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BACKGROUND AND PURPOSE

Duchenne muscular dystrophy (DMD), caused by dystrophin deficiency, results in chronic inflammation and irreversible skeletal
muscle degeneration. Moreover, the associated impairment of autophagy greatly contributes to the aggravation of muscle
damage. We explored the possibility of using non-euphoric compounds present in Cannabis sativa, cannabidiol (CBD),
cannabidivarin (CBDV) and tetrahydrocannabidivarin (THCV), to reduce inflammation, restore functional autophagy and posi-
tively enhance muscle function in vivo.

EXPERIMENTAL APPROACH

Using quantitative PCR, western blots and [Ca“"]; measurements, we explored the effects of CBD and CBDV on the differentiation
of both murine and human skeletal muscle cells as well as their potential interaction with TRP channels. Male dystrophic mdx mice
were injected i.p. with CBD or CBDV at different stages of the disease. After treatment, locomotor tests and biochemical analyses
were used to evaluate their effects on inflammation and autophagy.

KEY RESULTS

CBD and CBDV promoted the differentiation of murine C2C12 myoblast cells into myotubes by increasing [Ca®*]; mostly via
TRPV1 activation, an effect that undergoes rapid desensitization. In primary satellite cells and myoblasts isolated from healthy
and/or DMD donors, not only CBD and CBDV but also THCV promoted myotube formation, in this case, mostly via TRPAT acti-
vation. In mdx mice, CBD (60 mg-kg ") and CBDV (60 mg-kg ') prevented the loss of locomotor activity, reduced inflammation
and restored autophagy.

CONCLUSION AND IMPLICATIONS
We provide new insights into plant cannabinoid interactions with TRP channels in skeletal muscle, highlighting a potential
opportunity for novel co-adjuvant therapies to prevent muscle degeneration in DMD patients.

LINKED ARTICLES
This article is part of a themed section on 8" European Workshop on Cannabinoid Research. To view the other articles in this
section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v176.10/issuetoc
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Abbreviations
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[Ca®*];, intracellular calcium concentration; CBD, cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarin; CBG,
cannabigerol; DM, differentiation media; DMD, Duchenne muscular dystrophy; GM, growth medium; IRTX, 5'-
iodoresiniferatoxin; MyHC, myosin heavy chain; qPCR, quantitative PCR; THC, A’-tetrahydrocannabinol; THCV, A’-
tetrahydrocannabivarin; Tnnt-1, troponinT-1; TRP channel, transient receptor potential channel

Introduction

Skeletal muscle dystrophies encompass a large heterogeneous
group of hereditary disorders associated with progressive and
irreversible damage to muscle tissues. Among these disorders,
Duchenne’s muscular dystrophy (DMD) represents the most
frequent form affecting about 1 in 3500 newborn baby boys
(Govoni et al., 2013). This disease is caused by deletions
(65.8%), duplications (13.6%) and point mutations (20.6%)
(Magri et al., 2011) in the X-linked gene encoding for the
structural protein dystrophin. In healthy mammalian skele-
tal and cardiac muscles, dystrophin plays a key structural role
by physically coupling the sarcolemma cytoskeleton with the
extracellular matrix. Therefore, the lack of functional dystro-
phin inevitably compromises the structure of the sarco-
lemma membrane, thus causing progressive muscle damage
and failure (Matsumura et al., 1993). The inflammatory re-
sponse, activation of necrosis and exhaustion of regeneration
cycles of muscle fibres are all known mechanisms leading to
the exacerbation of the disease (Cruz-Guzman et al., 2015;
Miyatake et al., 2016).

There is also evidence that the lack of dystrophin impairs
the polarity and self-renewal capacity of satellite cells, which
are normally assigned to replace injured muscle fibres
(Dumont et al., 2015; Chang et al., 2016). Thus, while, at the
early stage of DMD, satellite cell-mediated muscle regeneration
is able to attenuate degeneration (Duddy et al., 2015), at later
stages of disease progression this process is inefficient. In
addition to the lack of dystrophin, the progressive decline in
the autophagy process has been recently highlighted as one
of the main causes of the inefficient function of satellite cells
during DMD progression (Fiacco et al., 2016). These results, in
agreement with previous findings, suggested that autophagy
represents a promising target for the treatment of DMD (Sandri
et al., 2013; De Palma et al., 2014; Fiacco et al., 2016).

Plant-derived cannabinoids (also known as phyto-
cannabinoids) are a large group of compounds present in
Cannabis sativa. Due to its euphoric properties, A’-tetrahy-
drocannabinol (THC) is the best known constituent of
Cannabis (Di Marzo and Piscitelli, 2015). However, over 120
other phytocannabinoids have been reported in the literature
(Morales et al., 2017). Among them, cannabidiol (CBD) and
its analogue cannabidivarin (CBDV), in contrast to A°-THC, do
not induce euphoric effects and show efficacy, tolerability and
safety in a considerable number of both preclinical and
clinical studies (Burstein and Zurier, 2009; Hill et al., 2012;
Fernandez-Ruiz et al., 2013; Iannotti et al., 2014a; Zurier and
Burstein, 2016; Iffland and Grotenhermen, 2017). Besides
CBD and CBDV, C. sativa may also contain high levels (up to
50%) of A’-tetrahydrocannabivarin (THCV), the propyl
side chain analogue of THC (McPartland et al., 2015;
Fischedick, 2017). THCV is also undergoing clinical evaluation
for the treatment of metabolic disorders (Jadoon et al., 2016).

In this study we explored, for the first time, the potential
use of CBD, CBDV and THCYV as treatments of DMD on the
basis of (ii) the capability of these phytocannabinoids to
directly or indirectly modulate, among others, the
endocannabinoid signalling system (De Petrocellis et al.
2011a,b) and (ii) the recently emerging role of the latter
system in skeletal muscle differentiation (lannotti et al.,
2014b). We measured the effects of these phytocanna-
binoids on murine myoblasts as well as on primary satellite
cells and myoblasts isolated from healthy and DMD
patients. For selected compounds, we also studied their
effects on locomotor activity in a murine model of DMD
(mdx mice). The transient receptor potential (TRP)
superfamily of channels, as designated by International
Union of Pharmacology (IUPHAR) (Alexander et al.,
2017b), exists in mammals as six families: TRPC, TRPM,
TRPV, TRPA, TRPP and TRPML based on amino acid homol-
ogies. Since it is known that (i) TRPV, TRPA1 and TRPMS8
cation channels are targets for these phytocannabinoids (Di
Marzo and De Petrocellis, 2010; De Petrocellis et al., 2011a,b;
Hassan et al., 2014; Iannotti et al., 2014a) and (ii) TRP
channels participate in the pathogenesis of DMD (Gailly,
2012; Ito et al., 2013; Iwata et al., 2013; Lorin et al., 2015),
we explored the functional interaction between phyto-
cannabinoids and TRPV1, TRPV2, TRPA1 and TRPMS8
channels in skeletal muscle cells.

Methods

Cell culture and reagents

Murine C2C12 myoblasts were propagated in a growth
medium (GM) composed of DMEM (cat. n. 11995065; Life
Technologies, Milan, Italy) supplemented with 10% FBS
(cat. n. 16000044; Life Technologies), 5000 U-mL " penicillin
plus 5000 pg-mL~! streptomycin (cat. n. 15070063; Life Tech-
nologies) and 1% L-glutamine (cat. n. A2916801; Life Technol-
ogies). Proliferating C2C12 were induced to differentiate into
myotubes by exposing them to differentiation medium (DM;
DMEM; cat. n. 11995065; Life Technologies) supplemented
with 0.1% FBS plus the addition of 5 ug-mL™" insulin and
5 ug-mL ! transferrin according to previously published proto-
cols (Iannotti et al., 2010).

Primary human satellite cells were provided by Innoprot
(Bizkaia-Spain) and Sciencell (Carlsbad, CA, USA). Satellite
cells were propagated in a GM recommended by Innoprot
(Skeletal Muscle Cell Medium, cat. n. P60124). Myotube
differentiation was achieved after exposure of satellite cells
to a skeletal muscle cell DM provided by Applied Stem Cell
(cat. n. ASE-5064, CA, USA).

Primary myoblasts were established from muscle biopsies
of DMD donors after they had signed informed consent forms
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and in accordance with the guidelines of the G. Gaslini Insti-
tute Ethical Committee and according to published
procedures (Morosetti et al., 2010). The myoblasts were prop-
agated in Full Aneural Medium composed of DMEM (cat. n.
11995065) supplemented with 15% FBS, 20% Medium 199
(cat. n. 12350039), 1% insulin (cat. n. A11382II), 1% L-
glutamine (cat. n. A2916801) and 15000 U-mL™" penicillin
plus 5000 pg-mL ™' streptomycin (cat. n. 15070063), FGF
(cat.n. PHG6015) and EGF (cat. n. PHG0311). All the reagents
were provided by Life Technologies.

RNA extraction and quantitative PCR

Total RNA isolation, purification and cDNA synthesis were
performed as described previously (lannotti et al., 2010).
Quantitative PCR (qPCR) was carried out in a real-time PCR
system CFX384 (Bio-Rad) using the SsoAdvanced SYBR Green
supermix (cat. n. 1725274, Bio-Rad Milan Italy) detection
technique and specific primers are shown in Supporting
Information Table S3. qPCR was performed on independent
biological samples > 5 for each experimental group. In
addition, each sample was amplified simultaneously in
quadruplicate in a one-assay run with a non-template control
blank for each primer pair to control for contamination or
primer-dimer formation, and the cycle threshold (Ct) value
for each experimental group was determined. A housekeeping
gene (the ribosomal protein $16) was used to normalize the Ct
values, using the 272t formula; differences in mRNA content
between groups were expressed as 2~**“", as previously described
(Iannotti et al., 2010).

Confocal immunofluorescence analysis

C2C12 and/or primary human satellite cells were plated on
poly (L-lysine)-coated coverslips in GM at a density of about
80% of confluency. The next day, the GM was replaced, and
cells were exposed to DM plus vehicle (DMSO) or CBD, CBDV
or THCV for 3 (C2C12) or 5 (satellite cells) days. After this
time, cells were fixed in freshly made paraformaldehyde
(4% wv') for 10 min. The cells were then incubated for
5 min with 0.1 M glycine, washed in cold PBS and incubated
for 1 h with anti-mouse monoclonal anti-myosin heavy
chain (MyHC) (dilution 1:500; Millipore, Vimodrone — Mi-
lan, Italy). Subsequently, the cells were incubated at room
temperature for 1 h with a fluorescent secondary antibody
(The Jackson Laboratory, Bar Harbor, ME, USA) anti-mouse
1gG conjugated to CY3 (cat. n. 715-165-150) for anti-MyHC,
diluted 1:200 in PBS containing 10% (vv'!) FBS and 0.1%
Triton X-100. DAPI was used as a nuclear marker. Coverslips
were mounted in SlowFade (Life Technologies, Milan, Italy).

Intracellular calcium measurement

The effects of CBD and CBDV in both C2C12 and satellite
cells on intracellular Ca®* was determined by using Fluo-4
(Molecular Probes, Eugene, OR, USA). Briefly, cells were
loaded for 1 h at room temperature with the methyl ester Fluo
4-AM 4 uM; containing 0.02% Pluoronic F-127 (Molecular
Probes) in DMEM not containing FBS. Subsequently, cells
were washed twice in Tyrode’s buffer (145 mM NacCl,
2.5 mMKCJ, 1.5 mM CaCl;, 1.2 mM MgCl,, 10 mM D-glucose
and 10 mM HEPES, pH 7.4), resuspended in Tyrode’s buffer
and transferred to the quartz cuvette of the spectrofluorome-
ter (Perkin-Elmer LS50B; Perkin-Elmer Life, Waltham, MA,
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USA) under continuous stirring. Experiments were carried
out by measuring cell-emitted fluorescence at 25°C (excita-
tion A =488 nm; emission A = 516 nm) before and after the ad-
dition of compounds. The effects of each phytocannabinoid
was determined by normalizing its effect to the maximum
Ca”" influx effect on intracellular calcium concentration
([Ca®*];) observed after the application of 4 uM ionomycin
(cat. n. I3909; Sigma Aldrich, Milan, Italy). The potency of
palvanil, CBD, CBDV and THCV is reported as the concentra-
tion exerting half-maximal increases in [Ca®*]; (ECsp). The
TRPV1, TRPV2 and/or TRPA1 channel antagonists,
iodoresiniferatoxin (IRTX; 1 pM), tranilast (100 uM)
and AP18 (up to 50 uM), respectively, were added 5 min be-
fore the stimulation with phytocannabinoids.

Cell transfection and gene silencing. Satellite cells were plated
in 60 mm culture dishes; the day after plating, cells were
transfected with esiRNA human TRPA1 sequences (cat. n.
EHUO040601; Sigma Aldrich, MO, USA) using Lipofectamine
RNAIMAX Transfection Reagent (cat. n. 13778030 Thermofisher,
Milan, Italy), according to the manufacturer’s instructions.
After 48 h, satellite cells were used for qPCR and intracellular
Ca** functional assays.

Animal care and use. The experimental protocol was
evaluated and approved by the Institutional Animal Ethics
Committee for the use of experimental animals and
conformed to guidelines for the safe use and care of
experimental animals in accordance with the Italian D.L.
no. 116 of 27 January 1992 and associated guidelines in the
European Communities Council (86/609/ECC and 2010/63/
UE). Animal studies are reported in compliance with the
ARRIVE guidelines (Kilkenny et al.,, 2010; McGrath and
Lilley, 2015).

For this study, male wild-type (C57BL/10ScSn]) and mdx
(C57BL/10ScSn-DMDmdx/J) mice of 5 weeks of age weighing
approximately 20-25 g were purchased from Charles River
Laboratories (MI, Italy). This animal model was selected since
it represents one of most used to study DMD (Collins and
Morgan 2003; McGreevy et al., 2015). All mice were housed
in an individually ventilated cage system with a 12 h
light-dark cycle (temperature 23 + 2 °C, humidity 60%) and
received standard mouse chow (Harlan Teklad) and water ab
libitum. Control or mdx mice were injected i.p. (60 pL per ani-
mal) three times a week for 2 weeks with (i) vehicle (ethanol +
Tween 20 + NaCl; 1:1:8), (ii) CBD (60 rng-kg_l) and (iii) CBDV
(60 mg-kg™"). Animals were housed in groups of four to five; an-
imals belonging to each cage were randomly assigned to the dif-
ferent experimental groups. The experimenter performing the
behavioural testing was blind to the genotype and treatment.

Locomotor tests

Rotarod test. The rotarod test was performed in control and
dystrophic mice immediately before the beginning of the
pharmacological treatment (5 and 32 weeks) and at the end
of 2 weeks of treatment with vehicle, CBD or CBDV
following published protocol with slight modifications
(Aartsma-Rus and van Putten, 2014). In particular, we
repeated the measurements three times, whereas the
published protocol that this is based on conducted a
maximum of two repeats.
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Muscle strength test. To test the forelimb strength of mdx
mice treated or not with the aforementioned compounds,
four weights of 20, 33, 46 and 59 g constituted the
apparatus. Procedures and the analysis of results were
performed following published protocols (Deacon, 2013).

Forelimb grip strength test. Forelimb grip strength was
measured using the grip strength metre (Ugo Basile, Italy). A
force transducer attached to the instrument measures the
maximum force applied by the animal on a grid during the
pull. Animals were moved horizontally towards the grid and
pulled away from it so that their grasp was broken. The
maximal force applied in g measured from three trials of
three pulls was recorded for each mouse. An intertrial
interval of 45 min allowed the animals to recover. The mean
value between pulls and between trials was measured and
normalized for body weight.

Histological analysis. Once control and mdx mice were
previously anaesthetized with 75% CO,/25% O,, skeletal
muscle were quickly dissected and snapped ... Skeletal
muscles were snapped frozen in liquid nitrogen-chilled
isopentane. Seven-micrometre sections were cut from the
frozen skeletal tissues, fixed and stained with Harris
haematoxylin and eosin (H&E) for morphological analysis,
following standard procedures. Sections were then
examined using a Scan-Scope slide scanner (Leica scn400).
The total number of centralized nuclei in the muscle fibres
stained by H&E were calculated on 500-800 fibres by using
an Image] programme in single blind by two pathologists.

Western blotting analysis. C2C12 cells were subjected to
western blot analysis following the procedure previously
described (Iannotti et al., 2014b). To isolate total proteins
from whole muscle, control (C57BL/10ScSn]) or mdx
(C57BL/10ScSn-DMDmdx/J) mice were anaesthetized with
75% CO,/25% O, and killed by cervical dislocation, and
blood was collected by cardiac puncture (see ELISA technique
for details). Gastrocnemius and diaphragms were quickly
removed and kept on dry ice until the whole procedure was
completed. Muscles from control and mdx mice were
homogenized in lysis buffer composed of 150 mM NaCl,
1 mM EDTA, 1% (vv') Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM 2-glycerophosphate, 1 mM Na3VOy,,
20 mM Tris-HCl pH 8.1 %SDS, plus protease inhibitor
(cat. n. P8340, Sigma-Aldrich, MI, Italy) at pH 7.4. Lysates
were kept in an orbital shaker incubator at 220 rpm at 4°C
for 30 min and then centrifuged for 15 min at 13 000x g at
4°C. The supernatants were transferred to tubes and
quantified by DC Protein Assay (Bio-Rad, Milan, Italy).
Subsequently, the samples (60 pg of total protein) were
heated at 70°C for 10 min in NuPAGE LDS Sample Buffer
(cat. n. NPOOO7, Life Technologies) plus Sample Reducing
Agent (cat. n. NPO0O0O4, Life Technologies) and loaded onto
4-12% Bis-Tris Protein Gels (cat. n. NP0336PK2, Life
Technologies) and then transferred to a PVDF membrane.
The primary antibodies used were as follows: (i) rabbit anti-
Trpvl (phospho S800) antibody (1:500; cat. n. PAB8499,
Abnova, Tapei, Taiwan); (ii) rabbit anti-Trpvl (total)
antibody (cat. n. ACC-030, Alomone, Israel); and (iii) rabbit
anti-LC3B antibody (1:1000; cat. n. 2775; Cell signalling,
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Beverly, MA, USA). An anti-GAPDH antibody (1D4) (cat. n.
NB300-221) (1:5000; Novus) was used to check for equal
protein loading. Reactive bands were detected by
chemiluminescence (ECL-plus; Bio-Rad, Segrate, Italy). The
intensity of bands was analysed on a ChemiDoc station
with Quantity-one software (Biorad, Segrate, Italy).

ELISA assays. Control and mdx mice treated with vehicle
(1:1:8; ethanol + Tween 20 + NaCl,) or phytocannabinoids
(CBD and CBDV) were anaesthetized with 75% CO,/25% O,
and, subsequently, blood was withdrawn by cardiac
puncture and collected into EDTA-treated tubes. Blood cells
were then precipitated by centrifugation for 10 min at
1000-2000x g at 4°C. The supernatant (plasma) obtained
was filtered and centrifuged in Amicon Ultra-0.5 mL
Centrifugal Filters (Melk, MI, Italy) to concentrate the
proteins with a molecular weight >10 KDa. The ELISA assay
was performed by the use of either TNFa (cat. n. KHC3011,
Life Technologies) or IL-6 (cat. n. KMCO0061, Life
Technologies) following the manufacturer’s instruction.

Data analysis

The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2018). Data are expressed as means + SEM
of values and ‘n’ refers to the number of samples for each
set of experiments. Statistical analysis was performed using
the free demo version of Minitab and Prism 7.0 (GraphPad
Software Inc., La Jolla, CA, USA). The Anderson-Darling test
was used to determine if a data set conformed to a normal dis-
tribution. Once this information was obtained, a t-test and/or
one-way ANOVA followed by Bonferroni’s analysis was used
to determine statistically significant differences between two
or more independent biological groups. Statistically significant
differences were accepted when P was < 0.0S.

Reagents. All phytocannabinoids including CBD (CG-0801),
CBDV (CG-1102), THCV (CG-1023), cannabigerol (CBG)
(CG-0903) and cannabidiolic acid (CBDA) (CG-1104) were
provided by GW Pharmaceuticals (Cambridge, UK).

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2018), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b,c,d).

Results

Effect of acute or prolonged exposure to
cannabinol, cannabidivarin and
tetrahydrocannabivarin on differentiating
murine C2C12 myoblasts

To explore the potential effects of plant cannabinoids (or
phytocannabinoids) on skeletal muscle cells, we initially
measured the effect of either acute or prolonged exposure to
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CBD, CBDV, THCV, CBG and CBDA on differentiating
C2C12 cells. For acute exposure, the phytocannabinoids were
added to the DM for 5, 15 min or 3 h; afterwards, they were
removed, and fresh DM was added for 72 h. In the case of
prolonged exposure, C2C12 myoblasts were exposed to
phytocannabinoids for up to 72 h (Iannotti et al., 2010).
Our results indicate that myoblasts exposed to CBD (1 uM)
and CBDV (1 and 3 uM), compared to control (up to
0.003%, DMSO), show an increased mRNA expression of
the two canonical skeletal muscle differentiation marker
myogenin and troponinT-1. This effect was more prominent
following acute (5, 15 min and 3 h) rather than prolonged
(72 h) exposure [Figure 1A-D; myogenin (Fs, 20y = 21.28,
P < 0.05) and Tnnt-1 (Fs, 35y = 29, P < 0.05) for CBD;
myogenin (Fs, 36 = 12.57, P < 0.05) and Tnnt-1
(F(s, 36)=41.25, P < 0.05) for CBDV]. The effect of prolonged

A Myog
(7]
s 4- .
is
proti
5571 +TF.
W T
0 o
5 £3
53 8] -
< i ==
sd 18R :
o
E o T T T T T T
S S S SR
4g ) o ‘b > 1}
AN Y A
C Myog
a2 5 -
: : *
Q — 2 *
27 a - -
£3 e
g§°1 - T o
ﬂ.lle IR ) ]
at 2 - By :. ™ (-]}
: >
< 11968 P, o 8
e
E 0-— v r . r '
& & AN o
«@ > o '\ Y
of of oA

CBDV

Figure 1

exposure to CBD (1 uM) or CBDV (3 uM) on differentiating
C2C12 was confirmed by immunocytochemical analysis of
the expression levels of myosin heavy chain (MyHC), a
late marker of myotube formation (lannotti et al., 2010;
Figure 1E,F).

Before selecting the concentrations of CBD and CBDV,
we conducted preliminary experiments inducing C2C12
myoblasts to differentiate for 72 h in the presence of
increasing concentrations (from 0.1 to 3 puM) of each
phytocannabinoid. The results indicated that concentra-
tions lower than 1 uM of both CBD and CBDV were ineffec-
tive (Supporting Information Figure S1), whereas CBD at
3 uM inhibited myogenin expression levels (Supporting
Information Figure S1). In addition, THCV at all concentra-
tions tested did not produce significant effects. CBG and
CBDA were also ineffective up to 1 puM, and inhibited
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Measurement of skeletal muscle differentiation markers in C2C12 cells following short or prolonged exposure to CBD and CBDV. Transcript levels
of myogenin (Myog) and Tnnt-1 in murine C2C12 cells exposed to DM following acute (5, 15 min and 3 h) or prolonged (24 or 72 h) exposure to
CBD 1 uM (A, B) or CBDV 1 uM (C, D). The quantification of mRNA levels for myogenin and Tnnt-1 was performed by quantitative real-time PCR.
Data represent the mean + SEM of six separate determinations. Data are expressed as 2" relative to $16, as described in Methods. (E, F) Mor-
phological analysis of myotube formation in C2C12 cells exposed to DM for 72 h in the presence of vehicle (DMSO < 1%, control; n=5), CBD
1 uM (n=5) or CBDV 3 uM (n =5). MyHC (red) and DAPI (blue) (Scale bar, 10 um). The fusion index was calculated in both vehicle- and CBD-
or CBDV-treated cells. Data sets were compared by use of one-way ANOVA followed by Bonferroni’s test. Differences were considered statistically
significant when P was < 0.05. The asterisk (*) denotes a P value of < 0.05 versus vehicle (DMSO) control group.
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myogenin expression levels at higher concentrations (data
not shown).

Based on these results, CBD and CBDV were the only two
phytocannabinoids selected for all our subsequent experi-
ments conducted in murine cells.

Expression profile and pharmacological role of
TRP channels

We measured mRNA expression levels of TRPV1-6 as well as
of TRPA1 and TRPMS in both myoblasts and myotubes of
C2C12 cells by use of qPCR. We found that, with the excep-
tion of TRPV1 and TRPV2, the TRP channels analysed were
barely or not at all expressed (Supporting Information
Table S1A).

In order to unmask the potential involvement of TRPV1
and TRPV2 in CBD and CBDV effects on myotube formation,
we induced C2C12 myoblasts to differentiate for 72 h in the
presence of increasing concentrations of two agonists of the
two channels, palvanil and probemnecid respectively (De
Petrocellis et al., 2011a; Robbins et al., 2012). In addition,
we measured the effects of increasing concentrations of an-
tagonists such as IRTX (for TRPV1) or tranilast (for TRPV2)
(Nie et al., 1997; Seabrook et al., 2002).

Use of cannabinoids in skeletal muscle disorders m

As shown in Supporting Information Figure S2, palvanil
at low concentrations (0.1-0.3 uM) enhanced the expression
of myogenin and Tnnt-1 mRNA (Supporting Information
Figure S2A,B), whereas at higher concentrations (1-3 uM),
an opposite effect was observed (Supporting Information
Figure S2A, B; F(s, 36) = 12.95, P < 0.05 for myogenin;
F(s, 34y =43.53, P < 0.05 for Tnnt-1). However, IRTX, at
1 and 3 pM, inhibited the expression of myogenin (Supporting
Information Figure S2C; Fs, 35 = 19.26, P < 0.05) and Tnnt-1
(Supporting Information Figure S2D; Fs, 35 = 15.11, P < 0.05).
In contrast, the non-selective TRPV2 agonist probenecid
or antagonist tranilast did not produce significant effects
on myogenin expression (Supporting Information Figure
S2E,F).

CBD and CBDV increase [Ca?*]; and promote
C2C12 cell differentiation in a manner
dependent on TRPV1 activation

As a transient increase in intracellular Ca®* is known to repre-
sent one of the first events triggering myoblast differentiation
(Cooper, 2001), we explored whether differentiation of
C2C12 myoblasts by TRPV agonists could be dependent on
an increase in [Ca*'];. Although measuring such transient
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Figure 2

CBD and CBDV increase the concentration of intracellular Ca>* levels and promote the differentiation in C2C12 cells in a TRPV1, but not TRPV2,
dependent manner. Concentration-response curve showing the effect of palvanil (A) and CBD or CBDV (B) in C2C12 cells. (C, D) Effect of CBD
3 uM or CBDV 3 pM evaluated in the presence of IRTX 0.6 pM (a selective TRPV1 antagonist) or tranilast 100 uM (a non-selective TRPV2 antag-
onist) used alone or in combination. (E, F) mRNA expression levels of myogenin (Myog) and Tnnt-1 in C2C12 cells exposed to DM in the presence
of CBD (1 uM) plus IRTX (0.6 uM). Data represent the mean + SEM of six separate determinations. Data sets were compared by use of one-way
ANOVA followed by Bonferroni’s test. Differences were considered statistically significant when *P was < 0.05.
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increases in cells suspended in a cuvette while being stirred is
not reflective of physiological conditions, we have used this
method as it has been employed in several studies in our
and other laboratories, with results that have in most cases
been confirmed in more physiologically relevant settings
(Robinson et al., 2004; De Petrocellis et al., 2011b; Pan et al.,
2012; Patel et al., 2013).

Stimulation with palvanil led to an increase in [Ca®"];
in a concentration-dependent manner (Figure 2A), as was
the case with CBD and CBDV (Figure 2B). C2C12 myo-
blasts were pre-incubated for 15 min with IRTX (0.6 pM)
or tranilast (100 uM), before exposure to CBD (3 uM) or
CBDV (3 uM). As shown in Figure 2C,D, in the absence
of TRPV1 and TRPV2 antagonists, CBD or CBDV caused a
significant elevation of [Ca®*];, whereas in the presence of
IRTX, CBD and CBDV effects were significantly, although
not fully, inhibited (Figure 2C,D). Notably, the inhibitory
effect of IRTX was not further increased in the presence
of tranilast (Figure 2C,D). Importantly, the promotion of
myogenin and Tnnt-1 expression by CBD was significantly
reduced in the presence of IRTX [Figure 2E,F; myogenin
(t = 598 d.f. = 8) and Tnnt-1 (t = 3.43, d.f. = 10)]. In
summary, these results seem to indicate that the effects of
CBD and CBDV in C2C12 myoblasts are, at least in part,
dependent on the activation of TRPV1, rather than TRPV2,
channels.
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Figure 3

Functional activation and desensitization of
TRPV1 by palvanil in C2C12 cells

In a manner similar to CBD and CBDV, we found that in dif-
ferentiating myoblasts, palvanil (1 pM) increased the mRNA
expression levels of both myogenin (F3, 23 = 30.81,
P < 0.05) and Tnnt-1 (F, 24) = 43.53, P < 0.05) in a more
prominent manner following acute (5 and 15 min) compared
to prolonged (48 h) exposure (Figure 3A,B).

Several studies have demonstrated that activation of pro-
tein kinases causes phosphorylation of TRPV1 that leads to
its increased sensitivity (Cortright and Szallasi, 2004;
Jendryke et al., 2016). Prolonged exposure to agonists causes
dephosphorylation, inactivating the channels and rendering
them refractory to further stimulation (Mohapatra and Nau,
2005; Vyklicky et al., 2008). Therefore, we searched for poten-
tial changes in the phosphorylation state of TRPV1 in C2C12
cells following their exposure to palvanil. Using a selective
antibody directed against the region of Ser®”® of TRPV1
(Iannotti et al., 2014a), we found that after 48 h exposure to
3 uM palvanil, phosphorylation at that site was significantly
reduced, suggestive of its desensitization (Figure 3C,D). The
antagonist IRTX did not lead to a reduction in phosphoryla-
tion (Figure 3C,D). Palvanil at 0.3 uM did not lead to a change
in the phosphorylation state of TRPV1 (Supporting Informa-
tion Figure S3). In conclusion, these results may provide an
explanation for the opposite effects found here between the
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Effect of short or prolonged stimulation with palvanil in C2C12 cells. (A, B) Quantification of transcripts levels of myogenin (Myog) and Tnnt-1,
evaluated by quantitative real-time PCR, in C2C12 cells induced to differentiate in DM following the acute (5 and 15 min) or prolonged (48 h)
exposure to palvanil T pM. (C) Representative blot showing the chemiluminescent signal generated by the anti-phosphoTRPV1 antibody (at

the phosphorylation site Ser®°

of TRPV1) evaluated by western blot analysis in C2C12 cells exposed for 48 h to DM in the presence of palvanil

(3 uM) or IRTX (1 uM). (D) The graph shows the quantification of pTRPV1 signal (OD) normalized to the OD of TRPV1. Data represent the mean
+ SEM of five separate determinations. Data sets were compared by use of one-way ANOVA followed by Bonferroni’s test. Differences were con-

sidered statistically significant when *P was < 0.05.
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lowest (0.1 and 0.3 uM) and highest (1 and 3 uM) concentra-
tions of palvanil and suggest that prolonged exposure to CBD
and CBDV can induce desensitization of TRPV1 in differenti-
ating C2C12 cells.

Effect of CBD and CBDVon differentiating
primary human myoblasts isolated from DMD
donors

In order to explore the use of phytocannabinoids in human
skeletal muscle cells, we isolated primary myoblasts from
seven different donors (ranging from 1 to 7 years old) diag-
nosed with DMD caused by different mutations in the dystro-
phin gene (see Supporting Information Table $2).
Proliferating myoblasts at a confluence of about 80-90% were
exposed to CBD (1 uM) or CBDV (3 uM) in DM for 4 days. We
found that CBD and CBDV promoted the expression of Tnnt-
1 and myogenin in differentiating myoblasts isolated from
patients D2 to D7, whereas those from patient D1 showed
only Tnnt-1, but not myogenin, increased expression and,
in those from patient D6, the opposite result was found
(Figure 4A,B). Importantly, by combining the results from
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all patients, we observed a significant difference in the expres-
sion levels of myogenin and Tnnt-1 between vehicle (DMSO)
and phytocannabinoid-treated myoblasts (Figure 4C,D).

CBD, CBDVand THCV enhance primary
human satellite cell differentiation

As mentioned above, THCV was not effective in murine myo-
blasts. However, since we recently demonstrated that antago-
nists of the cannabinoid type 1 (CB;) receptor promote
murine as well as human myoblast and satellite cell differen-
tiation in vitro (Iannotti et al., 2014b) and that this compound
shows antagonist activity at CB; receptors in vitro
(McPartland et al., 2015), we tested its effect together with
CBD and CBDV in human satellite cells. Thus, primary satel-
lite cells from healthy donors were induced to differentiate
for 5 days in the presence of CBD (1 uM), CBDV (3 uM) or
THCV (3 uM). As shown in Figure SA, we found that the
transcript levels of myogenin, Tnnt-1 and MyHC were
significantly higher than those detected in cells treated with
vehicle. These effects were confirmed by confocal immuno-
fluorescence analysis that revealed the induction of MyHC
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Effect of CBD and CBDV in differentiating myoblasts isolated from DMD donors. (A, B) Grouped column scatter plot showing the mRNA
expression levels of MYOG and TNNT-1 in primary human myoblasts isolated from DMD patients and induced to differentiate in the presence
of vehicle (0.001% DMSO), CBD (1 uM) or CBDV (3 uM). The quantification of transcripts was performed by quantitative real-time PCR. (C, D)
The graphs show the differences in the expression level of MYOG and TNNT-1 between vehicle and CBD (1 uM) or CBDV (3 uM) treated myo-

blasts, calculated by combining the DMD patient’s results together. Data are expressed as 2

AA< formula relative to S16, as described in Methods.

Data represent the mean + SEM from the seven patients, repeated in quadruplicate. Data sets were compared by one-way ANOVA followed by
Bonferroni’s test. Differences were considered statistically significant when *P was < 0.05.
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Effect of CBD, CBDV and THCV in differentiating primary human satellite cells. (A) Transcript levels of myogenin (MYOG), TNNT-1 and MyHC in
human satellite cells exposed to DM in the presence of CBD 1 uM, CBDV 3 uM and THCV 3 uM for 5 days. The quantification of transcripts for
MYOG and TNNT-1 was performed by quantitative real-time PCR. Data represent the mean + SEM of n > 5 determinations. Data are expressed

-AAct
as 2%

relative to S16, as described in Methods. (B) Morphological analysis of myotube formation in satellite cells exposed to DM for 5 days

in the presence of vehicle (0.003% DMSO, control; n=14), CBD 1 uM (n=14), CBDV 3 pM (n = 14) or THCV 3 uM (n = 14). MyHC (red) and
DAPI (blue) (Scale bar, 10 um). The fusion index was calculated in vehicle and CBD-, CBDV- or THCV-treated cells. Data sets were compared by
use of one-way ANOVA followed by Bonferroni’s test. Differences were considered statistically significant when *P was < 0.05.

expression (Figure 5B). Staining with DAPI confirmed in vitro
myotube formation, as multiple nuclei were evident in single
fibres (Figure 5B).

TRP channel expression profile in primary
human satellite cells

Although we demonstrated that in C2C12 cells TRPV1 and
TRPV2 channels were most highly expressed, qPCR analysis
revealed that, in human satellite cells, among all the TRP
channels investigated, the TRPA1 gene exhibited the highest
degree of expression (Supporting Information Table S1B).

CBD, CBDVand THCV increase [Ca?*]; levels

and promote differentiation in human satellite
cells via TRRA1 channel activation

In the light of the results described above, we tested whether
the pro-differentiation effect exerted by CBD, CBDV and
THCV could be attributed to their interaction with TRP chan-
nels. This was achieved using the same experimental ap-
proach described before for C2C12 cells, that is, we first
measured intracellular Ca** following satellite cell exposure

1576 British Journal of Pharmacology (2019) 176 1568-1584

to CBD, CBDV or THCV in the presence or absence of TRPV1,
TRPV2 or TRPA1 antagonists. As shown in Figure 6A-C, stim-
ulation of satellite cells with CBD, CBDV or THCYV increased
the [Ca**]; in a concentration-dependent manner. As shown
in Figure 6D-F, in the presence of IRTX (1 pM) or tranilast
(100 pM), the effects of CBD, CBDV or THCV were un-
changed, whereas in the presence of AP18 20 and 50 uM, a se-
lective antagonist of TRPA1 (Okubo et al., 2012), the effects of
CBDV and THCV were significantly reduced (Figure 6E,F). In
contrast, the effect of CBD was less reduced by AP18 (Figure 6D).
As further evidence that CBDV and THCV act by activating
TRPAL in satellite cells, we targeted the mRNA products of the
TRPA1 gene by transfecting selective siRNA sequences into the
cells. After 48 h, TRPA1-silenced satellite cells were used to mea-
sure [Ca®*]; or induced to differentiate following stimulation
with CBDV or THCV. As shown in Supporting Information
Figure S4A, following the stimulation with CBDV or THCV
3 uM, the calcium signal induced by the two compounds in
TRPA1-silenced satellite cells was significantly lower than that
in cells transfected with scrambled sequences. In addition, in
differentiating TRPA1l-silenced satellite cells, which showed
slightly reduced expression levels of myogenin as compared to
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Figure 6

Effect of CBD, CBDV and THCV on intracellular Ca”* levels in the presence or absence of TRPV1, TRPV2 and TRPA1 antagonists in human satellite
cells. Concentration-response curves showing the effect of CBD (A), CBDV (B) and THCV (C) on satellite cells. (D, F) Effect of CBD 3 uM, CBDV
3 uM and THCV 3 uM measured in the presence of IRTX 0.6 uM, a TRPV1 antagonist, 100 uM tranilast, a non-selective TRPV2 antagonist, or
20 and 50 uM of AP18, a selective TRPAT antagonist. Data represent the mean + SEM of >5 determinations. Data sets were compared by use
of one-way ANOVA followed by Bonferroni’s test. Differences were considered statistically significant when *P was < 0.05.

scramble sequence-transfected cells, the differentiating effect of
CBDV and THCV was completely prevented (Supporting Infor-
mation Figure S4B). These results suggest that CBDV and THCV,
but less so CBD, elevate intracellular Ca®* and promote the dif-
ferentiation of human satellite cells in a manner dependent on
the activation of TRPA1 channels.

Effect of CBD and CBDVon muscle activity in
dystrophic mice

The above results show that of all the phytocannabinoids
tested, CBD and CBDV had differentiating activity in both
murine and human skeletal muscle cells. In order to gain in-
formation about the effects of CBD and CBDV in vivo, we
evaluated these compounds in a widely used murine model
of DMD. With this aim, we used mdx mice, a widely used an-
imal model of DMD (Collins and Morgan, 2003; McGreevy
etal., 2015). These were treated with CBD or CBDV at 20, 40
and 60 mg-kg~'. We found that the only dose producing sig-
nificant effects was 60 mg-kg™"' for both compounds.

Male mdx mice of 5 weeks of age, the period of disease
onset, were randomly divided into groups receiving (i)
vehicle to serve as control, (ii) CBD (60 mg-kg’l), and (iii)
CBDV (60 mg-kg™'). Compounds were injected i.p. three
times a week from weeks 5 to 7 of age.

Following treatment, mice were subjected to a rotarod
and weight tests according to published procedures (Deacon,

2013; Aartsma-Rus and van Putten, 2014). Locomotor activ-
ity at week 5, when compared to control mice, was not
changed, but time spent on the rod significantly declined
by week 7 (Figure 7A). Locomotor activity of control mice
was not changed in any of the test periods (Figure 7, grey
squares). At 7 weeks, mdx mice treated with CBD (60 mg-kg )
or CBDV (60 mg-kg™ ") spent a significantly longer time
on the rotarod compared to the mdx vehicle-treated mice,
to an extent that was similar to that of wild-type mice
(Figure 7A, right; F(4, ¢0) = 8.728, P < 0.05).

In the weight and forelimb grip strength test, we found that
5-week-old mdx mice showed significantly reduced muscle
strength compared to wild-type littermates (Figure 7B,C, left);
strength was further reduced until 7 weeks of age (Figure 7B,C,
right). Similar to the rotarod test results, we found that treat-
ment for 2 weeks with CBD (60 mg-kg ") or CBDV (60 mg-kg )
restored the loss of muscle strength (Figure 7B,C).

Furthermore, to evaluate the effect of these treatments in
a more advanced state of the disease, the same experimental
procedure was repeated from weeks 32 to 34. At 34 weeks,
when the muscle damage had further progressed, we found
that 2 weeks of treatment with CBD (60 mg-kg ') or CBDV
(60 mg-kg ") led to full recovery of the locomotor activity in
the rotarod (Figure 8A; F4, sy = 9.431, P < 0.05) and weight
(Figure 8B; F4, 49) = 5.242, P = 0.095) test.

H&E staining revealed that in the gastrocnemius muscle
of 34-week-old mdx mice treated with vehicle (ethanol +
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Figure 7

Measurement of locomotor activity in control and mdx mice treated or not with CBD or CBDV. Muscle coordination and strength by the
rotarod test (A), weight test (B) and (C) forelimb grip strength test were measured in control (C57BL/10ScSn]) and dystrophic (C57BL/10ScSn-
DMDmdx/]) mice treated with vehicle (10% ethanol + 10% Tween + 80% NaCl; 1:1:8; n=15), CBD (60 mg-kgq; n=15)or CBDV (60 mg-kgq;
n=15) at the beginning of the treatment (5 weeks) and after 2 weeks (7 weeks, right). Control and mdx mice were treated every other day starting
from week 5 to week 7 (left). Data sets were compared by one-way ANOVA followed by Bonferroni’s test. Differences were considered statistically
significant when P was < 0.05. *Denotes P < 0.05 versus mdx control group at week 5; °P< 0.05 versus mdx control group of the same age; *P< 0.05

versus mdx vehicle group of the same age.

Tween + NaCl; 1:1:8), there was significant tissue degenera-
tion as compared to control animals of the same age, as
shown in the representative images (Figure 8C). The preva-
lence of centrally positioned nuclei and plausible endomysial
fibrosis (Figure 8C, yellow arrows) were clear hallmarks of
disease. Treatment with CBD (60 mg-kg™") prevented muscle
tissue degeneration (Figure 8C). The effect of CBD on the
number of centrally positioned nuclei was quantified and is
reported in the bar graphs (Figure 8D).

Analysis of regeneration, pro-inflammatory and
autophagy markers in skeletal muscle isolated
from wild-type and mdx mice exposed to CBD
or CBDV

In order to search for mechanisms through which plant can-
nabinoids prevented the loss of muscle functionality in mdx
mice, we analysed the transcript levels of some of the key
genes known to regulate muscle regeneration, inflammation
and autophagy in isolated skeletal muscles by qPCR analysis.
We found that the gastrocnemius and diaphragm muscles at
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7 (Figure 9A,B) and 34 (Figure 9C,D) weeks presented a
robust increase in the mRNA expression of the
pro-inflammatory markers IL-6 receptors (IL6R), TNFo,
TGF-p1 and inducible NOS (iNOS). A 2 week treatment
with either CBD (60 mg-kg ') or CBDV (60 mg-kg ') reduced
these transcript levels (Figure 9A-D), but only CBD caused a
significant reduction in all transcripts. In order to corroborate
these results, we measured by means of ELISA plasma levels of
IL-6 and TNFo in control or mdx mice. As expected, plasma
levels of both IL-6 and TNFa were considerably increased in
mdx mice as compared to wild type. However, CBD- or
CBDV-treated mice exhibited a significant reduction in the
levels of these two cytokines, comparable to those of control
mice of the same age (Figure 9E). Surprisingly, no statistically
significant amelioration of the reduced expression of muscle
differentiation markers (myogenin, Tnnt-1 and MyHC) was
observed after either the 5 to 7 week or 32 to 34 week
treatment with either of the two phytocannabinoids (data
not shown), suggesting that the effects of CBD and CBDV
described here are due more to anti-inflammatory than pro-
differentiating actions.
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Measurement of muscle strength and histological analysis in mdx mice treated with CBD and CBDV. Muscle coordination and strength by the
rotarod test (A) and weight test (B) were measured in control (C57BL/10ScSnJ) and dystrophic (C57BL/10ScSn-DMDmdx/]) mice treated with
vehicle (10% ethanol + 10% Tween + 80% NaCl; n=12), CBD (60 mg~kgf1; n=12)or CBDV (60 mg-kgq; n=12) at the beginning of the treat-
ment (32 weeks) and after 2 weeks (34 weeks, right). Control and mdx mice were treated every other day starting from week 32 to week 34 (left).
Data sets were compared by one-way ANOVA followed by Bonferroni’s test. Differences were considered statistically significant when P was
<0.05. *Denotes P< 0.05 versus mdx control group at week 5; ® P<0.05 versus mdx control group of the same age; *P < 0.05 versus mdx vehicle
group of the same age. (C) Representative photomicrographs of H&E-stained transverse sections of gastrocnemius muscle isolated from wild type
(wt; n=5); mdx treated with vehicle (10% ethanol + 10% Tween + 80% NaCl; n=5) or CBD (60 mg~kg_1; n=>5)i.p. from week 32 to week 34 of
age. Scale bars =100 um. (D) The bar graph indicates the number of centralized nuclei in the muscle fibres of control and CBD-treated mdx mice.
Data sets were compared by one-way ANOVA followed by Bonferroni’s test. **P < 0.001.

As mentioned in the introduction, dysregulated autoph-
agy has been implicated in DMD progression (Fiacco et al.,
2016). Cannabinoids are not only able to reduce inflamma-
tion but also to promote autophagy in various types of cells
(Shao et al., 2014; Yang et al., 2014; Costa et al., 2016). There-
fore, we evaluated whether the effects of CBD and CBDV at
preserving the loss of motor function in mdx mice were
attributable to their effect on autophagy. To this purpose,
we measured the mRNA expression levels of beclin-1,
autophagy-related genes (Atg) 4 and 12, and ULK1, all known
markers of autophagy (Terman et al., 2007; Costa et al., 2016),
in the gastrocnemius and diaphragm muscles of mdx mice
treated with vehicle, CBD or CBDV. As shown in Figure 10A,B,
we found that in dystrophic mice of 7 weeks of age, the tran-
script levels of beclin-1, Atg4, Atgl2 and Ulkl genes were re-
duced by 60-70% compared to those of age-matched wild-type
mice. Importantly, treatment with CBD and CBDV significantly
restored the loss of expression of the aforementioned genes, to
differing extents, in both types of muscle.

In addition, since autophagosome formation is associated
with accumulation of the LC3 II protein, derived from the ac-
tive cytosolic form LC3-I (Terman et al., 2007), we measured
its levels in muscles following exposure to CBD. As shown
in the representative western blot (Figure 10C), we found a
significant reduction in LC3II expression concomitant with
an increase in LC3-I expression, as reported by others (Sandri
et al., 2013; Fiacco et al., 2016). Treatment with CBD pro-
moted the formation of LC3II (F(s, 24) = 48.71, P < 0.05) at
the expense of LC3-1 (Fs, 24) = 48.71, P < 0.05), which is
associated with the promotion of autophagy. Figure 10D
shows the quantification of these results.

Discussion

We present evidence in favour of the possible use of some
non-euphoric phytocannabinoids to ameliorate certain
pathological aspects of DMD. Unlike THC, the cannabinoids
investigated here are devoid of agonist activity at cannabi-
noid CB; receptors, a very abundant GPCR in the mammalian
brain, responsible for most of the euphoric effects of mari-
juana (Iannotti et al., 2016). CBD is being currently devel-
oped for the treatment of seizures in genetic paediatric
epilepsies resistant to conventional anticonvulsant agents
(Slomski, 2017), has been shown to be a safe alternative to
an antipsychotic for the treatment of schizophrenia
(Rohleder et al., 2016) and is useful in a plethora of central
and peripheral disorders in animal models (McPartland
et al., 2015). CBDV is being assessed as an anti-convulsant
(Hill et al., 2012), whereas THCV has been tested against
dyslipidaemia and glucose intolerance in two phase II clinical
trials (Jadoon et al., 2016). In view of the efficacy and safety of
CBD, CBDV and THCYV in clinical trials and of the fact that
CB, receptor activation with potential euphoric actions was
reported to worsen muscle differentiation and stimulate myo-
blast proliferation and to have a negative effect on muscle for-
mation (lannotti et al., 2014b), we decided to investigate
these three compounds on myoblast differentiation. Our data
suggest that (i) CBD and CBDV stimulate the differentiation
of murine myoblasts and human DMD myoblasts into
myotubes; (ii) CBD, CBDV and THCV stimulate the differen-
tiation into myotubes of human muscle satellite cells; and
(iii) CBD and CBDV ameliorate impaired locomotor activity
and muscle strength in mdx mice at both the early and late
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Analysis of expression of inflammation markers in skeletal muscles of mdx mice treated with CBD and CBDV. Scatter plot graphs showing the
mMRNA expression levels of IL-6 receptors (IL6R), TNFa, TGF-B1 and iNOS in the gastrocnemius and/or diaphragm muscles of control and mdx mice
of both 7 (A and B) and 34 (C and D) weeks of age that had received vehicle or CBD or CBDV for 2 weeks. Data are expressed as 2742 relative to
S16, as described in Methods. (E) plasma levels of IL-6 and TNFa quantified by ELISA assay in control and mdx mice (34 weeks) treated with vehicle,
CBD or CBDV. Data represent the mean + SEM of > 5 independent determinations. Data sets were compared by one-way ANOVA followed by
Bonferroni’s test. *Denotes P< 0.05 versus mdx control group at week 5; *P < 0.05 versus mdx vehicle group of the same age.

stages of the disorder, this effect being accompanied by a sig-
nificant reduction in markers of inflammation and a restora-
tion of markers of autophagy.

In murine C2C12 myoblasts, the pro-differentiating
effects of CBD and CBDV were identified by quantifying the
expression of two typical marker genes of muscle differentia-
tion and were confirmed by morphological analyses, indicat-
ing cell fusion and formation of multi-nucleated myotubes.
These effects were as follows: (i) strongest with short incuba-
tion times of myoblasts with CBD and CBDV; (ii) mimicked
by a TRPV1 agonist and counteracted by a TRPV1 antagonist;
and (iii) accompanied by an elevation of [Ca**];, a response
mimicked by a TRPV1 agonist and counteracted by a TRPV1
antagonist. These observations indicate that the pro-
differentiating effects of CBD and CBDV in C2C12 cells are
due to activation of TRPV1 channels and, possibly,
subsequent elevation of [Ca®*];, pointing to this channel as
an important player in murine myoblast-to-myotube differ-
entiation (Kurosaka et al., 2016). The concentration-response
curves obtained following the stimulation with CBD and/or
CBDYV indicate complex actions on the target or involvement
of multiple targets. Interestingly, Ito et al. (2013) demon-
strated that in isolated muscle fibres, capsaicin induces an in-
crease in intracellular calcium levels in a TRPV1-dependent
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manner, an effect that they suggested as a possible cause of
muscle hypertrophy.

Importantly, CBD and CBDV significantly increased the
expression of differentiation markers in myoblasts from
DMD donors. It would be interesting, in future studies
employing a more statistically relevant number of donor
samples, to look for correlations between the occurrence of
given mutations and responsiveness to phytocannabinoids.
In view of our results in human satellite cells (see below),
future experiments will need to address the question of what
molecular target(s) is/are involved in the pro-differentiating
effects of CBD and CBDV in human myoblasts.

Skeletal muscle satellite cells play a crucial role in muscle
regeneration, for example, following damage or physical
exercise. DMD also affects the capability of these cells to dif-
ferentiate into myotubes (Chang ef al., 2016). Using human
satellite cells, we showed that CBD and CBDV, but also
THCV, are capable of enhancing differentiation, thus poten-
tially extending the therapeutic usefulness of these com-
pounds at counteracting dystrophies. Interestingly, the
target through which these compounds produce their differ-
entiating effect appears to be different from that mediating
this effect in murine C2C12 myoblasts. In fact, TRPA1, rather
than TRPV1, channels mediated both these effects, and the
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Expression analysis of autophagy markers in skeletal muscles of mdx mice treated with CBD and CBDV. The scatter plot graphs show the mRNA
expression levels of autophagy-related 12 and 4b (ATG12 or 4b), beclin-1 (becn1) and ULK1 genes in the gastrocnemius (A) and/or diaphragm (B)

muscles of control and dystrophic mdx mice of 7 weeks that received vehicle or CBD or CBDV for the last 2 weeks. Data are expressed as 2

AAct

relative to S16, as described in Methods. (C) Representative blot showing the band intensity of the autophagic marker LC3I/11 in the gastrocne-
mius muscles of mdx mice treated with CBD. (D) Bar graph showing the quantification of LC3I/Il levels normalized to GAPDH. Data represent
the mean £ SEM of >5 separate determinations. Data sets were compared by one-way ANOVA followed by Bonferroni’s test. Differences were con-
sidered statistically significant when P < 0.05. *Denotes P < 0.05 versus mdx control group at week 5; *P < 0.05 versus mdx vehicle group of the

same age.

elevation of [Ca®'];. TRPAL1 in satellite cells also undergoes
down-regulation following differentiation into myotubes,
thus providing a negative feedback mechanism for this pro-
cess. Future experiments will need to investigate the role of
TRPAL in satellite cell differentiation.

The finding that CBD and CBDV promote both murine
myoblast and human satellite cell differentiation prompted
the testing of these compounds on muscle function in mdx
mice. Indeed, a 2 week treatment of dystrophic mice with
either phytocannabinoid lead to amelioration of their loco-
motor activity, evaluated with the rotarod test, and muscle
strength was assessed with the weight and forelimb grip
strength test. Importantly, such an amelioration was seen
both when treatment was given when the signs of the disor-
der were just appearing and, at a late stage, when such signs
were stronger. Intriguingly, however, with both types of treat-
ment, we could not confirm ex vivo the pro-differentiating
effects of CBD and CBDV observed in vitro, thus raising the
possibility that the effects observed were due to an action
other than enhancement of myotube formation. Indeed,
DMD is a complex pathology that rapidly evolves in several
directions through subsequent maladaptive and vicious
circle-generating mechanisms, encompassing, among others,

chronic inflammation, fibrosis and defective autophagy
(Fiacco et al., 2016). Therefore, we investigated if, at the end
of treatment, the beneficial effects of the phytocannabinoids
were accompanied by local or systemic anti-inflammatory
effects or by the restoration of autophagy. The analysis of
transcripts, which were pathologically altered in untreated
mdx muscles, suggested that CBD and CBDV reduced the
consequences of inflammation and impaired autophagy, thus
possibly explaining their effects. Since we did not perform a
detailed time course experiment on all these biomarkers, we
cannot draw any conclusion as to whether the anti-
inflammatory effects of the phytocannabinoids are the cause
or the consequence of their pro-autophagic actions or
whether at different stages of the disease, these compounds
may affect myoblast differentiation. However, these anti-
inflammatory and pro-autophagic actions open the possibil-
ity of testing CBD and CBDV as add-on therapeutics to other
agents that are currently undergoing clinical trials in DMD,
such as exon-skipping agents (Nakamura, 2017). It is worth
mentioning that mdx mice do not represent an archetypal
model of all aspects of the human DMD disease. Therefore,
whilst beyond the scope of the present investigation, future
studies in more suitable models, such as the golden retriever
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dog (Collins and Morgan, 2003; McGreevy et al., 2015), are
needed in order to investigate the therapeutic utility of CBD
and CBDV in DMD.

In conclusion, we report for the first time the potential for
some non-euphoric phytocannabinoids to potentially coun-
teract at least three of the pathological features of DMD, that
is, impaired myoblast and satellite cell differentiation, unre-
solved inflammation and defective autophagy. These findings
should encourage studies in more suitable animal models of
DMD with the aim of specifically assessing the clinical poten-
tial of CBD and CBDV as add-on therapies against this type or
other types of muscular dystrophies.
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Figure S1 Measurement of skeletal muscle differentiation
markers in C2C12 cells upon exposure to CBD, CBDV, THCV,
CBG and CBDA. Transcript levels of myogenin (Myog) in mu-
rine C2C12 cells exposed to differentiation media DM in
presence of crescent concentration (from 0.1 to 3 uM) of
CBD (A), CBDV (B), THCV (C), CBG (D) or CBDA (E) for
72 h. The quantification of transcripts for Myog and Tnnt-
T1 was performed by quantitative real-time PCR. Data are
expressed as 27A4¢t relative to S16, as described in materials
and methods. Data represent the mean + S.E.M. of 5 separate
determinations. Data sets were compared by one-way
ANOVA followed by Bonferroni’s test. Differences were con-
sidered statistically significant when P was < 0.05.

Figure S2 Effect of TRPV1 and TRPV2 agonists or antagonists
in differentiating C2C12 cells. Transcript levels of Myogenin
(Myog) and troponin T1 (Tnnt-T1) in murine C2C12 cells ex-
posed to differentiation media DM for 72 h in presence of in-
creasing concentration of palvanil (A), IRTX (B), probenecid
(C) or tranilast (D). The quantification of transcripts for Myog
and Tnnt-T1 was performed by quantitative real-time PCR.
Data are expressed as 24" relative to $16, as described in
materials and methods. Data represent the mean + S.E.M. of
> 5 separate determinations. Data sets were compared by use
of one-way ANOVA followed by Bonferroni’s test. Differences
were considered statistically significant when P was <0.05.
Figure $3 Evaluation of TRPV1 phosphorylation in C2C12
cells upon exposure to palvanil. Representative blot showing
the TRPV1 protein expression and changes in its phosphoryla-
tion at S800 evaluated through western blot analysis in C2C12
cells exposed for 72 h to palvanil 0.3 uM or IRTX 1 uM. (B) Bar
graph showing the quantification of pTRPV1 levels normalized
to total TRPV1. Data represent the mean + S.E.M. of 5 separate
determinations. Data sets were compared by use of one-way
ANOVA followed by Bonferroni’s test.

Figure $4 Effect of CBDV and THCV in TRPA1 silenced satel-
lite cells (A) The graph shows the quantification of intracellu-
lar Ca®* levels upon exposure to CBDV or THCV (3 pM) of
human satellite cells transiently transfected with scramble
or TRPA1 siRNA. (B) Effect of CBDV and THCV 3 pM on
MYOG expression in differentiating TRPA1-silenced satellite
cells. Data represent the mean + S.E.M. of 5 separate determi-
nations. Data sets were compared by one-way ANOVA
followed by Bonferroni’s test. Differences were considered
statistically significant when P was < 0.05.

Table S1 TRP channel expression levels in murine C2C12
(A) and human satellite cells (B).

Table S2 Clinical indices of DMD patients.

Table S3 List of primers used in qPCR analysis.



