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A B S T R A C T   

Duchenne muscular dystrophy (DMD) is the most frequent X chromosome-linked disease caused by mutations in 
the gene encoding for dystrophin, leading to progressive and unstoppable degeneration of skeletal muscle tissues. 
Despite recent advances in the understanding of the molecular processes involved in the pathogenesis of DMD, 
there is still no cure. In this study, we aim at investigating the potential involvement of the transsulfuration 
pathway (TSP), and its by-end product namely hydrogen sulfide (H2S), in primary human myoblasts isolated 
from DMD donors and skeletal muscles of dystrophic (mdx) mice. In myoblasts of DMD donors, we demonstrate 
that the expression of key genes regulating the H2S production and TSP activity, including cystathionine γ lyase 
(CSE), cystathionine beta-synthase (CBS), 3 mercaptopyruvate sulfurtransferase (3-MST), cysteine dioxygenase 
(CDO), cysteine sulfonic acid decarboxylase (CSAD), glutathione synthase (GS) and γ -glutamylcysteine syn
thetase (γ-GCS) is reduced. Starting from these findings, using Nuclear Magnetic Resonance (NMR) and quan
titative Polymerase Chain Reaction (qPCR) we show that the levels of TSP-related metabolites such as 
methionine, glycine, glutathione, glutamate and taurine, as well as the expression levels of the aforementioned 
TSP related genes, are significantly reduced in skeletal muscles of mdx mice compared to healthy controls, at 
both an early (7 weeks) and overt (17 weeks) stage of the disease. Importantly, the treatment with sodium 
hydrosulfide (NaHS), a commonly used H2S donor, fully recovers the impaired locomotor activity in both 7 and 
17 old mdx mice. This is an effect attributable to the reduced expression of pro-inflammatory markers and 
restoration of autophagy in skeletal muscle tissues. In conclusion, our study uncovers a defective TSP pathway 
activity in DMD and highlights the role of H2S-donors for novel and safe adjuvant therapy to treat symptoms of 
DMD.   

1. Introduction 

Duchenne muscular dystrophy (DMD) is the most frequent form of 
skeletal muscle (SKM) dystrophy characterized by a rapid weakening 
and functional failure of skeletal muscles. It affects up to 1 in every 5000 
live male birth [1]. Mutations and/or deletions in the X-linked gene 
encoding for dystrophin are the causes of the disease. In skeletal and 
cardiac muscle, dystrophin is part of the dystrophin-associated protein 
(DAPC) complex, acting to connect the cytoskeleton of muscle fiber to 
the extracellular matrix, thus stabilizing the sarcolemma during 

repeated cycles of contraction and relaxation [2,3]. Consequently, the 
lack of functional dystrophin causes the breakdown of muscle tissue 
leading to rapid and progressive tissue degeneration. The reiterated 
local damage, coupled with chronic inflammation and muscle necrosis, 
leads to reduced myofibers regeneration that is progressively replaced 
by connective and adipose tissues [4–6]. Additionally, increasing lines 
of evidence demonstrate that autophagy, a key cellular process required 
for the removal of unnecessary or dysfunctional organelles and com
ponents, is severely impaired in DMD. Thus, restoration of functional 
autophagy is believed one of the most promising strategies to reinforce 
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DMD muscle regeneration and function [7–9]. Despite several experi
mental approaches aimed to restore and/or compensate the dystrophin 
deficit have been proposed, to date, there is no cure for this disease. 

Hydrogen sulfide (H2S) is a ubiquitous small gaseous mediator and 
its regulation and action are tightly linked to the cellular homeostasis 
and maintenance of health [10,11]. In mammals, three enzymes are 
responsible for H2S production: cystathionine γ-lyase (CSE), cys
tathionineβ-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase 
(3-MST). CSE and CBS catalyze the de-sulfhydration of L-cysteine to 
generate H2S, while 3-MST generates H2S by modulating the activity of 
the cysteine aminotransferase (CAT) enzyme [12–15]. All three enzymes 
belong to the transsulfuration pathway (TSP), a complex multi-step 
pathway, which not only is deputed to the generation of H2S from 
L-cysteine, but also leads to other key metabolites including glutathione 
(GSH) and L-taurine. In particular, the production of GSH from L-cysteine 
is driven by γ -glutamylcysteine synthetase (γ-GCS) and glutathione 
synthase (GS) enzymes; while L-taurine is produced by the subsequential 
action of other three enzymes named cysteine dioxygenase (CDO), 
cysteine sulfonic acid decarboxylase (CSAD) and hypotaurine dehy
drogenase (HDD) (Fig. 1) [10,16,17]. In addition to its essential role in 
protein synthesis, L-cysteine is also a component of the major antioxi
dant GSH and a potent antioxidant itself. Disruption of L-cysteine and 
GSH metabolism has been frequently linked to aberrant redox homeo
stasis and neurodegeneration [18,19]. Taurine plays a role in osmo
regulation, immunomodulation, neuromodulation, Ca2+ homeostasis, 
ocular function and possesses antioxidant and anti-inflammatory effects 
[20]. However, it is important to consider that excessive reductive stress 
could be detrimental as is oxidative stress in tissues, skeletal muscle and 
heart included [21]. The anti-inflammatory and anti-oxidant action of 
H2S has been demonstrated in many types of human disorders [15,22, 
23] but its involvement in SKM diseases remains largely unknown. 
Recently, the role of the H2S signalling in skeletal muscle has been 
investigated showing that H2S biosynthesis is increased in Malignant 
Hyperthermia, a human syndrome characterized by an anomalous SKM 
hypercontractility following exposure to volatile anaesthetics, and this 
consequence contributes to the pathological hypercontractility observed 
[24,25]. Based on these pieces of evidence, this study aims to investigate 
the possible involvement of the TSP, and in particular H2S, in the DMD. 

2. Results 

2.1. Measurement of TSP related genes in human primary myoblasts 
isolated from healthy and DMD donors 

To gain information about the potential TSP involvement in DMD, 
using quantitative PCR (qPCR) we measured the mRNA expression 
levels of CBS, CSE, 3-MST, CDO, CSAD, GS and γ-GCS in primary human 
myoblasts isolated from healthy and DMD donors (ranging from 1- to 7- 
years-old, table S2). As shown in Fig. 2, myoblasts isolated from DMD 
donors (D1-D4) display a significantly lower expression of CSE, 3-MST, 
CDO and CSAD compared to control cells isolated from healthy donors 
(HD1 and HD2). In contrast, CBS and GS genes are reduced only in D3 
and D4, whereas γ-GCS gene does not show significant changes among 
samples (Fig. 2). Considering that the rapid and growing development of 
next-generation sequencing (NGS) technologies performed on blood 
lymphocytes has led to a strong reduction of the skeletal muscle biopsy 
to diagnose genetic disorders. [26–28], our results, although obtained 
from a limited number of human cells, could lead to the identification of 
unpredicted molecular mechanisms underlying the DMD pathophysi
ology, that could open novel therapeutic strategies. Therefore, based on 
these results, this study has been carried out in mdx mice, which 
represent one of the widely used animal models to perform preclinical 
studies on DMD recapitulating the major features of human disease. 

2.2. Skeletal muscle of mdx mice displays a significant reduction in 
metabolites content related to the TSP pathway 

To define the potential role of TSP activity in the ineffective repair 
and progressive degeneration of SKM occurring in DMD, an NMR-based 
metabolomics analysis in muscle tissues of control and mdx mice has 
been performed. Fig. 3A shows the pattern of distribution of the whole 
class of metabolites detected in quadriceps (QFA) muscle of both strains 
at 7 weeks of age. These data have been simplified by the Principal 
Coordinate Analysis (PCoA; Fig. S1) which emphasizes the dissimilarity 
between the two murine genotypes (wt vs mdx). Among many metab
olites, the attention has been focused on the key metabolites known to 
regulate the TSP activity including methionine, L-glycine, L-glutamate, 
GSH and L-taurine. The analysis reveals that in mdx mice, the levels of all 
the metabolites selected are significantly reduced compared to control 
mice (Fig. 3B – F). The same analysis, performed at 17-weeks of age, 
instead shows a different pattern (Fig. 4A) a reversal of L-glycine and L- 
glutamate levels, which results in significantly higher in mdx compared 

Fig. 1. Scheme of transsulfuration 
pathway (TSP). In mammalians, the amino 
acid methionine could be converted into 
homocysteine. Homocysteine could be 
transformed, through two steps enzymatic 
reaction, into L-cysteine. L-cysteine acts as a 
substrate leading to the biosynthesis of three 
major final products: H2S, taurine and 
glutathione. Abbreviation: CAT, cysteine 
aminotransferase; CBS, cystathionine beta- 
synthase; CDO cysteine dioxygenase; CSAD, 
cysteine sulfonic acid decarboxylase; CSE, 
cystathionine-γ-lyase; GS: glutathione syn
thase; HDD, hypotaurine dehydrogenase; 
MPST, 3-mercaptopyruvate sulfurtransfer
ase; γ-GCS: Gamma-glutamylcysteine 
synthetase.   
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Fig. 2. mRNA expression levels of TSP genes in 
human primary myoblasts isolated from DMD 
donors. Bar graphs showing the CBS, CSE, 3-MST, 
CDO, CSAD, γ-GCS and GS mRNA expression 
levels in primary human myoblasts isolated from 
two healthy (HD1 and HD2) and four DMD donors 
(D1–D4). The quantification of transcripts has been 
performed in duplicate for each donor as indicated 
by the single dots shown on the graph. The differ
ence in the expression levels of TSP genes are 
calculated by combining healthy and/or DMD do
nors together. Each bar is, therefore, the mean ±
SEM of two healthy vs four DMD donors. *p ≤ 0.05 
and **p ≤ 0.01 vs healthy donors.   

Fig. 3. Levels of main metabolites regulating the transsulfuration pathway in skeletal muscles of 7 weeks old control and mdx mice measured by NMR. (A) 
Scatter plots displaying the metabolite distribution of all classes of metabolites identified in quadriceps femoris muscle of control and mdx mice. (B–F) Left, graphs 
showing the levels of methionine, glycine, glutamate, glutathione and taurine detected in each control wild type (wt) (n = 5) or dystrophic mouse (n = 6). Right, the 
bar graphs show the mean values ± SEM per group. Differences are considered statistically significant when p was ≤0.05. Single asterisk (*) or double asterisk (**) 
denote a p-value of ≤0.05 and 0.01 vs wt mice. 
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to control mice (Fig. 4C and D). Methionine, GSH and L-taurine levels 
instead remain significantly lower (Fig. 4A, E and F). Unfortunately, the 
measurement of L-cysteine and hypotaurine was not successful due to 
technical issues caused by detection and quantification limits. This 
because often with complex mixtures, as for metabolic profiles, the 
signal arising for metabolites with a concentration lower than one order 
of magnitude (as L-cysteine versus taurine) appears proportionally flat
tened and hardly distinguishable from the background noise. Similar 
results have been obtained in the gastrocnemius muscle (Fig. S2 and S3). 

To confirm the impairment of the H2S pathway in dystrophic mus
cles, endogenous levels of H2S have been measured in QFA of both 
control and mdx mice, by using the methylene blue assay. This colori
metric assay, widely used in biological samples, measures the H2S 
content in basal condition and following L-cysteine challenge, being L- 
cysteine the key substrate of H2S-generating enzymes. As shown in 
figure S4, no difference in H2S levels has been detected between wt and 
mdx mice at 7 weeks of age, neither in basal nor following L-cysteine 
addition. The significant increase of H2S content following L-cysteine 
addition (reported in figure S4 with ***) ensures the proper enzymes 
activity (Fig. S4A). At 17 weeks of age instead, the H2S content was 
significantly lower in mdx mice compared to their controls in both basal 
and L-cysteine-stimulated conditions of almost 50% and 30%, respec
tively (Fig. S4B) confirming the impairment of H2S biosynthesis in 
dystrophic muscle. 

2.3. Expression levels of TSP genes are impaired in SKM of mdx mice 

To gain further information about TSP and H2S in DMD muscles, we 
measure the expression levels of CBS, CSE, 3-MST, CDO, CSAD, γ-GCS 
and GS genes in QFA and gastrocnemius of control and mdx mice at both 
7 and 17 weeks using quantitative-PCR (qPCR) analysis. As shown in 
Fig. 5A and B, in mdx mice the expression of CSE, 3-MST, CDO, CSAD, 
γ-GCS and GS (but not CBS) is robustly reduced compared to healthy 
mice. Notably, the reduced expression of all the genes, also including 
CBS, is even more pronounced between mdx and control mice at 17 
weeks of age (Fig. 5C and D). In summary, the results so far show that the 
expression of key genes and metabolites regulating the TSP pathway is 
dysregulated in mdx mice from the early stages of the disease, to un
dergo even greater modifications along with the disease progression. 

2.4. Sodium hydrosulfide (NaHS) treatment recovers locomotor activity 
and ameliorates the inflammatory/fibrotic status of mdx mice 

To assess if the TSP impairment and, more specifically, the reduced 
H2S-generating enzymes expression could contribute to DMD-related 
locomotor activity impairment, mdx mice have been treated orally 
with H2S-donor i.e. NaHS and the muscle strength has been evaluated 
using two different locomotor activity tests i.e. rotarod and weight test 
(28). In details, at 5 weeks of age, dystrophic mice have received 3 mg 

Fig. 4. Levels of main metabolites regulating the transsulfuration pathway in skeletal muscles of 17 weeks old control and mdx mice measured by NMR. 
(A) Scatter plots displaying the metabolite distribution of all classes of metabolites identified in quadriceps femoris muscle of control and mdx mice. (B–F) Left, graphs 
showing the levels of methionine, glycine, glutamate, glutathione and taurine detected in each control wt (n = 6) or dystrophic mouse (n = 6). Right, the bar graphs 
show the mean values ± SEM per group. Differences are considered statistically significant when p was ≤0.05. Double asterisk (**) and triple asterisk (***) denote a 
p-value of ≤0.01 and 0.001 vs wt mice. 

E. Panza et al.                                                                                                                                                                                                                                   



Redox Biology 45 (2021) 102040

5

kg− 1 of NaHS up to 7 weeks (short treatment) or up to 17 weeks (pro
longed treatment). As shown in Fig. 6A and B, both short (2 weeks) and 
prolonged treatment (12 weeks) with NaHS fully recover the locomotor 
activity when compared to the vehicle, at the same extent observed for 
healthy mice. To verify whether the recovery of locomotor activity of 
mdx mice by NaHS was coupled to an improvement of skeletal muscle 
structure, histological analysis has been performed. As shown in Fig. 6D, 
in QFA of mdx mice, the H&E, as well as the trichrome staining shows 
the classical hallmarks of the pathology: disorganized tissue architec
ture, cell infiltration and large necrotic areas (Fig. 6D and G) compared 
to healthy mice (Fig. 6C and F). NaHS treatment reduces the area of both 
necrosis and infiltrated cells, as well as fibrosis (Fig. 6E and H). 

2.5. NaHS treatment positively affects inflammatory and autophagy 
markers in mdx mice 

It is known that muscle inflammation, fibrosis and defective auto
phagy are patho-physiological events exacerbating DMD severity [7–9]. 
To verify the potential beneficial effect of H2S donor treatment on these 
processes, mRNA levels of key genes regulating inflammation, fibrosis 
and autophagy have been analyzed. 

At 7 weeks of age, QFA of dystrophic mice displays a significant 
increase in the expression of tumour necrosis factors-α (TNFα), inter
leukin 6 (IL-6), interleukin 1β (IL-1β), Transforming Growth Factor β 
(TGF-β) (Fig. 7A–D) in comparison to healthy tissues. In these mice, 
NaHS treatment prevents the increased expression of these genes. 
Notably, at 17 weeks of age, mdx mice display a different pattern of 
expression, with a mild reduction of pro-inflammatory markers 
expression, coupled to a further increase of the fibrotic marker TGF-β, 
not only versus the group of the same age treated with the vehicle, but 
also vs 7 weeks old mdx mice (Fig. 7E–H). These results suggest that at 
this stage of the pathology compensative mechanisms could take place 

to resolve skeletal muscle inflammation, even though they fail to halt the 
fibrosis development. Noteworthy, treatment of mdx mice with NaHS 
prevents the up-regulation of both pro-inflammatory genes and TGF-β 
(Fig. 7A–H). Analogue beneficial effects have been found in gastrocne
mius (Fig. S5). Muscle autophagy has been also measured by PCR array 
in both mdx and control mice. As shown in Fig. 8A, transcriptomic 
analysis reveals a significant reduction in the expression of key genes 
regulating autophagy, including Lamp1, Becn1, PiK3c3, Atg3, Atg4, 
Atg7 and Ulk1, in mdx compared to control mice. Following 2 weeks of 
treatment (7 weeks of age) NaHS treatment partially but significantly 
recovers the expression of the aforementioned genes (Fig. 8A). These 
results have been validated by single PCR analysis (Fig. 8B–E) in which 
the data obtained by the array have been confirmed. In addition, eval
uation of pAKT/AKT ratio by Western blot analysis has been performed 
on QFA, to measure potential changes in the AKT activation, a master 
negative regulator of autophagy [7, 29]. As shown in Fig. 8F, in agree
ment with previous studies [30, 31], a significant increase in the pAK
T/AKT ratio between control and mdx mice have been detected. 
Treatment with NaHS prevents the increased phosphorylation of AKT 
(Fig. 8F). To further clarify the mechanism through which H2S produced 
beneficial effects in mdx mice, the expression of LC3 (micro
tubule-associated protein 1 light chain 3) protein, a canonical marker of 
autophagy, has been measured. It is known that LC3 exists in two forms 
LC3-I and LC3-II. In particular, the conversion of LC3I to LC3II is a 
cellular event required for autophagosome formation and activity [32]. 
In DMD muscles, this process is compromised causing an accumulation 
of LC3I due to autophagy impasse. As shown in Fig. 8F, as expected, we 
have found a significant decrease of LC3-II expression in QFA of mdx 
compared to control mice. Importantly, the treatment with NaHS up to 7 
weeks rescued LC3-II expression in muscles of mdx mice (Fig. 8G–I). 

Fig. 5. mRNA expression levels of TSP genes in skeletal muscles of mdx mice. Bar graphs showing the quantification of transcripts levels of CBS, CSE, 3-MST, 
CDO, CSAD, γ-GCS and GS evaluated by qPCR in QFA and gastrocnemius of control wt (n = 6) and mdx mice (n = 6). Control and mdx mice have been compared at 
both 7 (A–B) and 17 (C–D) weeks. Data are expressed as 2∧-ΔΔct relative to ribosomal protein S16, as described in materials and methods. Differences are considered 
statistically significant when p was ≤0.05. Single asterisk (*), double-asterisk (**) and triple asterisk (***) denote a p-value of ≤0.05, 0.01 and 0.001 vs wt mice. 
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3. Discussion 

Nowadays, an effective cure for Duchenne muscular dystrophy is still 
not available despite many experimental therapeutic approaches 
including read-through therapy, exon skipping, vector-mediated gene 
therapy, cell therapy, which have been tested in preclinical and clinical 
studies. These include also innovative strategies such as CRISPR/Cas9 
genome editing and stem cell-based therapies. Unfortunately, the low 
efficiency in targeting skeletal muscle, low stability and host immune 
response have hampered the success of this therapeutic approach 
[33–36]. Therefore, palliative experimental therapies aimed to limit 
inflammation, fibrosis and necrosis by regulating intracellular targets 
including nuclear hormone receptors, NADPH-oxidases, Ca2+ channels, 
nuclear factor-κB (NFκB), TGF-β/myostatin production or action that, to 
date, remains the unique therapeutic possibility to counteract the 

complex pathogenesis of DMD [37, 38]. 
Dystrophin deficiency is tightly linked to oxidative stress in SKM. 

Several experimental studies report some beneficial effects of anti- 
oxidant therapies on dystrophy progression [39–41]. However, clinical 
trials evaluating the efficacy of antioxidants in DMD patients have been 
failed to produce the expected outcome, most likely due to the lack of 
our knowledge on the specific nature of the oxidative stress involved in 
muscular dystrophy. 

It is known that H2S is a powerful antioxidant endogenous molecule 
that not only inhibits reactive oxygen species (ROS) production but also 
neutralizes them by direct scavenging [42–45]. H2S displays also an 
indirect antioxidant activity through the up-regulation of GSH, as well 
as, an increased expression of antioxidant enzymes [45–50]. 
Anti-inflammatory and cytoprotective properties of H2S are also well 
documented [51]: inhibition of NFκB pathway by H2S has been reported 

Fig. 6. Measurement of locomotor activity and histological analysis in control and mdx mice treated with NaHS. Muscle coordination and strength were 
evaluated by the weight (A) and rotarod (B) tests, measured in wt (n = 6) and mdx (n = 6) mice treated with vehicle or NaHS (3 mg kg− 1). Wt and mdx mice were 
daily treated (for two weeks), starting from week 5 to week 7 or up to week 17. Differences are considered statistically significant when p was ≤0.05. Double asterisk 
(**) and triple asterisk (***) denote a p-value of ≤0.05, 0.01 and 0.001 vs wt mice. Single circle (○) and double circle (○○) denote a p-value of ≤0.05 and 0.01 vs mdx 
mice of the same age. Histological analysis (C–H) has been performed on QFA of wt and mdx mice treated with vehicle or NaHS at 7 weeks (400× magnification). 
Typical histological hallmarks of dystrophic muscle (disorganized tissue architecture, cell infiltrates and fibrotic area) are highlighted in mdx mice by using H&E 
staining (D) and Goldner’s trichrome staining (G). NaHS exerts a beneficial action on the amount of both cell infiltrate (see black arrow in panels D and E) and fibrotic 
area (see black arrow in G and H). 
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in several animal models, and consistent with this, H2S reduces 
pro-inflammatory cytokine, chemokine, and enzyme expression [52, 
53]. A clinical example of the relevance of the TSP, in preserving skeletal 
muscle function, is furnished by hyperhomocysteinemia (HHcy). In this 
condition, CBS is deficient or lacking with consequent reduction of ho
mocysteine conversion into L-cysteine. This leads to a pathological 
condition displaying, among its characteristic features, a functional 
deficit in skeletal muscle [25], [54–56] ascribed to the accrual of ho
mocysteine rather than to a deficiency in H2S. Starting from this evi
dence we hypothesize that potential alterations in H2S metabolic 
pathway could contribute to the pathogenesis of DMD. 

To this purpose, we have first investigated whether the expression of 
key genes encoding for TSP enzymes, and specifically for CBS, CSE and 
3-MST, could change between human primary myoblasts isolated from 
healthy and DMD donors. The reduced expression of these genes in DMD 
patients promptly led us to investigate the role of TSP in mdx mice, 
which is considered the most used preclinical model of DMD. 

Metabolomic analysis performed by NMR on two types of skeletal 
muscles dissected from control and mdx mice (i.e. quadriceps and 
gastrocnemius), revealed that there is a broad number of metabolites 
that vary in their abundance between the two mouse genotypes. Among 
them, we focused on five key metabolites related to TSP such as 
methionine, L-glycine, L-glutamate, GSH and L-taurine. Notably, we 
found that in the early stage of pathology all five metabolites are 
significantly decreased. These changes are followed at the overt stage (17 
weeks of age) by a recovery involving L-glycine and L-glutamate, but not 
GSH, L-taurine and methionine. These changes are most likely due to 
compensatory mechanisms activated in skeletal muscles aimed at 
rebalancing the physiological environment. In this regard, there is evi
dence that both glycine and glutamate are important for activating 
signalling pathways that protect skeletal muscle from wasting and loss of 
function by reducing the oxidative and inflammatory burden. Moreover, 
glutamate is necessary for the glutathione synthesis pathway [57, 58]. 

Indeed, it is known that GSH biosynthesis requires three different amino 
acids: L-glycine, L-cysteine and L-glutamate. L-glycine and L-glutamate 
come from different biochemical pathways that do not involve the TSP 
(Fig. 1) [59–61] while L-cysteine mainly derives from TSP. Thus the 
synthesis of GSH is largely regulated by L-cysteine availability [62]. 
Accordingly, the derangement of TSP results in the suppression of 
taurine and L-cysteine levels, hence GSH content. 

Similarly, to human DMD muscles, we found that the expression of 
all genes encoding for TSP enzymes was significantly reduced in SKM of 
mdx mice near the onset to become even more marked with the pro
gression of the disease. These data are confirmed by the finding that H2S 
content is significantly reduced in QFA of dystrophic mice. Intriguingly, 
indirect evidence on the role of TSP impairment in SKM function is 
verifiable in CSE− /- mice generated by Ishii et al. [63], as an animal 
model of cystathioninemia/cystathioninuria. In particular, mice fed 
from 3 weeks with a low L-cysteine diet develop an acute myopathy 
associated with a reduced level of glutathione in SKM and the liver. 
Indeed, CSE− /- mice display a progressive paralysis of lower extremities 
and severe atrophy in the abdominal regions, the trapezius and rectus 
femoris muscles. Thereafter, the mice become lame, paralysed in the 
upper extremities, and eventually die. 

Therefore, to understand whether and how the TSP dysregulation, 
and specifically of H2S impairment occurring in DMD and mdx murine 
muscle, contribute to the severity and progression of the disease, we 
treated mdx mice with the H2S-donor (NaHS) for a short (2 weeks) and 
prolonged time (12 weeks). Importantly, we found that both short or 
prolonged treatment with NaHS fully prevented the loss of locomotor 
activity in mdx mice. Histological analysis performed on QFA of mdx 
mice, reveals that NaHS treatment reduces the area of both necrosis and 
infiltrated cells, as well as fibrosis, typical hallmarks of the dystrophic 
tissue. 

Our biochemical analyses revealed that the beneficial NaHS effect 
observed in vivo was attributable to the reduced inflammation and 

Fig. 7. mRNA expression levels of inflammation markers in skeletal muscles of mdx mice treated with NaHS. Bar graphs showing the mRNA expression levels 
of tumour necrosis factor-alpha (TNFα), interleukin 6 (IL-6), interleukin 1β (IL-1β) and transforming growth factor-beta (TGF-β) in quadriceps femoris of control and 
mdx mice receiving or not NaHS of both 7 (A–D) and 17 (E–D) weeks. Data are expressed as 2∧-ΔΔct relative to ribosomal protein S16, as described in materials and 
methods. Single asterisk (*) and double asterisk (**) denote a p-value of ≤0.05 and 0.01 vs wt mice of the same age. Single circle (○) and double circle (○○) denote a p- 
value of ≤0.05 and 0.01 vs mdx group of the same age. 
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restoration of autophagy in skeletal muscle tissues. In particular, the 
high levels of both pro-inflammatory cytokines IL-1β, IL-6, TNFα, and 
the growth factor TGFβ measured in skeletal muscle of mdx mice, are 
lowered to physiological levels following NaHS treatment. Besides, the 

reduced expression of key genes regulating autophagy observed be
tween skeletal muscles of control and mdx was fully prevented by NaHS, 
indicating the reactivation or potentiation of regenerative processes 
promoted by the drug. Whilst the data collected in the overt stage 

Fig. 8. mRNA expression levels of autophagy markers in skeletal muscles of mdx mice treated with NaHS. (A) Heatmap representation of selected genes 
obtained from PCR array analysis performed in QFA muscles isolated from 7-week-old control (n = 6) and mdx mice treated with vehicle (n = 6) or NaHS (n = 6). 
Red, physiological gene expression; green, gene downregulation. (B–E) Bar graphs showing the mRNA expression levels of Atg3, Atg7, Atg12 and Ulk1 in quadriceps 
femoris of 7 weeks old control and mdx mice receiving or not NaHS. Data are expressed as 2

∧-ΔΔct relative to actin, as described in materials and methods. (F–I) 
Western blot analysis showing the changes in the expression and/or phosphorylation of the two markers of autophagy/apoptosis AKT and LC3 in QFA of control and 
mdx mice treated or not with NaHS. Fold data represent the mean ± SEM of three separate experiments. The blots shown are representative of three independent 
experiments with similar outcomes. The GAPDH bands confirm that similar amounts of proteins were loaded on the gel for each sample. Single asterisk (*), double 
asterisk (**) and triple asterisk (***) denote a p-value of ≤0.05, 0.01, 0.001 vs wt mice, respectively. Single circle (○), double circle (○○) and triple circle (○○○) denote a 
p-value of ≤0.05, 0.01, 0.001 vs mdx group, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 9. Graphical abstract.  
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confirm the protective effect of H2S that is mainly due to the halting of 
inflammation rather than the restoration of autophagy. Most likely, at 
this stage, with the aggravation of the pathology, the H2S replenishment 
is not enough to recover autophagy. Further studies are indeed required 
to evaluate this hypothesis. 

In conclusion, our study has revealed an important role of H2S 
metabolism in the pathogenesis of DMD. The two major findings are: i) 
derangement of TSP can be considered a novel hallmark of DMD since in 
both murine and human DMD the expression of main enzymes of the TSP 
is markedly reduced; ii) the exogenous replacement of H2S with NaHS 
significantly ameliorates the molecular features of DMD (inflammation, 
fibrosis and autophagy), translating in vivo in the complete restoration of 
muscular strength (Fig. 9). 

This evidence could unveil a possible new alternative/additive 
approach in the complex managing of DMD therapy, that still relies on 
high doses of glucocorticoids, with all the negative consequences 
associated. 

4. Materials and methods 

4.1. Animal care and use 

The experimental protocol was evaluated and approved by the 
Institutional Animal Ethics Committee for the use of experimental ani
mals and conformed to guidelines for the safe use and care of experi
mental animals under the Italian D.L.no. 116 of 27 January 1992; 
Ministero Della Salute Authorization n. 961-2018-PR and associated 
guidelines in the European Communities Council (86/609/ECC and 
2010/63/UE). For this study, male wild-type (C57BL/10ScSnJ) and mdx 
(C57BL/10ScSn-DMDmdx/J) mice of 5 weeks of age weighing approx
imately 20–25 g were purchased from Charles River Laboratories (MI, 
Italy). 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. 
NaHS (3 mg kg− 1) or vehicle (potassium phosphate buffer pH 7.4) was 
administered orally to mice once a day for two weeks (from 5 to 7 
weeks) and from 5 to 17 weeks. Animals were housed in groups of five to 
six; animals belonging to each cage were randomly assigned to the 
different experimental groups. The experimenter performing the 
behavioural testing was blind to the genotype and treatment. 

4.2. Locomotor tests 

The rotarxod and weight tests were performed in control and 
dystrophic mice immediately before the beginning of the pharmaco
logical treatment (5 weeks) and at the end (7 or 17 weeks) of treatment 
with vehicle, or NaHS following published procedures (9). In our rotarod 
protocol, the latency to fall was changed over a maximum period of 300 
s. 

4.3. Nuclear Magnetic Resonance (NMR) 

To extract metabolites of interest (e.g., lipids, amino acids, carbo
hydrates and other small metabolites), while leaving other compounds 
(e.g., DNA, RNA and proteins) in tissue pellet, tissues were mechanically 
disrupted. Combined extraction of polar and lipophilic metabolites was 
carried out by using methanol/water/chloroform as suggested by the 
Standard Metabolic Reporting Structures working group [64]. Homog
enization of 14 mg of frozen muscle tissue was carried out in 480 μl of 
methanol and 106 μl of water (all solvents were cold) with UltraTurrax 
for 2 min on ice. Then 240 μl of chloroform was added and the mixture 
was vortexed for 30 s. The homogenate was gently stirred and mixed, on 
ice, for 10 min and then another 240 μl of water and 240 μl of chloro
form were added and the final mixture was vortexed and centrifuged at 
10000 rpm for 15 min at 4 ◦C. This procedure separates three phases: 
water/methanol at the top (polar fraction, containing polar 

metabolites), denatured proteins and cellular debris in the middle, and 
chloroform at the bottom (nonpolar fraction, containing lipophilic me
tabolites). Polar and nonpolar fractions were transferred into glass vials 
and the solvents removed by using a rotary vacuum evaporator at room 
temperature and stored at − 80 ◦C until they were analyzed. 

4.4. NMR measurements of polar metabolites 

For NMR analysis, polar fractions were resuspended in 630 μl of 
phosphate buffer saline (PBS, pH 7.4), adding 70 μl of 2H2O solution 
[containing 1 mM sodium 3-trimethylsilyl [2,2,3,3-2H4] propionate 
(TSP) as a chemical shift reference for 1H spectra] to provide a field 
frequency lock, reaching 700 μl of total volume. The nonpolar fractions 
instead, were resuspended in 700 μl of C2HCl3. The samples were then 
transferred in NMR tubes for analysis. One-dimensional (1D) spectra 
were acquired at 600.13 MHz on a Bruker Avance III-600 spectrometer 
equipped with a TCI CryoProbeTM fitted with a gradient along the Z- 
axis, at a probe temperature of 27 ◦C, using the excitation sculpting 
sequence for solvent suppression [65]. Spectra were referred to internal 
0.1 mM sodium trimethylsilyl propionate (TSP), assumed to resonate at 
δ = 0.00 ppm. These spectra were used for multivariate statistical 
analysis. In addition, two-dimensional (2D) clean total-correlation 
spectroscopy (TOCSY) and heteronuclear single quantum coherence 
(HSQC) experiments were acquired to help metabolite identification and 
signals assignment. 2D spectra were referenced to the lactate doublet 
assumed to resonate at δ = 1.33 ppm for 1H, and δ = 20.76 ppm for 13C. 

4.5. NMR data processing and multivariate statistical analysis 

For muscle datasets (gastrocnemius and anterior femoral quadriceps) 
collected from mice at different age (7 weeks and 17 weeks), selected 
spectral area were defined: 0.50–9.50 ppm (7 weeks and 17 weeks 
gastrocnemius), 0.50–9.50 ppm (7 weeks anterior femoral quadriceps), 
and 0.70–9.40 ppm (17 weeks anterior femoral quadriceps). Each pro
ton spectrum was automatically segmented into integrated regions 
(buckets) of 0.02-ppm each using the AMIX 3.6 package (Bruker Biospin, 
Germany). The residual water resonance region (4.60–5.10 ppm) was 
excluded, and the binned regions were normalized to the total spectrum 
area. Multivariate statistical data analysis was applied to each dataset to 
differentiate mdx and the healthy muscles profiles through NMR spectra, 
according to their different metabolic content. Each integrated dataset 
was reshaped as a matrix and imported into SIMCA-P+ 15 package 
(Umetrics, Umea, Sweden) where unsupervised PCA, supervised PLS-DA 
and OPLS-DA discriminant analyses were performed. PCA was first 
applied to check outliers and uncover initial trends within the dataset by 
investigating the systematic variation in the data matrix such to identify 
trends and clusters. Once assessed data homogeneity, PLS-DA or OPLS- 
DA discriminant analysis was used to improve group discrimination. 
Indeed, for these two approaches, data modelling is based upon multi
variate regression methods which extract linear relationships from two 
data blocks, NMR data and class belonging, thus highlighting metabolic 
changes responsible for specific alteration in mdx metabolic profiles 
compared to the healthy animals. The performance of each elaborated 
model was evaluated via the parameters R2 and Q2, respectively indi
cating the goodness of fit and the goodness of prediction. Moreover, 
each model was validated by an internal iterative cross-validation 
routine with 7 rounds, permutation test response (800 repeats), and 
analysis of Variance (ANOVA testing of Cross-Validated predictive re
siduals). Selected isolated signals with |pcorr| ≥ 0.7, VIP >1 (Variable 
Importance in the Projection) were then considered for univariate sta
tistical analysis and Student’s t-test. 

4.6. H2S assay 

H2S determination was performed using a methylene blue-based 
assay [66, 67]. Briefly, anterior femoral quadriceps collected from 
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mice at different age (7 weeks and 17 weeks), were homogenized in a 
lysis buffer (100 mM potassium phosphate buffer, pH = 7.4, sodium 
orthovanadate 10 mM and a cocktail of protease inhibitors 1% v/v) and 
the protein concentration was determined using the Bradford assay 
(Bio-Rad Laboratories, Milan, Italy). The lysates were added to a reac
tion mixture (total volume 500 μL) containing pyridoxal 5′-phosphate 
(2 mM, 20 μL), L-cysteine (10 mM, 20 μL) and saline (30 μL). The re
action was performed in parafilm-sealed Eppendorf tubes and initiated 
by transferring tubes from ice to a 37 ◦C water bath. After 40 min in
cubation, zinc acetate 1% (ZnAc; 250 μL) was added to trap any H2S 
emitted followed by trichloroacetic acid 10% (TCA; 250 μL). Subse
quently, N,N-dimethylphenylendiammine sulphate 20 μM (DPD; 133 
μL) in 7.2 M HCl and FeCl3 (30 μM, 133 μL) in 1.2 M HCl were added. 
After 20 min, absorbance values were measured at a wavelength of 668 
nm. All samples were assayed in duplicate, and H2S concentration was 
calculated against a calibration curve of NaHS (3.12–250 μM). Results 
were expressed as nmol/mg protein per min. 

4.7. Histological analysis 

Anterior femoral quadriceps collected from wt and mdx treated with 
vehicle or NaHS at 7 weeks were fixed in neutral buffered formalin 
before being embedded in paraffin. Sections (4 μm) were stained with 
haematoxylin-eosin (H&E) or with Goldner’s trichrome and analyzed 
under light microscopy (400× magnification). The presence and degree 
of degeneration/necrosis, cells inflammatory infiltration, fibrotic areas 
were blindly quantified according to arbitrary criteria by two indepen
dent morphologists. Blue staining represents collagen, red staining 
muscle tissues. 

4.8. Cell culture and reagents 

Primary myoblasts from healthy donors were provided by Innoprot 
(Bizkaia-Spain) and Sciencell (Carlsbad, CA, USA). The myoblasts were 
propagated in Skeletal Muscle Cell Medium (cat P60124, Innoprot, 
Bizkaia (Spain). 

4.9. RNA extraction and quantitative PCR (qPCR) 

Total RNA isolation, purification, and cDNA synthesis from murine 
skeletal muscle tissues were performed as described (9). Quantitative 
PCR (qPCR) was carried out in a real-time PCR system CFX96 (Bio-Rad) 
using the SsoAdvanced SYBR Green supermix (cat. n. 1725274, Bio-Rad 
Milan Italy) detection technique and specific primers are shown in 
Supplementary Table 1. Quantitative PCR was performed on indepen
dent biological samples ≥ 4–5 for each experimental group. Each sample 
was amplified simultaneously in triplicate 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. The housekeeping gene (actin) was 
used to normalize the Ct values, using the 2∧− ΔCt formula; differences in 
mRNA content between groups were expressed as 2∧− ΔΔCt. RNA isolation 
and cDNA preparation from primary myoblasts from DMD donors was 
carried out according to previously described methods (9). In this case, 
each human cDNA was amplified simultaneously in duplicate in a one- 
assay run and the gene encoding for the ribosomal protein S16 was 
used as housekeeping. 

4.10. Western blotting analysis 

Before isolating the total proteins from skeletal muscles, control and/ 
or dystrophic mice were anaesthetized with 75% CO2/25% O2 and 
sacrificed by cervical dislocation. Skeletal muscles including quadriceps 
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% (v/v) Triton X- 

100, 2.5 mM sodium pyrophosphate, 1 mM 2-glycerophosphate, 1 mM 
Na3VO4, 20 mM Tris–HCl pH8.1 %SDS, plus protease inhibitor (cat. n. 
P8340, Sigma-Aldrich, MI Italy) at pH7.4. Lysates were kept in an orbital 
shaker incubator at 220 rpm at 4 ◦C for 30 min and then centrifuged for 
15 min at 13,000 g at 4 ◦C. The supernatants were transferred to tubes 
and quantified by DC Protein Assay (Bio-Rad, Milan, Italy). Subse
quently, the samples (60 μg of total protein) were heated at 70 ◦C for 
10min in NuPAGE LDS Sample Buffer (cat. n. NP0007, Life Technology, 
Milan, Italy) plus Sample Reducing Agent (cat. n. NP0004, Life Tech
nology MI Italy) and loaded on 4–12% Bis-Tris Protein Gels (cat. n. 
NP0336PK2, Life Technology, Milan, Italy) and then transferred to a 
PVDF membrane [68]. The primary antibodies used was a rabbit 
p-AKT/AKT antibody, (1:1000; cat. n. 4060); rabbit LC3B antibody 
(1:1000; cat. n. 2775), Cell signalling, 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 analyzed on a ChemiDoc station with Quantity-one software 
(Biorad, Segrate, Italy). 

4.11. Data analysis 

Data were expressed as means ± SEM of values and ‘n’ refers to the 
number of samples for each set of experiments. Statistical analysis was 
performed using GraphPad Prism Software Inc., La Jolla, CA, USA. The 
Shapiro-Wilk test was used to determine if a data set was well modelled 
by a normal distribution or not. For samples normally distributed, the 
one-way analysis of variance (ANOVA) followed by Tukey’s analysis was 
used to determine statistically significant differences between two or 
more independent biological groups. For samples not normally distrib
uted we used the non-parametric Kruskal-Wallis test. Statistically sig
nificant differences were accepted when p was <0.05. 
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