
Original Article
Testing the efficacy of a human full-length
OPG-Fc analog in a severe model of cardiotoxin-
induced skeletal muscle injury and repair
Zineb Bouredji,1 Dounia Hamoudi,1 Laetitia Marcadet,1 Anteneh Argaw,1 and Jérôme Frenette1,2

1Centre Hospitalier Universitaire de Québec, Centre de Recherche du Centre Hospitalier de l’Université Laval (CHUQ-CHUL), Axe Neurosciences, Université Laval,

Quebec City, QC G1V 4G2, Canada; 2Département de Réadaptation, Faculté de Médecine, Université Laval, Quebec City, QC G1V 0A6, Canada
Received 4 May 2020; accepted 25 March 2021;
https://doi.org/10.1016/j.omtm.2021.03.022.

Correspondence: Jérôme Frenette, Centre Hospitalier Universitaire de Québec,
Centre de Recherche du Centre Hospitalier de l’Université Laval (CHUQ-CHUL),
Axe Neurosciences, Université Laval, Quebec City, QC G1V 4G2, Canada.
E-mail: jerome.frenette@crchudequebec.ulaval.ca
Although receptor-activator of nuclear factor kB (RANK), its
ligand RANKL, and osteoprotegerin (OPG), which are mem-
bers of the tumor necrosis factor (TNF) superfamily, were first
discovered in bone cells, they are also expressed in other cells,
including skeletal muscle. We previously showed that the
RANK/RANKL/OPG pathway is involved in the physiopa-
thology of Duchenne muscular dystrophy and that a mouse
full-length OPG-Fc (mFL-OPG-Fc) treatment is superior to
muscle-specific RANK deletion in protecting dystrophic mus-
cles. Although mFL-OPG-Fc has a beneficial effect in the
context of muscular dystrophy, the function of human FL-
OPG-Fc (hFL-OPG-Fc) during muscle repair is not yet known.
In the present study, we investigated the impacts of an hFL-
OPG-Fc treatment following the intramuscular injection of
cardiotoxin (CTX). We show that a 7-day hFL-OPG-Fc treat-
ment improved force production of soleus muscle. hFL-OPG-
Fc also improved soleus muscle integrity and regeneration by
increasing satellite cell density and fiber cross-sectional area,
attenuating neutrophil inflammatory cell infiltration at 3 and
7 days post-CTX injury, increasing the anti-inflammatory M2
macrophages 7 days post-CTX injury. hFL-OPG-Fc treatment
also favored M2 over M1 macrophage phenotypic polarization
in vitro. We show for the first time that hFL-OPG-Fc improved
myotube maturation and fusion in vitro and reduced cytotox-
icity and cell apoptosis. These findings demonstrate that hFL-
OPG-Fc has therapeutic potential for muscle diseases in which
repair and regeneration are impaired.

INTRODUCTION
Receptor-activator of nuclear factor kB (RANK), its ligand RANKL,
and osteoprotegerin (OPG) are members of the tumor necrosis fac-
tor (TNF) superfamily and constitute the most important signaling
pathway in bone homeostasis.1 OPG is a soluble decoy receptor
secreted by osteoblasts that neutralizes RANKL and prevents the
osteoporotic process.2 Although well characterized in bone, RANK,
RANKL, and OPG are also expressed in other tissues, including
smooth muscle, heart muscle, and skeletal muscle, but their roles
in these tissues are not clearly defined.3–5 In skeletal muscle, they
have been associated with the modulation of inflammation and
regeneration following eccentric muscle damage.6 More recently, it
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was shown that OPG secreted by type II fast-twitch myofibers exerts
an anti-inflammatory effect and protects pancreatic b cells against
TNF-a-induced insulin resistance.7 Alternatively, mice lacking
OPG exhibit muscle weakness and selective muscle atrophy of
fast-twitch myofibers,8 which provides additional support for the
notion that OPG plays a protective role in bone and muscle homeo-
stasis and that a dysregulation in the RANKL/OPG ratio in the vicin-
ity of muscle cells may potentially lead to muscular dysfunctions/
diseases.

Resident inflammatory cells as well as recruited neutrophils and mac-
rophages can release pro-inflammatory cytokines as part of a highly
orchestrated myogenic and satellite cell activation process to ensure
muscle repair.9 Following injury, neutrophils are recruited and
play an important role in phagocytosis of cellular debris, and in
releasing chemokines, oxidative factors, and enzymes, enabling the
recruitment of monocytes.10,11 However, a massive and uncontrolled
recruitment of neutrophils has also been associated with the induc-
tion of collateral damage following ischemia-reperfusion of muscle
tissue.12 Alternatively, monocytes, once recruited, rapidly differen-
tiate into pro-inflammatory M1 macrophages (F4/80+/CD206�)
soon after infiltration into injured tissues.13,14 M1 macrophages
switch their phenotype to anti-inflammatory M2 macrophages (F4/
80+/CD206+) during the resolution of the inflammatory reaction,
supporting myogenesis and myofiber growth and expressing very
high levels of anti-inflammatory cytokines and growth factors.14,15

Therefore, a controlled and timely inflammatory process is crucial
for triggering the muscle repair and healing process with limited
scar tissues. We have shown that a 10-day treatment with mouse
full-length OPG fused to an Fc fragment (mFL-OPG-Fc) improves
muscle function in a dystrophin-deficient mdx mouse, a rodent
model for Duchennemuscular dystrophy (DMD).5,16 RANK/RANKL
protein levels are higher in the microenvironment of dystrophic
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Figure 1. An hFL-OPG-Fc treatment significantly

improved injured soleus (Sol) muscle function

The slow-twitch Sol muscles from 12-week-old-C57BL/

10J mice were injected with 15 mL of cardiotoxin (CTX;

20 mM). The mice were then treated daily with either vehicle

(PBS) or hFL-OPG-Fc (1 mg/kg/day) for 3 (n = 3) or 7 days

(n = 7–12). The contractile properties were evaluated

ex vivo. (A and B) Although untreated and treated mice

presented a similar loss of force at day 3, injured Sol

muscles from hFL-OPG-Fc-treated mice exhibited a sig-

nificant improvement in isometric (P0; A) and specific forces

(sP0; B) compared to PBS-treated mice at day 7. (C) The

force frequency curve of Sol muscles from hFL-OPG-Fc-

treated mice at day 7 exhibited a marked increase in force

production compared to Sol muscles from PBS-treated

mice. The muscle mass and twitch force (Pt) of Sol muscles

from CTX-treated mice were significantly lower than those

of Sol muscles from sham mice at 7 days post-injury. No

other morphological or contractile parameters were signif-

icantly different (Table 1). Data are expressed as means ±

SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate

significantly different from PBS-treated mice, and ****p <

0.0001 designates significantly different from sham using

an analysis of variance with Dunnett’s test (one-way

ANOVA) for multiple comparisons.
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muscles.17 The inhibition of their interaction with anti-RANKL anti-
body results in less muscle damage, fibrosis, edema, and inflamma-
tion.17 Blockage of RANKL/RANK interaction also inhibits the NF-
kB pathway, thereby regulating inflammation and the proportion of
anti-inflammatory and non-cytotoxic M2 macrophages.17 Interest-
ingly, mFL-OPG-Fc is more effective in preserving dystrophic muscle
function than muscle-specific Rank deletion or truncated OPG (TR-
OPG-Fc; with only the RANKL binding domains),16 suggesting that
mFL-OPG-Fc may potentially impact different cellular processes in
various tissues. Structurally, the FL-OPG-Fc protein contains four
TNF receptor (TNFR)-like domains (RANKL binding sites), two
death domains (TNF-related apoptosis-inducing ligand [TRAIL]
binding sites), and a highly basic heparin-binding domain.18 OPG
promotes cell survival through its TRAIL-binding domains and cell
proliferation, and migration through its highly basic heparin-binding
domain in vascular, immune, and tumor cells,19–21 in addition to its
implication in human peripheral blood monocyte chemiotaxis.22

Although mFL-OPG-Fc has a beneficial effect on dystrophic muscles,
it cannot be translated into clinical applications. Mouse and human
OPG amino acid sequence alignment shows that 85% of the amino
acids are identical while 6% are similar and 9% are different
(https://www.uniprot.org/; see also Figure S1). We thus investigated
the beneficial effects of human FL-OPG-Fc (hFL-OPG-Fc) in a
well-established and controlled model of cardiotoxin (CTX)-induced
muscle injury and repair in vitro and in vivo.
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In the present study, we show that a 7-day hFL-
OPG-Fc treatment improved muscle force
following CTX-induced injury. Furthermore,
the hFL-OPG-Fc treatment attenuated CTX-
induced neutrophil infiltration at days 3 and 7 post-injury, increased
the M2 macrophages phenotype at day 7 post-CTX-induced injury
in vivo, and promoted the M2 over M1 macrophage phenotypic po-
larization in vitro. Furthermore, hFL-OPG-Fc also improved muscle
integrity in vivo, increased fiber cross-sectional area (CSA), and pro-
moted regeneration and satellite cell density in the soleus (Sol) muscle
at day 7 post-CTX injury. In addition, in vivo and in vitro hFL-OPG-
Fc treatment increased the expression of b3 integrin, an important
regulator of myogenic gene expression and satellite cell migration.23

The hFL-OPG-Fc treatment also improved myotube maturation
and fusion and decreased CTX-induced cytotoxicity and apoptosis
in vitro. These findings thus demonstrate that hFL-OPG-Fc has the
potential to attenuate muscle injury, promote cell survival, and
improve muscle repair and regeneration.

RESULTS
An hFL-OPG-Fc treatment improved the force of CTX-injured Sol

muscles

We used a severe CTX-induced muscle injury model to determine
whether hFL-OPG-Fc had an impact onmuscle repair. No differences
were observed between phosphate-buffered saline (PBS)-treated and
hFL-OPG-Fc-treated mice at day 3 post-injury where both displayed
more than 85% loss in absolute and specific forces (Figures 1A and 1B,
respectively). However, the hFL-OPG-Fc treatment significantly
improved the isometric (P0) and specific (sP0) forces of the Sol
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Table 1. Morphological and contractile properties of soleus (Sol) muscles at 7 days after CTX injection

Group

Sol

Mouse mass (g) ± SEM Muscle mass (mg) ± SEM L0 (mm) ± SEM Pt (g) ± SEM 1/2 RT (ms) ± SEM TPT (ms) ± SEM

Sham 28.6 ± 2.0 8.1 ± 0.3 12.3 ± 0.3 3.7 ± 0.4 42.6 ± 3.4 36.6 ± 2.2

CTX-PBS 25.7 ± 0.6 6.2 ± 0.3** 11.3 ± 0.4 2.3 ± 0.2** 45.0 ± 2.8 35.6 ± 1.6

CTX-hFL-OPG-Fc 25.7 ± 0.6 6.2 ± 0.3** 11.6 ± 0.2 2.8 ± 0.2 41.6 ± 2.8 34.8 ± 2.4

The Sol muscles were incubated ex vivo in a controlled physiological environment (Krebs-Ringer solution supplemented with 95% O2 and 5% CO2, pH 7.4) at 25�C. L0 values were
determined, and the twitch tension (Pt), half-relaxation time (1/2 RT), and time to peak tension (TPT) were recorded. The muscle masses of Sol muscles from CTX-treated mice were
significantly lower than those of Sol muscles from sham mice, while the Pt was significantly lower only in the PBS-treated group. No other morphological and contractile parameters
were significantly different. Data are expressed as means ± SEM. **p < 0.01, indicate significantly different from sham mice using a one-way analysis of variance ANOVA with a
Dunnett’s test (one-way ANOVA) for multiple comparisons (n = 7–9).
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muscles by 29% and 30%, respectively, compared to PBS at day 7
post-CTX-induced injury (Figures 1A and 1B). The force-frequency
curve at day 7 shows that the hFL-OPG-Fc treatment increased
tetanic forces selectively between 80 and 150 Hz (Figure 1C). Sol mus-
cle masses from CTX-treated mice were significantly lower than those
of Sol muscles from sham mice while twitch force (Pt) was signifi-
cantly diminished only in the PBS-treatedmuscles (Table 1). No other
morphological and contractile parameters were significantly different
(Table 1).

An hFL-OPG-Fc treatment significantly improved muscle

integrity and fiber CSA in Sol muscles at day 7 post-CTX injury

We determined whether hFL-OPG-Fc attenuates the severity of CTX-
inducedmuscle damage. Cryosections of Sol muscles fromC57BL/10J
mice injected with CTX and treated with either vehicle (PBS) or hFL-
OPG-Fc for 3 or 7 days were stained with hematoxylin and eosin
(H&E) to evaluate muscle integrity. At day 3 post-injury, the area
occupied by myofibers in Sol muscle was slightly higher, but statisti-
cally not significant, in hFL-OPG-Fc-treated compared with the PBS-
treated mice (33% ± 7% versus 20% ± 7% of the total area, respec-
tively; Figures 2A and 2B). However, an hFL-OPG-Fc treatment
markedly increased the surface area occupied by myofibers compared
to PBS-treated mice at day 7 post-CTX injury (74% ± 5% versus
57% ± 5% total area, respectively; Figures 2A and 2B). Furthermore,
the fiber CSA of Sol muscles was significantly higher in the hFL-OPG-
Fc-treated muscles than in the PBS control muscles at day 7 post-
CTX-induced injury (1,100 ± 60 mm2 versus 760 ± 96 mm2, respec-
tively; Figure 2C). The variance coefficient of the muscle fiber CSA
determined using the minimal Feret’s diameter method showed no
difference in the muscle fiber heterogenicity of hFL-OPG-Fc-treated
and PBS-treated mice at day 7 post-CTX-induced injury (238 ± 13
versus 246 ± 16, respectively; Figure 2D).

An hFL-OPG-Fc treatment significantly reduced neutrophil

infiltration at 3 and 7 days post-injury and promoted M2

macrophage phenotype at 7 days following cardiotoxin-induced

muscle damage

To assess the inflammatory response, injured Sol muscle sections
from PBS- and hFL-OPG-Fc-treated mice were labeled with anti-
Ly6-G/C, a marker for neutrophils (Figure 3A). The hFL-OPG-Fc
treatment significantly reduced the number of neutrophils in Sol
Molecul
muscles compared to PBS-treated mice at day 3 (14,949 ± 988
versus 25,119 ± 3,164 cells/mm3, respectively; Figure 3B) and at
day 7 post-CTX injury (1,993 ± 473 versus 7,418 ± 829 cells/
mm3, respectively; Figure 3B). Neutrophil levels were significantly
lower on day 7 post-injury in both hFL-OPG-Fc- and PBS-treated
mice compared to day 3 post-injury (1,993 ± 473 versus 14,949 ±

988 cells/mm3 for hFL-OPG-Fc-treated mice and 7,418 ± 829 versus
25,119 ± 3,164 cells/mm3 for PBS-treated mice; Figure 3B). We then
assessed the impact of an hFL-OPG-Fc treatment on pro-(M1) and
anti-(M2) inflammatory macrophage infiltration on 3 and 7 days
post-CTX-induced injury (Figure 3C). Total macrophage density,
which includes M1 and M2 macrophages, had the tendency to be
higher in hFL-OPG-Fc-treated mice at 7 days post-injury than in
PBS control muscles (8,400 ± 2,465 versus 4,688 ± 1,040 cells/
mm3, respectively, Figure 3D). M1 macrophage (F4/80+/CD206�)
levels were significantly lower on day 7 post-injury in hFL-OPG-
Fc-treated mice compared to day 3, while they were lower but sta-
tistically not significant in PBS-treated mice (2,366 ± 345 versus
969 ± 244 cells/mm3 for hFL-OPG-Fc-treated mice and 2,673 ±

957 versus 1,637 ± 547 cells/mm3 for PBS-injected mice; Figure 3E).
No significant difference was observed in M1 density between PBS-
treated and hFL-OPG-Fc-treated mice at day 3 and day 7 post-
injury (Figure 3E). Interestingly, at day 7 post-injury, the number
of M2 macrophages (F4/80+/CD206+) increased significantly
(+49%) in hFL-OPG-Fc-treated mice compared to PBS-treated
mice (6,656 ± 1,518 versus 3,422 ± 618 cells/mm3, respectively; Fig-
ure 3F). We also observed a significant increase in M2 macrophage
density (+59%) in hFL-OPG-Fc-treated mice at day 7 post-injury
compared to day 3 post-injury (Figure 3F).

An hFL-OPG-Fc treatment significantly improved muscle repair

and regeneration

To better understand how hFL-OPG-Fc improves force production in
injured Sol muscles, we examined the impact of an hFL-OPG-Fc
treatment on muscle repair and regeneration following CTX-induced
injury. hFL-OPG-Fc treatment significantly increased the average
number of centrally nucleated myofibers at 7 days following injury
(Figures 4A and 4B). Moreover, the CSA of centrally nucleated myo-
fibers was significantly higher (+30%) in hFL-OPG-Fc-treated mice
compared to those in the PBS group (1,138 ± 109 mm2 versus
877 ± 41 mm2, respectively; Figure 4C). To determine whether the
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 561
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Figure 2. An hFL-OPG-Fc treatment significantly improved muscle integrity and fiber cross-sectional area (CSA) following cardiotoxin-induced muscle

injury

(A) Images of hematoxylin and eosin (H&E)-stained Sol muscle sections from C57BL/10J mice injected with 15 mL of CTX (20 mM) followed by daily injections of either PBS or

hFL-OPG-Fc (1mg/kg/day) for 3 (n = 3–5) and 7 days (n = 6). The area occupied bymyofibers was estimated using ImageJ 1.52a. (A and B) Three days after the CTX injection,

the hFL-OPG-Fc-treated mice had slightly more myofibers than the PBS-treated mice (33% versus 20% of surface area occupied by myofibers, respectively). Seven days

following CTX injection-induced injury, the area occupied bymyofibers was significantly higher in Sol muscles from the hFL-OPG-Fc-treatedmice than the PBS-treated mice.

(C) Data are expressed as the percentage of myofiber area with respect to the total area. The myofiber CSA of Sol muscles at day 7 after the CTX injection was significantly

higher in hFL-OPG-Fc-treated mice compared to PBS-treated mice. (D) The variance coefficient of the muscle fiber CSA determined using the minimal Feret’s diameter

method showed no difference inmuscle fiber heterogenicity between hFL-OPG-Fc-treated and PBS-treated mice at day 7 post-CTX-induced injury. Complementary images

(legend continued on next page)
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hFL-OPG-Fc treatment had an impact on satellite cell density, Sol
muscle sections were immunolabeled with anti-Pax7 antibody, a
marker for satellite cells. Sol muscle sections from hFL-OPG-Fc-
treated mice displayed a significant increase in satellite cell density
compared to PBS-treated mice (11,044 ± 1,271 versus 6381 ± 1035
cells/mm3, respectively; Figures 4D and 4E). We next assessed the in-
fluence of hFL-OPG-Fc on regenerating muscles. Sol muscle sections
were immunolabeled with anti-embryonic myosin heavy chain (e-
MyHC) antibody, a marker for regenerating myofibers. A 7-day
hFL-OPG-Fc treatment increased the average number of e-MyHC-
positive myofibers by approximately 35% compared to PBS-treated
mice (Figures 4F and 4G). We also determined whether an hFL-
OPG-Fc treatment affects b3 integrin and myogenin levels in injured
muscle since their expressions are increased during satellite cell differ-
entiation, muscle regeneration,23 and development.24 A western blot
(WB) analysis revealed that an hFL-OPG-Fc treatment significantly
increased b3 integrin (+33%) and myogenin (+78%) protein levels
in CTX-injured Sol muscles (Figures 4H and 4I).

An hFL-OPG-Fc treatment inducedM2macrophage polarization

in vitro

M2 anti-inflammatory macrophages directly support myogenesis and
myofiber growth by expressing very high levels of anti-inflammatory
cytokines and growth factors such as transforming growth factor
(TGF)-b, insulin-like growth factor I (IGF-I), and hepatocyte growth
factor (HGF), which participate in the activation and stimulation of
the differentiation of satellite cells.14,25 Since M2 macrophage density
was significantly increased in hFL-OPG-Fc-treated mice, we next as-
sessed whether hFL-OPG-Fc directly promotes the M2 macrophage
polarization using a murine J774 A.1 macrophage cell line in vitro
(Figure 5A). Our results indicated that total macrophage density
(F4/80+ cells) tended to be increased following hFL-OPG-Fc
(200 ng/mL) treatment compared to PBS-treated J774 A.1 macro-
phages (21.1% ± 2.7% versus 15.3% ± 1.9%, respectively; Figure 5B).
M1 macrophages (F4/80+/CD206�) were markedly reduced in hFL-
OPG-Fc- compared to PBS-treated cells (1.8% ± 0.4% versus
2.9% ± 0.6%, respectively; Figure 5C) while hFL-OPG-Fc treatment
induced a significant increase in M2 macrophages (F4/80+/CD206+)
by 36% compared to PBS-treated J774 A.1 macrophages (19.3% ±

2.9% versus 12.4% ± 2,1%, respectively; Figure 5D). Interleukin
(IL)-4/IL-13-treated cells were used as a positive control for M2 po-
larization. We also determined TNF-a and inducible nitric oxide syn-
thase (iNOS) protein levels as M1 phenotype markers, and the anti-
chitinase 3-like protein 3 + chitinase 3-like protein 4 (Ym1/2) as
the M2 macrophage marker. Western blots results showed that
200 ng/mL hFL-OPG-Fc significantly decreased the expression of
TNF-a (�20%; Figure 5E) and iNOS (�32%; Figure 5F), while
Ym1/2 protein level significantly increased following hFL-OPG-Fc
treatment (+30%; Figure 5G).
of H&E staining of both hFL-OPG-Fc- and PBS-treated mice at 7 days post-CTX-induced

and regenerating myofibers. Black arrows and the hashtag, which indicate degeneratin

fication. Scale bars represent 100 mm. Data are expressed asmeans ± SEM. *p < 0.05 in

6); **p < 0.01 indicates statistical differences between day 3 and day 7 for the respecti

Molecul
An hFL-OPG-Fc treatment enhanced C2C12 myotube

maturation and attenuated CTX-induced cytotoxicity in vitro

We next assessed the effect of an hFL-OPG-Fc treatment on myotube
maturation and fusion in vitro. Our results showed that hFL-OPG-Fc
(200 and 1,000 ng/mL) induces myotube maturation and growth as
indicated by an increase in the mean myotube diameter (Figures
6A and 6B). The myotube diameter distribution also shows that a
24-h treatment with hFL-OPG-Fc (50, 100, 200, and 1,000 ng/mL)
reduced the number of small myotubes (5–10 mm in diameter) in a
dose-dependent manner and that a high dose of hFL-OPG-Fc
(1,000 ng/mL) significantly increased the number of large myotubes
(>35 mm in diameter; Figure 6C). We also evaluated the fusion index
(number of nuclei in myotubes/total number of nuclei) in the pres-
ence of hFL-OPG-Fc. hFL-OPG-Fc (1,000 ng/mL for 3 days) pro-
moted myotube maturation and fusion, as indicated by the significant
increase in the fusion index compared to PBS-treated myotubes
(35% ± 1.7% versus 26% ± 2.1%, respectively; Figures 6D and 6E).
We also investigated whether hFL-OPG-Fc attenuates CTX-induced
cytotoxicity in myotubes. Our results show that the levels of lactate
dehydrogenase (LDH) and creatine kinase (CK), twomarkers of mus-
cle cell damage, were significantly reduced by more than 40% and
50%, respectively, in hFL-OPG-Fc-treated (from 100 to 1,000 ng/
mL) myotubes (Figures 7A and 7B). To better understand how
hFL-OPG-Fc reduces cytotoxicity, we investigated the capacity of
hFL-OPG-Fc to prevent CTX-induced apoptosis. Western blot results
show that 200 and 1,000 ng/mL hFL-OPG-Fc significantly decreased
the expression of cleaved caspase-3 and Bax proteins (Figures 7C and
7D, respectively) while b3 integrin protein levels increased incremen-
tally up to 2.5-fold following a treatment with 1000 ng/mL hFL-OPG-
Fc (Figure 7E). Lastly, representative images of TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) immunofluo-
rescence and combined quantitative data show that pretreating myo-
tubes with 1,000 ng/mL hFL-OPG-Fc before exposing them to a 1-h
CTX treatment resulted in a significant decrease in the number of
TUNEL+ apoptotic cells compared with PBS-treated myotubes (Fig-
ures 7F and 7G).

DISCUSSION
We previously used genetic and pharmacological approaches to show
that muscle-specific Rank deletion, TR-OPG-Fc, and, to a larger
extent, FL-OPG-Fc treatments restore muscle function in dystrophic
mice.16 Although a beneficial effect has been seen in the context of
DMD, the potential use of hFL-OPG-Fc as an enhancer of muscle
repair has never been tested. To translate the use of hFL-OPG-Fc
into human clinical applications, we investigated the impact of
hFL-OPG-Fc on muscle inflammation and repair following CTX-
induced muscle damage. Our results show that an hFL-OPG-Fc treat-
ment improved muscle force and integrity by reducing neutrophil
infiltration in the early (day 3 post-injury) and mid-phase (day 7
injury are presented in Figures S2 and S3, respectively. Blue arrows indicate mature

g/necrotic myofibers and empty spaces, respectively, were excluded from quanti-

dicates significantly different from PBS-treatedmice using the Student’s t test (n = 3–

ve treatment groups.
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Figure 3. An hFL-OPG-Fc treatment significantly reduced neutrophil infiltration at 3 and 7 days post-injury and promotedM2macrophage phenotype 7 days

following cardiotoxin-induced muscle damage

(A) Sol muscle sections from C57BL/10J mice injected with 15 mL of CTX (20 mM) followed by daily injections of either PBS or hFL-OPG-Fc (1 mg/kg/day) for 3 (n = 4–5) or 7

(n = 5–6) days were labeled with anti-Ly6-G/C (red), anti-laminin (green), and DAPI (blue) to evaluate neutrophil infiltration. (A and B) An hFL-OPG-Fc treatment following CTX-

induced Sol muscle injury significantly reduced the number of neutrophils at day 3 and day 7 post-injury compared to PBS-treated mice. Arrows show neutrophils in (A). (B)

Both PBS- and hFL-OPG-Fc-treated mice exhibited a significant decrease in neutrophil infiltration at day 7 after the CTX injection compared to day 3 post-injury. (C) Anti-F4/

80 (green) and anti-CD206 (red) were used to label all macrophage phenotypes andM2macrophages, respectively, in Sol muscle sections at day 3 and day 7 post-injury. M1

macrophages are F4/80+/CD206� (green) and are indicated by arrows. M2 macrophages are F4/80+/CD206+ (yellow) and are indicated by arrowheads. (D) At day 7 after

muscle injury, total macrophages tended to be higher but not statically significant in hFL-OPG-Fc-treated mice compared to PBS-injected muscles. M1 macrophage (F4/

80+/CD206�) levels were significantly lower at day 7 compared to day 3 post-injury in hFL-OPG-Fc-treated mice. (E) No significant differences were observed in M1

macrophage densities between PBS-treated and hFL-OPG-Fc-treated mice at both day 3 and 7 post-injury. (F) The number of M2 macrophages (F4/80+/CD206+) at day 7

was significantly higher in hFL-OPG-Fc-treated muscles compared to those from the PBS group. A significant increase in M2 macrophage density was observed in hFL-

OPG-Fc-treated mice at day 7 compared to day 3 post-injury. Scale bars represent 50 mm in (A) and 20 mm in (C). Data are expressed as means ± SEM. *p < 0.05, **p < 0.01,

and ****p < 0.0001 indicate significantly different using a Student’s t test (n = 4–6).
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Figure 4. An hFL-OPG-Fc treatment significantly improved muscle regeneration and repair

(A, D, and F) Sol muscle sections were labeled with anti-laminin (green) and DAPI (blue) to evaluate centrally nucleated myofibers (n = 6, A); anti-Pax7 (red), which marks

satellite cells (n = 8, D); and anti-MyH3 (red), which identifies e-MyHC (n = 6, F). (A, B, and C) Compared to a PBS injection, a 7-day treatment of cardiotoxin-injured muscles

with hFL-OPG-Fc significantly increased the average number of centrally nucleated myofibers (A and B) and their CSA (C). (D–G) Pax7+ cells co-localizing with DAPI (nuclei

marker) indicating satellite cells (D and E) and e-MyHC myofibers (F and G) were significantly higher in hFL-OPG-Fc treated Sol muscles. (H and I) Western blot analyses

showed that b3 integrin (H) and myogenin (I) protein levels in the Sol muscles were significantly higher following a 7-day hFL-OPG-Fc treatment. Protein levels were

normalized to GAPDH content and are expressed as fold increase (n = 4). Arrows show centrally nucleated myofibers in (A) and Pax7-expressing cells in (D). Scale bars

represent 20 mm in (A) and (D) and 100 mm in (F). Data are expressed as means ± SEM. *p < 0.05 indicates significantly different from the PBS-treated mice using Student’s t

test (n = 4–8).
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Figure 5. An hFL-OPG-Fc treatment induced M2 macrophage polarization in vitro

Murine macrophage cells were stimulated with LPS (1,000 ng/mL) followed by a 24-h treatment with either PBS, hFL-OPG-Fc (200 ng/mL), or both IL-4 and IL-13 (10 ng/mL

of each) for M2 phenotype polarization. (A) To test whether hFL-OPG-Fc treatment induces M2 polarization, total macrophage and M2 phenotypes were labeled using F4/80

and CD206, respectively, and sorted by flow cytometry. (B–D) hFL-OPG-Fc treatment induced a slight increase in total macrophages (F4/80+ cells) (B), a marked decrease in

M1macrophages (F4/80+/CD206�) (C), and a significant increase inM2macrophages (F4/80+/CD206+) (D) compared to PBS-treated cells. (E and F) IL-4/IL-13-treated cells

were used as a positive control for M2 polarization. The experiment was performed four separate times. Western blot results show that hFL-OPG-Fc significantly decreased

TNF-a (E) and iNOS (F) proteins levels, both M1 macrophage markers. (G) The expression of chitinase 3-like 3 and 4 proteins (Ym1/2), an M2 macrophage marker, was

significantly increased in hFL-OPG-Fc-treated cells. Protein levels were normalized to GAPDH content and expressed in ratio from PBS (n = 7–15). Data are expressed as

means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicate significantly different from PBS using one-way ANOVA for multiple comparisons followed by a

Dunnett’s post hoc test.
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Figure 6. An hFL-OPG-Fc treatment improved myotube fusion and maturation in vitro

(A) Differentiated C2C12 myotubes were treated for 24 h with either PBS or different concentrations of hFL-OPG-Fc (50, 100, 200, or 1,000 ng/mL). Bright-field images were

acquired at �10 magnification. (B) hFL-OPG-Fc treatments (200 and 1,000 ng/mL) promoted myotube maturation, as indicated by the significant increase in fiber diameter

following the treatments. (C) The distribution of myotube diameters showed that a 24-h hFL-OPG-Fc treatment significantly reduced the number of small myotubes (5–10 mm

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021 567

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
post-injury) of muscle repair and by promoting, in vivo, an anti-in-
flammatoryM2macrophage phenotype and the regeneration process.
In vitro, our results show that hFL-OPG-Fc promoted anti-inflamma-
tory M2 macrophage phenotype and increased myotube maturation
and fusion, attenuated CTX-induced cytotoxicity, and inhibited the
apoptotic signaling pathway in differentiated C2C12 myotubes.

A single intramuscular CTX injury induced 85% and 45% losses of
specific muscle force at day 3 and day 7, respectively. These results
are in line with the literature since injury induced by snake toxins
can cause a large amount of damage, destroying nearly all fibers at
the injury site,26–28 with a concomitant significant loss of muscle-spe-
cific force.29 A 7-day treatment with hFL-OPG-Fc increased the iso-
metric and specific forces of Sol muscles by approximately 30%. These
results are in line with our observations in dystrophic muscles that
showed that FL-OPG-Fc mitigates the loss of muscle force in a
dose-dependent manner and preserves muscle integrity,5 in addition
to being more efficacious at preserving muscle function than muscle-
specific Rank deletion, TR-OPG-Fc (only RANKL-binding domains),
or anti-RANKL,16 suggesting that hFL-OPG-Fc is a multifunctional
molecule and could potentially act in multiple ways, impacting
different cellular processes during muscle repair.

Muscle damage and inflammation are the main hallmarks of thermal,
chemical, and mechanical injuries. Although regeneration is very
often complete 1 month after acute injury, the trajectories of the
regenerative process vary and are largely dependent on the dose of
myotoxin used and the extent of damage at the time of injury.27

Our findings show the presence of neutrophils 3 days following injury
in both experimental groups and, most importantly, hFL-OPG-Fc
treatments significantly reduced their density 3 and 7 days post-injury
compared to PBS. The presence of neutrophils at 3 days post-injury
are in line with a previous study that reported that neutrophil concen-
trations can remain elevated in injured muscles for several days
following myofiber damage.27,30 Depending on the extent of the dam-
age induced by CTX injection, neutrophil density increases within
hours of injury and may remain high 4 days after injury.27 Consid-
ering the extent of damage observed at an early stage, the persistence
of neutrophils at day 3 post-injury is not surprising. Furthermore, our
results show that neutrophil density fell by more than 70% and 87% in
PBS- and h-FL-OPG-Fc-treated mice, respectively, between days 3
and 7. However, we did not determine whether hFL-OPG-Fc acts
directly on neutrophil recruitment or fate or whether it is a conse-
quence of improved muscle integrity and the regeneration process
as previously reported in dystrophic muscles.5 Our results demon-
strate that hFL-OPG-Fc treatments significantly increased anti-in-
flammatory M2 macrophage density and improved muscle fiber
in diameter) in a dose-dependent manner and increased the number of large myotubes (

also evaluated the fusion index (number of nuclei in myotubes/total number of nuclei) in t

OPG-Fc (1,000 ng/mL) for 3 days beginning on day 1 of differentiation and were then imm

E) The hFL-OPG-Fc treatments promoted myotube maturation and fusion, as indicated b

bars represent 50 mm in (A) and 20 mm in (D). Data are expressed as means ± SEM. *p <

PBS using an analysis of variance with a Dunnett’s test (one- or two-way ANOVA) for m
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CSA at 7 days post-injury. M2 macrophages are important for damp-
ening environmental inflammatory signals and supporting myogene-
sis and myofiber growth.14 M2 macrophage depletion at an advanced
stage induces a decrease in myofiber CSA, which correlates with the
absence of effective muscle growth.25 These findings support our re-
sults showing that the rise in M2 macrophage density is associated
with better regeneration following hFL-OPG-Fc treatment. Further-
more, we demonstrated that hFL-OPG-Fc treatment promoted the
M2 over M1 phenotypic polarization in culture. Mechanistically, we
speculate that hFL-OPG-Fc may inhibit RANKL in vivo since we
have previously demonstrated that the anti-RANKL treatment
increased the proportion of anti-inflammatory and non-cytotoxic
M2 macrophages in dystrophic mice17 and that M2 macrophage po-
larization occurred via inhibition of the NF-kB signaling pathway in
the J774A.1 macrophage cell line.31 Although, we cannot exclude the
potential effect of endogenous OPG in the current model of muscle
injury, hFL-OPG-Fc treatments had significant effects compared to
control PBS treatments in mice. In addition, our in vitro results
show that hFL-OPG-Fc protected myotubes from CTX-induced
injury, as the myotubes were devoid of inflammatory cells. As
CTX-induced muscle damage is first initiated by a Ca2+ overload,32

and as we previously showed that mFL-OPG-Fc increases SERCA
(sarco/endoplasmic reticulum Ca2+ ATPase) activity and expression,
a key regulator of Ca2+ homeostasis,16 the in vitro and in vivo results
from the present study support the notion that an hFL-OPG-Fc treat-
ment could potentially influence intracellular Ca2+ dynamics
following CTX injury. Overall, hFL-OPG-Fc protects the integrity
of myofibers by reducing the number of inflammatory cells and the
extent of muscle damage, thereby improving the function of injured
muscles.

Skeletal muscles have a great capacity for repair and regeneration in
response to injury. This capacity for regeneration is largely due to sat-
ellite cells, a myogenic stem cell population in adult skeletal mus-
cles.33 We demonstrate that a 7-day treatment with hFL-OPG-Fc
increased satellite cell density in damaged areas of muscles (Pax7+

cells). Consistent with this observation, others have reported that
OPG promotes cell survival, proliferation, and migration by its inter-
action with heparin-binding domains and heparan sulfate proteogly-
cans (HSPs).19,34 Interestingly, HSPs are highly expressed in regener-
ating myofibers and satellite cells and are linked to various signaling
pathways involved in myogenesis, differentiation, and adhesion.35

Additionally, the increase in satellite cell density resulting from an
hFL-OPG-Fc treatment may also occur via avb3 or avb5 integrin,
as the inhibition of avb3 or avb5 integrin with monoclonal anti-
bodies attenuates OPG-induced mobilization and proliferation in hu-
man microvascular endothelial cells.21 Furthermore, b3 integrin
>35 mm in diameter) at the highest dose of hFL-OPG-Fc used (1,000 ng/mL). (D) We

he presence of hFL-OPG-Fc. C2C12 myotubes were treated with either PBS or hFL-

unolabeled with anti-MyHC (myosin heavy chain; red) and DAPI (nuclei; blue). (D and

y the significant increase in fusion index following the hFL-OPG-Fc treatment. Scale

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicate significantly different from

ultiple comparisons (n = 6).
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Figure 7. An hFL-OPG-Fc treatment attenuated cardiotoxin-induced cytotoxicity and apoptosis in differentiated C2C12 myotubes in vitro

Differentiated C2C12 myotubes were treated for 24 h with hFL-OPG-Fc (50, 100, 200, and 1,000 ng/mL) and were then exposed to CTX (1 mM) for 1 h. Supernatants were

collected from the wells, and lactate dehydrogenase (LDH) and creatine kinase (CK) assays were performed to evaluate myotube integrity (n = 10). The hFL-OPG-Fc

treatments (100–1,000 ng/mL) attenuated CTX-induced cell cytotoxicity, as shown by the significantly lower LDH andCK levels inmyotubes treated with hFL-OPG-Fc. (A and

B) The LDH and CK results are presented as the ratio between hFL-OPG-Fc-treated and untreated myotubes. (C–E) Representative images of western blots and their

quantification show that the levels of cleaved caspase-3 and Bax proteins were significantly decreased (C and D) while the level of b3 integrin protein was significantly

increased (E) after the hFL-OPG-Fc treatments. Protein levels were normalized to GAPDH content and are expressed as either a ratio or fold changes from PBS-treated

(legend continued on next page)
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expression is increased during satellite cell differentiation and muscle
regeneration.23 Our results show that b3 integrin protein expression
was higher in regenerating Sol muscles and in myotubes treated with
hFL-OPG-Fc, which supports our data showing that hFL-OPG-Fc
increased satellite cells density and enhanced muscle regeneration
through the integrin signaling pathway. In line with this observation,
the numbers of centrally nucleated cells and e-MyHC myofibers, two
markers of myogenesis and repair, were significantly increased
following an hFL-OPG-Fc treatment. Although the expression of e-
MyHC is initiated at 3 days and may persist for up to 14 days after
injury in the Sol muscle,36,37 the increase in myofibers expressing e-
MyHC following hFL-OPG-Fc treatment strongly supports a better
regeneration since the e-MyHC expression correlates with the in-
crease in contractile tissue, as represented by the area occupied bymy-
ofibers. While we cannot exclude other signaling pathways, our re-
sults and the literature suggest that OPG, with its three different
binding domains (RANKL, TRAIL, and heparin), could directly or
indirectly influence the regeneration of myofibers through the HSP
and integrin pathways.

In addition to preserving muscle integrity, hFL-OPG-Fc also dose-
dependently improved the maturation and fusion and prevented
the death of myotubes in vitro, which supports our in vivo findings.
Our in vitro results also show that b3 integrin was highly expressed
and that the expression of pro-apoptotic proteins such as cleaved
caspase-3 and Bax was reduced, shedding some light on the mech-
anism of action of hFL-OPG-Fc. In line with these observations, b3
integrin is transiently upregulated during myotube differentiation
and is highly involved in myoblast migration and myotube differen-
tiation, while its inhibition impairs myogenic gene expression and
myotube formation.23 In addition, OPG possesses a decoy receptor
for TRAIL, preventing cell death ensuing from the activation of cas-
pase-3 and other pro-apoptotic proteins such as Bax.38 Other phar-
macological experiments have shown that OPG can directly bind to
avb3 and avb5 integrins and promote cell survival.39 Although
further experiments are warranted to evaluate the off-target role
of FL-OPG-Fc in skeletal muscle, these findings indicate that hFL-
OPG-Fc promotes myotube growth and attenuates cell death
in vitro through a mechanism that is to some extent independent
of RANKL inhibition.

In conclusion, we show for the first time that hFL-OPG-Fc modulates
the inflammatory response, increases satellite cell density and muscle
regeneration, and ultimately improves muscle force production and
integrity. Our in vitro results show that hFL-OPG-Fc promotes M2
macrophage phenotype, improves muscle cell maturation and fusion,
and attenuates apoptosis. Altogether, our findings demonstrate that
hFL-OPG-Fc protects Sol muscle by limiting damage and promoting
repair following acute injury, hence its potential for clinical applica-
myotubes (n = 8). (F) Representative images of TUNEL immunofluorescence show the n

mL) myotubes following a 1-h exposure to CTX. (F and G) A 24-h treatment with hFL

apoptotic cells after a 1-h exposure to CTX compared with PBS-treated myotubes (n = 4

**p < 0.01, ***p < 0.001, and ****p < 0.0001 indicate significantly different from control
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tions for diseases in which muscle repair and regeneration are
impaired.

MATERIALS AND METHODS
Animals

All animal experiments were approved by the Université Laval
Research Center Animal Care and Use Committee based on Cana-
dian Council on Animal Care guidelines. Male wild-type (WT;
C57BL/10J) mice were purchased from The Jackson Laboratory.
Food and water were provided ad libitum. Mice were screened for
the desired genotype by PCR analysis. At the end of the different
experimental procedures, the mice were euthanized by cervical dislo-
cation under anesthesia. All experiments, data acquisition, and ana-
lyses were performed by “blinded” experimenters.

CTX-induced muscle injury

Male WT (C57BL/10J) mice were used at 10–12 weeks of age. They
were anesthetized with isoflurane inhalation and were injected with
slow-release buprenorphine (0.1 mg/kg) to alleviate pain. The right
and left hindlimbs were shaved prior to the CTX-induced muscle
injury. A small incision (5 mm) was performed on the lateral side
of each leg to expose the Sol muscles. CTX (total volume of 15 mL,
20 mM) from Naja pallida (Latoxan, Valance, France) was injected
intramuscularly at three sites (5 mL per site at the distal, proximal,
and mid-belly regions of each Sol muscle). Sham mice were operated
but did not receive the intramuscular CTX injections. Following the
CTX injections, the C57BL/10J mice were treated for 3 or 7 days
with intraperitoneal (i.p.) injections of either vehicle (PBS) or hFL-
OPG-Fc (1 mg/kg/day; National Research Council of Canada
[NRCC]). A 3-day treatment was selected to evaluate the role played
by hFL-OPG-Fc during the early inflammatory response, and a 7-day
treatment was used to access its effects on muscle regeneration while
limiting possible immune reactions to the fused protein. The mice
were then euthanized. The right hindlimb Sol muscle was used to
measure ex vivo contractile properties, and the left hindlimb Sol mus-
cle was frozen for western blot and immunohistochemistry analyses.

Skeletal muscle contractile properties

The mice were injected subcutaneously (s.c.) with buprenorphine
(0.1 mg/kg) and were anesthetized by an i.p. injection of pentobarbital
sodium (50 mg/kg). The Sol muscle was gently removed, incubated at
25�C in Krebs-Ringer physiological solution (pH 7.4) supplemented
with 95% O2 and 5% CO2, and attached to an electrode with a
force sensor (305B-LR; Aurora Scientific, Aurora, ON, Canada).
Contractile properties were measured using a 305B-LR dual-mode
muscle arm system monitored by a dynamic muscle data acquisition
and analysis system (Aurora Scientific). Maximum specific tetanic
tension (sP0; in N/cm2) values were obtained by normalizing
the absolute force (P0) to the fiber CSA using the following
umbers of TUNEL+ apoptotic cells in untreated and hFL-OPG-Fc-treated (1,000 ng/

-OPG-Fc (1,000 ng/mL) induced a significant decrease in the number of TUNEL+

). Scale bars represent 20 mm in (F). Data are expressed as means ± SEM. *p < 0.05,

s by analysis of variance for multiple comparisons with a Dunnett’s test (n = 4–10).
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equation: sP0 = P0/CSA. CSA was determined by dividing the muscle
mass by the product of the optimum fiber length (Lf) corresponding
to the result of multiplying optical length (L0) with the fiber length
ratio (0.71 for Sol muscles) and the muscle density (1.06 mg/mm3).
Muscle contractility results were analyzed using Dynamic Muscle
Data Analysis software (Aurora Scientific).

Immunohistochemistry

Sol muscle cross-sections from PBS-treated and hFL-OPG-Fc-treated
mice were washed for 5 min with PBS, fixed for 10 min with 4% para-
formaldehyde (PFA), blocked with 5% BSA, 1% horse serum (HS) so-
lution, and then incubated overnight at 4�C with the following pri-
mary antibodies: anti-laminin (Sigma-Aldrich, Oakville, ON,
Canada, 1:250), anti-e-MyHC (F1.652 MYH3; DSHB, University of
Iowa, Iowa City, IA, USA), anti-Pax7 (R&D Systems, Oakville, ON,
Canada, 1:100), anti-Ly6-G/C (BD Biosciences, Mississauga, ON,
Canada, 1:300), anti-F4/80 (Bio-Rad, Mississauga, ON, Canada,
1:100), and anti-CD206 (Santa Cruz, Dallas, TX, USA, 1:50) diluted
in blocking solution. The sections were washed three times for
15 min with PBS and were incubated with Alexa Fluor 488- or 594-
conjugated secondary antibodies (Invitrogen, Burlington, ON, Can-
ada, 1:500) for 1 h at room temperature. The sections were washed
three times for 15 min with PBS, mounted with DAPI Fluoro-
mount-G (SouthernBiotech, Birmingham, AL, USA), and immuno-
fluorescence labeling was analyzed using an Axio Imager M2 micro-
scope (Zeiss) connected to an AxioCam camera using ZEN 2 software
(Zeiss). Additional sections were stained with H&E according to the
manufacturer’s protocol (Sigma-Aldrich, Oakville, ON, Canada) to
assess muscle integrity.

Immunohistochemistry analyses

For muscle regeneration analyses, two tiles per muscle were randomly
selected from the distal and proximal regions and were analyzed. The
results are presented as percentages based on the number of total fi-
bers per tile. Satellite cells were quantified from at least six fields ac-
quired using a �20 objective, and data are presented as cell density
(number of cells/mm3). Muscle integrity was evaluated by measuring
the area occupied by mature and regenerating myofibers, excluding
empty spaces, degenerating, and necrotic myofibers, in two tiles per
muscle randomly selected from the distal and proximal regions.
The area occupied by mature and regenerating myofibers was
measured by deducting the area not occupied by fibers analyzed
from an image acquired using a �10 objective using ImageJ software
(version 1.41) from the total area, excluding artifacts resulting from
the tissue preparation. Results are expressed as the percentage of my-
ofiber area with respect to the total area. Images used for representing
data were acquired using a �20 objective and �10 objective for tiles.

In vitro macrophage polarization

The murine J774 A.1 macrophage cell line kindly provided by Dr. Jac-
ques Corbeil Laboratory, Centre de Recherche du CHU de Quebec–
CHUL were cultured in high-glucose DMEM (Wisent, Canada) sup-
plemented with 10% FBS (HyClone, Thermo Fisher Scientific) and
1% antibiotic-antimycotic (Thermo Fisher Scientific) in a 5% CO2 at-
Molecul
mosphere at 37�C. For M2 phenotype polarization experiments, cells
were seeded in six-well culture plates and simultaneously stimulated
with lipopolysaccharide (LPS; 1,000 ng/mL) and treated for 24 h with
either PBS, hFL-OPG-Fc (200 ng/mL), or both IL-4 and IL-13 (10 ng/
mL for each). After the treatment, cells were harvested and used either
for western blot or fluorescence-activated cell sorting (FACS) ana-
lyses. The experiment was performed four separate times.

FACS analysis

Murine J774 A.1 macrophage cells stimulated with LPS and treated
for 24 h with either PBS, hFL-OPG-Fc, or both IL-4 and IL-13 were
harvested, washed with PBS, and then centrifuged at 1,600 rpm for
5 min at room temperature. Cells were resuspended in 100 mL of
FACS wash buffer (PBS 1�, 0,05% BSA, 1% EDTA) and preincubated
with mouse BD Fc Block purified anti-mouse CD16/CD32 (BD Phar-
mingen, CA, USA, 1:200) at room temperature for 10 min. To labeled
macrophages, cells were incubated with F4/80 Pacific Blue-conju-
gated rat anti-mouse (BioLegend, USA, 1:200). M2-macrophages
were labeled with CD206 R-phycoerythrin-conjugated rat anti-mouse
(Thermo Fisher Scientific, Canada, 1:200) at 4�C for 30 min. Appro-
priate isotypes were used (BioLegend and Thermo Fisher Scientific,
Canada), and am ABC anti-mouse bead kit (Invitrogen) was used
for adjusting compensation. Flow cytometry was performed with an
EPICS XL (Beckman Coulter, Fullerton, CA, USA), and the cell ana-
lyses were performed using FlowJo software (BD Biosciences).

Cell cultures

C2C12 myoblasts (ATCC, Manassas, VA, USA) were cultured in
high-glucose DMEM (HyClone, Thermo Fisher Scientific, Ottawa,
ON, Canada) supplemented with 10% FBS (HyClone, Thermo Fisher
Scientific) and 1% antibiotic-antimycotic (Thermo Fisher Scientific)
in a 5% CO2 atmosphere at 37�C. When the myoblasts reached
90% confluence, the medium was replaced with high-glucose
DMEM supplemented with 1% fetal horse serum and 1% insulin-
transferrin-sodium selenite (ITS), and the myoblasts were incubated
for a further 5 days to allow them to differentiate into myotubes. At
day 4 of differentiation, the myotubes were treated with PBS or
hFL-OPG-Fc (50, 100, 200, or 1,000 ng/mL) for 24 h. Bright-field im-
ages from at least five different fields covering a total of 300 myotubes
were acquired using a Zeiss microscope, and the distribution and di-
ameters of the myotubes were determined using ImageJ. Results are
presented as the average of at least six experiments per condition
and are normalized to PBS-treated cells. In a separate experiment, af-
ter day 4 of differentiation, the myotubes were treated with hFL-OPG-
Fc (50, 100, 200, or 1,000 ng/mL) for 24 h and were exposed to CTX
(1 mM) for 1 h to evaluate cytotoxicity.

LDH and CK activity assays

Twenty-four hours after a single treatment with PBS or hFL-OPG-Fc
(50, 100, 200, or 1,000 ng/mL), the cells were exposed to CTX (1 mM)
for 1 h. The culture medium from each well was then collected and
centrifuged, and LDH activity was determined using a commercial
kit (Promega, Madison, WI, USA). Briefly, 10 mL of medium was
diluted in 40 mL of fusion medium. CytoTox 96 reagent (50 mL,
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Promega) was then added to the reaction mixture. After a 30-min in-
cubation, 50 mL of stop solution was added, and LDH activity was
measured 1 h later using a spectrophotometer at an OD of 490 nm.
LDH levels in the hFL-OPG-Fc-treated wells were normalized to
the PBS wells. In parallel, 20 mL of medium was used to assay CK ac-
tivity using a commercial kit (VWR International, Edmonton, AB,
Canada). Activity was measured using a spectrophotometer at an op-
tical density (OD) of 560 nm. CK levels in the hFL-OPG-Fc treatment
wells were normalized to CK levels in the PBS treatment wells.
Western blotting

Injured Sol muscles from the left hindlimbs were immediately frozen
after dissection. The muscles were homogenized for 45 s on ice in ra-
dioimmunoprecipitation assay (RIPA) lysis buffer supplemented with
a protease inhibitor cocktail (P8340; Sigma-Aldrich) and a phospha-
tase inhibitor cocktail (2 mM Na3VO4, 50 mM NaF, and 0.2 mM
PMSF; Sigma-Aldrich) using a tissue homogenizer (PowerGen 125;
Thermo Fisher Scientific). C2C12 cells were also lysed using RIPA
buffer. The protein content of the lysates was determined using a bi-
cinchoninic acid (BCA) protein assay kit (EMD Chemicals, Ottawa,
ON, Canada). The homogenates were heated to 95�C in Laemmli
buffer for 2 min, separated by SDS-PAGE, and transferred to polyvi-
nylidene fluoride (PVDF) membranes (Bio-Rad). The membranes
were blocked in 5% skim milk and were incubated overnight at 4�C
with the following primary antibodies: anti-b3 integrin (ab119992;
Abcam, Toronto, ON, Canada), anti-myogenin (ab1835; Abcam),
anti-cleaved caspase-3 (AF835; R&D Systems, Oakville, ON, Can-
ada), anti-Bax (ab32503; Abcam), anti-TNF-a (AB2148P; Sigma-Al-
drich, ON, Canada), anti-iNOS (ab202417; Abcam, ON, Canada),
anti-Ym1/2 (ab192029, Abcam, ON, Canada), and anti-GAPDH
(Cell Signaling Technology, Danvers, MA, USA). The anti-GAPDH
was diluted 1:5,000 and the other antibodies were diluted 1:1,000.
The membranes were washed, incubated with the appropriate
HRP-conjugated secondary antibodies, and visualized by chemilumi-
nescence using the ECL Plus imaging system (PerkinElmer). Band
densities were analyzed using Quantity One software (v4.6.6; Bio-
Rad) and were normalized to GAPDH.
Fusion index

When the myoblasts reached 70% confluence, the medium was re-
placed with high-glucose DMEM supplemented with 1% fetal horse
serum and 1% ITS, and the myoblasts were treated with either PBS
or hFL-OPG-Fc (1,000 ng/mL) for 3 days. The wells were washed
three times with PBS, fixed for 20 min with 4% PFA, permeabilized
for 10 min with 0.1% Triton X-100, blocked for 30 min in 5% BSA-
PBS, and exposed to primary antibodies against MyH (Santa Cruz,
1:200) overnight at 4�C. The cells were washed three times with
PBS, and then secondary anti-rabbit Alexa Fluor 594 was added for
1 h at room temperature. The cells were then washed three times
with PBS and were mounted with DAPI gel (SouthernBiotech) before
being examined under an Axio Imager M2microscope equipped with
ZEN software (Zeiss, Germany). The fusion index number of nuclei in
the myotubes per total number of nuclei was determined in at least
572 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
four randomly selected fields per well. The experiments were repeated
six times (n = 6).

TUNEL assay

After day 4 of differentiation, the myotubes were treated for 24 h with
either PBS or hFL-OPG-Fc (1,000 ng/mL) and were exposed to CTX
(1 mM) for 1 h to evaluate cell death. TUNEL staining for C2C12-
treated cells was performed using an In Situ Cell Death Detection
kit (Roche, Mannheim, Germany). TUNEL-positive cells were
counted in four randomly selected fields in the wells. The experiments
were repeated four times. This experiment was performed under
blinded conditions.

Statistical analyses

All values are expressed as means ± SEM. The data were analyzed us-
ing either a Student’s t test or Dunnett’s post hoc test (one-way
ANOVA or two-way ANOVA) using Prism (version 3.1). The levels
of significance were set at *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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