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Abstract

Nothing is known about the potential implication of gut micro-
biota in skeletal muscle disorders. Here, we provide evidence that
fecal microbiota composition along with circulating levels of short-
chain fatty acids (SCFAs) and related metabolites are altered in the
mdx mouse model of Duchenne muscular dystrophy (DMD) com-
pared with healthy controls. Supplementation with sodium buty-
rate (NaB) in mdx mice rescued muscle strength and autophagy,
and prevented inflammation associated with excessive endo-
cannabinoid signaling at CB1 receptors to the same extent as
deflazacort (DFZ), the standard palliative care for DMD. In LPS-
stimulated C2C12 myoblasts, NaB reduces inflammation, promotes
autophagy, and prevents dysregulation of microRNAs targeting the
endocannabinoid CB1 receptor gene, in a manner depending on
the activation of GPR109A and PPARc receptors. In sum, we pro-
pose a novel disease-modifying approach in DMD that may have
benefits also in other muscular dystrophies.
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Introduction

Myopathies is a general term that refers to a large group of rare

skeletal muscle disorders many of which are associated with poor

prognosis. Among them, Duchenne muscular dystrophy (DMD) is

the most frequent and detrimental form, affecting approximately 1

in 3,500 male births worldwide (Crisafulli et al, 2020). In most

cases, DMD is caused by deletions of one or more exons within the

gene encoding for dystrophin, a rod-shaped protein that physically

interacts with other specialized proteins to form the dystrophin-

associated glycoprotein complex (DAPC), playing a crucial struc-

tural and signaling role both in cardiac and skeletal muscles (Cirak

et al, 2012). Therefore, the alteration of dystrophin expression and

function leads to the collapse of muscle structure and irreversible

tissue degeneration, a condition that is further aggravated by ensu-

ing persistent inflammation, impairment of autophagy, fibrosis, and

tissue necrosis (Sandri et al, 2013; De Palma et al, 2014). Unfortu-

nately, a cure for DMD is still not available, although experimental

therapies have made important advances over the years (Sheikh &

Yokota, 2020). For this reason, corticosteroids mainly including

prednisolone (PRED) and deflazacort (DFZ) remain the mainstay of

palliative care. Both agents were shown to produce beneficial effects

on the preservation of functional abilities in several mouse models

of DMD and randomized controlled trials (Bushby et al, 2010;

Griggs et al, 2016). However, there is uncertainty regarding the

long-term benefits and safety of these treatments. Results from ran-

domized controlled studies revealed that side effects including sud-

den weight gain, confusion, depression, growth-related

complication, and cataracts may be caused by both DFZ and PRED

(Matthews et al, 2016; Biggar et al, 2022).
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The central role of the gut microbiota in human health and dis-

ease is a fascinating and rapidly expanding field of research. In this

regard, over the last decades, much has been learned about the

association between the gut microbiota and skeletal muscle mass as

well as metabolic and contractile properties (B€ackhed et al, 2007;

Grosicki et al, 2018; Lahiri et al, 2019). However, the molecular

mechanisms linking intestinal microorganisms to skeletal muscle

remain largely unknown. In this context, recent studies have

demonstrated the role of major classes of metabolites produced by,

or related to the gut microbiota, such as short-chain fatty acids

(SCFAs), i.e., acetate, propionate and butyrate, and ketone bodies

(KBs; acetoacetate acid, b-hydroxybutyric acid, and acetone), in

contributing to skeletal muscle mass, glucose and lipid metabolism,

and physical performance (Frampton et al, 2020). One of the pro-

posed mechanisms through which SCFAs and KBs provide various

health benefits on host energy metabolism is through intracellular

signaling dependent on the activation of GPR41, GPR43, GPR109A,

and/or peroxisome proliferator-activated receptor-gamma (PPARc)
receptors (Schwab et al, 2006; Layden et al, 2013).

Additionally, more recent evidence points to the endocannabi-

noid system as a key regulator in the communication between the

gut microbiota and the host (Cani et al, 2016; de Vos et al, 2022).

The endocannabinoid system (ECS) refers to a complex lipid cell-

signaling system playing an important role in human health and dis-

ease. Although the number of molecules linked to the ECS is con-

stantly expanding, the major players remain the two lipid mediators

anandamide (AEA) and 2-arachidonoylglycerol (2-AG), which pri-

marily activate two G-coupled receptors, differently distributed in

the body, named cannabinoid receptor of type 1 (CB1) and type 2

(CB2) (Iannotti et al, 2016). Despite the promising use of endo-

cannabinoids or plant cannabinoids as complementary and/or alter-

native medicines (Di Marzo, 2018), to date, their potential use in

skeletal muscle disorders is still largely unexplored. Recently, we

demonstrated that (i) in both murine and human skeletal muscle

cell precursors (myoblasts), 2-AG promotes proliferation and inhi-

bits differentiation to mature muscle cells (myotubes); (ii) 2-AG neg-

atively controls skeletal muscle formation in vivo; (iii) the ECS is

overactive in both murine and human skeletal muscles affected by

DMD; and (iv) the pharmacological inhibition of the endocannabi-

noid CB1 receptor promotes differentiation of both satellite and

myoblast cells into mature myotubes, prevents locomotor impair-

ment in dystrophic mice, and reduces muscle inflammation

(Iannotti et al, 2014, 2018). However, whether the ECS could repre-

sent an additional signaling mechanism through which the gut

microbiota interacts with the skeletal muscle remains to date com-

pletely unexplored. Based on this background, in this study, by

using a multidisciplinary approach, we aimed at exploring whether

changes in the gut microbiota diversity and its consequent dysfunc-

tional interplay with the ECS could represent a novel potential

molecular mechanism to be targeted in DMD.

Results

Fecal microbiota composition is significantly altered in mdx mice

In this study, the microbiota composition was analyzed in fecal

samples collected from control (wild-type—wt) and dystrophic

(mdx) mice of 16 weeks of age randomly separated into the follow-

ing experimental groups: (i) wt mice receiving vehicle (DMSO); (ii)

wt mice receiving DFZ; (iii) mdx mice receiving vehicle; and (iv)

mdx mice receiving DFZ. DMSO or DFZ (1.2 mg/kg) was adminis-

tered once daily by oral gavage for 3 weeks.

As shown in Fig 1A, principal coordinate analysis (PCoA) revealed

a significant (PERMANOVA analysis; P < 0.003) clustering dissimilar-

ity of fecal microbiota composition among the four groups of mice.

Clustering analysis of bacterial families detected and changing

between wt and mdx mice treated without or with DFZ revealed that

mdx mice treated with DFZ clustered with wt mice (Fig 1B). Prevotel-

laceae, Saccharimonadaceae, Peptococcaceae, Helicobacteriaceae, and

Clostridiales_vadinBB60 were the bacterial families showing the most

prominent alteration between wt and mdx mice, with Prevotellaceae

being increased in the latter, while the other families were decreased

(Fig 1C–G). Alterations in Prevotellaceae, Saccharimonadaceae, Pepto-

coccaceae, and Clostridiales_vadinBB60 levels were reversed by DFZ

(Fig 1C and G). However, in mdx mice, the treatment with DFZ also

significantly increased the relative abundance of Desulfovibrionaceae

(Fig 1H) and reduced that of Erysipelotrichaceae and Burkholdariaceae

(Fig 1I and J). Finally, we detected no significant differences in the

microbiota composition between wt mice receiving DMSO or DFZ,

with the only exception of Clostridiales_vadinBB60 levels (Fig 1G).

Plasma levels of SCFAs and KBs are dysregulated in mdx mice

To understand whether the changes in fecal microbiota found in mdx

mice resulted in changes in the levels of metabolites produced or asso-

ciated with intestinal microbiota, we quantified the concentrations of

SCFAs, KBs, and related molecules in blood plasma, skeletal muscles,

and feces samples of mice subjected to our experimental conditions.

Using GC/MS and NMR analysis, we found that plasma levels of pro-

pionate and acetate, but not butyrate (the only one not detectable by

NMR), were significantly reduced in mdx vs. control mice (Fig 2A–C).

The treatment with DFZ of mdx mice prevented changes in propionate

and acetate levels (Fig 2A and B) and remarkably increased butyrate

levels in mdx mice (Fig 2C). Additionally, using NMR, we found that

plasma levels of pyruvate, succinate, and lactate, which are key pre-

cursors in the biosynthetic pathway of SCFAs from carbohydrates

(Koh et al, 2016), were dysregulated in dystrophic mice (Fig 2D–F).

The treatment with DFZ, also in this latter case, prevented these alter-

ations while inducing a significant reduction of pyruvate, whereas lac-

tate was increased in control mice (Fig 2D–F). The matrix shows the

potential correlation between SCFAs and bacterial families changing

in mdx mice (Fig 2G). Similar to SCFAs, plasma levels of KBs includ-

ing acetone, acetoacetic acid (AA), and 3-hydroxybutyric acid were

reduced in mdx mice. Following the treatment with DFZ, the levels of

3-hydroxybutyric and AA were restored to the control condition

(Fig EV1). By contrast, no statistically significant differences in either

SCFAs or KB levels were found in gastrocnemius and fecal samples

between control and mdx mice (Fig EV2).

These data, together with those described in the previous section,

suggest that functional alterations of the gut microbiota are present

in mdx mice as compared to wt mice and that many of such alter-

ations are reversed following 3 weeks treatment with DFZ. Impor-

tantly, in dystrophic mice, DFZ elevated levels of butyrate, which

was previously described to exert beneficial anti-inflammatory and

immunomodulatory activities (Prokopidis et al, 2021).
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Locomotor activity, muscle autophagy deficits, and inflammation
in mdx mice are ameliorated after supplementation with sodium
butyrate

In order to understand whether the perturbation of the gut micro-

biota (known as dysbiosis) is associated with muscle function

impairment in mdx mice through the ensuing deficit of SCFAs pro-

duction, we next measured muscle coordination and strength in wt

and mdx mice receiving a daily oral supplementation of sodium

butyrate (NaB; 100 mg/kg) or DFZ (1.2 mg/kg) for 3 weeks using a

rotarod and weight test. In agreement with our previous findings

(Iannotti et al, 2018), we found that 19-week-old mdx mice showed

marked impairment of muscle coordination and strength compared

with their age-matched controls (Fig 3A and B). Remarkably, the

treatment with NaB prevented the loss of locomotor function in

mdx mice, to an extent comparable to that of DFZ, while both NaB

Figure 1. Microbiota analysis in fecal samples of control and mdx mice.

A Principal coordinate analysis (PCoA) displays differences in gut microbiota composition diversity among the four animal groups. Bray–Curtis dissimilarity indexes
were used to estimate B-diversity. PERMANOVA P values (Adonis R function) are displayed above PCoA.

B Heat map and hierarchical clustering of family composition using cumulative sum scaled (CSS) normalized bacterial counts.
C–J Bar Chart with data points showing the abundance of indicated bacterial families in the indicated group of mice. Data are expressed as CSS-normalized bacterial

counts.

Data Information: Each bar is the mean � S.E.M. from 5 independent biological samples. ****P ≤ 0.0001; ***P ≤ 0.0003; **P ≤ 0.003; *P ≤ 0.05 vs. the indicated
experimental group calculated using ANOVA.
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and DFZ had no effect in control mice (Fig 3A and B). Transcrip-

tomic analysis performed on RNA extracted from dissected gastroc-

nemius revealed that NaB, to the same extent as DFZ, was able to

restore the defective expression of key genes regulating autophagy

and/or mitophagy (Ulk1, Atg13, Pink1, Becn1, Fundc1, and Bnip) in

mdx mice (Fig 4A–F) and concomitantly prevented the up-

regulation of pro-inflammatory genes such as interleukin 6 (Il6),

tumor necrosis factor-a (Tnfa), and cyclooxygenase-2 (Cox2)

(Fig 4G–I). Additionally, using western blot analysis, we found that

NaB, similar to DFZ, prevented the increased phosphorylation

(hence activation) of AKT, a negative regulator of autophagy (De

Palma et al, 2014; Fig 4J), and concomitantly reduced the expres-

sion of COX2 (Fig 4K), which is considered a key therapeutic target

to counteract inflammation in DMD (P�eladeau et al, 2018). These

data suggest that the dysfunctional gut microbiota is implicated in

the pathogenesis of DMD in mdx mice. In the same vein, NaB sup-

plementation prevented some of the features of muscular dystrophy

in these mice, i.e., impaired locomotion and muscle autophagy and

enhanced muscle inflammation.

Endocannabinoid system overactivity in blood and skeletal
muscle of mdx mice is reversed by NaB or DFZ

Next, we measured the levels of the two major endocannabinoids

AEA and 2-AG in the plasma of mice subjected to our experimental

conditions. Liquid chromatography–mass spectrometry (LC–MS)

analysis revealed that the levels of AEA, but not 2-AG, were signifi-

cantly increased in 19-week-old mdx mice compared with the con-

trol group (Fig 5A and B). Changes in AEA levels were associated

with a significant up-regulation of CB1 and CB2 mRNA and protein

expression in the gastrocnemius of dystrophic mice (Fig 5C–F).

Notably, in mdx mice, the dysregulated levels of AEA as well as

CB1 and CB2 genes were prevented by NaB and DFZ (Fig 5A–F). In

control mice, treatment with NaB or DFZ did not significantly

change the levels of AEA or 2-AG, nor the expression of CB1 and

CB2 genes (Fig 5A–D).

Pharmacological blockade of CB1 rescues autophagy in skeletal
muscles of mdx mouse

Our previous findings revealed that the ECS is overactive in mdx

mice, predominantly via CB1 receptors, leading to a concurrent

increase in the inflammatory burden and reduction in myotube for-

mation from satellite and myoblast cells (Iannotti et al, 2018). Here,

we evaluated the effect of CB1 on skeletal muscle autophagy.

Intriguingly, the reduced expression of Ulk1, Pink, and Becn1 genes

observed in skeletal muscles (gastrocnemius) of dystrophic mice

was prevented by treatment with rimonabant (0.5 mg/kg), a selec-

tive CB1 receptor antagonist (Fig 6A–C). In addition, using western

blot, we found that in mdx mice, rimonabant restored the

Figure 2. Analysis of SCFAs and their precursors in the blood plasma of wt and mdx treated with DFZ or not.

A–C Bar chart with individual points showing the levels of propionate, acetate and butyrate in wt and mdx mice receiving DFZ or vehicle, measured by NMR or GC/MS.
Data are expressed as lg/ml or bin intensity (arbitrary unit—a.u.)

D–F Bar chart with individual points showing the levels of pyruvate, succinate, and lactate in wt and mdx mice receiving vehicle or DFZ, measured by NMR.
G Correlation map based on Pearson correlation coefficients between butyrate, propionate, and acetate, and bacterial families changing in mdx mice. Rows and

columns are rearranged according to the WARD-based correlation matrix-based hierarchical clustering (CMBHC).

Data Information: Each bar is the mean � S.E.M. from 5 independent biological samples. ****P ≤ 0.0001; ***P ≤ 0.0003; **P ≤ 0.003; *P ≤ 0.05 vs. the indicated
experimental group calculated using ANOVA.
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expression of LC3II, which is physiologically converted from LC3I to

initiate the formation and lengthening of the autophagosome (Run-

wal et al, 2019) (Fig 6D–F). Conversely, in mdx mice treated with

ACEA (2.5 mg/kg), a selective CB1 agonist (Hillard et al, 1999), the

inactivation of autophagy genes tended to aggravate (Fig EV3).

These findings, together with those described in the previous sec-

tion, suggest that enhanced endocannabinoid signaling at CB1

receptors may act as an intermediate of the effects of the dysfunc-

tional gut microbiota on inflammation and impaired locomotor

activity and autophagy in mdx mice.

Butyrate protects skeletal muscle cells from LPS-induced
inflammation, promotes autophagy, and prevents
endocannabinoid overactivity via multiple receptors

Next, we went on to elucidate the molecular mechanisms through

which, upstream of endocannabinoid signaling at CB1 receptors,

NaB exerts anti-inflammatory and pro-autophagic effects in skeletal

muscle tissues. To this purpose, we employed murine C2C12

myoblasts and myotubes to measure the expression of potential

molecular targets of SCFAs. There is evidence that some members

of the large family of G protein-coupled receptors (GPCRs) including

GPR41 and GPR43 have an affinity for propionate, butyrate, and

acetate, while GPR109A and peroxisome proliferator-activated

receptor-gamma (PPARc) show a selective affinity only for butyrate

(Brown et al, 2003; Le Poul et al, 2003; Sun et al, 2017; Kumar

et al, 2020). Therefore, using qPCR, we found that among GPCRs,

GPR109A was the only gene expressed in both C2C12 myoblasts

and myotubes (Table EV1). In agreement with others, we also found

that PPARc is expressed in myoblasts more than in myotubes

(Table EV1) (Singh et al, 2007). Importantly, among SCFA targets,

the expression of GPR109A and PPARc was also predominant in the

skeletal muscle (gastrocnemius) of control and dystrophic mice

(Table EV1).

Subsequently, C2C12 myoblasts were stimulated with bacterial

lipopolysaccharide (LPS) to mimic the inflammatory microenviron-

ment, which prevails in DMD (Boursereau et al, 2018). Cytokines

including IL-6, IL-1, and TNFa, as well as the enzyme COX2, are

known to be increased during inflammation in DMD (Cruz-Guzm�an

Odel et al, 2015). Therefore, following published procedures (Park

Figure 3. Measurement of locomotor activity.

A, B Muscle coordination and strength were measured in 19-week-old control and mdx mice treated with vehicle (DMSO), NaB (100 mg/kg/daily), or DFZ (1.2 mg/
kg/daily) for 3 weeks using the rotarod and weight test. Bar charts show the latency to fall or drop the weight of wt and dystrophic mice.

Data Information: Each bar is the mean � S.E.M. from 5 or more independent biological determinations. ****P ≤ 0.0001; ***P ≤ 0.0003; *P ≤ 0.05 vs. the indicated
experimental group calculated using ANOVA.
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Figure 4.

6 of 21 EMBO Molecular Medicine 15: e16225 | 2023 � 2023 The Authors

EMBO Molecular Medicine Hilal Kalkan et al

 17574684, 2023, 3, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

m
m

.202216225 by M
ax-D

elbrueck-C
entrum

, W
iley O

nline L
ibrary on [09/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



et al, 2021), we observed that in C2C12 myoblasts stimulated with

LPS (1 lg/ml for 3 h), the mRNA expression of Il6 and Cox2 was

robustly increased (~ 15 fold). However, when C2C12 cells were

pretreated with NaB (3 mM) or MK1903 (1 lM, a selective

GPR109A agonist) for 30 min before the stimulation with LPS, the

up-regulation of Il6 and Cox2 was significantly prevented (Fig 7A

and B). Additionally, in myoblasts silenced for GPR109A, the protec-

tive effect of NaB was partially abolished (Fig 7A and B).

Rosiglitazone (1 lM), a selective PPARc agonist, similar to NaB and

MK1903 prevented the LPS-induced up-regulation of both Il6 and

Cox2 (Fig 7A and B). Notably, the effect of NaB was fully abolished

only when T007 1 lM (a selective PPARc antagonist) was used in

C2C12 cells silenced for GPR109A (Fig 7A and B), thus indicating

that NaB exerts its anti-inflammatory action in muscle cells through

the concomitant activation of GPR109A and PPARc. Moreover, in

C2C12 cells not exposed to LPS, we found that NaB, also in this case

◀ Figure 4. Expression of autophagy and inflammatory genes in wt and mdx mice treated with NaB or DFZ.

A–I Bar chart with individual points showing the mRNA expression levels of the indicated genes measured in the gastrocnemius of control and mdx mice treated with
or without NaB and DFZ.

J, K Representative blotting and bar chart with individual points showing the expression and/or phosphorylation of pAKT/AKT and COX2 in the gastrocnemius of the
indicated six groups of mice.

Data Information: Each bar is the mean � S.E.M. from 5 independent biological replicates. ****P ≤ 0.0001; ***P ≤ 0.0003; **P ≤ 0.005; *P ≤ 0.05 vs. the indicated
experimental group calculated using ANOVA.

Figure 5. Measurement of endocannabinoid system activity in the plasma and skeletal muscle of wt and mdx mice treated with NaB and DFZ.

A, B Levels of AEA and 2-AG in plasma samples of wt and mdx mice expressed as pmol/mg of wet tissue weight.
C, D Bar charts with individual points showing the mRNA expression levels of CB1 and CB2 measured in the gastrocnemius of the indicated groups of mice.
E Representative blots showing the expression levels of CB1 and CB2 proteins in the gastrocnemius of the indicated groups of mice.
F Quantification of CB1 and CB2 proteins to the housekeeping protein GAPDH.

Data Information: Each bar is the mean � S.E.M. of 4–5 independent biological samples. ***P ≤ 0.0003; **P ≤ 0.003; *P ≤ 0.05 vs. the indicated experimental group
calculated using ANOVA.
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in a manner depending on GPR109A and PPARc activation, stimu-

lates autophagy (Fig 7C).

Next, we evaluated whether NaB could then regulate dysfunc-

tional ECS activity also in myoblasts. In agreement with previous

studies, we found that LPS significantly altered the expression of

key genes regulating ECS activity (Turcotte et al, 2015). Among

them, the mRNA expression of Cb1, Dagla, and Daglb (the latter

two are genes encoding for key enzymes producing 2-AG), Magl (2-

AG degradation), and Napepld (AEA synthesis) was significantly

increased. By contrast, the expression of Faah (AEA degradation)

was reduced by LPS (Fig 8A–F). Pretreatment with NaB for 30 min

before the stimulation with LPS prevented the dysregulated expres-

sion of all the aforementioned genes (Fig 8A–F). The effect of NaB

was, with the only exception of Magl, abolished upon silencing of

GPR109A and/or in presence of T007 (Fig 8A–F) and mimicked by

rosiglitazone (1 lM) and MK1903 (1 lM) (Fig 8A–F). The drug

alone (rosiglitazone, MK1903, and T007 for 3 h) did not signifi-

cantly change ECS gene expression (Fig 8A–F). Additionally, follow-

ing stimulation with LPS in C2C12 cells, we did not detect

significant changes in AEA levels, although a tendency to reduce its

Figure 6. Effect of rimonabant on autophagy in mdx mice.

A–C Bar charts with individual points showing the mRNA expression levels of Ulk, Pink, and Becn1 measured in control and mdx mice treated with rimonabant (0.5 mg/
kg).

D Representative blots showing the expression levels of LC3I and LC3II proteins in the gastrocnemius of the indicated groups of mice.
E, F Quantification of LC3I and LC3II proteins to the housekeeping protein GAPDH.

Data Information: Each bar is the mean � S.E.M. from 3 independent biological samples. **P ≤ 0.005 *P ≤ 0.05 vs. the indicated experimental group calculated using
ANOVA.
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levels was observed following NaB treatment (Fig 8G). By contrast,

2-AG levels tended to be increased by LPS (Fig 8H). Notably, we

also found that the promotion of autophagy in C2C12 cells induced

by NaB was abolished in the presence of ACEA, but not rimonabant

(Fig 8I).

Butyrate prevents LPS-mediated down-regulation of microRNA
(miRNAs) targeting CB1

We next searched for the molecular mechanism through which the

stimulation of GPR109A and PPARc receptors by NaB prevents

LPS-induced dysregulation of CB1, the main effector of the ECS.

Therefore, using bioinformatics analysis, we identified several

microRNA (miRNAs) sequences targeting the three prime untrans-

lated regions (30-UTR) of the Cb1 (Cnr1) murine gene. In particular,

we focussed mostly on those conserved among mammals such as

miR-18, miR-190, miR-128, miR-19, miR-29, miR-181, miR-130,

miR-301, miR-148, and miR-152 (Fig 9A). However, our analysis

also included miR-429, miR-489, and miR-452, which target the

murine 30UTR Cb1 region, but not the human one. Subsequently,

the expression of selected miRNAs was evaluated in C2C12

myoblasts exposed to LPS in the presence or absence of NaB, rosigli-

tazone, or MK1903. Using quantitative PCR, we found that in

myoblasts only miR-19, miR-128, miR-425, miR-489, miR-130, miR-

152, miR-301, and miR-29 were expressed. As shown in the

heatmap (Fig 9B) and bar graphs (Fig 9C–J), the expression of all

these miRNAs (except for miR-489) was significantly reduced by

LPS. In cells exposed to LPS in the presence of NaB, we observed

that the LPS-induced down-regulation of miR-19, miR-128, miR-425,

miR-130, miR-152, miR-301 and miR-29 was prevented, with the

expression of miR-425 being significantly increased compared with

the veh group (Fig 9C–J). The effect of NaB was, to a different

extent, prevented in C2C12 silenced for Gpr109A or by T007

(1 lM). Accordingly, in cells exposed to LPS in the presence of

rosiglitazone, we observed that miR-19, miR-130, miR-152, and

miR-29 expression was significantly increased compared with both

LPS alone and veh groups (Fig 9C, G, H, and J). Additionally, the

expression of miR-128, miR-425, and miR-301 was restored to levels

comparable to those of the control (veh) group (Fig 9D, E, and I).

Moreover, in cells exposed to LPS in the presence of MK1903, we

found that the expression of miR-128, miR-425, and miR-130 was

significantly increased versus both the LPS and veh groups (Fig 9D,

E, and G), whereas the expression of miR-19, miR152, miR-301, and

miR-29 was rescued to control levels (Fig 9C, H, I, and J). Instead,

no significant effects were found in cells exposed to the drugs alone,

with the only exception of miR-19 and miR-130 expression, which

was reduced compared to that of the veh group by T007 and rosigli-

tazone, respectively (Fig 9C–J).

In summary, these results show that NaB in skeletal muscle cells

exposed to LPS exerts anti-inflammatory and pro-autophagy effects

and concomitantly prevents the dysregulated expression of key

genes regulating ECS activity through a mechanism depending

sequentially on GPR109A and PPARc activation and, for CB1 recep-

tor expression, miRNA regulation.

Figure 7. Effect of NaB on LPS-stimulated C2C12 cells.

A, B Bar chart with individual points showing the mRNA expression levels of Il6 and Cox2 in control (vehicle, DMSO) and/or GPR109A-silenced C2C12 myoblasts exposed
to LPS (1 lg/ml) in the presence or absence of either MK1903 (1 lM), rosiglitazone (1 lM), or T007 (1 lM).

C Time-dependent effect of NaB (3 mM), MK1903 (1 lM), and rosiglitazone (1 lM) on autophagosome formation measured in C2C12 myoblasts. Data are expressed
as fluorescence intensity normalized to controls (%).

Data Information: Each bar is the mean � S.E.M. of at least 3 independent replicates. *P ≤ 0.05 vs. the veh group. �P ≤ 0.05 vs. the LPS group; #P ≤ 0.05 vs. the other
experimental groups (A) or the veh group (B) calculated using ANOVA.
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Butyrate protects primary myoblasts isolated from DMD donors
from inflammation and impaired autophagy

Finally, we evaluated the effect of NaB, as well as of GPR109A and

PPARc activation by MK1903 and rosiglitazone, respectively, on the

expression of inflammatory (IL6 and COX2) and autophagy (ULK1,

ATG13, ATG4) genes in primary myoblasts isolated from muscle

biopsies of young patients diagnosed with DMD (D1-D5) caused by

different mutations in the dystrophin gene (see Table EV2). Indeed,

the expression of both inflammatory and autophagy genes observed

in myoblasts from five DMD patients (D1-D5) was dysregulated

when compared to control cells obtained from healthy donors (HD).

This dysregulation was largely, albeit not entirely, prevented follow-

ing treatment with NaB (3 mM), MK1903 (1 lM), and rosiglitazone

(1 lM) for 24 h (Fig 10A–E).

Discussion

In recent decades, interest in the gut microbiota and its related

metabolites has rapidly flourished owing to their prominent role in

contributing to the overall health of the host. Gut microbial dysbio-

sis is, therefore, associated with the pathogenesis and/or progres-

sion of a broad spectrum of metabolic, neurological, and

inflammatory disorders (Gentile et al, 2020; Morais et al, 2020). In

line with this, increasing evidence shows that the therapeutic trans-

plantation of fecal bacteria or the use of pro-/prebiotic products can

lead to future novel opportunities to treat numerous diseases

through the correction of gut microbiota imbalance (i.e., dysbiosis)

(Kho & Lal, 2018). Nutritional, metabolic and gastrointestinal prob-

lems frequently occur in patients with DMD (Pane et al, 2006; Brum-

baugh et al, 2018). In this regard, it has been estimated that chronic

persistent inflammation, forced sedentariness, and long-term use of

anti-inflammatory steroid drugs cause overweight and obesity in

more than half of the children with DMD. On the contrary, adoles-

cents and adults with DMD frequently experience underweight due

to swallowing dysfunction, lack of dietary fiber, and reduced intesti-

nal motility (Kraus et al, 2016; Brumbaugh et al, 2018). Similar

pathological features were found also in mdx mice, a widely used

experimental model of DMD (Mul�e et al, 2010; Radley-Crabb

et al, 2011). Thus, based on this background, in this study, we

explored whether the gut microbiota is implicated in the develop-

ment and progression of DMD. With this aim, we first performed a

16S rRNA Gene Sequencing analysis to characterize the type and rel-

ative abundance of bacterial taxa in fecal samples of wild-type and

mdx mice. Our analysis revealed that dystrophic mice are character-

ized by a higher abundance of the Prevotellaceae family, whereas,

on the contrary, the relative abundance of the Saccharimonadaceae,

Helicobacteriaceae, Peptococcaceae, and Clostridiales_vadinBB60

families was reduced. A plausible explanation of these changes

might be provided by previous data showing that members of the

Prevotellaceae family (which includes approximately 40 different

species) rapidly grow and divide in inflammatory microenviron-

ments like those caused, for instance, by colorectal cancer, arthritis,

and inflammatory bowel diseases (Kleessen et al, 2002; Lucke

et al, 2006; Hofer, 2014). On the contrary, Ortega-Hern�andez

et al (2020) recently documented that Saccharimonadaceae abun-

dance is negatively correlated with the development of metabolic

dysfunctions (Ortega-Hern�andez et al, 2020). Changes in the abun-

dance of Peptococcaceae, Helicobacteraceae, Desulfovibrionaceae,

Erysipelotrichaceae, and Clostridiales observed here could be instead

attributed to reduced physical activity (Liu et al, 2015). Importantly,

DFZ, a standard of care for the treatment of DMD, improved several

pathological features of the disease in mdx mice and concomitantly

rescued Prevotellaceae, Saccharimonadaceae, and Clostridiales_

vadinBB60 levels, suggesting that alterations of these gut bacterial

families might be involved in these features. DFZ also altered the

relative abundance of families that were not altered in mdx mice,

i.e., Desulfovibrionaceae and Erysipelotrichaceae, which were,

respectively, increased and reduced.

Irrespective of the underlying cause(s), we addressed next the

question of the potential functional importance of the changes in

gut microbiota composition in mdx mice, reported here for the first

time. The physiological and pathological function of the gut micro-

biome is largely mediated by the specific metabolites that this multi-

tude of microorganisms produce. SCFAs, and butyrate in particular,

are among the most studied such metabolites, and we found here

that their levels in the plasma were, or tended to be, reduced in

mdx mice and elevated by DFZ, concomitantly with the therapeutic

action of the latter drug. It is known that the main butyrate-

producing bacteria in the gut belong to the phylum Firmicutes

(Parada Venegas et al, 2019). However, other species from the Bac-

teroidetes, Patescibacteria, and Proteobacteria phyla produce buty-

rate and the other SCFAs measured here,(Alkadhi et al, 2014; Cheng

et al, 2018; Russell et al, 2019; Morya et al, 2020). Therefore, it is

tempting to hypothesize that the reduced SCFA levels observed in

the plasma of mdx mice might be due to the lower abundance of

Peptococcaceae and Clostridioles_vadin BB60 (Firmicutes), Sacchari-

monadaceae (Patescibacteria), and Helicobacteriaceae (Proteobacte-

ria), which were decreased, but not to the increased abundance of

Prevotellaceae (Bacteroidetes). Conversely, the increased SCFA levels

observed in DFZ-treated mdx mice could be related to the increased

abundance of Saccharimonadaceae and Clostridiales but also of a

family that was not modified by the presence of dystrophy alone,

i.e., Desulfovibrionaceae (Proteobacteria) (Alkadhi et al, 2014; Bos-

man et al, 2019; Morya et al, 2020), and not to Erysipelotrichaceae

◀ Figure 8. Effect of LPS on the endocannabinoid system activity in C2C12 cells.

A–F Bar chart with individual points showing the mRNA expression levels of Cb1, Dagla, Daglb, Magl, Napepld, and Faah in control (vehicle, DMSO) and/or GPR109A-
silenced C2C12 myoblasts exposed to LPS (1 lg/ml) in the presence or absence of either MK1903 (1 lM), rosiglitazone (1 lM), or T007 (1 lM).

G, H Levels of AEA and 2-AG were measured in C2C12 cells exposed to LPS (1 lg/ml) or NaB (3 mM) for 24 h.
I Effect of ACEA (1 lM) and rimonabant (1 lM) on autophagosome formation measured in C2C12 cells.

Data Information: Each bar is the mean � S.E.M. from 3 independent biological replicates. **P ≤ 0.005; *P ≤ 0.05 vs. the veh group; �P ≤ 0.05 vs. the LPS group
calculated using ANOVA.
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(Firmicutes) or Prevotellaceae, which were both decreased by the

drug. Future studies employing shotgun metagenomics approaches

and microbiota transfer experiments will be needed to fully

understand what species are responsible for the observed changes

in SCFAs in mdx mice, with or without treatment with DFZ. Addi-

tionally, it will also be interesting to investigate why SCFA levels

Figure 9. Effect of LPS on the expression of miRNAs targeting the Cnr1 gene.

A Schematic representation of miRNAs targeting the 30-UTR region of both murine and human CB1 gene.
B Heatmap representation of the expression of selected miRNAs in the indicated biological replicates. Red—up-regulated; green—down-regulated.
C–J Bar chart with individual points showing the expression of selected miRNAs in control and Gpr109A-silenced C2C12 myoblasts exposed to LPS (1 lg/ml) in the pres-

ence or absence of either NaB (3 mM), MK1903 (1 lM), or rosiglitazone (1 lM). NaB was also tested in the presence or absence of either rosiglitazone (1 lM) or
T007 (1 lM).

Data Information: Each bar is the mean � S.E.M. from 3 independent biological replicates. �P ≤ 0.05 vs. veh group; **P ≤ 0.03 vs. LPS group; #P ≤ 0.05 vs. the other
experimental groups calculated using ANOVA.
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were found here to be reduced only in the plasma, and not in the

skeletal muscle or feces, of mdx mice. As reported in several other

studies, SCFAs are produced at varying ratios, with acetate being

the most abundant in the colon (~ 60%), followed by propionate

(~ 25%), and butyrate (~ 15%) (Duncan et al, 2004), which may

explain why, in plasma, we could not detect this latter metabolite

when using a less sensitive analytical technique (NMR). Moreover,

colonic SCFAs are largely utilized by colonocytes as an energy

source. The remaining SCFAs reach the liver where they are metab-

olized, oxidized, or used as a substrate for gluconeogenesis and

lipogenesis (Boets et al, 2017), which may explain why in plasma

we could only detect hydroxyl-butyrate with NMR. As a

Figure 10. Effect of NaB, MK1903, and rosiglitazone in primary myoblasts isolated from DMD donors.

A–E Bar chart showing the mRNA expression levels of IL6, COX2, ULK 1, ATG13, and ATG4 mRNA in primary human myoblasts isolated from one healthy donor (HD) and
five DMD donors (D1–D5).

Data Information: The quantification of transcripts by quantitative real-time PCR was measured twice for each sample.
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consequence, only SCFAs that are not processed by the liver end up

in peripheral circulation and eventually in peripheral tissues such as

the skeletal muscle (Richards et al, 2016). Thus, colonic absorption

and hepatic metabolism of SCFAs might have masked differences in

the concentrations of these metabolites in the muscle or feces.

As the next step in our study, we investigated the potential rela-

tionship between defective circulating SCFAs and autophagy and

inflammation in the skeletal muscle of dystrophic mice and/or

C2C12 cells. Increased inflammation and decreased autophagy are

two hallmarks of DMD muscles, and both play a key role in the pro-

gression of this disorder (De Palma et al, 2014). Previous reports

have shown that SCFAs (and KBs, which we also found here to be

decreased in mdx mouse plasma) are intimately connected to both

autophagy and inflammation, although there is only a limited num-

ber of studies investigating the signaling mechanisms underlying

these actions (Tang et al, 2011; Rojas-Morales et al, 2016; Feng

et al, 2018). Here, we focussed our attention on butyrate as the

SCFA whose mechanism of action has been perhaps most investi-

gated in previous studies (Walsh et al, 2015; Gao et al, 2019) and

found that this metabolite, administered for 3 weeks to mdx mice

up to 19 weeks of age, is capable, like DFZ, of reducing locomotor

impairment as well as skeletal muscle inflammation and autophagy

deficits. Current evidence indicates that SCFAs exert their effects

through three major mechanisms involving: (i) activation of G

protein-coupled receptors (GPCRs); (ii) activation of PPARc recep-

tors; and (iii) inhibition of histone deacetylases (HDACs) (Dalile

et al, 2019). We have shown here, to our knowledge for the first

time, that NaB, similarly to MK1903 (a selective GPR109A agonist)

and rosiglitazone (a selective PPARc agonist), counteracts LPS-

evoked inflammation and promotes autophagy in murine myoblasts.

Noteworthy, this effect was partly abolished in GPR109A-silenced

cells, but fully abolished in these same cells in the presence also of

T007 (a selective antagonist of PPARc), pointing to the participation

of both GPR109A and PPARc in the mechanism of action of NaB,

and arguing against inhibition of histone deacetylation as a poten-

tially residual mechanism. Most importantly, the preservation of

autophagy and the anti-inflammatory effect of NaB, MK1093, and

rosiglitazone were also observed in primary human myoblasts iso-

lated from DMD donors.

SCFAs are also known to cross the blood–brain barrier (BBB)

and modulate neuroendocrine stress reactivity (Dalile et al, 2020).

However, to date, only a few studies investigated the role of SCFAs

in the hypothalamic–pituitary–adrenal (HPA) axis reactivity. One

study found that, in rats, high doses of NaB (1.2 g/kg) acted as a

pharmacological stressor, increasing plasma levels of the stress

markers corticosterone and adrenocorticotropic hormone (ACTH)

(Gagliano et al, 2014). By contrast, others found that a low dose of

NaB (200 mg/kg) only slightly increased ACTH (Dalile et al, 2020).

In addition, Van de Wouw et al found that oral administration of a

cocktail of SCFAs (67.5 mM acetate, 25 mM propionate, and 25 mM

butyrate) for 1 week in mice ameliorated stress-induced corticos-

terone potentiation after an acute stressor (van de Wouw

et al, 2018). Therefore, we cannot exclude a no matter how minimal

effect of NaB 100 mg/Kg, which is the dose used in this study, on

the HPA axis in mdx mice. Further studies are needed to clarify this

point.

Endocannabinoid signaling at CB1 is involved in DMD onset and

progression (Iannotti et al, 2018) and has been suggested to cross-

talk with the gut microbiome (Cani et al, 2016; Manca et al, 2020).

We previously demonstrated that the expression of CB1 receptors is

increased in skeletal muscles of both 5-week (disease onset) and 8-

week-old mdx mice (Iannotti et al, 2018). Here, in skeletal muscles

of 19-week-old mdx mice, characterized by strong inflammation and

reduced autophagy, we found that, along with increased CB1 and

CB2 mRNA and protein expression, also the plasma levels of the

CB1 endogenous agonist, AEA, were remarkably higher. These find-

ings, therefore, confirmed that the ECS is overactive also in mice

with advanced muscular dystrophy. Since we previously demon-

strated by RNA seq analysis performed in skeletal muscle tissues

that CB1 is differentially expressed in satellite, myoblast, and

myotube cells, while on the contrary, CB2 expression is mainly

restricted to skeletal muscle-resident macrophages (Iannotti

et al, 2018), we focused our attention on CB1 receptors. Our results

show that the dysregulated expression of autophagy-related genes

found in 19-week-old mdx mice is restored to physiological levels

by counteracting ECS overactivity through antagonism of CB1 recep-

tors with rimonabant, whereas CB1 activation by ACEA exacerbated

the decreased expression of such genes. It is worth mentioning that

previous studies demonstrated that CB1 receptor stimulation leads

to the activation of the pAkt/mTOR pathway, a well-known signal-

ing pathway leading to the inhibition of autophagy (G�omez del Pul-

gar et al, 2000).

Notably, in these mice, the dysregulation of ECS activity was pre-

vented by the administration of DFZ and NaB. This finding suggests

that ECS overactivity, which plays a crucial role in the etiopathology

of muscular dystrophy (Iannotti et al, 2018): (i) exerts this patholog-

ical action also by causing defective autophagy in the skeletal mus-

cle, with ensuing exacerbation of the disorder, and (ii) is due, at

least in part, to defective butyrate production by the gut microbiota,

an effect reversed by DFZ.

Using again C2C12 cells, we next demonstrated that, in a man-

ner dependent on GPR109A and PPARc, NaB prevents the dysreg-

ulated expression of key genes regulating endocannabinoid activity

and levels under basal conditions. Notably, the stimulatory effects

of NaB on autophagy in these cells were obstructed by the CB1

agonist ACEA. This suggests that, while in healthy mice gut micro-

biota activity contributes to muscle functionality and regeneration

through mechanisms depending on the production and release of

SCFAs and consequent activation of GPR109A and PPARc recep-

tors, in dystrophic mice, the altered gut microbiota composition

leads to inadequate production and circulation of butyrate, which

causes excessive endocannabinoid system activity at CB1 recep-

tors. This latter condition then participates in exacerbating inflam-

mation and impairing muscle autophagy. It is worth mentioning

that, in agreement with our proposed PPARc-mediated down-

regulation of ECS overactivity by butyrate, previous studies in

preadipocytes and adipocytes have reported that PPARc activation

down-regulates both endocannabinoid levels and CB1 receptor

expression (Matias et al, 2006; Pagano et al, 2007). Conversely, no

previous evidence exists suggesting that GPR109a down-regulates

ECS signaling. Here, by combining computational and experimen-

tal approaches, we found that microRNA sequences (miRNAs) tar-

geting the Cnr1 mRNA 30UTR region were down-regulated

following C2C12 exposure to LPS. The miRNAs are a class of non-

coding RNAs playing a key role in regulating the expression of tar-

get genes. In the majority of cases, miRNAs interact with the 30
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UTR region of target mRNAs to induce their degradation and/or

translational repression, thus affecting a multitude of biological

processes including cell proliferation, differentiation, and survival

(O’Brien et al, 2018). We found that in C2C12 myoblasts, LPS

causes the down-regulation of miR-19, miR-128, miR-425, miR-

130, miR-152, miR-301, and miR-29. Remarkably, the expression

of most of these CB1-down-regulating miRNAs was variedly

restored, or even further increased, in the presence of NaB, rosigli-

tazone, or MK1903. This finding suggests that butyrate exerts its

protective down-regulatory function on inflammation-increased

CB1 receptor expression (which is deleterious to skeletal muscle,

as recently demonstrated also by others; Haddad, 2021) via the

GPR109A- and PPARc-mediated up-regulation of Cnr1-targeting

miRNAs.

In conclusion, we have reported here a novel mechanism by

which gut dysbiosis associated with late-stage muscular dystrophy

in mdx mice may participate in some of the features of this disor-

der through the reduced release of SCFAs in the blood and

impaired GPR109A and PPARc activation in skeletal muscle, with

subsequent disinhibition of endocannabinoid signaling at CB1

receptors and exacerbation of inflammation and autophagy deficit

in this tissue. Importantly, we have also shown that butyrate, as

well as GPR109A and PPARc activation, counteract impaired

autophagy and inflammation also in myotubes isolated from DMD

patients. The finding of this new example of gut microbiome-

endocannabinoid system axis dysregulation [see (Cani et al, 2016)

for review] may offer the opportunity to treat DMD using gut

microbiota-targeted strategies, on top of the current often poorly

effective or unsafe treatments.

Materials and Methods

Animal model and drug treatment

The Animal Study Protocol (IACUC; 536/2018) was approved by the

Italian Ministry of Health and Ethics Committee for the use of exper-

imental animals being conformed to guidelines for the safe use and

care of experimental animals following the Italian D.L. no. 116 of 27

January 1992 and associated guidelines in the European Communi-

ties Council (86/609/ECC and 2010/63/UE). In this study, 5-week-

old control (C57BL/10ScSnJ) and dystrophic (C57BL/10ScSn-

DMDmdx/J) mice weighing approximately 20–25 g were purchased

from Charles River Laboratories (Milan IT). All mice were housed in

an individually ventilated cage system with a 12-h light–dark cycle

and received standard mouse chow (Harlan Teklad) and water ab

libitum. Animals belonging to each cage were randomly assigned to

the different experimental groups. Each experimental group

included at least five mice. The experimenter(s) performing the

treatments and locomotor testing was blind to the genotype and

treatment. Control or mdx mice were treated orally for 3 weeks with

(i) vehicle (dimethyl sulfoxide – DMSO Cat# 276855 Sigma-Aldrich),

(ii) deflazacort (DFZ) 1.2 mg/kg/day (Cat# SML0123 Sigma-

Aldrich), (iii) sodium butyrate (NaB) 100 mg/kg/day (Cat# 303410,

Sigma-Aldrich); (iii) ACEA 2.5 mg/Kg (Cat# A9719 Sigma-Aldrich),

or (iv) rimonabant 0.5 mg/Kg (Cat# 9000484, Cayman) were

intraperitoneally (IP) injected three times a week for 2 weeks (Ian-

notti et al, 2018).

Rotarod test

The rotarod test was performed in control and dystrophic mice at

the end of the pharmacological treatment. Briefly, the rotarod was

settled with a start speed of 5 rpm, and the mice were placed on the

rotating rod for 30 s. Then, the rotarod was accelerated to 40 rpm

in 240 s. The time (s) when mice dropped from the rod was

recorded. The results were expressed as an average of two different

trials, and the interval time of each trial was 30 min (Iannotti

et al, 2018).

Muscle strength test

To test the forelimb strength of dystrophic mice treated or not with

DFZ and NaB, four weights of 20, 33, 46, and 59 g were used. Mice

were handled by the base of the tail and were allowed to grip the

first weight (20 g) and to hold 3 s was the criterion. If the mouse

dropped the weight in less than 3 s, we tried the same weight again

for a maximum of three times. If the mouse held it for 3 s, then we

tried it on the next heaviest weight. The mouse was assigned the

maximum time/weight achieved. The final total score is calculated

as the product of the number of links in the heaviest chain held for

the full 3 s, multiplied by the time (s) it is held (Iannotti et al, 2018).

DNA extraction and 16S rRNA gene sequencing

DNA was extracted from fecal samples using the QIAmp PowerFecal

DNA kit (Qiagen, Hilden, Germany) according to the manufacturer’s

instructions. The DNA concentrations of the extracts were measured

fluorometrically with the Quant-iT PicoGreen dsDNA Kit (Thermo

Fisher Scientific, MA, USA), and the DNAs were stored at �20°C until

16S rDNA library preparation. Briefly, 1 ng of DNA was used as a tem-

plate, and the V3-V4 region of the 16S rRNA gene was amplified by

polymerase chain reaction (PCR) using the QIAseq 16S Region

Panel protocol in conjunction with the QIAseq 16S/ITS 384-Index I

(Sets A, B, C, D) kit (Qiagen, Hilden, Germany). The 16S metagenomic

libraries were eluted in 30 ll of nuclease-free water, and 1 ll was

qualified with a Bioanalyser DNA 1000 Chip (Agilent, CA, USA) to

verify the amplicon size (expected size ~ 600 bp) and quantified with

a Qubit (Thermo Fisher Scientific, MA, USA). Libraries were then nor-

malized and pooled to 2 nM, denatured, and diluted to a final concen-

tration of 6 pM. Sequencing (2 × 300 bp paired-end) was performed

using the MiSeq Reagent Kit V3 (600 cycles) on an Illumina MiSeq

System. Sequencing reads were generated in less than 65 h. Image

analysis and base calling were carried out directly on the MiSeq. Data

were processed using the DADA2 pipeline (Callahan et al, 2016), and

taxonomic assignation was performed against the SILVA 132 rRNA

reference database (Quast et al, 2013). Relative microbiota abun-

dances were obtained by Cumulative Sum Scaling (CSS, Metagen-

omeSeq R package) (Paulson et al, 2013), and microbiota composition

was assessed by calculating a- and b-diversity indexes and intra- and

inter-individual variations in microbial composition using PERMA-

NOVA (vegan R package).

Feces samples collection and SCFAs quantification

For fecal collection, mice were put in clean empty cages (without

bedding and/or nestle) in the morning around 7:30–8 am (mice
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have better intestinal transit in the morning). When the last cage is

changed, the first mice should have dropped their first feces. Feces

were collected with sterile forceps. Samples were stored at �80°C

until analysis. For SCFA extraction and measurement by gas chro-

matography, feces were dissolved in water and suspensions were

homogenized for 2 min with a Bead Ruptor 12 (Omni International,

Kennesaw, GA, USA) and then centrifuged at 18,000 g for 10 min at

4°C. The supernatant was collected and spiked with a solution con-

taining an internal standard (4-methyl valeric acid) and H3PO4 10%

to obtain a pH of about 2. A volume of methyl tert-butyl ether equiv-

alent to the volume of the diluted sample was added and mixed by

vortexing for 2 min. Samples were then centrifuged for 10 min at

18,000 g at 4°C, and the organic phases were transferred to glass

vials. SCFA analysis was performed on a GC-FID system (Shi-

madzu), consisting of a GC 2010 Plus gas chromatograph equipped

with an AOC-20s auto-sampler, an AOC-20i auto-injector, and a

flame ionization detector. The system was controlled by GC solution

software. One microliter of the organic phase was injected in a split

mode into a Nukol capillary GC column (30 m × 0.25 mm id,

0.25 lM film thickness, Supelco analytical), and hydrogen was used

as the carrier gas. The injector and detector were set at 250°C. The

oven temperature was initially programmed at 60°C, then increased

to 200°C at 12°C/min, and held for 2 min. SCFAs were quantified

using a 5-point calibration curve prepared with a mix of standards

(acetic acid, propionic acid, butyric acid, isobutyric acid, valeric

acid, and isovaleric acid) extracted following the same procedure as

samples.

GC–MS analysis

Plasma was analyzed by gas chromatography–mass spectrometry

(GC - 7890A, Agilent Technologies; MS - 5977A MSD, Agilent Tech-

nologies). In brief, 100 ll of plasma was diluted with 900 ll of

saline. 500 ll of this solution was added to 20 ll of H3PO4 85% (w/

v) and vortexed for 5 min. Then, to each sample, 500 ll of diethyl
ether was added. The suspension was vortexed for 5 min and cen-

trifuged at 14,000 rpm for 30 min at room temperature. After the

supernatant was taken and sodium sulfate anhydrous was added.

Finally, the organic phase was placed in a new glass tube for GC–

MS analysis. The GC was programmed to achieve the following run

parameters: initial temperature of 90°C, hold for 2 min, a ramp of

2°C/min up to a temperature of 100°C, hold of 10 min, and ramp of

5°C/min up to a final temperature of 110°C for a total run time of

21 min.

Metabolites extraction from tissues

To extract metabolites, tissues were mechanically disrupted. We

used the methanol/water/chloroform protocol as suggested (Lindon

et al, 2005). After solvent removal with a rotary vacuum evaporator

at room temperature, samples were stored at �80°C until analysis.

NMR measurements of polar metabolites

Polar fractions of muscle samples were re-suspended in 630 ll of
phosphate buffer saline (PBS, pH 7.4 Cat# D8537) and 70 ll of 2H2O

solution [containing 1 mM sodium 3-trimethylsilyl [2,2,3,3-2H4] pro-

pionate (TSP) was added as a chemical shift reference and assumed

to resonate at d = 0.00 ppm] to provide a field frequency lock. One-

dimensional (1D) spectra were acquired at 27°C on a Bruker Avance

III-600 spectrometer operating at 600.13 MHz and equipped with a

TCI CryoProbeTM, using the excitation-sculpting sequence for solvent

suppression (Hwang & Shaka, 1995). Subsequently, 330 ll of each
serum sample was diluted with 300 ll of saline solution with 0.9%

sodium chloride (pH 7.4) and 70 ll of 2H2O. To strongly attenuate

protein signals, T2-edited 1D spectra were collected using short

spin–spin relaxation times in the Carr-Purcell-Meiboom-Gill (CPMG)

pulse sequence with water presaturation (de Graaf & Behar, 2003)

and using a fixed inter-echo delay to eliminate diffusion and J-

modulation effects. Two-dimensional (2D) clean total-correlation

spectroscopy (TOCSY) and heteronuclear single-quantum coherence

(HSQC) experiments were also acquired for metabolite identifica-

tion. 2D spectra were referenced to the lactate doublet assumed to

resonate at d = 1.33 ppm for 1H and d = 20.76 ppm for 13C. Metabo-

lites were identified by comparison with an online database

(Wishart et al, 2018).

NMR data processing and multivariate statistical analysis

The 0.50–9.50 ppm region of the proton spectra of mice muscle

(gastrocnemius) was automatically segmented into integrated

regions (buckets) of 0.02 ppm each using the AMIX 3.6 package

(Bruker Biospin, Germany). The 4.55–5.15 ppm region around the

water resonance was excluded, and the binned regions were nor-

malized to the total spectrum area. For sera, we used the selected

0.60–8.60 ppm spectral area, and spectra were analyzed as above,

excluding the 4.46–5.16 ppm water resonance region. Multivariate

statistical data analysis was applied to the muscle and serum dataset

to differentiate treated/untreated mdx and healthy profiles accord-

ing to their metabolic content. Each dataset was reshaped as a

matrix and imported into SIMCA 14 package (Umetrics, Umea, Swe-

den), where unsupervised PCA followed by supervised OPLS-DA

discriminant analyses was performed (Eriksson et al, 2006). PCA

was first applied to check outliers and uncover trends and clusters,

while OPLS-DA was used to improve group discrimination. More-

over, O2PLS analysis was performed to generate a bilinear and joint

model for NMR and gut microbiota data. We also generated correla-

tion maps with hierarchical clustering by combining microbiota

families values and selected polar metabolite buckets considering

Euclidean distance for the metrics and the WARD method for clus-

tering criterion. The performance of each multivariate model was

evaluated via R2 (the goodness of fit) and Q2 (the goodness of pre-

diction) parameters. Each model was validated by a 7-round inter-

nal iterative cross-validation routine, permutation test response

(800 repeats), and analysis of variance (ANOVA testing of cross-

validated predictive residuals). Selected and isolated signals with

¦Pcorr¦ ≥ 0.7, VIP (variable importance in the projection) > 1 were

then considered for univariate statistical analysis and ANOVA test

with Bonferroni correction.

Cell culture and reagents

Murine C2C12 myoblasts were propagated in a growth medium

(GM) composed of Dulbecco’s modified Eagle’s medium (Cat#

11995065; Life Technologies) supplemented with 10% fetal bovine

serum (FBS, Cat# 16000044; Life Technologies), 5,000 U/ml
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penicillin plus 5,000 lg/ml streptomycin (Cat# 15070063; Life Tech-

nologies), and 1% L-glutamine (Cat# A2916801; Life Technologies).

Proliferating C2C12 cells were differentiated into myotubes follow-

ing the exposure to differentiation medium (DM) composed of Dul-

becco’s modified Eagle’s medium supplemented with 2% horse

serum heat-inactivated (Cat# 26050070, Sigma-Aldrich) for 3 days

(McMahon et al, 1994). Primary myoblasts were established from

muscle biopsies of DMD donors after they had signed informed con-

sent forms and following the guidelines of the G. Gaslini Institute

Ethical Committee and according to published procedures (Moro-

setti et al, 2010). The myoblasts were propagated in Full Aneural

Medium composed by Dulbecco’s modified Eagle’s medium

(DMEM; Cat# 11995065) supplemented with 15% FBS, 20%

Medium 199 (Cat# 12350039), 1% insulin (Cat# A11382II), 1% L-

glutamine (Cat# A2916801), and 15,000 U/ml penicillin plus

5,000 lg/ml streptomycin (Cat# 15070063), FGF (Cat# PHG6015),

EGF (Cat# PHG0311). Primary myoblasts were differentiated in

myotubes using a commercially available skeletal muscle differenti-

ation medium (Cat# C-23061, PromoCell, USA) provided by VWR

International PBI S.r.l. in the presence or not of NaB 3 mM (Cat#

303410 Life Technologies), MK1903 (Cat# 4622, Tocris UK), or

rosiglitazone (Cat# 5325, Tocris UK).

RNA extraction and quantitative PCR (qPCR)

Total RNA isolation, purification, and cDNA synthesis were per-

formed as described (Iannotti et al, 2018). Total miRNA isolation

was performed using RNeasy Mini Kit (cat# 217004, Qiagen). Rev-

erse transcription of miRNA was performed using miScript II RT Kit

(cat# 218161, Qiagen). Quantitative PCR (qPCR) was carried out in

a real-time PCR system CFX384 (Bio-Rad) using the SYBR Green

PCR Kit (Cat# 1725274, Bio-Rad for mRNAs; Cat# 218073, Quiagen

for miRNAs) detection technique and specific primer sequences

reported in Table EV3. Primer sequences for miRNA were provided

by Qiagen. Quantitative PCR was performed on independent biologi-

cal samples ≥4–5 for each experimental group. Also, each sample

was amplified simultaneously in quadruplicate in a one-assay run

with a nontemplate 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. The house-

keeping genes ribosomal protein S16, glyceraldehyde 3-phosphate

dehydrogenase (GAPDH), and U6 (RNU6-1) were used to normalize

the Ct values, using the 2^�DCt formula. Differences in mRNAs and

miRNAs content between groups were expressed as 2^�DDCt, as pre-

viously described (Iannotti et al, 2018).

miRNA target prediction

Bioinformatic analysis to predict putative miRNA target sites within

the 30UTR region of both human and murine CB1 gene was per-

formed using the free software TargetScan (http://www.targetscan.

org/vert_80/).

Western blot

Control and mdx mice were previously anesthetized with 75% CO2/

25% O2 and then sacrificed by cervical dislocation. Gastrocnemius

was rapidly dissected on ice and kept on dry ice until the whole

procedure was completed. Muscle tissues were homogenized in 1x

TNE buffer plus 1% (v/v) Triton X-100 (Cat# T8787, Sigma-Aldrich)

protease Inhibitor (Cat# P8340, Sigma-Aldrich) and phosphatase Inhi-

bitor Cocktail 2 (Cat# P5726, Sigma-Aldrich). Lysates were kept in an

orbital shaker incubator at 220 rpm at 4°C for 30 min and then cen-

trifuged for 15 min at 13,000 g at 4°C. The supernatants were trans-

ferred to tubes and quantified by DC Protein Assay (Cat# 5000116,

Bio-Rad, Milan, Italy). Subsequently, protein samples (60–80 lg of

total protein) were heated at 70°C for 10 min in 1X LDS Sample Buf-

fer (Cat# B0007, Life Technology) plus 1X sample reducing agent

(Cat# B0009, Life Technology) and loaded on 4–12% Bis–Tris Protein

Gels (Cat# NW04120, Life Technology) and then transferred the

membrane using Trans-Blot Turbo Mini 0.2 lm PVDF Transfer Packs

(Cat# 1704156 Bio-Rad). The primary antibodies used were (i) rabbit

anti-Akt Antibody (item n. 9272, Cell Signaling Technology USA); (ii)

rabbit anti-phospho Akt (Ser473) (D9E) XP� (Cat# 4060, Cell Signal-

ing Technology USA); (iii) rabbit anti-LC3 antibody (Cat# 2775, Cell

Signaling Technology USA); (iv) rabbit anti-CB1 (Cat# Y409605, ABM

Canada); (v) mouse anti-CB2 (Cat# WH0001269MI, Merck); and (vi)

an anti-rabbit Cox2 (D5H5) XP� (Cat# 12282, Cell Signaling - USA).

An anti-GAPDH antibody (1D4) (Cat#. NB300-221; Novus Biologi-

cals) was used to check for equal protein loading. Reactive bands

were detected by Clarity Western ECL Substrate (Cat# 1705061 Bio-

Rad). The intensity of bands was analyzed on a ChemiDoc station

with Quantity-one software (Bio-Rad, Segrate, Italy).

Cell transfection and LPS treatment

C2C12 myoblasts were plated in 6-well culture dishes at a conflu-

ency of 60%. The next day GPR109A gene silencing was obtained

by transfection of predesigned siRNA sequences (Cat# AM16708,

Life Technologies) using Lipofectamine� 2000 reagent (Cat# 11668-

027, Life Technologies) according to the manufacturer’s instruc-

tions. Control cells were transfected with a scrambled siRNA

sequence (Cat# AM4642, Life Technologies) as a negative control.

At 24 h following transfection, C2C12 were treated with 1 lg/ml

lipopolysaccharides (LPS; O111:B4, Sigma-Aldrich) for 3 h accord-

ing to published procedures (Frost et al, 2003). NaB 3 mM (den

Besten et al, 2015) (Cat# 303410 Life Technologies), T0070907 1 lM
(Cat# 2301, Tocris UK), MK1903 (Cat# 4622, Tocris UK), and rosigli-

tazone (Cat# 5325, Tocris UK) were preincubated 1 h before the LPS

stimulation.

Autophagy assay

Control and GPR109A silenced C2C12 myoblasts were cultured in

96-well flat-bottom black plates with optimal density (2 × 104 cells/

well). The day following plating, C2C12 cells were treated with

NaB, MK1903, rosiglitazone, and T007 for 24 and 48 h. Autophago-

some activity was detected with a specific dye using an autophagy

assay kit (Cat# MAK138, Sigma-Aldrich). The protocol was per-

formed following the manufacturer’s instructions. Fluorescence

intensity was measured using the Promega GloMax� Plate Reader.

Measurement of endocannabinoids

Lipids were extracted from plasma (5 ml) and AEA and 2-AG prepu-

rified and quantified by isotope dilution liquid chromatography–
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atmospheric pressure chemical ionization–mass spectrometry (LC-

APCI-MS) as described previously (Annuzzi et al, 2010).

Statistical analysis

All datasets were subjected to outlier identification and subsequent

removal, using the ROUT method using GraphPad Prism version 9.

D’Agostino-Pearson or Shapiro–Wilk tests were used to consider the

data normal distribution. Normal data were assessed via one-way

analysis of variance (ANOVA) followed by the Tukey’s analysis to

determine statistically significant differences between two or more

independent biological groups. Data are expressed as mean � SEM

of values. Significance was determined as P < 0.05.

Data availability

Raw sequencing data of 16S rRNA sequencing are deposited at the

following link: https://www.ncbi.nlm.nih.gov/bioproject/913018

Expanded View for this article is available online.
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