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Transcriptomic and lipidomic profiling reveals distinct
bioactive lipid signatures in slow and fast muscles

and highlights the role of resolvin-D2 in fiber type
determination during myogenesis
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lipids derived from arachidonic acid are similar between muscle groups, but lipids
derived from alpha-linolenic acid, linoleic acid, eicosapentaenoic acid, and doco-
sahexaenoic acid are enriched in slow-twitch muscle. Screening for different lipids
in vitro showed that resolvin-D2 enhances the formation of myotubes expressing
the slow myosin heavy chain isoform. In vivo, the administration of resolvin-D2
enhances muscle strength, increases myofiber size, and affects fiber typing in in-
jured muscles but not in uninjured muscles. Resolvin-D2 promoted the transition
toward the dominant fiber types in regenerating muscle (i.e., type I in the slow-
twitch soleus and type IIB in the fast-twitch tibialis anterior muscle), suggesting its
participation in fiber typing in conjunction with other factors. Overall, these find-

ings identified new roles of bioactive lipids in the regulation of fiber typing, which
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1 | INTRODUCTION

Skeletal muscles make up approximately 30%-40% of the
total body mass and are predominantly composed of long
multinucleated muscle fibers."* These fibers are classi-
cally classified according to their metabolic and contrac-
tile phenotype (myosin heavy chain type; MyHC) as type
I (oxidative slow fibers), ITA (oxidative fast fibers) or IIX
and IIB (glycolytic fast fibers).> Noteworthy, while MyHC
is a good marker for fiber typing it is not a direct predic-
tor of the metabolic profile.* Nevertheless, type I fibers
are described as resistant fibers that are enriched in mus-
cles involved in activities requiring low-level sustained
efforts (e.g., postural muscles), whereas type II fibers are
powerful but fatigable fibers that are prevalent in muscles
utilized for movements that demand high levels of explo-
siveness (e.g., jumping, sprinting).’

The determination of fiber type depends on several
signaling pathways and extrinsic factors such as inner-
vation, hormones, and physical demand.?® Therefore,
changes in the microenvironment can affect the fiber
type composition. For instance, endurance exercise
leads to a shift in the composition of muscle fibers to-
ward those that have a slower phenotype accompanied
by other phenotypic changes such as mitochondrial bio-
genesis and angiogenesis.® Moreover, different patholog-
ical conditions also affect fiber typing. Conditions such
as disuse or detraining are characterized by a shift from
type I to type II fibers,” while cancer cachexia and aging
are associated with type II to I transition.® Therefore,
a better understanding of the factors regulating fiber

could have therapeutic applicability in muscle injuries or dystrophies.

bioactive lipids, fiber types, myogenesis, resolvin, satellite cells, skeletal muscle

typing could have therapeutic applications in different
muscular disorders.

Muscle stem cells, called satellite cells, have also been
suggested to participate in the process of fiber type de-
termination. These quiescent cells are activated after an
injury to become myoblasts that will fuse to form multi-
nucleated myotubes, which will transiently express em-
bryonic/neonatal MyHC isoforms that will be replaced
by fast or slow MyHC isoforms as the myofiber matures.
Some studies suggest that satellite cells form all fiber types
irrespective of their muscle of origin,” whereas other
studies indicate that satellite cells are predisposed to gen-
erate muscle fibers with a phenotype reflecting their orig-
inal fiber type.’®*? This discrepancy could be explained
by different experimental setups. When cultured on
collagen-coated plates, satellite cells from the tibialis an-
terior (fast) and soleus (slow) muscles generate myotubes
that express only fast MyHC; however, when cultured on
matrigel-coated plates, satellite cells from the soleus led to
the formation of myotubes expressing both fast and slow
MyHC." In vivo experiments involving slow (soleus) or
fast (extensor digitorum longus, EDL) regenerating mus-
cles, which were denervated and stimulated with the same
impulse pattern, revealed a significant difference in MyHC
expression between these muscles, thereby suggesting in-
trinsically different satellite cells."* Fast-muscle-derived
myoblasts were shown to express higher levels of the T-
box transcriptional factor Tbx1, which modulates myo-
tube fiber type and oxidative metabolism.'* These findings
suggested that satellite cells could be pre-programmed to
preferentially form one type of fiber reflecting the original
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fiber type; however, this intrinsic program can be over-
come by extrinsic factors.

Several studies have shown that bioactive lipids de-
rived from omega-3 or omega-6 polyunsaturated fatty
acids (PUFAs) play a key role in regulating myogene-
sis.'>*® During the initial inflammatory phase postinjury,
arachidonic acid (AA), an omega-6-derived PUFAs, is con-
verted into prostaglandins and leukotrienes by the respec-
tive action of enzymes such as cyclooxygenases 2 (COX2)
and 5-lipoxygenase (ALOX5)." During the resolution
phase, omega-3-derived PUFAs, such as alpha-linolenic
acid (ALA), docosahexaenoic acid (DHA), eicosapentae-
noic acid (EPA), are converted by enzymes such as 12- and
15-lipoxygenases (ALOX12 and ALOX15) and ALOX5
into pro-resolving lipids like resolvin-Ds (DHA-derived),
resolvin-Es (EPA-derived), protectins, and maresins.”® In
addition to reducing muscle inflammation,*' these pro-
resolution lipid mediators promote muscle regeneration
and improve muscle function following injury.'>'7*%%
For instance, Maresin-1 was shown to increase myoblast
proliferation through the Lgr6 receptor.”* Administration
of resolvin-D1 (RvD1) increases myoblasts differentia-
tion and the cross-sectional area of regenerating muscle
fibers postinjury in vivo.'® Resolvin-E1 (RVE1) treatment
increased the diameter of the myotubes in vitro in a model
of LPS-induced atrophy.** Moreover, our laboratory re-
cently showed in a model of Duchenne muscular dystro-
phy that resolvin-D2 (RvD2) increases the differentiation
and fusion of myoblasts in vitro and in vivo.'® These stud-
ies show that pro-resolving lipids impact myogenesis in
different conditions; however, their effect on the determi-
nation of muscle phenotype is unknown.

Here, we investigate the influence of bioactive lipids
on muscle phenotype during myogenesis. Our transcrip-
tomics and lipidomics analysis revealed that slow mus-
cles are enriched in enzymes and omega-3 PUFAs derived
from DHA, EPA, and ALA. We demonstrate that RvD2
enhances the formation of slow myotubes in vitro and in-
creases muscle strength, myofiber size, and regulates fiber
typing in vivo. These findings provide novel insight into
the effect of RvD2 and support its therapeutic potential for
conditions characterized by impaired myogenesis, muscle
weakness/wasting, and alterations in muscle fiber typing.

2 | METHODS

2.1 | Animals and experimental design

Male wild-type (WT; C57BL/6) mice of 6-8weeks old
were obtained from the Jackson Laboratory (Bar Harbor,
ME) and were sacrificed at 10weeks of age. Only male
mice were used due to limited resources and to minimize

;'IC-ASEBJournaI

confounding factors. Mice were housed in pathogen-free
cages within the Animal Holding Facility at the CHU
Sainte-Justine (Montreal, CA) and maintained under
controlled environmental conditions, including a 12:12h
light-dark cycle, a temperature of 21°C, a humidity level
of 40%, and free access to food (Harlan Teklad #2918)
and tap water. To induce standardized muscle injury,
an intramuscular (i.m.) injection of cardiotoxin (50puL at
10pM, CTX, Latoxan) was administered into the tibialis
anterior (TA) muscle of one leg (the contralateral leg was
used as uninjured control).>>** These mice were randomly
assigned to different experimental groups that received
either a 10pL i.m. injection containing a dose of 10ng
of RvD2 (the stock solution of 100ng/pl in ethanol was
diluted 1:100 in saline to get the working solution, Cayman
Chemicals) or vehicle (10pL of a solution containing
1:100 ethanol diluted in saline) into both TA muscles.
The injections were repeated twice a week for a period of
1 week or 3weeks. Mice were anesthetized by inhalation
with isoflurane (Fresenius Kabi) during the i.m. injections.
On the day of sacrifice, the mice were anesthetized using
intraperitoneal (i.p.) injection of buprenorphine (0.1 mg/
kg) and pentobarbital sodium (50mg/kg). The TA (fast-
twitch muscle) and soleus (slow-twitch muscle) muscles
from both legs were collected. Mice were euthanized by
cervical dislocation under anesthesia.

In another set of experiments in which the systemic
effect of RvD2 on muscle regeneration was investigated,
the mice were injured by i.m. injection of CTX into the TA
muscle of one leg. These mice received daily i.p. injection
containing a 100 ng dose of RvD2 diluted in 10 pL (5 pg/kg,
RvD?2 stock solution in ethanol diluted 1:10 in saline) or
vehicle (10 uL injection of 1:10 ethanol diluted in saline)
for 21 days.'® At the end of the 21-day treatment period, TA
and soleus muscles from both legs were collected and the
mice were euthanized by cervical dislocation under anes-
thesia. Muscles collected from the different experimental
designs were weighed, embedded in a freezing medium
(OCT), rapidly frozen in liquid nitrogen-cooled isopen-
tane, and stored at —80°C until sectioning and staining
were performed. All animal experiments performed in
this study were approved by the Comité Institutionnel des
Bonnes Pratiques Animales en Recherche (CIBPAR; ap-
proval number 2022-3608) in accordance with the guide-
lines of the Canadian Council on Animal Care.

2.2 | Exvivo muscle contractility

Isometric contractile properties were assessed as pre-
viously described,'® according to the standard operat-
ing procedures described by TREAT-NMD (protocol
DMD_M.1.2.002). Prior to the measurements of muscle
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contractility, mice received a dose of buprenorphine
(0.1 mg/kg, i.p.) and pentobarbital sodium (50 mg/kg,
i.p.). Then, the distal tendon of the TA muscle was sur-
gically severed, isolating it from the adjacent muscles
(the proximal part of the muscle remained attached to
the tibial bone).?” A suture silk was attached to the dis-
tal tendon. The mouse was placed on a heating plate,
maintaining a temperature of 27°C, and the knee was
stabilized using a clamp. The suture silk attached to the
lower tendon of the TA muscle was attached at the other
end to a force lever arm (300C-LR dual-mode lever;
Aurora Scientific, Canada). Two electrodes were in-
serted in the TA muscle near the knee for muscle stimu-
lation. Optimal muscle length (L,) was determined and
gradually adjusted until the maximum isometric twitch
tension was achieved. Following a 2-min rest period,
the contractile properties of the muscle were assessed.
A force-frequency curve was established by stimulat-
ing the muscle at different frequencies (25, 50, 80, and
100Hz), with a 2-min rest between each stimulation.
Thereafter, muscle length and weight were measured to
assess specific muscle force (N/cm?) by using a mathe-
matical approximation of the cross-sectional area based
on the following formula: Specific force (N/cm?) = (ab-
solute force (N)x fiber length (0.6 X L, for the TA mus-
cle) x muscle density (1.06 g/cm®))/muscle mass (g).

2.3 | Satellite cell isolation and culture

Hind limb muscles from WT mice were collected and dis-
sociated in collagenase B/dispase II (Sigma) using the
gentle MACS dissociator (Miltenyi Biotech). The resulting
cell suspension was filtered through a 30 pm cell strainer,
and the cells were stained with antibodies for 30min
on ice in the dark. Satellite cells were isolated by FACS
(fluorescence-activated cell sorting) using a gating strategy
based on forward scatter and side scatter profiles, cell vi-
ability (7-AAD; 1:40; Biolegend), negative selection with
FITC-conjugated antibodies anti-Sca-1 (Clone D7; 1:30;
Miltenyi Biotech), anti-CD45 (clone 30F11; 1:30; Miltenyi
Biotech), anti-CD31 (Clone 390; 1:30; Miltenyi Biotech),
anti-CD11b (M1/70.15.11.5; 1:30; Miltenyi Biotech), and
positive selection for APC-conjugated anti-Itgbl (clone
HMp1-1; 1:15; Miltenyi Biotech), and PE-conjugated anti-
Itga7 (clone 3C12, 1:100; Miltenyi Biotech).'® Isolated sat-
ellite cells were cultured in collagen-coated Petri dishes
with Ham's F10 media (GIBCO), supplemented with 20%
fetal bovine serum (Wisent), 1% penicillin-streptomycin
(GIBCO), and 2.5ng/ mL bFGF (basic-Fibroblast Growth
Factor, Wisent). Cells were incubated at 37°C until reach-
ing a confluence of 80%. Then, a low-serum differentiation
medium (50% Ham's F10, 50% DMEM low glucose, 1%

penicillin-streptomycin, 5% horse serum) was added to the
cells to induce differentiation and myotube formation.

2.4 | Immunofluorescence
Immunofluorescence was performed on cultured
myoblasts or skeletal muscle sections.”® For myoblast
immunostaining, the cells were fixed with 2%
paraformaldehyde solution for 10 min and permeabilized
with 0.2% Triton X-100 and 0.1% glycine solution in PBS
for 10min. Samples were blocked with blocking buffer
(5% goat serum, 2% bovine serum albumin, and 3%
donkey serum in PBS) for 60min at room temperature
and incubated overnight at 4°C with the following
primary antibodies: mouse anti-MYH7 (clone BA-FS;
1:10; Developmental study hybridoma bank, DSHB,
created by the NICHD of the NIH and maintained at The
University of Iowa, Department of Biology, Iowa City, IA
52242), mouse monoclonal antibody myosin heavy chain
fast (clone WB-MHCT; 1:20; Leica) or mouse anti-MYH3
(clone F1.652; 0.3 pg/mL; DSHB). Samples were washed
with PBS and incubated with appropriate cross-adsorbed
secondary antibodies for 1 h atroom temperature protected
from light. The secondary antibodies used included goat
anti-mouse IgG1 (Alexa Fluor 488, 1:1000) or goat anti-
mouse IgG2B (Alexa Fluor 647, 1:1000). Samples were
washed with PBS and counterstained with DAPI. Images
were viewed and captured using an epifluorescence EVOS
M5000 (Thermo Fisher Scientific).

For immunostaining on skeletal muscle, the sam-
ples were sectioned at 10pm thick using a cryostat
(ThermoFisher) from both the proximal and distal por-
tions of the TA and soleus muscles. These sections were
mounted on Superfrost Plus slides (Thermo Fisher
Scientific, Canada) and kept at —20°C. The samples
were blocked for 90min at room temperature with the
blocking buffer described previously to which mouse on
mouse-blocking reagent (1:8; Vector labs) was added.
Samples were incubated for 45min at 37°C with the fol-
lowing primary antibodies: mouse anti-MYH4 (clone BF-
F3; 1:40; DSHB), mouse anti-MYH2 (clone SC-71; 1:10;
DSHB), mouse anti-MYH?7 (clone BA-F8; 1:10; DSHB),
mouse anti-MYH3 (clone F1.652; 0.3 pg/mL; DSHB), and
rabbit anti-Laminin (cat. no. ab11575; 1:1000; Abcam).
Considering that there were not enough fluorescence
channels available to perform all the MyHC staining on
the same slide, the staining was performed on two con-
secutive slides. For the soleus muscle, the first slide was
stained with SC-71, BA-F8, and laminin antibodies. The
second slide was stained with BF-F3 and laminin anti-
bodies. For the TA muscle, the first slide was stained with
SC-71, BF-F3, and laminin antibodies. The second slide
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was stained with BA-F8 and laminin antibodies. Samples
were washed with PBS and incubated with appropriate
cross-adsorbed secondary antibodies (Invitrogen, Thermo
Fisher) for 45min at 37°C protected from light: goat anti-
mouse IgM (Alexa Fluor 488, 1:1000), goat anti-mouse
IgG H+L (Alexa Fluor 647, 1:1000), goat anti-rabbit IgG
H+L (Alexa Fluor 555, 1:1000), goat anti-mouse IgG2B
(Alexa Fluor 647, 1:1000) or goat anti-mouse IgG1 (Alexa
Fluor 488, 1:1000). Samples were washed with PBS, coun-
terstained with DAPI and mounted with PermaFluor
(Thermo Fisher Scientific). Images were viewed and cap-
tured on the entire sections using an epifluorescence Leica
DM5000 B (Leica Microsystems, Canada). The images of
each muscle section were subjected to unbiased analysis
and quantification with Fiji using the Myosight plugin.*
The plugin allows for unbiased semi-automated analysis
of different parameters such as the minimal Feret diam-
eter (MFD) and fiber type count. A minimum of 2500 fi-
bers for TA sections and 700 fibers for soleus sections was
analyzed.

2.5 | Western blot

Myotubes were washed with sterile PBS and lysed with
ice-cold RIPA buffer containing 1% of protease inhibitor
cocktail (Roche). The lysates were centrifuged for 10 min
at 10000x g and the resulting supernatant was collected,
aliquoted, and the protein content was quantified using
the BCA Assay Kit (Thermo Scientific, Canada). A vol-
ume corresponding to 40pug of protein was diluted with
sample buffer (containing 125mM Tris buffer at pH6.8,
4% sodium dodecyl sulfate, 20% glycerol, 0.05% bromo-
phenol blue, and 200mM dithiothreitol), heated 5min
at 100°C, and electroseparated on 8% sodium dodecyl
sulfate-polyacrylamide gel. Subsequently, the proteins
were transferred to a polyvinylidene difluoride mem-
brane, which was blocked with 5% nonfat milk for 60 min
at room temperature. The membranes were incubated at
4°C overnight with primary antibodies diluted in 5% non-
fat milk including mouse anti-MYH4 (clone BF-F3; 1:100;
DSHB), mouse anti-MYH2 (clone SC-71; 1:100; DSHB),
mouse anti-MYH7 (clone BA-D5; 1:80; DSHB), mouse
anti-MYH1 (clone 6H1; 1:50; DSHB) mouse anti-MYH3
(clone F1.652; 1:50; DSHB), and p-actin (4967; 1000; New
England Biolabs). After washing, the membranes were in-
cubated with goat anti-mouse (H+ L) or goat anti-rabbit
horseradish peroxidase-conjugated secondary antibodies
(1:3000; Abcam) for 1h at room temperature. The protein
bands were revealed using an ECL-plus Western blot-
ting reagent (PerkinElmer Life and Analytical Sciences,
USA) and visualized with the GeneSys image software
(Syngene).

;'IC-ASEBJournaI

2.6 | Transcriptomics analyses

Different transcriptomic data sets already published were
explored. Bulk RNAseq of soleus and TA muscles from
mouse samples can be found in the Gene Expression
Omnibus database GSE226117.% Single-nuclei RNAseq
data sets from mouse TA and soleus muscles or
human gastrocnemius muscles can be found in the
Gene Expression Omnibus database GSE147127 and
GSE233882, respectively.*"*? Rstudio software (R-4.3.1) as
well as DESeq2, Seurat v5, and Harmony packages were
used for the reanalysis of the data sets.

2.7 | Mass spectrometry

Bioactive lipid extraction and analysis were carried out
as described elsewhere.* Briefly, 10 pL of a deuterated
standard was combined with 15mg of soleus or 30 mg
of tibialis anterior (see Table S1 for details regarding
which deuterated standards were used for each ana-
lyte). Muscle tissues were crushed using a potter with
a volume of 289 pL of an ethanolic solution (41%). The
latter were incubated with acetonitrile (2:1) at room
temperature and then at —20°C in order to precipitate
the proteins. After centrifugation, supernatants were
removed and combined with 600 puL of an ammonium
hydroxide solution (0.01 M) before being loaded on solid
phase extraction columns. A portion of the unwanted
compounds were washed from the cartridges with the
aforementioned solution of ammonium hydroxide
and then a mixture of acetonitrile and methanol (8:2).
Compounds were eluted using an acidified version of
the latter organic solution, nitrogen dried, and reconsti-
tuted in 60 pL (30% acetonitrile with 0.01% acetic acid).
In order to enhance the precision of the quantification,
a spiked calibration curve was generated. This was
achieved by using a pool of muscular tissues that had
been added with pure standards and extracted through
the same steps as those used for the sample. Analysis
was performed with a high-performance liquid chro-
matography-tandem mass spectrometry system oper-
ated in negative mode and using specific transitions in
scheduled multiple reaction monitoring previously de-
scribed (Table S1).** A Shimadzu Prominence system
(Columbia, MD, USA) linked to a 3200 QTRAP LC/MS/
MS system from AB Sciex (Concord, ON, Canada) was
operated in the negative mode. A Kinetex C18 100 A
column from Phenomenex (Torrance, CA, USA) with
a ternary mobile phase gradient described elsewhere
was used.** The limit of detection (LOD) is defined
as a signal-to-noise ratio above 3:1 within a retention
time of +0.03 min from the commercial standard using
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algorithm of MultiQuant 3.0.2 software (AB Sciex). The
limit of quantification (LOQ) of all analytes presented
according to the muscle tested is defined in Table S2.
LOQ signal-to-noise ratio of 1:10 with a 20% coefficient
of variation using a standard curve in the investigated
matrix. Please note that values between LOD and LOQ
were used as a conservative method to avoid using “0.”

2.8 | Statistical analysis

Data were analyzed using the GraphPad Prism 9 Software.
Different statistical tests, including unpaired Student's
t-test and two-way ANOVA uncorrected Fisher's LSD
test, were utilized and are specified in the figure legends.
Data were analyzed by an experimenter blinded to
the identification of the samples. Data are presented
as mean+SEM (standard error of the mean). A 95%
confidence interval was employed for all data analysis.
Statistical significance is indicated as *p<.05, **p<.01,
#¥p < 001,

3 | RESULTS

3.1 | Transcriptomics analysis reveals
different profiles in the expression of
bioactive lipids enzymes in slow versus
fast fibers

To determine how bioactive lipids are regulated across
the different fiber types, we first investigated if the
enzymes regulating their expression are differentially
expressed in fast versus slow muscle. To do so, a publicly
available bulk RN Aseq data set comparing soleus versus
TA muscles was analyzed for the expression of enzymes
responsible for the biosynthesis of omega-3 and -6
PUFAs.*® Analysis revealed that the fast-twitch TA
muscle expresses higher levels of genes involved in AA
conversion or membrane release such as glutathione
peroxidase 4 (Gpx4), leukotriene A4 hydrolase (Lta4h),
phospholipase A2 group-V and -VII (Pla2g5 and
Pla2g7), prostaglandin E synthase-2 and -3 (Ptges2 and
Ptges3) (Figure 1A). On the other hand, type I fibers
express higher levels of Soluble epoxide hydrolase
(Ephx2) that contributes to the conversion of linoleic
acid (LA), as well as Alox5 and Alox12 that are involved
in the conversion of various PUFAs such as DHA,
EPA, and AA to form pro-resolving lipids (resolvins,
maresins, and lipoxins). Next, we investigated another
superfamily of enzymes that play key roles in bioactive
lipids metabolism, the cytochromes P450 (CYP) that act
mainly as monooxygenases. Results showed that some

Cyp genes are preferentially expressed in slow fibers
(e.g., Cyp2j6, Cyp2el, Cyp2f2), whereas others are more
expressed in fast fibers (e.g., Cyp4f39, Cyp2ul, Cyp4f13,
Cyp27al, Cyp39al) (Figure 1B).

This bulk RNAseq analysis revealed that slow and
fast muscles differentially express genes involved in
bioactive lipids biosynthesis; however, considering that
it contains a mix of different fiber types as well as other
cell types, it does not allow us to determine if specific
fiber types express different bioactive lipid signatures.
Therefore, we explored single-nuclei RNAseq (SnRNA-
seq) data sets from the mouse TA and soleus muscle
containing myonuclei from type I, IIA, IIX, and IIB fi-
bers (Figure 1C).*! The analysis confirmed that type II
fibers express higher levels of genes encoding for AA
membrane release like Pla2g7 or converting enzymes
such as Gpx4, Lta4h, Ptges2, and Ptges3 (Figure 1D).
Moreover, Alox12 is also expressed predominantly in
type I fibers, whereas Ephx2 is expressed in type I, ITA,
and IIX fibers at higher levels than type IIB. Analysis
of the Cyp genes also showed a similar pattern to what
was observed in the bulk RNAseq with genes expressed
at higher levels in type I fibers (e.g., Cyp2j6, Cyp4fl6,
Cyp20al), and others overexpressed in type II (e.g.,
Cyp2ul, Cyp4f13, Cyp27al, Cyp39al) (Figure 1E).
Globally, the snRNAseq data set showed very similar
findings to the bulk RNAseq data set indicating that the
bioactive lipid enzyme expression is an intrinsic signa-
ture of each fiber type.

Other cell types in the skeletal muscles, such as im-
mune cells, satellite cells, fibroadipogenic progenitors,
and vascular cells, also express some of these bioactive
lipid enzymes (Figure S1). However, myonuclei represent
the highest proportion of nuclei in the skeletal muscle
(Figure 1C) and should represent a large proportion of the
bioactive lipid enzyme expression. Altogether, these find-
ings suggest that myofibers express enzymes involved in
the metabolism of bioactive lipids at different levels be-
tween slow versus fast fibers.

Further, we investigated if similar differences were ob-
served in humans by exploring a snRNAseq data set from
gastrocnemius muscle biopsies (Figure S2A).>* Analysis
of the human dataset revealed a similar pattern of ex-
pression compared to what was observed in mice, with
enzymes predominantly expressed in type I fiber (e.g.,
EPHX2, ALOX12) and others in type II (e.g., PTGES2,
PTGES3, GPX4) (Figure S2B). One notable exception is
that, contrarily to mouse muscle, LTA4H is expressed
at higher levels in slow fibers of human muscle. This
finding in human samples is also accompanied by an in-
crease, especially in type I fibers, in microsomal glutathi-
one S-transferase 2 (MGST2), that converts leukotriene
A4 into leukotriene C4, suggesting that the leukotriene
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FIGURE 1 Differential expression patterns of lipid mediator enzymes in slow and fast myonuclei. (A, B) Heatmap from bulk RNAseq
analysis of soleus and TA muscles showing the expression of different bioactive lipid biosynthesizing enzymes involved in the conversion of
AA, LA, DHA, and EPA (A) as well as Cyp enzymes (B). (C) Single-nuclei RNAseq data set of TA and soleus muscle was used to study gene
expression in type I, IIA, IIX, and IIB fibers. (D, E) Dot plots showing the expression of different bioactive lipid biosynthesizing enzymes
involved in the conversion of AA, LA, DHA, and EPA (D) as well as Cyp enzymes (E) across the different fiber types.

pathway might be differentially regulated in human ver-
sus mouse myofibers. Analysis of the CYP genes also re-
vealed some similarities between the mouse and human
data sets (e.g., CYP27A1 overexpressed in type II fibers);
however, considering that the number of CYP genes var-
ies considerably between mice and humans,* it was ex-
pected to observe differences in CYP expression patterns
in the human compared to mouse samples.

3.2 | Targeted lipidomics analysis
reveals a different profile in the
expression of bioactive lipids in slow
versus fast fibers

To determine if the transcriptomic changes in biosyn-
thesis enzymes are associated with changes in the bio-
active lipids, we performed targeted lipidomics analysis
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by mass spectrometry analysis of soleus versus TA mus-
cles. Out of the 104 bioactive lipids tested (Table S1), 44
were expressed over the limit of detection (Figure S2).
Regarding the omega-6 PUFAs, the levels of most
arachidonic acid-derived lipids (8-iso-PGE2, PGD,,
PGE,, PGF2a, TXB2, 5-8,12-iso-iPF2a-VI, 5(S)-HETE,
5-OxoETE, 8(S)-HETE, 9(R)-HETE, 12(S)-HETE,
12-OxoETE) were not significantly different between
soleus and TA muscles (Figures 2A and S3A). Only
15(S)-HETE and 15-OxoETE were enriched in the so-
leus muscle. Regarding other types of omega-6 PUFAs,
enrichment was observed in almost all bioactive li-
pids derived from LA or gamma-LA (+12(13)-EpOME,
+12(13)-DiHOME, +9(10)-EpOME, +9(10)-DiHOME,
9(S)-HODE, 9-Ox00ODE, 13(S)-HODE, 13-Ox00DE) in
the soleus muscle (Figures 2B and S3B). Only 12(S)-
HETrE and 13(S)-HOTrE were not significantly differ-
ent between soleus and TA muscles.

Analysis of the omega-3 PUFAs also revealed many
differences between slow- and fast-twitch muscles. The
ALA-derived lipid 9(S)-HOTYE was enriched in the soleus
muscle (Figures 2B and S3B). Some bioactive lipids de-
rived from EPA were also enriched in the soleus muscle,
especially 5(S)-HEPE, +8-HEPE, and +17(18)-DiHETE,
whereas others were not significantly different such as
PGF3a and 15(S)-HEPE (Figures 2C and S3C). However,
the strongest differences between soleus and TA mus-
cles were observed in DHA-derived bioactive lipids such
as +4-HDHA, +8-HDHA, +13-HDHA, +16-HDHA,
17(S)-HDHA  (resolvin-Ds  precursor), +20-HDHA,
+7(8)-EpDPA, +10(11)-EpDPA, +13(14)-EpDPA, +16(17)-
EpDPA, and +19(20)-EpDPA (Figures 2D and S3D).

Overall, fast and slow muscles express similar levels of
arachidonic acid-derived lipids, whereas slow muscles are
especially enriched in DHA-derived lipids compared to
fast muscles. These findings are consistent with the tran-
scriptomics analyses and indicate that the bioactive lipid
profile varies depending on the phenotype of the muscle.

3.3 | RvD2induces fiber type remodeling
during myogenesis in vitro

Transcriptomics and lipidomics analyses revealed signifi-
cant differences in bioactive lipid profiles between slow
and fast muscles. Next, to investigate if these bioactive
lipids can affect fiber typing, a screening experiment was
conducted in vitro. Primary myoblasts were isolated from
the skeletal muscle of wild-type mice and cultured in vitro
until ~80% confluence before inducing differentiation into
myotubes for 4days. Bioactive lipids derived from AA:
PGE2, lipoxin A4 (LXA4), and leukotriene B4 (LTB4) as
well as bioactive lipids derived from DHA: RvD2,17-HDHA

(resolvin-D precursor), and maresin-1 (MaR1) were added
to the culture medium at a concentration of 200nM (vehi-
cle was used as control condition) (Figure 3A). These bio-
active lipids were chosen in part based on our lipidomic
results showing that DHA was particularly enriched in the
slow-twitch soleus muscle compared to AA, as well as on
our transcriptomics analysis showing that biosynthesiz-
ing enzymes such as Ptges2 and Lta4h (enriched in fast-
twitch muscle) or Alox5 and Alox12 (higher in slow-twitch
muscle) are differentially expressed depending on the fiber
type. While some of these specialized resolving mediators
were not detected by mass spectrometry in the uninjured
muscle, they were shown to be expressed during the regen-
eration process postinjury.16’17

Western blot was performed to determine the impact
of the treatment on the different fiber types (Figures 3B
and S4). Results showed that RvD2 treatment has the
most pronounced effects on the different isoforms of
MyHC (Figure 3B), especially MyHC I and MyHCemb
(MYH3) (Figure 3B). Next, the impact of RvD2 on the
myotube phenotype was further investigated in vitro by
immunofluorescence for the markers MyHCemb, MyHC
slow, and MyHC fast (Figure 3C). Treatment with RvD2
increased the number of myotubes expressing MyHCemb
(Figure 3D). Moreover, RvD2 increased the proportion
of myotubes expressing MyHC I and reduced MyHC II-
expressing myotubes (Figure 3E).

Next, we investigated the expression of the RvD2 re-
ceptor, Gprl8. Previous findings from our lab indicate that
Gpr18 is expressed particularly when myoblasts enter dif-
ferentiation.'>*® Further analysis of the transcriptomics
data set of soleus and TA muscle shows that Gpri8 is ex-
pressed in slow and fast muscles in mice (Figure S5).

Altogether, these results indicate that RvD2 promotes
myogenesis and the transition toward slow fiber type
in vitro.

3.4 | RvD2improves strength in early
stages of muscle regeneration in vivo

To determine the effects of RvD2 on muscle phenotype
at the early stages of muscle regeneration in vivo, mus-
cle injury was induced in WT mice by cardiotoxin (CTX)
injection into the TA muscle of one limb (contralateral
limb is used as uninjured control). The injured and non-
injured hind limbs of these WT mice were treated with
intramuscular (i.m.) injections of RvD2 or vehicle into
the TA muscle twice a week (on days 2 and 5 postinjury)
for a duration of 1 week. On the day of sacrifice, the TA
muscles from both the injured and noninjured limbs were
isolated to assess the contractile property ex vivo and
their muscle phenotype (Figure 4A). In the uninjured
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FIGURE 2 Differential pattern of expression of bioactive lipid mediators in slow- and fast-twitch muscle. Mass spectrometry analysis
was performed on slow-twitch muscle (soleus) versus fast-twitch muscle (tibialis anterior). Schematics showing the biosynthesis pathway
and spider charts showing the expression of bioactive lipids derived from (A) Arachidonic acid (AA), (B) linoleic acid (LA)/gamma-linoleic
acid (GLA)/alpha-linolenic acid (ALA), (C) eicosapentaenoic acid (EPA), and (D) docosahexaenoic acid (DHA). Data are expressed as pg/mg
of muscle. Statistical analysis was performed using unpaired Student's ¢-test. *p <.05, **p <.01, **p <.001.
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FIGURE 3 Resolvin-D2 induces fiber type shifting in vitro. (A) Graphical overview of the experimental design (image created with
BioRender.com) showing satellite cell isolation, culture, differentiation, and treatment. (B) Myoblasts were differentiated and treated with
different bioactive lipids: Resolvin-D2 (RvD2), Lipoxin-A4 (LxA4), Maresin-1 (MaR1), 17-HDHA, prostaglandin-E2 (PGE,), leukotriene-B4
(LTB,), or vehicle. Representative Western blots showing the expression of different MyHC isoforms (I, ITA, IIX, IIB, embryonic) following
the different treatments. p-actin was used as a loading control. (C) Representative images of immunostaining for MyHCemb (green,

upper panels) as well as MyHC I (green, lower panels) and MyHC II (purple, lower panels) on RvD2-treated myotubes and controls. Scale
bars=300pm. (D) Quantification of area coverage of MyHCemb myotubes. (E) Proportion of fibers expressing slow or fast MyHC isoform
versus total. Data are presented as mean +SEM, n=3 (except n=2 for B) independent biological samples. Experiments were conducted with
technical duplicates. Statistical analysis was performed using unpaired Student's ¢-test. *p <.05.

FIGURE 4 RvD2 enhances muscle strength at an early stage of regeneration in vivo. (A) Graphical overview of the experimental design
(image created with BioRender.com) showing cardiotoxin injury (CTX), Resolvin-D2 (RvD2) or vehicle (Veh) i.m. injections, and samples
collection at 7days postinjury. (B, C) Maximal specific strength (N/cm?) of the uninjured (B) and injured (C) TA muscles. (D, E) Distribution
curve of the minimal Feret diameter (MFD) of the uninjured (D) and injured (E) TA muscles. (F, G) MFD of the uninjured (F) and injured
(G) TA muscles expressed per fiber type. (H, I) Proportion of fibers expressing type I, ITA, IIX, IIB isoforms of MyHC. Data are presented

as mean + SEM, n=>5-6 mice per group. Immunostaining experiments were conducted with technical duplicates. Statistical analysis was
performed using unpaired Student's ¢-test (panels B, C) and two-way ANOVA uncorrected Fisher's LSD test (for panels D-I). **p <.01.
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TA, the treatment with RvD2 did not significantly af-
fect muscle force (Figures 4B and S6A). However, in
the injured TA, an increase in the absolute (mN) and
specific strength maximum (N/cm?) was observed in the
RvD2-treated group compared to vehicle-treated mice
(Figures 4C and S6B). Immunofluorescence analysis of
skeletal muscle sections from the TA revealed no signifi-
cant changes in the size of the myofibers between the
RvD2-treated and control mice for both noninjured and
injured limbs (Figure 4D-G). The proportion of slow
and fast (IIA, IIX, IIB) fibers was also unaffected in the
TA from uninjured and injured limbs (Figures 4H,I and
S7). Altogether, these findings show that local injections
of RvD2 increased muscle strength postinjury but did
not affect muscle phenotype in the short term.

3.5 | RvD2improves muscle strength and
myofiber size at late stages of muscle
regeneration in vivo

To determine the effects of RvD2 on the later stages of
muscle regeneration in vivo, mice were treated twice
weekly with i.m. injection of RvD2 versus vehicle for
21days post-CTX injury (Figure 5A). On the day of
sacrifice, the contractile properties of the TA muscles
from both legs were isolated to assess the contractile
property ex vivo. In the uninjured TA, the treatment
with RvD2 did not affect the absolute or specific maxi-
mal muscle strength (Figures 5B and S6C); however, a
significant increase was observed in the RvD2-treated
injured TA compared to control (Figures 5C and S6D).
Immunofluorescence analysis on TA muscle sections
revealed that RvD2 induces a mild shift in the myofiber
size in the uninjured muscle, which was not attribut-
able to a specific fiber type (Figure 5D,F). This increase
in myofiber size induced by RvD2 was stronger in the
injured muscle and was caused predominantly by a spe-
cific increase in the size of type IIB fibers (Figure 5E,G).
No significant changes in the proportion of fiber types
were observed between the groups for both uninjured
and injured TA (Figure 5H,I).

3.6 | Systemic RvD2 administration
induces fiber type remodeling at late
stages of muscle regeneration in vivo

To determine if a higher frequency of RvD2 administra-
tion could have a stronger impact on muscle phenotype,
RvD2 was administered daily using systemic intraperito-
neal (i.p.) injections (as described before'®) (Figure 6A).
Intraperitoneal injections were chosen instead of daily i.m.
injections to avoid repeated microinjuries to the muscle
and to obtain systemic effects on multiple muscle types.
At 21days postinjury, TA and soleus muscles were col-
lected to assess their muscle phenotype. In the uninjured
limb, treatment with RvD2 did not affect the fiber type dis-
tribution of the TA or soleus muscles (Figure 6B,C,F,G).
However, in the injured limb, administration of RvD2 led
to significant remodeling of fiber types in both the TA and
soleus muscles (Figure 6D,E,H,I). In the TA muscle, RvD2
increased the proportion of fiber type IIB while decreas-
ing the proportion of fiber type IIX (Figure 6D,E). This
change in muscle phenotype was associated with a faster
twitch contraction velocity (Figure S8). In the soleus mus-
cle, RvD2 increased the proportion of fiber type I while
decreasing the proportion of fiber type IIA (Figure 6H,I).
These findings indicate that when injured, the daily sys-
temic injections of RvD2 promote the formation of the
predominant fiber types in both slow- and fast-twitch-
regenerating muscles.

4 | DISCUSSION

Slow and fast muscle fibers are well known to have differ-
ent mitochondrial, lipid, and metabolic profiles. Slow fibers
contain higher levels of neutral lipids such as triglycerides
and cholesterol than fast fibers’’; however, the impact of
bioactive lipids on muscle phenotype was still elusive. Our
transcriptomic analysis shows that type I, ITA, ITX, and 1IB
fibers display an inherently different profile in their ex-
pression of bioactive lipids biosynthesis enzymes. Our li-
pidomics data indicate that slow-twitch muscle expresses
higher levels of DHA, EPA, and LA-derived PUFAs, but

FIGURE 5 RvD2enhances muscle strength and fiber size at a later stage of regeneration in vivo. (A) Graphical overview of the

experimental design (image created with BioRender.com) showing cardiotoxin injury (CTX), Resolvin-D2 (RvD2) or vehicle (Veh) i.m.

injections, and samples collection at 21 days postinjury. (B, C) Maximal specific strength (N/cm?) of the uninjured (B) and injured (C) TA
muscles. (D, E) Distribution curve of the minimal Feret diameter (MFD) of the uninjured (D) and injured (E) TA muscles. (F, G) MFD of
the uninjured (F) and injured (G) TA muscles expressed per fiber type. (H, I) Proportion of fibers expressing type I, ITA, IIX, IIB isoforms of

MyHC. Data are presented as mean + SEM, n=5-6 mice per group. Immunostaining experiments were conducted with technical duplicates.

Statistical analysis was performed using unpaired Student's ¢-test (panels B, C) and two-way ANOVA uncorrected Fisher's LSD test (for

panels D-I). *p <.05, **p <.01, ***p <.001.
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FIGURE 6 Resolvin-D2 induces fiber type shifting at a later stage of regeneration in vivo. (A) Graphical overview of the experimental
design (image created with BioRender.com) showing cardiotoxin injury (CTX), Resolvin-D2 (RvD2) or vehicle (Veh) i.p. injections, and
samples collection at 21 days postinjury. (B-E) Representative micrographs of MyHC IIA (red), MyHC IIX (black), MyHC IIB (green),
laminin (white), and DAPI (blue) immunofluorescence; and quantification of the proportion of each fiber type in the uninjured (B, C) and
injured (D, E) TA muscles. (F-I) Representative micrographs of MyHC I (yellow), MyHC IIA (red), MyHC IIX (black), laminin (green), and
DAPI (blue) immunofluorescence; and quantification of the proportion of each fiber type in the soleus muscle from the uninjured (F, G) and

injured limb (H, I). Scale bars=100 um. Data are presented as mean + SEM, n=3 mice per group. Experiments were conducted with
technical duplicates. Data were analyzed using two-way ANOVA uncorrected Fisher's LSD test. *p <.05, ***p <.001.

similar levels of AA-derived PUFAsS, than fast-twitch mus-
cle. This is consistent with the higher expression in the TA
muscle of Pla2g7 that preferentially releases AA. These
findings are similar to another study showing in a rat
model of critical illness that the slow-twitch soleus muscle
contains higher levels of the free fatty acids DHA and EPA
as well as many omega-3 PUFA-derived fatty acids (e.g.,
5-HEPE, 12-HEPE, 14-HDHA, 17-HDHA), than the fast-
twitch extensor digitorum longus muscle (EDL) at rest or
following LPS injection.® However, contrary to our find-
ings, this previous study also observed an increase in AA
levels and their downstream bioactive lipids (e.g., PGE2,
LTB4) in the slow-twitch soleus muscle, which could be
related to the model (mouse vs. rats) or muscles used (EDL
vs. TA). Another study investigating the impact of muscle
phenotype, diet, and sex on oxylipin profiles showed that
the soleus muscle had higher expression of oxylipins than
white gastrocnemius, which is similar to our findings.*
Most of these bioactive lipids were formed by the lipoxy-
genase pathway. The authors also show that dietary DHA,
EPA, or ALA increases the expression of their respective
downstream oxylipins in all muscle types while reducing
the expression of AA-derived oxylipins.

Slow fibers also express higher activity and expres-
sion levels of NADPH oxidases NOX2 and NOX4 that
are the main sources of reactive oxygen species (ROS).*
Increased ROS levels could contribute to the oxidation of
bioactive lipids observed at higher levels in slow-twitch
muscles compared to fast-twitch muscles. The higher
levels of markers of nonenzymatic oxidation such as
8-HEPE or 4-HDHA in the soleus muscle support this
hypothesis. Noteworthy, some enzymes, such as Pla2g7,
preferentially metabolize the oxidized form of AA.*' This
could also explain in part why the AA-derived PUFA lev-
els are similar between slow- and fast-twitch muscles de-
spite that many biosynthesizing enzymes of this pathway
are expressed at higher levels in type II fibers. Moreover,
the availability of the substrate in the lipid membrane
also plays an important role in the production of the
downstream bioactive lipids.

Our findings indicate that bioactive lipids content is
not only a consequence of the fiber type but also a regu-
latory factor controlling fiber type determination. In vitro
analysis showed that the DHA-derived bioactive lipid,

RvD2, promotes slow fiber type switching in myogenic
cells. RvD2 is known to target the Gprl8 receptor, which
was shown to be expressed at a higher level in slow-
twitch muscles compared to fast-twitch muscles in a rat
model of diet-induced obesity,** although our findings in
mice showed similar expression between slow and fast
muscles at the RNA level. Gprl8 agonist was shown to
activate the AMP-activated protein kinase (AMPK), mam-
malian target of rapamycin (mTOR), and peroxisome
proliferator-activated receptor (PPAR) pathways.*® The
mTOR pathway stimulates the activation of 4E-BP (4E-
binding protein) and S6K (ribosomal protein S6 kinase),
thereby promoting the synthesis of contractile proteins,
as well as mitochondrial and cytosolic proteins in both
human and mouse muscles,* which is coherent with the
increased myofiber size and strength that we observed in
late regeneration. The AMPK is known to activate PPARy-
coactivator 1-alpha (PGC-1a) which acts as a co-activator
for PPAR resulting in increased mitochondrial biogene-
sis and higher oxidative capacity.** Moreover, other pro-
resolving lipid mediators, such as RvD1, RvE1, and MaR1,
have been shown to enhance mitochondrial metabolism
in macrophages via the activation of AMPK.*> Another
bioactive lipid derived from omega-9 fatty acids, oleic acid
(released by Pla2g5, among others), was shown to activate
PPARS and increase the expression of slow MyHC and
mitochondrial respiration in C2C12 myotubes in vitro.*
Similarly, EPA supplementation to L6 myotubes activated
the PPARS and AMPK pathways, increased the expression
of fatty acid metabolism genes and reduced the expression
of fast MyHC isoforms.*” Altogether, our findings show-
ing that specialized pro-resolving mediators derived from
DHA promote slow fiber type contribute to the emerging
evidence showing the regulatory role of bioactive lipids on
fiber type determination.

In vivo results showed that RvD2 affects muscle
strength, fiber size, and phenotype during muscle regen-
eration, but not in uninjured muscle. This is coherent with
other groups showing that pro-resolving mediators, such
as RvD2, are mainly expressed during muscle regenera-
tion.'®'” Our lipidomics analysis confirmed that the pre-
cursors are expressed in the uninjured muscles, but most
of the pro-resolving mediators themselves were below
the limit of detection (which does not mean that they are
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completely unexpressed). Moreover, our previous findings
indicate that the expression of the RvD2 receptor, Gprl8,
is increased during myogenesis when myoblasts enter dif-
ferentiation.'>* These findings suggest that RvD2 medi-
ates its effect during muscle regeneration.

Assessment of muscle function revealed that RvD2
increases maximal force at early stages of regeneration
before the increase in muscle size. This could be due to
faster maturation of the newly formed muscle fibers or
other neuromuscular components such as the excitation—
contraction coupling. The increase in muscle strength was
also maintained at a later time point postinjury together
with an increase in fiber size. These results are in accor-
dance with our previous study in a model of Duchenne
Muscular Dystrophy.® This increase in strength was also
observed in a mouse model of delayed muscle regenera-
tion, where i.m. injection of RvD2 3days after injury re-
sulted in enhanced strength on days 8 and 14 postinjury.’’
Other bioactive lipids were also shown to impact muscle
strength and fiber size. For instance, RvD1 and MaR1
have also demonstrated their potential to improve muscle
strength and fiber size in different models of injury.'®*
Overall, our findings are coherent with the literature in
the field and now demonstrate that bioactive lipids also
affect fiber typing.

In vivo findings show that RvD2 changes fiber typing
during the later stages of muscle regeneration and espe-
cially if it is administered systemically and daily. In the
soleus muscle, RvD2 increased the proportion of type I fi-
bers, which is consistent with what was observed in vitro.
These findings are in accordance with another study show-
ing that 4-week EPA supplementation promotes transition
to type I fiber in the rat plantaris muscle.*’” However, our
results from the TA muscle showed that RvD2 stimulates
the switch in fiber type toward type IIB fibers. These find-
ings suggest that RvD2 promotes fiber type plasticity but
other factors such as innervation and physical demand
also participate in fiber type determination.*® Altogether
the in vitro and in vivo findings suggest that RvD2 pro-
motes the slow fiber type, which can only be expressed in
a permissive environment. Similar findings were observed
in a model of dietary intake of oleic acid which increased
type I and 11X fibers in the slow-twitch soleus muscle, but
only the type IIX in the fast-twitch EDL muscle.*®

The ability to promote fiber type switch can have thera-
peutic advantages. Many disorders affecting skeletal mus-
cle such as obesity/type 2 diabetes,**° heart failure and
chronic obstructive pulmonary disease,” and disuse’ are
known to selectively affect the type I fibers. Moreover, in
dystrophic mdx mice, slow muscles are more resistant to
degeneration than fast muscles®; and a specific inhibitor
of fast skeletal myosin was shown to protect against mus-
cle degeneration.”

This study also has limitations to consider. First,
the systemic administration of RvD2 does not allow to
determine if the effect on fiber typing is mediated di-
rectly on skeletal muscle or through other mechanisms;
however, the i.m. injection of RvD2 indicates that it can
mediate its effect directly on skeletal muscle. Moreover,
the experiments were carried out only in male mice. Sex
differences have been reported in DHA contents and
synthesis in different tissues.*>** Particularly, in skele-
tal muscle, higher levels of oxylipins were observed in
females, especially in the soleus or red gastrocnemius
muscle.*® Therefore, follow-up experiments on female
mice should be performed in the future to validate
that our findings in male mice could be extrapolated to
females.

Overall, our transcriptomics and lipidomics analysis
revealed that slow and fast fibers have different signatures
for biosynthesizing enzymes and bioactive lipids derived
from AA, LA, DHA, and EPA. Moreover, in vitro and
in vivo findings demonstrate that RvD2 stimulates myo-
genesis and influences fiber typing. RvD2 stimulates the
slow phenotype by default, although this signature can be
overcome by other environmental factors. In conjunction
with previous study from our lab and others regarding
the effect of bioactive lipids on muscle regeneration and
strength, these findings provide a novel insight into the
role of RvD2 and highlight its therapeutic potential for the
treatment of muscle disorders.
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