200-fold magnification. The percentage of necrotic area/relative to the total regenerating
area was calculated after manual outlining of the necrotic fibers in the sections.

2.6. Isolation of Muscle-Derived CD45* Leukocytes

Muscle-derived CD45* cell isolation was carried out as described previously [12].
Briefly, TA muscles were removed at 2, 3, and 4 days post-injury and dissociated in RPMI
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containing 0.2% collagenase II (Thermo-Fisher Scientific, Waltham, MA, USA) at 37 °C for
1 hour and filtered stepwise through 100 pm and 40 pm filters. CD45* cells were isolated
using magnetic sorting (Miltenyi Biotec, Gladbach, Germany).

2.7. Generation of Bone Marrow-Derived Macrophages (BMDM:s) for NEO Cassette Expression
Analysis

Bone marrow progenitors were obtained from the femur of 2 to 4-month-old RetSat
**and RetSat”- mice by lavage with sterile physiological saline. Cells were differentiated
for 5 days in DMEM medium supplemented with 10% conditioned medium derived from
L929 cells, as a source for macrophage colony-stimulating factor (M-CSF); and 2 mM glu-
tamine, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37 °C in 5% CO:. Non-ad-
herent cells were washed away every second day.

2.8. Gene Expression Analysis

Total RNA of muscle-derived CD45* cells, BMDMs, and different organs homogenized
in TRIzol with a Shakeman homogenizer (BioMedical Science, Tokyo, Japan) were isolated
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instruc-
tions. Total RNA was reverse transcribed into cDNA using a High Capacity cDNA Reverse
Transcription Kit (Thermo-Fisher Scientific, Waltham, MA, USA), according to the manufac-
turer’s instructions. Quantitative RT-PCR was carried out in triplicate using FAM-labeled
MGB assays (Thermo-Fisher Scientific, Waltham, MA, USA) on a Roche LightCycler LC 480
real-time PCR instrument. Relative mRNA levels in the case of CD45* cells were calculated
using the comparative Cr method and normalized to beta-actin (3-actin) mRNA. In the case
of the TA muscle samples, gene expression was normalized to the total RNA content (200 ng)
of the samples. Catalogue numbers of the TagqMan assays used were the following: Actb
Mm02619580_gl, Tgtbl MmO01178820_m1, MyoDl Mm00440387_ml, Myhcl
MmO01332489_m1, Myog Mm00446194_m1, Tnf Mm00443258_m1, Gdf3 Mm00433563_m]1,
IL1B Mm00434228_m1, IL10 Mm01288386_m1, IL6 Mm00446190_m1, IL4 Mm00445259_m1,
PPARg Mm00440940_m1, Argl Mm00475988_m1, MFG-E8 Mm00500549_m1, MCP-1
Mm00441242_m1, Pax7 Mm00834082_m1, RetSat Mm00458863_m1, NPY Mm01410146_m1,
eNOS Mm01164908_m1, iNOS Mm00440502_m1, NEO cassette NEOCASSETTE.

2.9. Quantification of Satellite and Fibrocyte-Adipocyte Progenitor Cells in the TA Muscle fol-
lowing CTX-Induced Injury

For intramuscular SC and fibro adipogenic precursor (FAP) cell detection, TA was col-
lected at day 4 post-injury and dissociated in RPMI containing 0.2% collagenase II
(Gibco/Thermo-Fisher Scientific, Waltham, MA, USA) at 37 °C for 1 hr and filtered through a
100 um filter. Prior to staining, ~225,000 pcs polystyrene microbeads (8 mm, 78511) were
added to the muscle cell suspension samples to determine the absolute cell numbers later. The
identification of the muscle precursor cells was based on the a7-integrin (PE-conjugated, 130-
120-812, Miltenyi Biotec, Bergisch Gladbach, Germany) staining of the SCs, and the CD140a
(BV711 conjugated, 740740, BD Biosciences, San Jose, CA, USA) and Scal (BV605 conjugated,
563288, BD Biosciences, San Jose, CA, USA) staining of the FAPs. Other muscle tissue-resident
and immigrant cell types were gated from the measurement by specific staining with a mois-
ture of monoclonal antibodies, including biotin anti-mouse CD45 (103104, BioLegend, San Di-
ego, CA, USA), biotin anti-mouse CD31 (102404, BioLegend, San Diego, CA, USA), and biotin
anti-mouse Ter119 (79748, BioLegend, San Diego, CA, USA). In the second step, APC-conju-
gated streptavidin (405207, BioLegend, San Diego, CA, USA) was added to the cells. Before
the measurement, cells were washed with 0.5% BSA-physiological saline and suspended in
0.5% BSA-physiological saline supplemented with SYTO16 green-fluorescent nucleic acid
stain (57578, Invitrogen, Carlsbad, CA, USA) (5000x dilution) and 7-AAD non-cell-permeable
dead cell stain (A1310, ThermoFisher, Waltham, MA, USA) (1000 dilution) to exclude the
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injured and dead cells. The measurement was performed with a FACS Aria Il cytometer (Bec-
ton, Dickinson and Company, Franklin Lakes, NJ, USA) equipped with violet (405 nm), blue
(488 nm), yellow (561 nm), and red (633 nm) lasers. The measurement of the microbeads was
based on their intense side directional light scattering (SSC) properties. The living cells were
gated to CD45/CD31/Ter119 positive and negative populations according to their APC fluo-
rescence. The APC non-stained cells mainly involved the Scal bright, CD140a*, integrin-a7-
FAP cells, and the integrin-a7+, Scal—, CD140a— SC cells. The absolute cell count was based on
the ratio of the cells of interest to the microbeads within the measured samples.

2.10. Quantification of Intramuscular Immune Cells by Flow Cytometry

The magnetically separated muscle-derived CD45* cells were stained with a combination
of Alexa Fluor 488-conjugated anti-F4/80 antibody (MF48020, Invitrogen, Carlsbad, CA, USA)
and Alexa Fluor 647-conjugated anti-Ly6G/Ly6C (GR-1) antibodies (108418, BioLegend, San
Diego, CA, USA) at room temperature for 15 min. The cells were gated based on their forward
and side scatter characteristics. Macrophages were gated as GR-1- and F4/80*, while neutro-
phils as F4/80- and GR-1* cells. This gating strategy was presented in our previous paper [12].
F4/80* macrophages were also analyzed for expression of Ly6C, CD206, or major histocom-
patibility complex (MHO)II, following staining with the corresponding antibodies, Ly6C
PerCP-Cy5.5 (128012, BioLegend, San Diego, CA, USA), CD206-PE (141705, BioLegend, San
Diego, CA, USA), or MHCII-FITC (107605, BioLegend, San Diego, CA, USA), respectively.
Fluorescent intensity was detected with a Becton Dickinson FACSCalibur instrument (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

2.11. In Vitro Phagocytosis Assay by F4/80* Cells

Phagocytosis experiments were carried out as described previously [30]. Briefly, tar-
get C2C12 cells were induced to undergo necrosis by heating the cells at 65 °C for 10 min.
Some C2C12 cells were labeled with 1 uM CellTracker Deep Red Dye (ThermoFisher, Wal-
tham, MA, USA), and some were not. Since our previous studies indicated that attenuated
efferocytosis of RetSat-null macrophages is related to a decreased production of MFG-E8
during long-term efferocytosis [25], to induce MFG-E8 production, first the non-labeled
cells were added to 5-carboxyfluorescein diacetate (CFDA) (6 uM)-stained F4/80* cells iso-
lated from the day 4 CTX-injured collagenase-treated TA muscles by magnetic beads (Mil-
tenyi Biotec, Gladbach, Germany) at 5:1 ratio (dead cell/F4/80- cell) plated in 8-well cham-
ber slides (Gréfelfing, Germany) (3 x 105/well). After 5 h co-culture, F4/80* cells were
washed and further incubated with labeled necrotic C2C12 cells for an additional 2 h, after
which target cells were washed away extensively. In some cultures, M{s were detached
by trypsinization, and the percentage of engulfing cells was determined using a Becton
Dickinson FACSCalibur flow cytometer (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). Some other cultures were fixed in 1% paraformaldehyde. Representative
fluorescent images were taken at a FLoid Cell Imaging Station.

2.12. Statistical Analysis

All the data presented represent the results of at least three independent experiments,
and all data are presented as dots or mean or median + SD or + SEM. Statistical analysis
was performed using two-tailed, unpaired Student’s t-test and ANOVA with post-hoc
Tukey HSD test. The equal variance of the sample groups was tested by an F-test. * de-
notes p <0.05, ** denotes p < 0.01.

3. Results and Discussion
3.1. Loss of RetSat Does Not Alter the Regeneration Program in the Tibialis Anterior Muscle
following Cardiotoxin Injury

To study the possible role of RetSat in muscle development, we compared the muscle
weights and the myofiber CSAs of control and CTX-treated TA muscles from RetSat**and
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RetSat7- mice. There was no significant difference between the body and TA muscle
weights of RetSat**and RetSat7- mice (Figure 1A, B). The mean and median CSA of the
control TA muscles were also similar between the two strains (Figure 1C), indicating that
embryonic TA muscle development is normal in the RetSat-deficient mice.

To investigate the effect of RetSat ablation on skeletal muscle regeneration, we induced
muscle damage by injecting CTX into the TA muscles and measured their weights and the
mean and median myofiber CSAs at days 10 and 22 post-injury. The weights and CSAs of the
regenerating muscles were also similar between the two strains (Figures 1D, E); neither did we
find a difference in the number of newly formed fibers with 2 or more central nuclei or in the
mean number of central nuclei per fiber, which are indicators of myoblast fusion during the
muscle regeneration, between RetSat”* and RetSat~- mice determined at days 10 and 22 post-

injury (Figure 1F). The fiber size distribution of the muscles before and after injury was also
similar between RetSat**and -~ mice (Figure 1G).
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Figure 1. Normal muscle growth and regeneration in RetSat-deficient mice. (A) Body weight and
(B) muscle weight/body weight ratio in RetSat*/* and RetSat”- untreated mice. (C) Mean and median
myofiber cross-sectional area (CSA) of the TA muscles in RetSat”* and RetSat”~ untreated mice. (D)
Muscle weight/body weight ratio of the regenerating TA muscles at days 10 and 22 post-CTX-injury
in RetSat”* and RetSat- mice. (E) Mean and median myofiber CSAs of the regenerating TA muscles
at days 10 and 22 post-CTX-injury in RetSat”* and RetSat7~ mice. (F) Percentage of newly formed
myofibers containing two or more central nuclei, and mean number of central nuclei per fiber at
days 10 and 22 post-CTX-injury in RetSat*/* and RetSat- mice. (G) Myofiber size distribution in the
control and regenerating RetSat** and RetSat”~ TA muscles with their representative immunoflu-
orescence pictures of laminin (green) and DAPI (blue) nuclear staining. Image] software was used
to examine 500 or more myofibers in each sample. Scale bars, 100 um. The data are presented as a
mean + SEM (n = 6). Asterisks indicate statistical significance (* p < 0.05); ns, not significant.

RetSat*/*

RetSat=—



Cells 2022, 11, 1333

7 of 16

Histological examination revealed no obvious morphological difference between the
control muscles of RetSat*+ and RetSat”- mice. On day 4, the regenerating muscles of both
the wild-type and RetSat7-mice displayed local necrosis and abundant leukocyte infiltra-
tion (Figure 2). By day 10, most of the necrotic tissue was cleared from the muscles, and
by day 22 post-injury, the gross histological architecture of the muscles of both RetSat**
and RetSat”- mice had been largely restored, and necrotic fibers were no longer visible.

_Contrnl

4 days CTX

10 days CTX

22 days CTX

Figure 2. Time-dependent histological morphology of the TA muscles in RetSat** and RetSat~ mice
following CTX-induced injury. Injection of 50 ul of 12 uM CTX into the TA muscles was used to
trigger muscle damage. Representative H&E-stained cross-sections of the TA muscles from RetSat*/*
and RetSat”~ mice before and 4, 10, and 22 days after CTX treatment (1 = 4). Scale bars, 200 pum.
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Previously, we detected lower phagocytic capacity of the Ms in RetSat”-mice [25] and
observed a similar finding when we used necrotic myoblasts as target cells in the in vitro phag-
ocytosis assay performed by muscle-derived Mds (Figure 3A,B); therefore, we determined the
sizes of the necrotic areas in control and regenerating TA muscles. As shown in Figure 3C, we
detected similar necrotic area sizes between the two strains of mice, indicating that the in vivo
clearance of dead fibers is not affected by the loss of RetSat.

During muscle repair, the deposition of extracellular matrix proteins is transiently in-
creased, which is required for the regulation of SC, and for myoblast proliferation and differ-
entiation [31]. Therefore, we decided to determine the amount of collagen 1 in the control and
regenerating TA muscles. In both mouse strains, there was a temporal increase in collagen 1
deposition at day 10 post-injury, which decreased by day 22, as compared to their own non-
regenerating muscles; however, there was no significant difference between the two strains
(Figure 3D,E).
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Figure 3. Unaltered necrotic cell removal and collagen deposition in the TA muscles of RetSat-null mice
following CTX-induced damage. Decreased in vitro phagocytosis of necrotic C2C12 myoblasts by mus-
cle-derived RetSat”- F4/80* cells determined (A) by FACS analysis and (B) by visualizing the number of
engulfed cells. (C) Necrotic regions in the control and regenerating muscles of RetSat** and RetSat”~ mice
atdays 0, 10, and 22 post-CTX injury. (D) Quantification of collagen 1-positive regions in control and 10-
and 22-day regenerating muscles of RetSat”* and RetSat”~ mice. (E) Representative immunofluorescence
pictures of type 1 collagen (green) and DAPI (blue) nuclear staining in control and 10-day regenerating
TA muscles of RetSat”* and RetSat”~ mice. Scale bars, 100 um. All data are expressed as mean + SD (n =
4). Asterisks indicate statistical significance (* p <0.05, ** p <0.01); nd, not detected.

To assess the possible impact of RetSat ablation on gene expression and SC cell pro-
liferation and differentiation in the control and regenerating TA muscles, we determined
the number of SC cells (Figure 4A) and the expression of myogenic genes, such as the
Pax7, MyoD, and myogenin transcription factors involved in myoblast proliferation and



Cells 2022, 11, 1333 9 of 16

differentiation and that of the myosin heavy chain (MYHC)1 differentiation marker. Dur-
ing muscle regeneration, the mRNA expression of Pax7, MyoD, and myogenin transiently
increased, while that of RetSat and MYHC1 transiently decreased in the TA muscles; how-
ever, with the exception of RetSat, there was no significant difference in their expression
between the two mouse strains (Figure 4B).

Altogether, these data imply that loss of RetSat does not affect the number of SCs in
the skeletal muscle, nor does the loss of RetSat impact skeletal muscle development or

regeneration.
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Figure 4. (A) The number of SC cells in the TA muscles at day 4 following CTX-induced injury, and
(B) mRNA expression of RetSat and of various myogenic genes in the control and regenerating TA
muscles of RetSat”* and RetSat”~ mice determined by qRT-PCR (1 = 4).

3.2. Decreased Recruitment of Mcps and Neutrophils after Injury in the Absence of RetSat

Following injury, muscle repair is initiated by the migration of inflammatory cells to
the injury site. To determine the composition of leukocytes in the early phase of muscle
regeneration, we performed a flow cytometric analysis of magnetically separated CD45*
cells from collagenase digested muscles. In accordance with previous observations, we
observed early infiltration of neutrophils at day 2 post-injury, followed by an increasing
number of Ms at days 3 and 4 in wild-type mice. However, in the absence of RetSat, a
significantly decreased number of CD45* cells infiltrated the injured muscle (Figure 5A).
In line with this observation, at day 2 post-injury, a significantly decreased gene expres-
sion level of monocyte chemoattractant protein-1 (MCP-1) was detected (Figure 5B),
whereas the neutrophil/M¢ ratios did not change (Figure 5C).
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Figure 5. Decreased tissue infiltration and altered polarization of muscle-derived F4/80* cells in the
absence of RetSat. (A) The number of CD45* leukocytes per injured muscle and (B) MCP-1 mRNA
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expression levels of muscle-derived CD45* leukocytes from wild-type or RetSat-null mice, deter-
mined by qRT-PCR following CTX-induced injury (n = 4). (C) Ratio of anti-F4/80 antibody-stained
Mds and anti-Ly6G/Ly6C (GR-1)-stained neutrophils within the CD45*leukocyte populations in the
TA muscles from RetSat** and RetSat”- mice during the first 4 days of regeneration following CTX-
induced injury (1 = 3). (D) Expression of MFG-E8 mRNA and (E) of NPY mRNA in muscle-derived
CD45* leukocytes, in total TA muscles, and various organs of RetSat”* and RetSat’- mice, deter-
mined by gRT-PCR following CTX-induced injury (n = 4). (F) Representative scatter plots of CD206-
and Ly6C-stained muscle-derived F4/80* cells and the percentages of Ly6C*, CD206*, and MHCIIhsh
cells within the muscle-derived F4/80* population determined at the indicated days following CTX-
induced injury in the TA muscles of RetSat** and RetSat~- mice (1 = 3). Asterisks indicate statistical
significance (* p < 0.05, ** p < 0.01); ns, not significant.

3.3. Myoblasts Compensate for Attenuated MFG-E8 Levels of Macrophages in RetSat-Null Mice

To investigate the impact of RetSat ablation on the polarization of M¢s and on their
gene expressions, CD45* cells from collagenase-digested regenerating muscles were mag-
netically separated at days 2, 3, and 4 post-injury and stained for the cell surface marker
proteins F4/80, Ly6C, CD206, and MHCII. In addition, the expression of their genes was
determined by quantitative PCR. Since to our surprise, based on the relative disappear-
ance of necrotic areas (Figure 3C), loss of RetSat in vivo did not seem to affect efferocytosis
during skeletal muscle regeneration, we first checked whether muscle-derived CD45* cells
from the RetSat-null mice altered MFG-E8 levels. As seen in Figure 5D, expression of
MFG-E8 mRNA within the CD45* cells gradually increased until day 4 following cardio-
toxin-induced injury in both mouse strains. In accordance with our previous observations
[25], the muscle-derived CD45* cells in the RetSat-null mice also expressed significantly
less MFG-ES8. This finding is in accordance with the results of the in vitro phagocytosis
assay, which demonstrated a decreased long-term efferocytosis capacity for the muscle-
derived RetSat null macrophages (Figure 3A,B).

However, in the regenerating muscle, we found no alterations in the levels of MFG-
E8 mRNA in the RetSat-null mice as compared to their wild-type littermates (Figure 5D),
indicating that very likely myoblasts (the only cell type besides Ms that is known to
produce MFG-E8 in regenerating skeletal muscle) fully compensate for the attenuated
MEFG-E8 production of M¢s in the RetSat-null mice. In fact, using the data derived from
the NPY mRNA expression in the CD45* cells and in the total muscle (Figure 5E), we could
estimate that in the wild-type regenerating muscles, less than 1% of the MFG-E8 is derived
from CD45* cells. Since MFG-ES8 is secreted into the tissue environment, myoblast-derived
MEFG-ES8 is expected to become available for phagocytosing cells as well. Thus, our data
indicate that in the regenerating muscles, independent of RetSat expression, macrophage-
derived MFG-E8 has no limiting effect on the phagocytic capacity of macrophages. This
observation partly explains why the in vivo efferocytosis did not change in the regenerat-
ing muscles of RetSat-null mice.

3.4. Altered NPY Levels Both in Mds and in the Skeletal Muscle of RetSat-Null Mice

Next, we assessed the levels of expression of NPY in muscle-derived CD45* cells.
NPY has anti-inflammatory functions [26,27], and was also shown to promote angiogen-
esis [32]. NPY mRNA levels in CD45* cells from the muscles of wild-type mice increased
until day 3 following CTX-induced injury, and then they started to decrease. However, in
accordance with our previous findings [25], muscle-derived CD45* cells from RetSat-null
mice lacked significant expression of NPY (Figure 5E).

Skeletal muscle does not express NPY mRNA or protein [33], but sympathetic neu-
rons do, and they co-release the NPY with noradrenaline following stimulation [34]. Ac-
cordingly, we detected expression of NPY mRNA in control muscles, and in muscles from
day 10 following CTX-induced injury in both wild-type and RetSat-null mice (Figure 5D).
In this context, it is worth noting that sympathetic neurons regulate immune functions via
NPY [35] and were reported to facilitate muscle repair [36]; we detected a significantly
enhanced amount of NPY mRNA in the muscles of control and day-22 post-injury RetSat-
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null mice. The finding was similar when we checked the NPY levels in other organs, ex-
cept for the brain, where NPY mRNA expression was similar. These data indicate that the
loss of RetSat affects the mRNA expression of NPY not only in Mds but also in the sym-
pathetic neurons innervating various tissues.

In addition, in the muscles of wild-type mice, expression of NPY mRNA increased until
day 3 following injury, then gradually decreased, whereas no expression of NPY mRNA was
detected during this time period in the muscles of RetSat-null mice. Since the CD45* cells of
RetSat-null mice do not express NPY, this transient increase in the wild-type muscle could be
a result of infiltrating NPY-expressing CD45+ cells.

3.5. A Transient Delay in the M1/M2 Phenotypic Switch in Ms of RetSat-Null Mice during
the Muscle Regeneration Process

Since proper timing of the M1/M2 phenotypic change of Mds is central in guiding
muscle regeneration, we followed the process by determining the time-dependent
changes in the expression of M1- and M2-specific cell surface markers of Ms, and in the
expression of genes of the CD45* cells. Though the loss of RetSat did not affect the in vivo
efferocytotic capacity of M¢s, known to result in an altered polarization of Mds, at post-
injury day 3, we detected a delayed generation of Ly6C- CD206* Mds from the Ly6C*
RetSat”~ NPY null pro-inflammatory cells (Figure 5F). However, this delay disappeared
by day 4, perhaps due to the high myoblast-derived MFG-ES level that also promotes the
M1/M2 conversion, and the appearance of CD206* macrophages [37]. At the same time,
the formation of the MHCIIMsh expressing cells was not affected.

3.6. mRNA Expression of RetSat, Various Cytokines, and Growth Factors in the CD45*Macro-
phages Derived from the Regenerating TA Muscles of RetSat*and RetSat~- Mice

In accordance with our previous publication [38], the expression of RetSat mRNA in-
creased in the engulfing CD45+ cells (Figure 6A). In line with the lack of immunosuppressive
NPY production, at day 2 post-injury as compared to their wild-type counterparts, CD45* cells
from RetSat-null mice expressed an increased amount of pro-inflammatory IL-1, a cytokine
that strongly contributes to SC cell proliferation and differentiation [39]. However, we did not
find alterations in the expression of other pro-inflammatory cytokines, such as TNF-« or IL-6,
nor did we find a change in the appearance of the mRNA expression of the M2-like IL-10,
PPARYy, or GDF3 genes. However, the mRNA expression of three enzymes known to deter-
mine NO release, arginase 1 (Argl), nitric oxide synthase 3 (NOS3), and the inducible iNOS,
did change in such a way that they promoted long-term NO production. Proper GDF3 pro-
duction might be associated with normal myoblast differentiation in RetSat-null mice. Pro-
longed NO production, together with elevated IL-1ut levels, on the other hand, might promote
SC cell activation in the presence of fewer Mds [40], might contribute to the initiation of angi-
ogenesis in the absence of NPY [41], and might enhance efferocytosis by promoting the ap-
pearance of PS on the surface of apoptotic cells [42].
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Figure 6. (A) mRNA expression of RetSat and of various M1-and M2-marker genes in CD45* cells
isolated from TA muscles determined by gRT-PCR at days 2, 3, and 4 post-injury (n = 4). Asterisks
indicate statistical significance (* p <0.05). (B) The number of FAP cells in CTX-injected TA muscles
determined at day 4 following injury. Data are expressed as mean + SD.

Previous studies have demonstrated that, in addition to Mds, eosinophils are also
essential for proper muscle repair by producing IL-4 during muscle regeneration [43]. IL-
4 contributes to the proper M2-like polarization of Ms [44]; but most importantly, it trig-
gers the proliferation of FAP cells [43]. FAP cells work side by side with Ms to properly
clear the necrotic cells and contribute to myogenesis [43,45]. In addition to IL-4, macro-
phage-derived TGF-f1 is also involved in the generation of FAP cells, and the number of
FAPs correlates with the TGF-f1 levels [46]. In this context, it is worth noting that we
observed significantly elevated TGF-$1 and IL-4 mRNA expression levels in the RetSat-
null CD45* cells at post-injury days 2 and 4, respectively, and as a result, we detected
unaltered FAP cell numbers in the RetSat null muscle during regeneration (Figure 6B).

4. Conclusions

Previous investigations have shown that strong intercellular crosstalk between vari-
ous populations of cells in the regenerating muscle drives and balances the process of
skeletal muscle repair [47,48]. Our data presented in this paper demonstrate that through
this crosstalk, several compensatory mechanisms are induced in the regenerating muscles
of RetSat-null mice to replace the impaired functions of the Mds, which is attributed to
their attenuated MFG-ES8 production, and to their lack of NPY expression. Thus, high lev-
els of MFG-E8 produced by the regenerating muscles generally obviate the need for MFG-
E8 release by macrophages for proper efferocytosis, independently of the loss of RetSat.
Higher levels of IL-1p and NO produced by CD45* cells replace the need for NPY (which



Cells 2022, 11, 1333 14 of 16

might appear at the site of repair from the sympathetic neurons as well) and promote
sufficient SC cell proliferation, despite the presence of fewer neutrophils and macro-
phages at the regeneration sites of the RetSa-null muscles. Increased production of TGF-
[ and IL-4 by CD45*leukocytes, on the other hand, maintains the proper FAP cell prolif-
eration, contributing to the proper in vivo dead cell clearance. Our data cannot distinguish
whether these alterations are the result of RetSat ablation or if they would also be induced
under other circumstances when fewer neutrophils and macrophages infiltrate the dam-
aged skeletal muscle area. Nevertheless, as a result of the adapted crosstalk, normal skel-
etal muscle repair was observed following CTX-induced injury in the RetSat-null mice.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/cells11081333/s1, Figure S1.

Author Contributions: Conceptualization, Z.S. (Zsuzsa Szondy) and Z.S. (Zsolt Sarang); methodol-
ogy, Z.S. (Zsolt Sarang) and P.G. formal analysis, Z.S. (Zsolt Sarang) and Z.S. (Zsuzsa Szondy); in-
vestigation, N.T., H.H., P.G. and E.G.; resources, K.P. and A.R.M.; data curation, Z.S. (Zsolt Sarang);
writing—original draft preparation, Z.S. (Zsolt Sarang); writing—review and editing, Z.S. (Zsuzsa
Szondy); visualization, Z.S. (Zsolt Sarang); supervision, Z.S. (Zsuzsa Szondy); funding acquisition,
Z.S. (Zsuzsa Szondy). All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Research, Development and Innovation Office,
Hungary (124244, 138162, 125477) and by the GINOP-2.3.2-15-2016-00006 project (co-financed by
the European Union and the European Regional Development Fund). KP is a Donald Bren Professor
and Irving H. Leopold Chair of Ophthalmology and is supported by unrestricted grants from Re-
search to Prevent Blindness to the Department of Ophthalmology at the University of California
Irvine.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Ethics Committee of University Debrecen
under the protocol codes of 7/2016/DEMAB and 7/2021/DEMAB.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: Maintenance of the mouse colonies and animal husbandry were performed in
the Laboratory Animal Faculty, Life Science Building, University of Debrecen. The technical assis-
tance of Evelin Erd6s and Aniké Nagy is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tedesco, E.S.; Dellavalle, A.; Diaz-Manera, J.; Messina, G.; Cossu, G. Repairing skeletal muscle: Regenerative potential of skeletal
muscle stem cells. J. Clin. Invest. 2010, 120, 11-19.

2. Baghdadi, M.B.; Tajbakhsh, S. Regulation and phylogeny of skeletal muscle regeneration. Dev. Biol. 2018, 433, 200-209.

3. Yang, W.; Hu, P. Skeletal muscle regeneration is modulated by inflammation. J. Orthop. Translat. 2018, 13, 25-32.

4. Bazgir, B.; Fathi, R.; Valojerdi, M.R; Mozdziak, P.; Asgari, A. Satellite Cells Contribution to Exercise Mediated Muscle Hyper-
trophy and Repair. Cell ]. 2017, 18, 473-484.

5. Arnold, L.; Henry, A.; Poron, F.; Baba-Amer, Y.; van Rooijen, N.; Plonquet, A.; Gherardi, R.K.; Chazaud, B. Inflammatory mon-
ocytes recruited after skeletal muscle injury switch into antiinflammatory macrophages to support myogenesis. |. Exp. Med.
2007, 204, 1071-1081.

6. Giannakis, N.; Sansbury, B.E.; Patsalos, A.; Hays, T.T.; Riley, C.O.; Han, X.; Spite, M.; Nagy, L. Dynamic changes to lipid medi-
ators support transitions among macrophage subtypes during muscle regeneration. Nat. Immunol. 2019, 20, 626—636.

7. Strle, K;; McCusker, R.H.; Johnson, R.W.; Zunich, S.M.; Dantzer, R.; Kelley, K.W. Prototypical anti-inflammatory cytokine IL-10
prevents loss of IGF-I-induced myogenin protein expression caused by IL-1beta. Am. ]. Physiol. Endocrinol. Metab. 2008, 294,
E709-E718.

8.  Kim, J; Lee, J. Role of transforming growth factor-$ in muscle damage and regeneration: Focused on eccentric muscle contrac-
tion. J. Excerc. Rehabil. 2017, 13, 621-626.

9. Varga, T.; Mounier, R.; Patsalos, A.; Gogolak, P.; Peloquin, M.; Horvath, A ; Pap, A.; Daniel, B.; Nagy, G.; Pintye, E.; el al. Mac-

rophage PPARY, a Lipid Activated Transcription Factor Controls the Growth Factor GDF3 and Skeletal Muscle Regeneration.
Immunity 2016, 49, 615-626.



Cells 2022, 11, 1333 15 of 16

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Chazaud, B. Inflammation and skeletal muscle regeneration: Leave it to the macrophages. Trends. Immunol. 2020, 6, 481-492.
Zhang, J.; Qu, C.; Li, T.; Cui, W.; Wang, X.; Du, J. Phagocytosis mediated by scavenger receptor class BI promotes macrophage
transition during skeletal muscle regeneration. J. Biol. Chem. 2019, 294, 15672-15685.

Al-Zaeed; N.; Budai, Z.; Szondy, Z.; Sarang, Z. TAM kinase signaling is indispensable for the proper skeletal muscle regenera-
tion process. Cell. Death. Dis. 2021, 12, 611.

Budai, Z.; Al-Zaeed, N.; Szentesi, P.; Halasz, H.; Csernoch, L.; Szondy, Z.; Sarang, Z. Impaired Skeletal Muscle Development
and Regeneration in Transglutaminase 2 Knockout Mice. Cells 2021, 10, 3089.

Fadok, V.A.; Voelker, D.R.; Campbell, P.A.; Cohen, ].J.; Bratton, D.L.; Henson, P.M. Exposure of phosphatidylserine on the
surface of apoptotic lymphocytes triggers specific recognition and removal by macrophages. J. Immunol. 1992, 48, 2207-2216.
Jeong, J.; Conboy, M. Phosphatidylserine directly and positively regulates fusion of myoblasts into myotubes. Biochem. Biophys.
Res. Commun. 2011, 414, 9-13.

Hochreiter-Hufford, A.E.; Lee, C.S.; Kinchen, ].M.; Sokolowski, ].D.; Arandjelovic, S.; Call, J.A.; Klibanov, A.L.; Yan, Z.; Mandell,
J.W.; Ravichandran, K.S. Phosphatidylserine receptor BAI1 and apoptotic cells as new promoters of myoblast fusion. Nature
2011, 497, 263-267.

Park, S.Y.; Yun, Y.; Lim, ].S.,; Kim, M.].; Kim; S.Y.; Kim, J.E.; Kim, LS. Stabilin-2 modulates the efficiency of myoblast fusion
during myogenic differentiation and muscle regeneration. Nat. Commun. 2016, 7, 10871.

Blaschuk, K.L.; Guérin, C.; Holland, P.C. Myoblast alpha v beta3 integrin levels are controlled by transcriptional regulation of
expression of the beta3 subunit and down-regulation of beta3 subunit expression is required for skeletal muscle cell differenti-
ation. Dev. Biol. 1997, 184, 266-277.

Hanayama, R.; Miyasaka, K.; Nakaya, M.; Nagata, S. MFG-E8-dependent clearance of apoptotic cells, and autoimmunity caused
by its failure. Curr. Dir. Autoimmun. 2006, 9, 162-172.

Chikazawa; M.; Shimizu, M.; Yamauchi, Y.; Sato, R. Bridging molecules are secreted from the skeletal muscle and potentially
regulate muscle differentiation. Biochem. Biophys. Res. Commun. 2020, 522, 113-120.

Hanayama, R.; Tanak, M.; Miwa, K.; Shinohara, A.; Iwamatsu, A.; Nagata, S. Identification of a factor that links apoptotic cells
to phagocytes. Nature 2002, 417, 182-187.

Moise, A.R.; Dominguez, M.; Alvarez, S.; Alvarez, R.; Schupp, M.; Cristancho, A.G.; Kiser, P.D.; de Lera, A.R.; Lazar, M.A;
Palczewski, K. Stereospecificity of retinol saturase: Absolute configuration, synthesis, and biological evaluation of dihydroret-
inoids. J. Am. Chem. Soc. 2008, 130, 1154-1155.

Moise, A.R.; Alvarez, S.; Dominguez, M.; Alvarez, R.; Golczak, M.; Lobo, G.P.; von Lintig, ].; de Lera, A.R.; Palczewski, K.
Activation of retinoic acid receptors by dihydroretinoids. Mol. Pharmacol. 2009, 76, 1228-1237.

Riihl, R.; Krzyzosiak, A.; Niewiadomska-Cimicka, A.; Rochel, N.; Szeles, L.; Vaz, B.; Wietrzych-Schindler, M.; Alvarez, S.; Szkle-
nar, M.; Nagy, L.; et al. 9-Cis-13,14-dihydroretinoic acid is an endogenous retinoid acting as RXR ligand in mice. PLoS Genet.
2015, 11, e1005213.

Sarang, Z.; Saghy, T.; Budai, Z.; Ujlaky-Nagy, L.; Bedekovics, J.; Beke, L.; Méhes, G.; Nagy, G.; Riih], R.; Moise, A.R.; et al. Retinol
Saturase Knock-Out Mice are Characterized by Impaired Clearance of Apoptotic Cells and Develop Mild Autoimmunity. Bio-
molecules 2019, 9, 737.

Dimitrijevi¢, M.; Stanojevi¢, S.; Miti¢, K.; Kustrimovi¢, N.; Vuji¢, V.; Mileti¢, T.; Kovacevié¢-Jovanovi¢, V. The anti-inflammatory
effect of neuropeptide Y (NPY) in rats is dependent on dipeptidyl peptidase 4 (DP4) activity and age. Peptides 2008, 29, 2179-
2187.

Singer; K.; Morris, D.L.; Oatmen, K.E.; Wang, T.; DelProposto, J.; Mergian, T.; Cho, KW.; Lumeng, C.N. Neuropeptide Y is
produced by adipose tissue macrophages and regulates obesity-induced inflammation. PLoS ONE 2013, 8, €57929.

Tanaka, M.; Miyake, Y. Apoptotic cell clearance and autoimmune disorder. Curr. Med. Chem. 2007, 14, 2892-2897.

Moise, A.R.; Lobo, G.P.; Erokwu, B.; Wilson, D.L.; Peck, D.; Alvarez, S.; Dominguez, M.; Alvarez, R.; Flask, C.A.; de Lera, A.R;
et al. Increased adiposity in the retinol saturase-knockout mouse. FASEB J. 2010, 24, 1261-1270.

Budai, Z,; I:leaki-Nagy, L.; Kis, N.G.; Antal, M.; Banko, C.; Szondy, Z.; Sarang, Z.; Macrophages engulf apoptotic and primary
necrotic thymocytes through similar phosphatidylserine-dependent mechanisms. FEBS Open Bio. 2019, 9, 446—456.

Zhang, W.; Liu, Y.; Zhang, H. Extracellular matrix: An important regulator of cell functions and skeletal muscle development.
Cell Biosci. 2021, 11, 65.

Lee, E.W.; Michalkiewicz, M.; Kitlinska, J.; Kalezic, I.; Switalska, H.; Yoo, P.; Sangkharat, A.; Ji, H.; Li, L.; Michalkiewicz, T.; et
al. Neuropeptide Y induces ischemic angiogenesis and restores function of ischemic skeletal muscles. ]. Clin. Investig. 2003, 111,
1853-1862.

Available online: https://www.proteinatlas.org/ENSG00000122585-NPY/tissue (accessed on 05 01 2022).

Lundberg, ].M.; Rudehill, A.; Sollevi, A.; Fried, G.; Wallin, G. Co-release of neuropeptide Y and noradrenaline from pig spleen
in vivo: Importance of subcellular storage, nerve impulse frequency and pattern, feedback regulation and resupply by axonal
transport. Neuroscience 1989, 28, 475-486.

Farzi, A.; Reichmann, F.; Holzer, P. The homeostatic role of neuropeptide Y in immune function and its impact on mood and
behaviour. Acta. Physiol. 2015, 213, 603-627.

Beitzel, F.; Sillence, M.N.; Lynch, G.S. Beta-Adrenoceptor signaling in regenerating skeletal muscle after beta-agonist admin-
istration. Am. |. Physiol. Endocrinol. Metab. 2007, 293, E932-E940.



Cells 2022, 11, 1333 16 of 16

37.

38.

39.

40.

41.
42.

43.

44.
45.

46.

47.

48.

Laplante, P.; Brillant-Marquis, F.; Brissette, M.].; Joannette-Pilon, B.; Cayrol, R.; Kokta, V.; Cailhier, ].F. MFG-E8 Reprogramming
of Macrophages Promotes Wound Healing by Increased bFGF Production and Fibroblast Functions. |. Investig. Dermatol. 2017,
137, 2005-2013.

Sarang, Z.; Jods, G.; Garabuczi, E; Riih], R.; Gregory, C.D.; Szondy, Z. Macrophages Engulfing Apoptotic Cells Produce Non-
classical Retinoids to Enhance Their Phagocytic Capacity. J. Immunol. 2014, 192, 5730-5738.

Chaweewannakorn, C.; Tsuchiya, M.; Koide, M.; Hatakeyama, H.; Tanaka, Y.; Yoshida, S.; Sugawara, S.; Hagiwara, Y.; Sasaki,
K.; Kanzaki, M. Roles of IL-1a/p in regeneration of cardiotoxin-injured muscle and satellite cell function. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2018, 315, R90-R103.

Anderson, ].E. Role for Nitric Oxide in Muscle Repair: Nitric Oxide-mediated Activation of Muscle Satellite Cells. Mol. Biol. Cell
2000, 11, 1859-1874.

Morbidelli, L.; Donnini, S.; Ziche, M. Role of nitric oxide in the modulation of angiogenesis. Curr. Pharm. Des. 2003, 9, 521-530.
Tyurina, Y.Y.; Basova, L.V.; Konduru, N.V; Tyurin, V.A,; Potapovich. A.L; Cai, P.; Bayir, H.; Stoyanovsky, D.; Pitt, B.R.; Shve-
dova, A.A.;Fadeel, B.; Kagan, V.E. Nitrosative stress inhibits the aminophospholipid translocase resulting inphosphatidylserine
externalization and macrophage en-gulfment: Implications for the resolution of inflammation. J. Biol. Chem. 2007, 282, 8498—
8509.

Heredia, J.E.; Mukundan, L.; Chen, F.M.; Mueller, A.A_; Deo, R.C.; Locksley, R M.; Rando, T.A., Chawla, A. Type 2 innate signals
stimulate fibro/adipogenic progenitors to facilitate muscle regeneration. Cell 2013, 153, 376-388.

Gordon, S. Alternative activation of macrophages. Nat. Rev. Immunol.2003, 3, 23-35.

Theret, M.; Rossi, F.M.V.; Contreras, O. Evolving Roles of Muscle-Resident Fibro-Adipogenic Progenitors in Health, Regenera-
tion, Neuromuscular Disorders, and Aging. Front. Physiol. 2021, 12, 673404.

Contreras, O.; Cruz-Soca, M.; Theret, M.; Soliman, H.; Tung, L.W.; Groppa, E.; Rossi, F.M.; Brandan, E. Cross-talk between TGF-
 and PDGFRa signaling pathways regulates the fate of stromal fibro-adipogenic progenitors. J. Cell Sci. 2019, 132, jcs232157.
Wosczyna, M.N.; Rando, T.A. A Muscle Stem Cell Support Group: Coordinated Cellular Responses in Muscle Regeneration.
Dev. Cell 2018, 46, 135-143.

Biferali, B.; Proietti, D.; Mozzetta, C.; Madaro, L. Fibro-Adipogenic Progenitors Cross-Talk in Skeletal Muscle: The Social Net-
work. Front. Physiol. 2019, 10, 1074.



