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Aims: Cannabinoid type 2 (CB,) receptor activation has been shown to attenuate IRI in various organs. NF-E2-
related factor (Nrf2) is an anti-oxidative factor that plays multiple roles in regulating cellular redox homeostasis
and modulating cell proliferation and differentiation. The protective effects of CB, receptor activation on skeletal
muscle IRI and the underlying mechanism that involves Nrf2 signaling remain unknown.

Main methods: We evaluated the in vivo effect of CB, receptor activation by the CB, receptor agonist AM1241 on
IR-induced skeletal muscle damage and early myogenesis. We also assessed the effects of CB, receptor activation
on C2C12 myoblasts differentiation and H,O»-induced C2C12 myoblasts damage in vitro, with a focus on the
mechanism of Nrf2 signaling.

Key findings: Our results showed that CB, receptor activation reduced IR-induced histopathological lesions,
edema, and oxidative stress 1 day post-injury and accelerated early myogenesis 4 days post-injury in mice. Nrf2
knockout mice that were treated with AM1241 exhibited deteriorative skeletal muscle oxidative damage and
myogenesis. In vitro, pretreatment with AM1241 significantly increased the expression of Nrf2 and its nuclear
translocation, attenuated the decrease in H,O,-induced C2C12 cell viability, and decreased reactive oxygen
species generation and apoptosis. CB, receptor activation also significantly enhanced C2C12 myoblasts differ-
entiation, which was impaired by silencing Nrf2.

Significance: Overall, CB, receptor activation protected skeletal muscle against IRI by ameliorating oxidative
damage and promoting early skeletal muscle myogenesis, which was partly via Nrf2 signaling.

1. Introduction regeneration and initiate and regulate the repair process after injury

that basically recapitulates myogenesis [5]. SCs proliferation and dif-

Skeletal muscle ischemia-reperfusion injury (IRI) is a common and
severe clinical disease with high morbidity and mortality, usually sec-
ondary to vascular injury, crush syndrome, compartment syndrome,
reconstruction surgery, or the use of surgical tourniquets [1,2]. Skeletal
muscles have high metabolic activity and are sensitive to IRI [3]. The
mechanisms of IRI are complex. Reactive oxygen species (ROS) are
considered to be a main factor in local and systemic damage caused by
IRI [1]. As blood reperfuses, abundant ROS are generated, leading to
skeletal muscle oxidative stress that consequently causes the necrosis of
skeletal muscle myocytes [4]. Skeletal muscles have a robust re-
generation capacity. Satellite cells (SCs) are essential for muscle

ferentiation are regulated by the myogenic regulatory factor (MRF)
family, consisting of MyoD and myogenin. MyoD induces SCs pro-
liferation, and myogenin induces cell-cycle arrest and differentiation.
Skeletal muscle regeneration is believed to be tightly controlled by
redox balance [6]. Excessive oxidative stress can cause skeletal muscle
damage and impair subsequent regeneration [7-9].

The cannabinoid type 2 (CB-) receptor is a seven-transmembrane, G
protein-coupled receptor that is widely expressed in various tissues,
including heart, liver, brain, and skeletal muscle [10,11]. CB, receptor
has been shown to have anti-oxidative and anti-inflammatory effects
and has emerged as a promising therapeutic target for various
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disorders, including inflammation and tissue injury [12,13]. Our pre-
vious studies found that CB, receptor activation attenuated the in-
flammatory response and improved muscle repair after skeletal muscle
contusion in rats [14,15]. CB, receptor protein levels significantly in-
creased during murine C,C;, myoblasts and primary human skeletal
muscle cell (hSKMC) differentiation [16]. Therefore, we speculated that
CB, receptor activation might have beneficial effects on skeletal muscle
IRI.

NF-E2-related factor (Nrf2) plays a pivotal role in the cellular de-
fense against oxidative stress [17,18]. Under physiological conditions,
Nrf2 is retained in the cytoplasm and degraded by its inhibitor Keapl.
Oxidative stress stimuli disrupt the Nrf2/Keapl complex. Nrf2 is acti-
vated and translocated into the nucleus, eventually resulting in an in-
crease in the expression of antioxidant genes, such as heme oxygenase-1
(HO-1), to resist injury by binding to antioxidant response elements in
the promoter regions of target genes [18]. Recently evidences suggest
that Nrf2 has various novel functions, particularly in cell proliferation
and differentiation [19]. Nrf2 deletion was shown to exacerbate cell
apoptosis and subsequently impair skeletal muscle regeneration fol-
lowing injury in mice [5,8,9], suggesting that modulation of Nrf2 might
be a potential strategy to treat skeletal muscle injury. Moreover, in vivo
[20,21] and in vitro [22,23] evidences indicate that CB, receptor acti-
vation can functionally enhance Nrf2.

In the present study, we used in vivo and in vitro models to test the
hypothesis that CB, receptor activation exerts beneficial effects on
skeletal muscle IRI. The results showed that CB, receptor activation by
the CB, receptor agonist AM1241 attenuated IR-induced skeletal
muscle oxidative damage and promoted early myogenesis partially
through Nrf2 signaling.

2. Materials and methods
2.1. Animal studies

Young, 8- to 12-week-old male C57BL/6 mice (wildtype; Charles
River Laboratories) and Nrf2 gene knockout mice on a C57BL/6 back-
ground (originally generated by Dr. Masayuki Yamamoto) were used.
All of the mice were specific-pathogen-free grade and kept in our an-
imal facility under pathogen-free conditions on a 12h/12h light/dark
cycle. Nrf2 knockout mice were confirmed according to a previous re-
port [24] (Supplementary Fig. S1A, B). The wildtype mice were as-
signed to four groups: mice that were subjected to sham surgery (sham
group), mice that were subjected to IR (IR group), mice that were
subjected to IR and received vehicle (vehicle group), mice that were
subjected to IR and received AM1241 (AM1241 group). Nrf2 knockout
mice were subjected to IR and received AM1241. Sterile injury was
induced by a tourniquet for 2.5h as described previously [25]. The
mice were anesthetized with sodium pentobarbital (30 mg/kg, in-
traperitoneally) before model induction and skeletal muscle tissue
sample (including gastrocnemius and tibialis anterior) collection. The
mice were sacrificed 1 and 4 days after injury. The animal protocols
conformed to the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health, publication no. 86-23, revised 1985) and
were approved by the ethics committee of China Medical University.

2.2. Histological and immunohistochemical procedures

Hindlimb skeletal muscle tissue samples were collected, fixed in 4%
paraformaldehyde, embedded in paraffin wax, cut into 5-um sections,
and stained with H&E for general staining. The sections or C2C12
myoblasts were also immunostained with antibodies against Nrf2,
MPO, and the CB, receptor (see Supplementary material, Table S1).
Immunofluorescence for Nrf2, MyoD, myogenin, MPO, MHC, dystro-
phin, and CB, receptor was detected using secondary antibodies con-
jugated with Alexa Fluor 594 or Alexa Fluor 488 (see Supplementary
material, Table S1). Nuclei were counterstained with hematoxylin for
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immunohistochemistry or stained with DAPI for immunofluorescence.
Control sections were similarly treated, with the exception of the pri-
mary antibody. All of the sections were visualized under a Leica DMi8
fluorescence microscope (Leica, Wetzlar, Germany). The destruction
score was calculated according to a previous study by three in-
dependent pathologists [26]. Briefly, Sections stained with H&E were
microphotographed from five random fields under X 400 magnifica-
tion. Blinded observers were responsible for scoring morphological
impairment based on muscle fiber disorganization and degeneration,
and infiltration of neutrophils. Each criterion was graded between 0
points for normal findings to 3 points for very distinctive findings.

2.3. Wet weight/dry weight ratio of skeletal muscle

The muscle samples were weighed (wet weight) immediately after
being harvested from the right hindlimb. The muscles were dehydrated
at 60 °C for 72h and then weighed again (dry weight). Tissue edema
was characterized by the W/D ratio: W/D ratio = (wet weight / dry
weight) x 100%.

2.4. Biochemical analyses of malondialdehyde and superoxide dismutase
activity

Malondialdehyde levels and SOD activity in skeletal muscle tissues
were measured using commercially available assay kits (A003-1-2 and
A001-3-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer's protocols. Briefly, at 1 day after skeletal
muscle IRI, mice were perfused with cold PBS only, and the muscle
samples were collected. Then samples were homogenized in nine vo-
lumes (grams per liter) of ice-cold saline and centrifuged at 12,000g for
15 min at 4 °C. The supernatant was used to measure the MDA content
and the SOD activity using a spectrophotometer by comparing the op-
tical density at 532 nm or 450 nm to standard curves. The total protein
concentrations were quantified with a BCA assay kit (P0011, Beyotime,
Shanghai, China). The content of MDA was expressed as nmol/g protein
and SOD activity as U/mg protein.

2.5. Cell culture

The mouse skeletal muscle cell line C2C12 myoblasts (CRL-1772™,
ATCC, Manassas, VA, USA), was cultured in high-glucose Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 100 pg/ml penicillin/streptomycin antibiotics at 37 °C
with 5% CO,. To induce myogenic differentiation, the proliferation
medium (PM) was switched to differential medium (DM; DMEM with
2% horse serum (HS)) after C2C12 myoblasts growth had reached
nearly 90% confluence. DMEM, FBS and HS were purchased from Life
Technologies (Shanghai, China).

2.6. Cell viability assay

C2C12 myoblasts were seeded in 96-well culture plates (8 X 10°
cells per well) and incubated overnight. The myoblasts were treated
with 1, 2, 5 and 10 uM AM1241 (51544, Selleck Chemicals, Houston,
Texas, USA) in the presence or absence of 1 mM H,0, (216763, Sigma,
Burlington, Massachusetts, USA) for 12 h. The effect of AM1241 on the
inhibition of cell growth was measured as the percentage of cell via-
bility, which was assessed by the Cell Counting Kit-8 (CK04, Dojindo,
Kumamoto, Japan) according to the manufacturer's protocol. Cell
Counting Kit-8 solution (20 ul) was added to the medium, and myo-
blasts were incubated for 1 h in a humidified 5% CO, atmosphere. The
amount of orange formazan staining was calculated by measuring ab-
sorbance at 450 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA, USA).
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Fig. 1. Protective effects of CB, receptor activation against oxidative damage in skeletal muscle in mice subjected to IRI. (A) Representative images of skeletal muscle
1 day after IRI showing staining with H&E (upper panel) and immunohistochemical staining with MPO (lower panel) in the sham group (a, e), IR group (b, f), vehicle
group (c, g), and AM1241 group (d, h). Scale bar = 100 um. (B) Quantification of histological damage scores in the different groups. (C) W/D ratios for IR-induced
tissue edema in skeletal muscle in the different groups. (D, E) Malondialdehyde levels and SOD activity in muscle tissue in the different groups. The data are

expressed as mean + SD. ***p < 0.001, compared with sham group; “p < 0.05, *#p < 0.01, *#*#p < 0.001, compared with vehicle group (n = 6).

2.7. Reactive oxygen species measurement 1 x 10° cells per well and treated with or without 5uM or
10 uM AM1241 for 12 h and then incubated with or without 1 mM H,0,
C2C12 myoblasts were plated in six-well plates at a density of for 6h. The myoblasts were incubated with 10uM 2,7’
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Fig. 2. CB, receptor activation promoted early myogenesis in mice subjected to IRI. (A) Representative images of skeletal muscle 4 days after IRI showing H&E
staining in the vehicle group (a) and AM1241 group (b). Scale bar = 100 pm. (B) Quantification of the number of regenerating myotubes in the different groups. (C)
Protein expression of MyoD and myogenin 4 days after skeletal muscle IRI. (D) Quantification of MyoD and myogenin protein levels. (E) Inmunofluorescent staining
of MyoD and myogenin (red), with nuclei stained with DAPI (blue). Scale bar = 50 um. (F) Ratios of MyoD * /myogenin * nuclei to the total number of skeletal muscle

nuclei. The data are expressed as mean *+
figure legend, the reader is referred to the web version of this article.)

SD. *p < 0.01,*'p < 0.001, compared with vehicle group (n = 6). (For interpretation of the references to colour in this

dichlorofluorescein diacetate (DCFH-DA, S0033, Beyotime, Shanghai,
China) for the last 1h at 37°C in the dark. The myoblasts were im-
mediately analyzed using a FACSCanto II device (BD Biosciences, San
Jose, CA, USA). A total of 10,000 myoblasts per sample were acquired
and analyzed using FlowJo X Software.

2.8. Annexin V-propidium iodide assay

Apoptosis was assessed using an Annexin V-FITC Apoptosis Analysis
Kit (556547, BD Biosciences, San Jose, CA, USA). C2C12 myoblasts
were seeded in a six-well plate at a density of 1 x 10° cells per well and
treated with or without 5 uM or 10 uM AM1241 for 12 h. The cells were
then treated in the presence or absence of 1 mM H,0, for 6 h. The cell
pellets were resuspended in 100 pl of buffer with 5 pl of annexin V-FITC
and 5pl of propidium iodide for 15 min at room temperature in the
dark. A total of 500 ul of buffer was added, and the myoblasts were
immediately analyzed using a FACSCanto II device (BD Biosciences, San
Jose, CA, USA). A total of 10,000 myoblasts per sample were acquired,
and the percentage of cell death was analyzed using FlowJo X Software.

2.9. Western blot analysis

Cold RIPA lysis buffer (pH7.4), and Nuclear and Cytoplasmic
Protein Extraction Kit (P0013B and P0028, Beyotime, Shanghai, China)
that contained 2% phosphatase inhibitor cocktail (P1092, Beyotime,
Shanghai, China) and 1mM phenylmethylsulfonyl fluoride (ST506,
Beyotime, Shanghai, China) were used for the whole-cell or nuclear and
cytoplasmic lysates. Protein concentrations were detected using the
BCA method (P0011, Beyotime, Shanghai, China) according to the
manufacturer's instructions. Equal amounts of protein were separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to polyvinylidene fluoride membranes, and detected with
target primary antibodies (see Supplementary material, Table S1) at
4°C overnight. The membranes were incubated for 2h at room tem-
perature with the appropriate secondary horseradish peroxidase-con-
jugated antibody (see Supplementary material, Table S1) and visualized
using an ECL detection kit (Millipore, Billerica, MA, USA). The densities
of specific bands were quantified using ImageJ software.

2.10. Lentiviral-based shRNA transduction

MISSION shRNA lentivirus vectors were obtained from Sigma, and
lentiviral particles were prepared according to the manufacturer's
protocol. The lentiviral transduction of C2C12 myoblasts with particles
for shRNAs that targeted Nrf2 (SHVRSNM_010902) or scrambled (Scr)
non-target negative control (SHC002V) was performed as described
previously [27]. Briefly, 24h before transduction, C2C12 myoblasts
were plated in 6-well plates at 40-50% confluence in PM. At following
day, hexadimethrine bromide (H9268, Sigma, Burlington, Massachu-
setts, USA), a transduction enhancer, was added at a concentration of
8 ug/ml, and viral particles were added at a concentration of 2 x 10°
transducing units/ml. After overnight incubation, medium containing
viral particles was removed and replaced with fresh medium containing
1 ug/ml puromycin to select cells with stable silencing (i.e., knock-
down) and obtain a cell phenotype of Nrf2 knockout.
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2.11. Gene expression assessment

Total RNA extraction (n = 6/group) and reverse-transcription
quantitative polymerase chain reaction (RT-qPCR) were performed as
detailed elsewhere. Primer sequences are listed in Supplementary Table
S2. To ensure that equal amounts of cDNA were added to the PCR re-
actions, the housekeeping gene Gapdh or Actb was amplified. The data
were analyzed using the **CT comparative method. All of the PCR re-
actions were performed in triplicate.

2.12. Statistical analysis

The data are expressed as the mean * standard deviation of at least
three independent experiments. One-way analysis of variance followed
by Tukey's Honestly Significant Difference post hoc test or Student's two-
tailed unpaired t-test was used to measure differences between mean
values of the different treated groups. Values of p < 0.05 were con-
sidered statistically significant. The data were analyzed using Prism 6.0
software (GraphPad, San Diego, CA, USA).

3. Results

3.1. CB; receptor activation ameliorated skeletal muscle oxidative damage
in mice that were subjected to IRI

We first evaluated CB, receptor-expressing cells 1 day after IRI in
mice. Double immunofluorescent staining showed that almost all of the
infiltrated neutrophils were CB, receptor-positive (Supplementary Fig.
S1C). We then evaluated the degree of skeletal muscle damage 1 day
after IRL. The assessment of muscular tissue injury was based on mor-
phological changes in hematoxylin and eosin (H&E) staining.
Cytoplasmic fragmentation, blurred cell borders, the loss of nuclei, and
neutrophil infiltration were observed in muscular tissue in the IR and
vehicle groups (Fig. 1Ab, ¢, f, g) but not in the sham group (Fig. 1Aa, e).
Histological damage scores significantly increased in the IR and vehicle
groups compared with the sham group, but no significant difference
was found between the IR and vehicle groups (Fig. 1B). The treatment
of IR mice with AM1241 significantly reduced muscle injury, reflected
by less sarcoplasm dissolution, a decrease in the loss of nuclei, and a
decrease in neutrophil infiltration compared with the vehicle group
(Fig. 1B). The wet weight/dry weight (W/D) ratio of skeletal muscle in
the IR and vehicle groups significantly increased compared with the
sham group. The W/D ratio in the AM1241 group significantly de-
creased compared with the vehicle group (Fig. 1C). The assessment of
oxidative stress status showed that malondialdehyde (MDA) levels
significantly increased and superoxide dismutase (SOD) activity sig-
nificantly decreased in the IR and vehicle groups compared with the
sham group (Fig. 1D, E). Treatment with AM1241 significantly reduced
tissue MDA levels and increased tissue SOD activity compared with the
vehicle group (Fig. 1D, E). Altogether, these results indicate that CB,
receptor activation ameliorated IR-induced skeletal muscle damage and
oxidative stress.

3.2. CB; receptor activation promoted early myogenesis in mice that were
subjected to IRI

CB, receptor immunoreactivity was detected in regenerating myo-
tubes (Supplementary Fig. S1D). H&E and immunofluorescent staining
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Fig. 3. Involvement of Nrf2 signaling in the effect of CB, receptor activation against oxidative damage in mice subjected to skeletal muscle IRI. (A) Protein expression
of Nrf2 and HO-1 1 day after skeletal muscle IRI. (B) Quantification of Nrf2 and HO-1 protein levels. The data are expressed as mean + SD. *p < 0.05, **p < 0.01,
compared with sham group; *p < 0.01, compared with vehicle group (n = 6). (C) Representative photomicrographs of skeletal muscle tissue 1 day after IRI
showing staining with H&E (upper panel) and immunohistochemical staining with MPO (lower panel) in the WT + AM1241 group (a, ¢) and Nrf2 knockout
+AM1241 group (b, d). Scale bar = 100 um. (D) Quantification of histological damage scores. (E) W/D ratios for IR-induced tissue edema in skeletal muscle. (F, G)

Malondialdehyde levels and SOD activity in muscle tissue. The data are expressed as mean * SD. *p < 0.05, compared with WT + AM1241 group (n = 6).

showed that AM1241-induced CB, receptor activation significantly in- group (Fig. 2C, D). To further confirm these findings, immuno-
creased the number of regenerating myotubes compared with the ve- fluorescent staining was performed (Fig. 2E, F). The AM1241 group
hicle group 4 days post-injury (Fig. 2A, B and Supplementary Fig. S2A, exhibited significant increases in MyoD- and myogenin-positive nuclei
B). MyoD and myogenin protein expression significantly increased in compared with the vehicle group (62.98% + 8.12% vs.

the AM1241 group 4 days after reperfusion compared with the vehicle 28.48% =+ 5.01% and 24.71% = 4.29% vs. 11.83% = 2.26%,
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Fig. 4. Nrf2-deficient mice that were subjected to IRI exhibited deteriorative regeneration after CB, receptor activation. (A) Representative images of skeletal muscle
4 days after IRI showing H&E staining in the WT + AM1241 group (a) and Nrf2 knockout + AM1241 group (b). Scale bar = 100 pm. (B) Quantification of the number
of regenerating myotubes. (C) Protein expression of MyoD and myogenin 4 days after skeletal muscle IRI. (D) Quantification of MyoD and myogenin protein levels.
(E) Immunofluorescent staining of MyoD and myogenin (red), with nuclei stained with DAPI (blue). Scale bar = 50 pm. (F) Nuclei were counted and depicted relative

to the total number of skeletal muscle nuclei. The data are expressed as mean

+

SD. *p < 0.05, **p < 0.01, compared with WT + AM1241 group (n = 6). (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

respectively) 4 days after IRI.

3.3. The antioxidative effect of CB, receptor activation was diminished by
Nrf2 deletion in IR-induced muscle lesions

Nrf2 is a master antioxidant transcription regulator. We evaluated
the regulatory antioxidant effect of CB, receptor activation on Nrf2
expression by Western blot. As shown in Fig. 3A and B, IRI increased
Nrf2 expression compared with the sham group. AM1241 treatment
significantly increased Nrf2 expression compared with the vehicle
group. The expression of HO-1, which is downstream of Nrf2, also si-
milarly increased (Fig. 3A, B). We then subjected Nrf2 knockout mice to
IRI to further investigate whether the protective role of CB, receptor
activation occurs through Nrf2 signaling. Nrf2 knockout mice were
treated with AM1241 after IRI, which resulted in a significant increase
in muscle fiber injury, with more sarcoplasm dissolution and neutrophil
infiltration (Fig. 3C) and a significant increase in histological damage
scores compared with wildtype mice (Fig. 3D). The skeletal muscle W/
D ratio in Nrf2 knockout mice significantly increased compared with
wildtype mice (Fig. 3E). Malondialdehyde levels significantly increased
and SOD activity significantly decreased in Nrf2 knockout mice com-
pared with wildtype mice (Fig. 3F, G).

3.4. CB; receptor activation promoted early myogenesis, which was
mitigated by Nrf2 deletion in IR-induced muscle lesions

Next, we evaluated the role of Nrf2 in promoting myogenesis in Nrf2
knockout and wildtype mice that were treated with AM1241. Nrf2 was
immunostained in regenerating myotubes (Supplementary Fig. S1E).
AM1241 treatment 4 days post-injury significantly decreased the
number of regenerating myotubes in Nrf2 knockout mice compared
with wildtype mice (Fig. 4A, B and Supplementary Fig. S2A, B). MyoD
and myogenin protein expression significantly decreased in Nrf2
knockout mice compared with wildtype mice after treatment with
AM1241 (Fig. 4C, D). Immunofluorescent staining showed that
AM1241-induced CB, receptor activation 4days post-injury sig-
nificantly decreased MyoD- and myogenin-positive nuclei in Nrf2
knockout mice compared with wildtype mice (43.72% = 8.69% vs.
62.98% =+ 8.12% and 17.61% = 2.95% vs. 24.71% = 4.29%;
Fig. 4E, F).

3.5. CBg receptor activation attenuated H,0z-induced growth inhibition,
ROS generation, and apoptosis, and these effects were diminished by of Nrf2
knockdown in C2C12 myoblasts

We developed an in vitro model of oxidative damage in skeletal
muscle. C2C12 myoblasts were exposed to 1 mM H,0, similarly to a
previous study [28]. AM1241 treatment at concentrations up to 10 uM
did not cause any cytotoxic effects, whereas cell viability decreased at
AM1241 concentrations of 20 and 30 uM (Supplementary Fig. S1F).
C2C12 myoblasts were treated with 1, 2, 5, and 10 uyM AM1241 12h
before 6 h H,0, treatment, and cell viability was measured. The results
showed that 1 mM H,0, reduced cell viability by approximately 50%,
which was consistent with a previous study [28]. Pretreatment with
AM1241 significantly and dose-dependently prevented the H,0,-in-
duced reduction of cell viability (Fig. 5A). Reactive oxygen species le-
vels significantly and dose-dependently decreased in the presence of
AM1241 (Fig. 5B, C). To further evaluate the cytoprotective effects of
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AM1241 on H,0,-induced apoptosis, the frequency of apoptotic myo-
blasts was detected by flow cytometry. Pretreatment with AM1241
before H,O, exposure significantly and dose-dependently protected
myoblasts against apoptosis (Fig. 5D). Western blot revealed a sig-
nificant increase in the protein levels of cleaved caspase 3, a marker of
apoptosis, in H,O,-treated myoblasts compared with control myoblasts,
and pretreatment with AM1241 significantly decreased cleaved caspase
3 protein levels (Fig. 5E). Immunofluorescent staining showed that Nrf2
in control myoblasts was mainly localized in the cytoplasm but trans-
located to nuclei after AM1241 treatment (Fig. 5F). Western blot
showed that non-cytotoxic concentrations of AM1241 dose-dependently
increased Nrf2 and HO-1 protein expression and accumulation of Nrf2
in the nuclear fraction (Fig. 5G). To further evaluate the role of Nrf2 in
H,0,-induced oxidative stress after AM1241 treatment, Nrf2 knock-
down myoblasts were used. The mRNA expression of Nrf2 significantly
decreased in Nrf2 knockdown myoblasts (Fig. SH). After AM1241
treatment, H,O,-treated Nrf2 knockdown myoblasts exhibited a de-
crease in cell viability compared with H,O,-treated Scr myoblasts
(Fig. 5I). The protein levels of cleaved caspase 3 significantly increased
in H,O,-treated Nrf2 knockdown myoblasts compared with H,O,-
treated Scr myoblasts (Fig. 5J).

3.6. CBy receptor activation promoted C2C12 myoblasts differentiation,
and this effect was attenuated by Nrf2 knockdown

To investigate the role of CB, receptor activation in muscle differ-
entiation, we first examined differentiation-related morphology and the
fusion index in C2C12 myoblasts. The replacement of proliferation
medium (PM) with differentiation medium (DM) resulted in the time-
dependent formation of multinucleated myotubes (Fig. 6A, B). To de-
termine whether CB, receptor expression is induced during muscle
differentiation, CB, receptor protein expression level was detected
under PM and DM growth conditions. As shown in Fig. 6C, the ex-
pression of both CB, receptor and Nrf2 time-dependently increased in
differentiated myotubes compared with proliferating myoblasts in PM.
The levels of myosin heavy chain (MHC) and myogenin (i.e., markers of
muscle differentiation) also increased during cell differentiation. The
mRNA expression of the CB, receptor, Nrf2, MHC, and myogenin sig-
nificantly increased in differentiated myotubes compared with myo-
blasts in PM (Fig. 6D). Next, we examined whether CB, receptor acti-
vation affects myogenic differentiation. Treatment with AM1241
enhanced multinucleated myotubes formation and increased the fusion
index (Fig. 6E, F), with increases in the protein levels of MHC, myo-
genin, and Nrf2 compared with the vehicle group (Fig. 6G). To further
investigate the involvement of Nrf2 in the ability of CB, receptor acti-
vation to promote C2C12 myoblasts differentiation, cell differentiation
was induced in Nrf2 knockdown C2C12 myoblasts. After AM1241
treatment, Nrf2 knockdown suppressed myotubes formation and de-
creased the fusion index (Fig. 6H, I), with decreases in the expression of
Nrf2, myogenin, and MHC compared with Scr myoblasts (Fig. 6J).

4. Discussion

Skeletal muscle IRI is a common and serious pathological process in
clinical medicine. The sequelae of cellular IRI can lead to the loss of
limb function, or even death [1]. The role of CB, receptor in skeletal
muscle IRI is unclear. Our previous studies showed that CB, receptor
activation has a beneficial effect on rat skeletal muscle contusion by
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Fig. 5. CB, receptor activation protects C2C12 myoblasts against HO,-induced damage via Nrf2 signaling. (A) C2C12 myoblasts were pretreated with or without
AM1241 at the indicated concentrations for 12 h before exposure to 1 mM H,0, for an additional 6 h. Cell viability was measured by the MTT assay. The data are
expressed as mean * SD. ***p < 0.001, compared with control group; “p < 0.05, **p < 0.05, **#p < 0.001, compared with H,0, group (n = 6). (B) Flow
cytometry analysis of ROS production in C2C12 myoblasts after the indicated treatment. (C) Quantification of ROS production. (D) Quantification of C2C12
myoblasts apoptosis by flow cytometry after the indicated treatment. (E) Levels of cleaved caspase 3, determined by Western blot after the indicated treatment. The
data are expressed as mean * SD. ***p < 0.001, compared with control group; “p < 0.05, **p < 0.01, **#p < 0.001, compared with H,0, group (n = 6). (F)
Representative images of immunofluorescent staining of Nrf2 in C2C12 myoblasts. C2C12 myoblasts were treated with AM1241 (lower panel) or vehicle (upper
panel) for 6h. Red fluorescence indicates Nrf2-positive cells. Blue fluorescence indicates DAPI. The arrows indicate the nuclear translocation of Nrf2. Scale
bar = 50 um. (G) Levels of N1f2 and HO-1 were determined by Western blot after the indicated treatment. (H) The mRNA expression of Nrf2 was determined by real-
time reverse-transcription quantitative PCR in Scr and Nrf2 knockdown myoblasts. ***p < 0.001, compared with Scr myoblasts (n = 6). (I) Scrambled or Nrf2
knockdown C2C12 myoblasts were pretreated with 10 uM AM1241 or vehicle for 12h before exposure to 1 mM H,0, for an additional 6 h. Cell viability was
measured by the MTT assay. The data are expressed as mean + SD. ***p < 0.001, compared with vehicle group in the same myoblasts; “*p < 0.01, compared with
H,0, group in the same myoblasts; & < 0.05, compared with Scr myoblasts with the same treatment (n = 6). (J) Levels of cleaved caspase 3, determined by
Western blot after the indicated treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

inhibiting inflammation and fibrosis [14,15]. We speculated that CB, These findings were confirmed by our in vitro observations, in which
receptor activation might be involved in the modulation of skeletal multinucleated myotubes formation increased, reflected by increases in
muscle IRI and play a beneficial role in this pathological condition. In the protein levels of markers of muscle differentiation, indicating the
the present study, intensive immunoreactivity of CB, receptor was de- enhancement of muscle regeneration capacity. Previous studies showed
tected in regenerated myotubes following skeletal muscle IRI, and CB, that CB, receptor activation promoted the regeneration of dopamine
receptor activation exerted protective effects against skeletal muscle IRI neurons in Parkinson's disease mice [38] and liver regeneration fol-
by alleviating skeletal muscle oxidative damage and accelerating early lowing acute liver insult [39]. The activation of CB, receptor enhances
myogenesis. CB, receptor activation also protected C2C12 myoblasts the osteogenic differentiation of bone marrow-derived mesenchymal
from H,0,-induced oxidative injury and promoted C2C12 myoblasts stem cells [40] and accelerates the onset of spermatogenesis [41]. In-
differentiation in vitro. Nrf2 deletion impaired these aforementioned terestingly, skeletal muscle regeneration and muscle differentiation are
beneficial effects of CB, receptor activation both in vivo and in vitro. tightly controlled by redox balance [6,42]. The acceleration of muscle
Altogether, our findings elucidate the beneficial roles of CB, receptor regeneration in IRI is likely attributable to proliferation and differ-
and Nrf2 in skeletal muscle IRI, suggesting a possible treatment for IR- entiation that either are directly modulated by CB, receptor [34] or
induced skeletal muscle injury. indirectly occur through the effects of CB, receptor activation on oxi-
Previous studies have sought to develop interventions that amelio- dative stress [19,33].
rate muscle damage to improve the prognosis of skeletal muscle IRI and Nrf2 is a key regulator that protects against oxidative stress injury
minimize patient morbidity and mortality [1]. Our results demonstrate [17]. Multiple studies have provided evidence that the disruption of
that CB, receptor activation in vivo limits IR-induced histopathological Nrf2 leads to higher ROS levels, functional deficits, histopathological
lesions, edema, and neutrophil infiltration. These results are consistent alterations [43], and increases in apoptotic cells after skeletal muscle
with previous studies that reported a beneficial effect of CB, receptor IRI [44] and in aging skeletal muscle myocytes [9]. In the present study,
activation against IRI in other organs [13,29,30]. Reactive oxygen CB, receptor activation exerted muscle-protective effects by improving
species have been considered to be the main factors that are responsible the nuclear translocation of Nrf2 and upregulating HO-1. The genetic
for local and systemic damage that is caused by IRI [1,31]. The gen- silencing of Nrf2 attenuated the protective effect of CB, receptor acti-
eration of ROS initiates lipid peroxidation and inactivates antioxidative vation on IR-induced oxidative damage and H,0,-induced C2C12
stress-related proteins [32], leading to the continuous necrosis of ske- myoblasts damage. These results suggest that the protective role of CB,
letal muscle myocytes and apoptosis and aggravating IRI [4]. The receptor activation in skeletal muscle IRI might be associated with the
elimination of ROS has been shown to attenuate skeletal muscle IRI Nrf2-regulated antioxidant response. These findings are consistent with
under various conditions [31]. We found that CB, receptor activation is previous studies that found that CB, receptor activation enhanced Nrf2
associated with a reduction of oxidative stress in skeletal muscle IRI in activation, improving cardiac function and repair in mice that were
vivo, reflected by a decrease in MDA levels and increase in SOD activity. subjected to myocardial infarction [20,21] and reducing neurotoxicity
These data were reinforced by our in vitro experiments in C2C12 that was induced by lipopolysaccharide [22] and glutamate [23] in
myoblasts, in which we found a direct protective effect of CB, receptor vitro. Overall, CB, receptor activation appears to ameliorate IR-induced
activation on skeletal muscle myocyte survival under conditions of oxidative damage partially through Nrf2 signaling.
H,0,-induced oxidative stress. These results emphasize the protective The contribution of Nrf2 to protect against exogenous and en-
role of CB, receptor activation that is attributable to its effect against dogenous oxidative stress has been well established. Emerging evidence
oxidative stress [33] in cases of limb injury that is caused by IR. indicates that Nrf2 also has various novel functions, especially with
Cannabinoid signaling regulates cell survival and modulates pro- regard to cell proliferation and differentiation [19]. Nrf2 augments
genitor/stem cell proliferation and differentiation, with different out- skeletal muscle regeneration after IRI by directly enhancing MyoD ex-
comes that depend on specific molecular targets and the cellular con- pression [5]. Nrf2 knockout mice exhibited slower regeneration, re-
text [34]. Muscle regeneration is a critical event for the functional flected by impairments in the activation of stem cells after cardiotoxin
recovery of injured skeletal muscle. Upon muscle injury, SCs are first (CTX) injury [8]. In vitro studies have shown that activated Nrf2 serves
activated and then begin to proliferate, differentiate, and fuse, leading as a transcription factor during muscle differentiation [42,45], and Nrf2
to new myofiber formation and the reconstitution of a functional con- deficiency impairs muscle differentiation [42]. In the present study,
tractile apparatus [35,36]. The microenvironment of SCs regulates their Nrf2 deficiency attenuated the role of CB, receptor in promoting early
function by inducing myogenic regulatory factors, such as MyoD and myogenesis in mice that were subjected to IRI, and this finding was
Myogenin [5,36,37]. In the present study, regenerating myotubes ex- confirmed by our in vitro experiments in C2C12 myoblasts. The accel-
pressed CB, receptor, and CB, receptor protein level significantly in- eration of cell differentiation that was induced by CB, receptor acti-
creased during C2C12 myoblasts differentiation, thus supporting the vation was blocked by Nrf2 knockdown. These observations indicate
possibility that CB, receptor plays a role in the muscle regeneration that CB, receptor activation enhances skeletal muscle regeneration
process. Myotubes significantly regenerated, reflected by upregulation partly through Nrf2 signaling.
of the expression of MyoD and myogenin after CB, receptor activation. In conclusion, the present study revealed a highly beneficial effect
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Fig. 6. CB, receptor activation enhances C2C12 myoblasts differentiation via Nrf2 signaling. (A-D) C2C12 myoblasts were incubated in DM for 1, 3, and 5 days. (A)
Representative images of MHC (red) immunofluorescence staining at different differentiation intervals. Scale bars = 50 pm. (B) Fusion index. (C) Levels of CB,
receptor, Nrf2, MHC, and myogenin, determined by Western blot. (D) mRNA expression of CB, receptor, Nrf2, MHC, and myogenin. The data are expressed as
mean * SD. **p < 0.01, ***p < 0.001, compared with myoblasts cultured in PM (n = 6). (E-G) C2C12 myoblasts were incubated in DM with AM1241 or vehicle
for 3 days. (E) Representative images of MHC (red) immunofluorescence staining in the different groups. Scale bars = 50 pm. (F) Fusion index. (G) Levels of Nrf2 and
myocyte differentiation markers were determined by Western blot. The data are expressed as mean + SD. **p < 0.01, compared with vehicle group (n = 6). (H-J)
Nrf2 knockdown or Scr myoblasts were incubated in DM with AM1241 for 3 days. (H) Representative images of MHC (red) immunofluorescence staining in the
different groups. Scale bars = 50 pm. (I) Fusion index. (J) Levels of Nrf2 and myocyte differentiation markers, determined by Western blot. The data are expressed as
mean * SD. **p < 0.01, compared with Scr myoblasts grown in DM with AM1241 (n = 6). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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of CB, receptor activation on post-IR oxidative damage and early
myogenesis in skeletal muscle that occurred partly via Nrf2 signaling.
Our results provide novel evidence of the pivotal roles of CB, receptor
activation and Nrf2 expression in regulating repair after skeletal muscle
injury. These findings may contribute to the discovery of new ther-
apeutic targets to protect skeletal muscle from IRI or trauma.

5. Limitations

Despite the clinical relevance of the present findings, our study has
some limitations. Firstly, to preclude the effects of endocrine system
difference and ensure the uniformity of the experimental results, only
male mice were recruited in our study, female biology by including
female animals should be considered in future work. Secondly, In vitro
studies, it's better to use SCs isolated from intact skeletal muscle, which
might more characterize skeletal muscle regeneration, although C2C12
myoblasts cell line proliferated from SCs. Thirdly, previous studies have
shown that many compounds activate the transcription of various an-
tioxidant genes through a PI3K/Akt/Nrf2 mechanism [46,47], and CB,
receptor regulate PI3K/Akt pathway in most cell systems [34]. CB,
receptor activation may improve cardiac function through PI3K/Akt/
Nrf2 signaling [20]. However, in skeletal muscle IRI, the pathway
connecting CB, receptor with Nrf2 needs to be clarified.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2019.05.056.
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