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A B S T R A C T   

Duchenne muscular dystrophy (DMD) is an incurable disease caused by mutations in the X-linked DMD gene that 
encodes a structural muscle protein, dystrophin. This, in turn, leads to progressive degeneration of the skeletal 
muscles and the heart. Hydrogen sulfide (H2S), the pleiotropic agent with antioxidant, anti-inflammatory, and 
pro-angiogenic activities, could be considered a promising therapeutic factor for DMD. 

In this work, we studied the effect of daily intraperitoneal administration of the H2S donor, sodium hydro-
sulfide (NaHS, 100 μmol/kg/day for 5 weeks) on skeletal muscle (gastrocnemius, diaphragm and tibialis ante-
rior) pathology in dystrophin-deficient mdx mice, characterized by decreased expression of H2S-generating 
enzymes. 

NaHS reduced the level of muscle damage markers in plasma (creatine kinase, lactate dehydrogenase and 
osteopontin). It lowered oxidative stress by affecting the GSH/GSSG ratio, up-regulating the level of cytopro-
tective heme oxygenase-1 (HO-1) and down-regulating the NF-κB pathway. In the gastrocnemius muscle, it also 
increased angiogenic vascular endothelial growth factor (Vegf) and its receptor (Kdr) expression, accompanied by 
the elevated number of α-SMA/CD31/lectin-positive blood vessels. The expression of fibrotic regulators, like 
Tgfβ, Col1a1 and Fn1 was decreased by NaHS in the tibialis anterior, while the level of autophagy markers 
(AMPKα signalling and Atg genes), was mostly affected in the gastrocnemius. Histological and molecular analysis 
showed no effect of H2S donor on regeneration and the muscle fiber type composition. 

Overall, the H2S donor modified the gene expression and protein level of molecules associated with the 
pathophysiology of DMD, contributing to the regulation of oxidative stress, inflammation, autophagy, and 
angiogenesis.   

1. Introduction 

Duchenne muscular dystrophy (DMD) is caused by the lack of dys-
trophin, the muscle functional protein, due to over 7000 patient-specific 
mutations in one of the largest human genes, DMD (Bladen et al., 2015; 
Carter et al., 2018). This devastating progressive disease of the skeletal 
and respiratory muscles, as well as the heart, is still incurable. Conse-
quently, new therapeutic options remain the unmet need in DMD. 

The pivotal role of dystrophin is to provide mechanical stabilization 
and integrity of the muscle membrane during force generation (Gao and 
McNally, 2015). The absence of functional dystrophin has detrimental 
effects on muscle function, including increased inflammation, fibrosis, 
and oxidative stress (Hoffman et al., 1987). Impaired autophagy and 

angiogenesis have also been suggested to be hallmarks of DMD (De 
Palma et al., 2014; Podkalicka et al., 2019). In patients, early signs of 
motor impairment manifest between the ages of 2 and 5 years, while 
rapid progression of the disease occurs between the ages of 10–14. Later, 
patients begin to suffer from respiratory and cardiac failure that leads to 
death around the second or third decades of life (Emery, 2002). 

To study DMD, mouse models are frequently used; however, they do 
not fully resemble human pathology. The mouse mdx model, which has 
the spontaneous mutation in exon 23 of the Dmd gene that results in the 
loss of the dystrophin expression (Bulfield et al., 1984; Sicinski et al., 
1989), varies in the course of the disease and presents a mild phenotype 
with normal lifespan, when compared to human DMD patients. It is also 
well known that because of variance in general metabolism and, for 
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example, the proportion of slow and fast twitch fibers, the hallmarks of 
DMD may be accelerated in specific muscles. Therefore, the effect of 
possible modulators of DMD progression can be exerted in a 
muscle-dependent way. 

Although some mutation-specific drugs (eteplirsen, golodirsen, vil-
tolarsen, casimersen and ataluren), which restore functional dystrophin 
expression, have recently been revealed, they are suitable only for small 
subpopulations of affected individuals and their efficacy has not yet 
been fully proven (Birnkrant et al., 2018; Dulak, 2021). On the other 
hand, glucocorticoids (GCs), a gold standard therapy for DMD patients, 
act primarily as anti-inflammatory agents by inhibiting the signalling of 
the nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) and exert many adverse effects that lead, among others, to 
osteoporosis, diabetes, and muscle atrophy (Schäcke et al., 2002). 

Recently, our group has demonstrated that genetic or chemical in-
hibition of heme oxygenase-1 (HO-1), an enzyme with cytoprotective, 
pro-angiogenic, and anti-inflammatory properties, profoundly exacer-
bated the dystrophic phenotype (Pietraszek-Gremplewicz et al., 2018). 
Given that HO-1 and its product, CO, may share effects similar to 
hydrogen sulfide (H2S) (Giuffrè and Vicente, 2018), our objective was to 
check the effect of this gaseous mediator in the mouse model of DMD. 

H2S, generated by endogenous enzymes, mainly cystathionine 
γ-lyase (CTH, CGL or CSE), cystathionine β-synthase (CBS), and 3-mer-
captopyruvate sulfurtransferase (MPST or 3-MST) can exert antioxi-
dant, antifibrotic, antiapoptotic and anti-inflammatory activities. Other 
known effects are related to neuroprotection and regulation of angio-
genesis (Giuffrè and Vicente, 2018; Podkalicka et al., 2022). Therefore, 
H2S therapy can be postulated to mitigate the progression of DMD by 
attenuating oxidative stress, inflammation, and fibrosis. 

We have found that daily intraperitoneal administration of the fast- 
releasing H2S donor, sodium hydrosulfide (NaHS, 100 μmol/kg body 
weight for 5 weeks), regulates the expression of genes and proteins 
involved in the progression of DMD, including inflammation, oxidative 
stress, fibrosis, angiogenesis, and autophagy, but these effects could be 
muscle-specific. Interestingly, although NaHS decreased the level of 
osteopontin, the dystrophic-induced muscle damage marker and 
increased cytoprotective HO-1 level in the gastrocnemius, diaphragm 
and tibialis anterior muscles, the angiogenic and fibrotic regulators were 
affected in a muscle-dependent manner. We believe that this gaseous 
mediator has the potential to alleviate the hallmark symptoms of DMD. 

2. Materials and methods 

2.1. Animals 

All animal work was performed following Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines and regulations. 
The experiments were approved by the 2nd Institutional Animal Care 
and Use Committee (IACUC) in Kraków, Poland (approval number 261/ 
2020). Wild-type (WT, C57BL/10ScSnJ) and mdx (C57BL/10ScSn- 
Dmdmdx/J) mice were purchased from Jackson Laboratory (Bar Harbor, 
ME, USA, stock nos. 000476 and 001801, respectively). Mice were 
housed under specific pathogen-free (SPF) conditions in individually 
ventilated cages with a 14 h/10 h light/dark cycle and were kept on a 
normal, chow diet with water and food available ad libitum. Animal 
genotyping was performed using PCR on DNA isolated from tails. 

2.2. Treatment with H2S donor 

NaHS treatment was initiated in 5-6-week-old animals. For 5 weeks, 
mdx mice received 100 μmol/kg body weight (BW) NaHS or solvent 
(NaCl) daily by intraperitoneal injection. WT animals that received a 
vehicle were used as a reference group. The dose of NaHS was chosen 
based on the literature data (Gomez et al., 2019; Ng et al., 2017; Yu 
et al., 2015). At the end of the experiment, muscles (gastrocnemius, 
tibialis anterior and diaphragm) and blood were collected for further 

analyses. 

2.3. Grip strength assay 

To assess the limb strength of mdx mice, a grip strength meter with a 
triangular pull bar (Ugo Basile) was used by the investigator blind to the 
mice’s genotype. The test was performed one day after the last dose of 
NaHS administration as previously described (Aartsma-Rus and van 
Putten, 2014; Bronisz-Budzyńska et al., 2020; Mucha et al., 2021b) and 
following the instruction described in the TREAT-NMD SOP (https://tre 
at-nmd.org/wp-content/uploads/2016/08/MDX-DMD_M.2.2.001.pdf). 
The measurements were repeated 4 times with a 1 min break between. 
The results were calculated as an average of all measurements, 
normalized to body weight (BW) and expressed as N/kg BW. 

2.4. Blood cell count 

Hematological parameters, including the total number of white 
blood cells (WBC) and the percentage of granulocytes, monocytes, and 
lymphocytes among WBC, were measured using EDTA-anticoagulated 
blood with scil Vet abc hematology analyser (Horiba ABX). 

2.5. RNA isolation, reverse transcription (RT), and quantitative real-time 
PCR (qRT-PCR) 

Total RNA was isolated using the Chomczynski-Sacchi method 
(Chomczynski and Sacchi, 1987). Briefly, at the end of the experiment, 
muscles were excised to RNAlater Stabilization Solution (Millipore 
Sigma/Sigma-Aldrich), snap-frozen in liquid nitrogen, and stored at 
− 80 ◦C for downstream analyses. After determination of its quality and 
concentration with a NanoDrop Spectrophotometer (Thermo Fisher 
Scientific), 1000 ng of RNA was transcribed by recombinant M-MuLV 
reverse transcriptase (Thermo Fisher Scientific) into cDNA according to 
our previously published protocol (Pietraszek-Gremplewicz et al., 
2018). qRT-PCR was performed on obtained cDNA with SYBR Green 
PCR Master Mix (Millipore Sigma/Sigma-Aldrich), and specific primers 
(listed in Table 1). Eef2 was used as a housekeeping gene. The relative 
quantification of gene expression was calculated based on the 

Table 1 
Sequences of primers used for the determination of gene expression by 
qRT-PCR.  

Gene Sequence 5’-3’ 

Atg5 F: CTGAAGATGGAGAGAAGAGG 
R: GGGGACAATGCTAATATGAAG 

Atg7 F: CTGTTCACCCAAAGTTCTTG 
R: TCTAAGAAGGAATGTGAGGAG 

Cbs F: CCTAATTCTCACATTCTGGAC 
R: GACACCGATGATTTTACAGC 

Col1a1 F: CGATCCAGTACTCTCCGCTCTTCC 
R: ACTACCGGGCCGATGATGCTAACG 

Cth F: GAAAAGGTTGTTTATCCTGGG 
R: CTTGATGTAGAAACTGACCATC 

Eef2 F: AGAACATATTATTGCTGGCG 
R: AACAGGGTCAGATTTCTTG 

Il-6 F: TACCACTTCACAAGTCGGAGGC 
R: CTGCAAGTGCATCATCGTTGTTC 

Kdr F: CGGCCAAGTGATTGAGGCAG 
R: ATGAGGGCTCGATGCTCGCT 

Mpst F: CGTCCTACTTGCTTTTCTC 
R: CAGAGCTCGGAAAAGTTG 

Myh3 F: TCTAGCCGGATGGTGGTCC 
R: GAATTGTCAGGAGCCACGAA 

Spp1 F: CCATCTCAGAAGCAGAATCTCCTT 
R: GGTCATGGCTTTCATTGGAATT 

Tgfb1 F: GGATACCAACTATTGCTTGAG 
R: TGTCCAGGCTCCAAATATAG 

Vegfa F: ATGCGGATCAAACCTCACCAA 
R: TTAACTCAAGCTGCCTCGCCT  
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comparative cycle threshold (Ct) method (according to the 2− ΔCt for-
mula where ΔCt = Ct gene of interest – Ct Eef2). 

2.6. Western blotting 

Total protein was isolated from snap-frozen muscles by homogeni-
zation in lysis buffer (ice-cold PBS containing proteinase inhibitors 
(Roche Diagnostic) and 1% Triton X100 (BioShop) using TissueLyser 
(Qiagen). Protein concentration was determined by bicinchoninic assay 
(BCA; Sigma-Aldrich) and 20 μg of protein lysate was processed as 
previously described (Pietraszek-Gremplewicz et al., 2018). If needed, 
the membranes were cut before the incubation with the following an-
tibodies at the specified dilution: (i) primary antibodies - rabbit poly-
clonal anti–CTH (ab151769, Abcam, 1:1000), rabbit polyclonal 
anti–CBS (14787-1-AP, Proteintech, 1:1000), rabbit polyclonal 
anti–MPST (HPA001240, Sigma–Aldrich, 1:500), rabbit polyclonal 
anti–HO-1 (ADI-SPA-894, Enzo Life Sciences, 1:500), , rabbit polyclonal 
anti–AMPKα (2603 S, Cell Signalling Technology, 1:1000), rabbit 
polyclonal anti–phospho-AMPKα (2535, Cell Signalling Technology, 
1:1000), rabbit monoclonal anti–NF-κB p65 (4764, Cell Signalling 
Technology, 1:1000), monoclonal mouse anti–phospho-IκBα (Ser32/36) 
(9246, Cell Signalling Technology, 1:1000), mouse monoclonal anti-
–vinculin (V9131, Sigma–Aldrich, 1:200), monoclonal mouse 
anti-GAPDH (60004-1-Ig, Proteintech, 1:1000) and (ii) secondary anti-
bodies (conjugated with HRP) - anti-mouse IgG (554 002, BD Bio-
sciences) for the detection of vinculin, GAPDH or phospho-IκBα 
(Ser32/36), as well as anti-rabbit IgG (7074, Cell Signaling Technology) 
for the detection of CTH, CBS, MPST, HO-1, AMPKα, phospho-AMPKα, 
and NF-κB p65. Membrane stripping was performed using 0.1 M glycine 
pH 2.6 (2 × 30 min incubation). Band densities of the target proteins 
were quantified using ImageJ software in relation to the vinculin or 
GAPDH level. The results of the densitometric analysis were normalized 
to the WT animals. 

2.7. Determination of creatine kinase (CK) and lactate dehydrogenase 
(LDH) activity 

Commercially available Liquick Cor-CK and Liquick Cor-LDH kits 
(Cormay) were used to assess CK and LDH activity, respectively, in 10- 
times diluted mouse plasma. After measurement, the absorbance values 
were converted to CK and LDH activity (U/l). 

2.8. Enzyme-linked immunosorbent assay (ELISA) 

The protein lysates were prepared from muscle fragments by ho-
mogenization in 1% Triton X-100 in PBS using TissueLyser (Qiagen), 
followed by centrifugation at 10 000 g, 10 min, 4 ◦C. The total protein 
concentration was measured by bicinchoninic acid assay (BCA, Sigma- 
Aldrich). 50 μg of protein lysate was used to determine the level of 
transforming growth factor-1 β (TGF-β) and 100 μg for fibroblast growth 
factor-2 (FGF2) according to the vendor’s instructions (R&D Systems). 
The osteopontin (OPN) content was analysed in the gastrocnemius, 
tibialis anterior and diaphragm muscles and in 750 times-diluted mouse 
plasma and the concentration was quantified based on the absorbance 
values according to the manufacturer’s protocol (R&D Systems). The 
concentration of HO-1 was evaluated using 50 μg of protein lysates with 
the Mouse Heme Oxygenase 1 SimpleStep ELISA Kit (Abcam). 

2.9. Glutathione content 

Protein lysates were prepared from muscle fragments by homoge-
nization in 1% Triton X-100 in PBS using TissueLyser (Qiagen), followed 
by centrifugation at 10 000 g, 10 min, 4 ◦C. Total protein concentration 
was measured using a bicinchoninic acid assay (BCA, Sigma-Aldrich) 
and 150 μg of protein lysate was used to measure the reduced (GSH) 
and oxidized (GSSG) glutathione content using Glutathione Colorimetric 

Detection Kit according to the vendor’s instruction (Invitrogen). 

2.10. Hydroxyproline measurement 

The colorimetric Hydroxyproline Assay Kit (MAK008, Sigma- 
Aldrich) was used to quantify the collagen content in lysates from 
muscle tissue fragments according to the manufacturer’s protocol. 

2.11. Histological and immunofluorescent analyses of muscles 

For histological evaluation, muscles were collected and pre-treated 
with OCT medium (Leica) for a few minutes directly after collection. 
Subsequently, they were transferred to new OCT-containing tubes, 
frozen in liquid nitrogen-cooled isopentane, and stored at − 80 ◦C. Then, 
10 μm thick sections were cut on a cryotome (Leica), placed on the poly- 
L-lysine coated slides, air-dried for at least 2 h, and kept at − 20 ◦C for 
further analyses. Hematoxylin and eosin (H&E) staining and Masson’s 
trichrome staining were performed using the 4% buffered formalin-fixed 
(pH 7.4) frozen sections. For H&E, tissue sections were incubated in 
Mayer’s hematoxylin (Sigma-Aldrich) for 12 min, rinsed with tap water 
(15 min), and stained for 1.5 min in 0.1% eosin solution (96% EtOH and 
distilled water, 7:3) (Sigma-Aldrich). After staining, the sections were 
incubated in increasing concentrations (70%, 96% ( × 2), 99.8% ( × 2)) 
of aqueous EtOH (Avantor Performance Materials Poland S.A.), then 2 
times in xylene (Sigma-Aldrich) and sealed in Histofluid medium 
(Chemilab). Masson’s trichrome staining (Trichrome Stain (Masson) Kit, 
Sigma-Aldrich) was performed following the manufacturer’s protocol. 
After staining, the sections were incubated in increasing concentrations 
(70%, 96% ( × 2), 99.8% ( × 2)) of aqueous EtOH, then 2 times in xylene 
and sealed in Histofluid medium. Analyses were conducted according to 
our previous studies (Bronisz-Budzyńska et al., 2019; Kozakowska et al., 
2018; Pietraszek-Gremplewicz et al., 2018) after taking pictures of the 
whole tissues using a Nikon Eclipse microscope. The assessment of 
inflammation and fibrosis extent was conducted using arbitrary units, 
respectively: 0 – no signs of inflammation/collagen deposition; 1 – any 
sign of leukocyte infiltration and myofiber swelling/collagen deposition; 
2 – visible inflammation, myofiber swelling, and rhabdomyoly-
sis/collagen deposition; 3 – signs of inflammation, myofiber swelling, 
and rhabdomyolysis take around half of a field of view/collagen depo-
sition takes up around half of the field of view; 4 – a substantial part of 
the muscle in the field of view is infiltrated and degenerated/collagen 
deposition takes the substantial part of the field of view. The analysis of 
centrally nucleated fibers (CNF) indicating the level of regeneration was 
performed based on H&E staining; 10–15 pictures/tissue sections were 
randomly taken and the percentage of CNF among all fibers was 
calculated. 

Immunofluorescent staining of α-SMA/CD31/lectin and CD45 was 
performed on the gastrocnemius and tibialis frozen sections. After dry-
ing, sections were fixed in 10% formalin solution for 10 min and washed 
with PBS (2 × 3 min). For membrane permeabilization, 10 min incu-
bation in 0.2% Triton X-100 in PBS was performed followed by washing 
once with PBS. Subsequently, sections were incubated for 40 min in 
0.2% Sudan Black (Sigma-Aldrich) solution in 70% EtOH, then washed 3 
times with PBS, followed by 1 h blocking in PBS solution with 10% goat 
serum (GS) and 1% bovine serum albumin (BSA). Overnight incubation 
with primary antibodies: rat-anti mouse CD31 (550 274, BD Bioscience, 
1:150), rabbit-anti mouse α-smooth muscle actin (α-SMA, ab5694, 
Abcam 1:200), anti-lectin GSL I – B4 (DL-1208-5, Griffonia Simplicifolia 
Lectin I Isolectin B4, DyLight 649, 1:67) and rat-anti mouse CD45 (550 
539, BD Bioscience, 1:200) diluted in PBS containing 1% GS, 0.1% BSA 
was performed in 4 ◦C. After washing with PBS (3 × 3 min), secondary 
antibodies including donkey anti-rabbit IgG Alexa Fluor 488 (A21206) 
for detection of α-SMA in green and goat anti-rat IgG Alexa Fluor 568 
(A11077) for detection of CD31 and CD45 in red (all from Invitrogen, 
1:500) with 0.2 μg/mL DAPI were added and incubated for 1 h in RT. 
After that, sections were washed with PBS (3 × 3 min) and mounted with 

M. Myszka et al.                                                                                                                                                                                                                                



European Journal of Pharmacology 955 (2023) 175928

4

Daco fluorescent mounting medium. The negative control was prepared 
by omitting the primary antibodies in the procedure described above. 
Pictures were taken using Olympus IX83 microscope. Quantification of 
vessels positive for α-SMA/CD31/lectin and area positive for CD45 was 
performed using ImageJ software. Nicotinamide adenine dinucleotide 
dehydrogenase-tetrazolium reductase (NADH-TR) staining was per-
formed to determine the extent of oxidative fibers in the whole muscle 
sections as in our previous study (Podkalicka et al., 2020). Briefly, sec-
tions were air dried for 15 min before the staining. Subsequently, the 
slides were transferred to the solution mixture prepared in 0.05 M TRIS 
buffer (pH 7.6) of 1:1 8 mg/5 mL (NADH) and 10 mg/5 mL nitro blue 
tetrazolium chloride (NBT) and incubated for 30 min at 37 ◦C. After that, 
the slides were washed with three exchanges of deionized water. The 
unbound staining was removed from the sections with three exchanges 
each of the 30%, 60%, 90%. acetone solutions in increasing and 
decreasing concentration. All reagents were purchased from Millipore 
Sigma/Sigma-Aldrich. Finally, the slides were rinsed several times in 
deionized water and mounted in an aqueous mounting medium Aquatex 
(Sigma-Aldrich). The staining was visualized under Leica DMi8 micro-
scope. Analysis of the dark (oxidative) and pale (glycolytic) regions was 
performed using QuPath software. All histological and immunofluores-
cent assessments were analysed by the investigator blind to the mice 
group. If necessary, the brightness and/or contrast were adjusted to all 
of the pictures equally. 

2.12. Statistical analyses 

Data are presented as mean ± SEM. The differences between the 
groups were tested for statistical significance using the one-way ANOVA 
followed by Tukey’s post-hoc test and, when indicated, the unpaired 2- 
tailed Student’s t-test; p ≤ 0.05 was considered significant. The statis-
tically significant outliers were identified based on Grubbs’ test and 
were excluded from the analysis. The n number indicating the number of 
animals per group, as well as the specific statistical test used, were 
included in the figure legend. 

3. Results 

3.1. NaHS treatment is well tolerated by dystrophic animals 

It is well known that mdx mice, as well as patients with DMD, are 
characterized by muscle hypertrophy and the so-called pseudohyper-
trophy as the result of the accumulation of fat and connective tissue 
(Kornegay et al., 2012). Similarly to our previous observations (Pod-
kalicka et al., 2020), in the present study, we have noticed an increase in 
body weight of mdx mice compared to their WT counterparts (Supple-
mentary Fig. 1A). Daily treatment with NaHS (100 μmol/kg/day) for 5 
weeks was well tolerated by dystrophic mice, as no loss of body weight 
was observed (Supplementary Fig. 1A). Furthermore, NaHS did not 
affect the count of WBC, lymphocytes, granulocytes, and monocytes 
(Supplementary Figs. 1B–E). 

3.2. The expression of H2S-generating enzymes is decreased in mdx mice 

Analysis of the gastrocnemius muscle of dystrophin-deficient mdx 
mice showed a decrease in the gene expression of H2S-generating en-
zymes such as cystathionine γ-lyase (Cth) (Fig. 1A), cystathionine 
β-synthase (Cbs) (Fig. 1B) and 3-mercaptopyruvate sulfurtransferase 
(Mpst) (Fig. 1C). The reduced protein level of all enzymes in dystrophic 
gastrocnemius was noted, as indicated by representative Western blot 
(Fig. 1D) and its densitometric quantification (Supplementary 
Figs. 2A–C). A similar drop in the CTH level was found in dystrophic 
diaphragm and tibialis anterior (Fig. 1E and F, Supplementary Figs. 2D 
and G); while the expression of CBS and MPST was decreased in the mdx 
diaphragm but not in the tibialis anterior (Fig. 1E–G, Supplementary 
Fig. 2E-F, H-I). NaHS restored Cth expression to the level of WT animals 

(Fig. 1A). However, the expression of Cbs and Mpst mRNA (Fig. 1B and 
C) was not regulated, similarly to the protein level of all H2S-generating 
enzymes in three different muscles (except the CTH level in the dia-
phragm, which was slightly increased) (Fig. 1D–F, Supplementary 
Fig. 2). 

3.3. The level of muscle damage markers and the ratio of GSH/GSSG are 
altered after treatment with the H2S donor 

To determine the impact of NaHS treatment on the hallmark symp-
toms of the disease, we measured the level of osteopontin, a biomarker 
of DMD (Kuraoka et al., 2016). We detected an increased expression of 
the transcript (Spp1) (Fig. 2A) and protein level (OPN) (Fig. 2B) in the 
gastrocnemius muscle with their concomitant down-regulation after 
NaHS administration. Similar effects were found in the diaphragm 
(Fig. 2C) and tibialis anterior (Fig. 2D) muscles. Additionally, the level 
of muscle damage indicators evaluated in plasma, OPN (Fig. 2E) and 
creatine kinease (CK) activity (Fig. 2F), increased markedly in mdx an-
imals and decreased in NaHS-administered mice. Furthermore, the ac-
tivity of lactate dehydrogenase (LDH), another blood-derived DMD 
marker, was diminished in mdx mice receiving NaHS compared to mdx 
mice (Fig. 2G). 

H2S has been implicated to exhibit antioxidant properties through 
regulation of glutathione production (Parsanathan and Jain, 2018). 
Consequently, we determined the ratio of reduced glutathione (GSH), 
the master antioxidant marker and the scavenger of reactive oxygen 
species (ROS), to its oxidized form (GSSG). We demonstrated a decrease 
in the GSH/GSSG ratio in mdx mice, while administration of NaHS to 
dystrophic animals restored it to the control level, confirming its anti-
oxidant properties (Fig. 2H). 

3.4. NaHS increases the expression of cytoprotective heme oxygenase-1 

We have previously reported that heme oxygenase-1 (HO-1), a 
cytoprotective, anti-inflammatory and antioxidant enzyme, exerts a 
protective role in mdx animals (Pietraszek-Gremplewicz et al., 2018). In 
the current study, treatment with NaHS led to a significant increase in 
the level of the HO-1 protein in the gastrocnemius muscle (Fig. 3A), 
diaphragm (Fig. 3B), and tibialis anterior (Fig. 3C) as evaluated by 
ELISA. This effect was also confirmed by Western blotting, as shown by 
representative results with densitometric analysis in the gastrocnemius 
(Fig. 3D and E) and diaphragm (Fig. 3F and G). 

3.5. Administration of NaHS inhibits the pro-inflammatory NF-κB 
signalling pathway 

Dystrophic muscles are characterized by chronic inflammation 
(Rosenberg et al., 2015), and inhibitors of the NF-κB pathway, such as 
GCs, represent the gold standard treatment in DMD (Schäcke et al., 
2002). NF-κB activation depends on phosphorylation that induces pro-
teasomal degradation of the inhibitor of NF-κB proteins (IκBs) which 
retain inactive NF-κB dimers in the cytosol (Oeckinghaus and Ghosh, 
2009). We demonstrated decreased protein expression of NF-κB and 
phosphorylation of IκB after treatment with the H2S donor in the 
gastrocnemius (Fig. 4A–C), indicating anti-inflammatory properties of 
NaHS. Additionally, similar effects were observed when the expression 
of interleukin-6 (Il-6), one of the NF-κB-regulated cytokines was evalu-
ated (Fig. 4D). 

To check whether up-regulation of HO-1 and inhibition of the NF-κB 
pathway by NaHS affect global muscle inflammation, we performed 
hematoxylin and eosin (H&E) staining (Fig. 4E–G) and immunofluo-
rescent staining of CD45, a pan-leukocyte marker (Fig. 4H–K). A 
calculation of the sections indicated a prominent inflammatory infil-
tration in gastrocnemius (Fig. 4E and F), tibialis anterior (Fig. 4G) and 
diaphragm (data not shown) and an increase in the area of CD45 +
(Fig. 4H–K) in the dystrophic muscles; however, the H2S donor was not 
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Fig. 1. The mRNA and protein level of H2S-generating enzymes is decreased in mdx muscles, without prominent changes after NaHS treatment. The gene expression 
of Cth (A), Cbs (B) and Mpst (C) is decreased in mdx gastrocnemius. The H2S donor increased the expression of Cth transcript (A). n = 7–8/group; qRT-PCR. The level 
of CTH, CBS and MPST was evaluated by Western blotting in the gastrocnemius (D), diaphragm (E), and tibialis anterior (F) muscles; vinculin or GAPDH were used as 
loading controls; n = 4/group. Results are shown as mean ± SEM; *p ≤ 0.05; one-way ANOVA with Tukey’s post hoc test. 
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Fig. 2. Muscle damage markers in dystrophic mice are 
decreased by NaHS treatment, while the GSH/GSSH ratio is 
increased. 
The upregulated expression of the Spp1 gene (OPN transcript) 
in dystrophic gastrocnemius decreases after NaHS treatment 
(A); qRT-PCR. Furthermore, NaHS reduced the elevated protein 
level of OPN in gastrocnemius (B), diaphragm (C), tibialis 
anterior (D) muscles and plasma (E). The H2S donor lowers the 
plasma activity of creatine kinase (CK) (F) and lactate dehy-
drogenase (LDH) (G) in mdx animals. NaHS treatment leads to 
increased GSH/GSSG ratio (H). n = 6–9/group. Results are 
presented as mean ± SEM; *p ≤ 0.05; **p ≤ 0.01; ***p ≤
0.001; ****p ≤ 0.0001; one-way ANOVA with Tukey’s post hoc 
test.   
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sufficient to decrease the accumulation of inflammatory cells 
(Fig. 4E–K). 

3.6. NaHS treatment down-regulates the expression of fibrotic factors in 
the tibialis anterior muscle, but collagen deposition in dystrophic mice 
remains unchanged 

As we found a decrease in plasma and muscle levels of OPN 
(Fig. 2B–E), a factor that contributes to the regulation of fibrosis, to 
better understand the effect of NaHS treatment on this process, we 
analysed the expression of fibrotic factors both at the mRNA and protein 
level. As expected, the expression of transforming growth factor-1 β 
(Tgfb1, TGFβ), the main profibrotic factor, increased in dystrophic 
muscles (Fig. 5A, D, Supplementary Figs. 3A–D). Similarly, a potent 
increase in the expression of other factors, including the collagen type I 
alpha 1 chain (Col1a1) (Fig. 5B, E) and fibronectin 1 (Fn1) (Fig. 5C, F) 
was also noticed in dystrophic muscles. However, the effect of NaHS 
treatment was only found in the tibialis anterior (Fig. 5D–F). 

Interestingly, when TGFβ1 protein was evaluated in mdx mice (Sup-
plementary Figs. 3B–D), again, the statistically significant decrease in its 
level after NaHS treatment was detected only in the tibialis anterior 
muscle. 

To shed more light on this aspect, we performed Masson’s trichrome 
staining and hydroxyproline measurement. We observed extensive 
collagen deposition in trichrome-stained dystrophic muscles, shown in 
the exemplary photos of gastrocnemius (Fig. 5G) and diaphragm (Sup-
plementary Fig. 3E) and quantification in both muscles (Fig. 5H and I). 
No effect of NaHS supplementation was noticed (Fig. 5H and I, Sup-
plementary Fig. 3F). Confirmatory results were obtained by the hy-
droxyproline assay, another indicator of collagen content, as no changes 
after NaHS, neither in the gastrocnemius (Supplementary Fig. 3G) nor in 
the tibialis anterior (Supplementary Fig. 3H) muscles were found. 

Fig. 3. NaHS up-regulates the antioxidant and anti-inflammatory heme oxygenase-1 level in dystrophic mice. 
NaHS treatment up-regulates protein level of HO-1 as assessed by ELISA in the gastrocnemius (A); diaphragm (B) and tibialis anterior (C) muscles; n = 6–7/group. 
Representative Western blots together with densitometric analyses of HO-1 protein level in gastrocnemius (D, E), and diaphragm (F, G) muscles; vinculin was used as 
loading control; n = 3–4/group. Results are presented as mean ± SEM; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; one-way ANOVA with Tukey’s post hoc test. 
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Fig. 4. The effect of NaHS on NF-κB signalling pathway and immune cell infiltration. Representative Western blot (A) with densitometric analysis showing lower 
level of NF-κB protein (B) together with decreased phosphorylation of its inhibitor (IκB) (C) upon NaHS treatment. The expression of NF-κB-regulated Il-6 is up- 
regulated in dystrophic muscle while decreases after the administration of NaHS (D); n = 6–8/group. Representative pictures of H&E staining of the gastrocne-
mius (E) with semiquantitative analysis of the extent of inflammation in the gastrocnemius (F) and tibialis anterior (G) muscles, showing a potent increase in in-
flammatory cell infiltration in mdx mice without any effect of NaHS treatment; microscopic assessment using a Nikon Eclipse microscope. Scale bar: 100 μm; n = 7–9/ 
group. Immunofluorescent detection of CD45, a pan-leukocyte marker: exemplary photos from the gastrocnemius muscle (H) and tibialis anterior (I) with semi-
quantitative analysis in the gastrocnemius (J) and tibialis anterior (K) muscles; microscopic assessment using a Nikon Eclipse microscope. Scale bar: 100 μm; n =
5–8/group. Results are presented as mean ± SEM; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; one-way ANOVA with Tukey’s post hoc test. 
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Fig. 5. Increased fibrosis in dystrophic muscles is not affected by NaHS treatment. Expression of fibrotic markers in WT, mdx, and NaHS-treated mdx animals: Tgfb1 
(A, D) Col1a1 (B, E) and Fn1 (C, F) in the gastrocnemius and the tibialis anterior muscles, respectively; n = 7–9/group; qRT-PCR. Representative photos of Masson’s 
trichrome staining showing the accumulation of collagen in the gastrocnemius of mdx mice without the impact of NaHS treatment (G); the semiquantitative analysis 
of collagen deposition in gastrocnemius (H), diaphragm (I) and tibialis anterior (J); microscopic evaluation using a Nikon Eclipse microscope. Scale bar: 100 μm; n =
8–9/group. Results are presented as mean ± SEM. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; one-way ANOVA with Tukey’s post hoc test. 
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3.7. NaHS treatment upregulates transcripts of angiogenic markers and 
the number of blood vessels in dystrophic gastrocnemius 

As dysregulation of angiogenesis has been reported to be the 
important factor contributing to disease progression (Bronisz-Budzyńska 
et al., 2020, 2019, p. 14; Mucha et al., 2021b; Podkalicka et al., 2021, 
2020) and H2S can exert pro-angiogenic activities (Holwerda et al., 
2014; Wang et al., 2010), our objective was to check the expression of 
some angiogenic factors in dystrophic muscles after NaHS delivery. The 
mRNA analysis revealed down-regulation of the main pro-angiogenic 
factor, vascular endothelial growth factor (Vegfa), and its receptor 
(Kdr) in dystrophic gastrocnemius (Fig. 6A, C) and tibialis anterior 

(Fig. 6B, D). NaHS treatment had a reversal effect on the expression of 
those factors only in the gastrocnemius muscle (Fig. 6A, C). However, 
when the protein level was analysed by ELISA, we did not find statisti-
cally significant differences in mdx mice treated with NaHS (Fig. 6E and 
F). Interestingly, we found an increase in the number of blood vessels 
positive for α-SMA/CD31/lectin after NaHS delivery in the gastrocne-
mius muscle (Fig. 6G and H). 

3.8. Lack of the effect of NaHS on regeneration and muscle fiber 
composition in dystrophic mice 

Disturbed angiogenesis in dystrophic muscles may contribute to 

Fig. 6. NaHS affects the transcript levels of the angiogenic markers and the number of blood vessels in the dystrophic gastrocnemius muscle. Decreased mRNA level 
of angiogenesis-related genes Vegfa (A, B) and its receptor Kdr (C, D) in the gastrocnemius and tibialis anterior muscles of vehicle-treated mdx mice, respectively. The 
reversal effect after NaHS treatment on the expression of Vegfa (A) and Kdr (C) was evident only in the gastrocnemius; n = 6–8/group; qRT-PCR. Protein level 
measurement of VEGF (ELISA) showed its decreased level in gastrocnemius of mdx mice (E) with no effect in tibialis anterior muscle (F); n = 7/group. Immuno-
fluorescent analysis of gastrocnemius confirmed increased number of blood vessels positive for CD31 (to visualise endothelial cells); α-SMA (for smooth muscle cells 
identification) and lectin (binds to glycoproteins in glycocalyx and in the basal membrane of endothelial cells) after NaHS treatment (G, H); n = 6–8/group. Scale bar: 
100 μm. Results are presented as mean ± SEM; *p ≤ 0.05; **p ≤ 0.01; one-way ANOVA with Tukey’s post hoc test. 

M. Myszka et al.                                                                                                                                                                                                                                



European Journal of Pharmacology 955 (2023) 175928

11

impaired regeneration. To analyse muscle fiber regeneration capacity, 
we evaluated the presence of centrally nucleated fibers (CNF). Similarly 
to our previous studies (Mucha et al., 2021b; Podkalicka et al., 2020), in 
the present work, we found a higher percentage of CNF in all analysed 
dystrophic muscles, but no changes were noticed after NaHS treatment 
(Fig. 7A–D). In addition, the protein level of FGF2, reported to be 
upregulated during regeneration (Anderson et al., 1995), was signifi-
cantly changed by NaHS neither in the mdx gastrocnemius (Supple-
mentary Fig. 3I) nor in the tibialis anterior (Supplementary Fig. 3J). 
Furthermore, NaHS treatment did not affect the expression of the em-
bryonic myosin heavy chain isoform Myh3, which encodes eMyHC, a 
marker of regenerating myofibers, potently increased in the 
dystrophin-lacking muscles (Fig. 7E–G). 

Finally, to check whether NaHS affects muscle fiber composition, we 
performed NADH dehydrogenase activity assessment to distinguish 
oxidative (dark) and nonoxidative (pale) fibers. As in our previous 
analysis (Podkalicka et al., 2020), the number of NADH+ fibers was 
noticeably increased in mdx animals; however no effect of NaHS was 
detected in gastrocnemius muscle (Fig. 7H and I). 

3.9. Administration of NaHS regulates autophagy markers in dystrophic 
gastrocnemius but does not affect muscle strength 

Impaired autophagy has been demonstrated to be another hallmark 
of DMD (Mucha et al., 2021a; Pal et al., 2014), and a recent study 
suggests that NaHS may regulate autophagy markers in mdx mice (Panza 
et al., 2021). In our hands, increased activation of α subunit of 
AMP-activated protein kinase (AMPKα) known to regulate autophagy 
was evident in mdx gastrocnemius muscle with further up-regulation 
after NaHS treatment (Fig. 8A and B). Moreover, NaHS tended to in-
crease or increased the expression of autophagy-related genes (Atg) such 
as Atg5 and Atg7, respectively (Fig. 8C and D). In contrast, the 
p-AMPKα/AMPKα ratio was not regulated by NaHS in dystrophic dia-
phragm (Fig. 8 E, F). 

Finally, taking into consideration the versatile effects of AMPK 
signaling and the possible effect of NaHS on different pathways, we 
evaluated if H2S donor is able to affect the impaired muscle functions. 
However, no apparent improvement in the reduced grip strength of 
dystrophin-deficient mice was found after NaHS administration 
(Fig. 8G). 

4. Discussion 

DMD remains an incurable and fatal disease that leads to premature 
death. Current strategies for DMD treatment are based on pharmaco-
logical, gene, and cell approaches. Unfortunately, all of them have 
serious limitations (Łoboda and Dulak, 2020). Therefore, it is necessary 
to look for novel pharmacological compounds, especially those that can 
provide broad therapeutic benefits and counteract the hallmark symp-
toms of DMD related to excessive inflammation, oxidative stress, 
fibrosis, altered autophagy, and angiogenesis. The pleiotropic agent, 
H2S, can be considered a candidate compound. Many studies have 
demonstrated its anti-inflammatory (Bhatia and Gaddam, 2021), 
anti-apoptotic (Wetzel and Wenke, 2019), and antioxidant properties 
(Shefa et al., 2018), with a well-established role in angiogenesis (Wu 
et al., 2018) or smooth muscle contractility (Tang et al., 2006). We 
noticed that dystrophin deficiency leads to decreased expression of H2S 
generating enzymes in different muscle types, which can be postulated 
as a new hallmark of DMD. Similarly, Panza et al. (2021) showed 
defective transsulfuration pathway activity in mdx animals and also in 
human myoblasts isolated from DMD donors. Ellwood et al. (2021) also 
demonstrated reduced levels of H2S-producing enzymes in a more severe 
mouse model with dystrophin and utrophin deficiency. Additionally, 
Bitar et al. (2018) identified diabetes-induced diminished expression of 
H2S generating enzymes and a decreased level of the CTH protein in 
sarcopenic muscles, pointing toward the role of H2S in different models 

of muscle pathology. It should be noted that the exact mechanism un-
derlying how dystrophin deficiency leads to reduced expression of these 
enzymes needs further investigation; however, based on these results we 
postulated that an H2S donor may ameliorate muscle pathology in a 
mouse model of DMD. 

The salient finding of the present study is that treatment with a fast- 
releasing H2S donor, NaHS, regulates the expression of genes and pro-
teins associated with DMD. Interestingly, the possible role of this 
gaseous mediator in DMD has not been examined until recently. Panza 
et al. (2021) found that NaHS has a positive effect on muscle functions in 
7-week-old and 17-week-old mdx mice, through modulation of inflam-
matory and fibrotic markers, as well as autophagy regulators. Saclier 
et al. (2021) reported that treatment of mdx mice with the same donor 
for 3 weeks resulted in a very moderate difference in collagen accu-
mulation; however, it dampened inflammation. In C. elegans with a 
nonsense mutation at position 3287 of the DYS-1 dystrophin ortholog, 
Ellwood et al. (2021) used two types of H2S donors, a slow-release so-
dium GYY4137 (NaGYY) and AP39, which targets H2S delivery to 
mitochondria. This supplementation was able to improve functional 
defects in movement, strength, and gait of dystrophic worms (Ellwood 
et al., 2021). 

Our work confirms some of the previously published effects, but we 
also revealed new possible mechanisms of NaHS action in DMD. 
Importantly, we found decreased level of DMD plasma markers, like CK, 
LDH and OPN, with the latter regulated by NaHS also in muscles. We 
demonstrated the improved antioxidant properties of mdx animals after 
NaHS treatment, which involved an increase in the GSH/GSSG ratio and 
HO-1 expression accompanied by down-regulation of the NF-κB sig-
nalling pathway. These mechanisms were not fully evaluated in previous 
studies on the role of H2S in DMD (Ellwood et al., 2021; Panza et al., 
2021; Saclier et al., 2021). 

Angiogenesis has been implicated in the progression of DMD. We 
(Podkalicka et al., 2021) and others (Latroche et al., 2015) have previ-
ously shown age-dependent abnormalities in the structure and functions 
of blood vessels in dystrophic mice. In the present work, we have also 
demonstrated diminished expression of VEGF in mdx animals. Impor-
tantly, we found that NaHS administration increased Vegfa and its re-
ceptor Kdr (Vegfr2) gene expression in dystrophic gastrocnemius, 
indicating this regulation of special interest in future work. Not only was 
the expression of angiogenic factors modified in this muscle, but also the 
number of blood vessels was higher after NaHS. Although H2S has been 
described as a molecule that promotes angiogenesis (Cheng and Kishore, 
2020), this aspect has not previously been investigated in dystrophic 
animals. Our study suggests for the first time that modulation of 
angiogenesis could be a new mechanism for the beneficial effect of NaHS 
in the treatment of DMD. 

In addition to insufficient angiogenesis, our group recently demon-
strated age-dependent alterations in the expression of autophagy-related 
genes and proteins under dystrophic conditions (Mucha et al., 2021a). 
Both insufficient and excessive autophagy can contribute to muscle at-
rophy (Sandri, 2010). Moreover, an improvement in autophagy was 
proposed as a strategy to attenuate DMD (De Palma et al., 2014). In the 
present work, we demonstrate that NaHS promotes the activation of 
AMPKα, as assessed by the increased ratio of phosphorylated AMPKα to 
total AMPKα. Recently, the regulatory role of H2S donors in the auto-
phagy process was proved (reviewed in (Wang et al., 2019):), and H2S 
was found to activate AMPK through Cys302-dependent S-sulfuration 
(Hou et al., 2021). Furthermore, we showed that NaHS administration 
increased the expression of Atg5 and Atg7 genes. Restoration of auto-
phagy in dystrophic skeletal muscle tissues after NaHS delivery was also 
indicated earlier (Panza et al., 2021). As AMPK regulates lipid and 
glucose metabolism and serves as a metabolic sensor, the effect of H2S 
donors on this pathway may have a much wider outcome, not only 
related to autophagy regulation. 

In sum, we demonstrated some protective effects of NaHS treatment; 
however, selected aspects of DMD pathology were moderately or not 
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Fig. 7. NaHS neither regulates muscle regeneration nor affects muscle fiber composition. Representative photos (A) and semiquantitative analysis of centrally 
nucleated fibers (CNF) performed based on H&E staining showing a prominent increase in their number in gastrocnemius (B), diaphragm (C) and tibialis anterior (D) 
muscles of mdx animals, which is not affected by NaHS treatment; scale bar: 100 μm; n = 7–9/group. Expression of myosin heavy chain isoform-coding gene (Myh3) 
in various muscles (E–G); n = 6–8; qRT-PCR. Representative pictures of histochemical staining (H) and semiquantitative analysis (I) of NADH dehydrogenase activity 
to evaluate the extent of oxidative (dark) and non-oxidative (pale) fibers and the effect of NaHS. Although the number of NADH + fibers was markedly increased in 
mdx animals, no influence of NaHS was evident in the gastrocnemius muscle; scale bar: 100 μm; n = 5–6/group. Results are presented as mean ± SEM; **p ≤ 0.01; 
***p ≤ 0.001; ****p ≤ 0.0001; one-way ANOVA with Tukey’s post hoc test. 
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Fig. 8. The effect of NaHS on autophagy markers. Representative Western blot (A) with densitometric analysis (B) showing an up-regulation of the ratio of p- 
AMPKα/AMPKα after NaHS treatment in mdx animals; n = 4/group. As assessed by qRT-PCR, NaHS tended to increase the expression of Atg5 (C) and up-regulated the 
level of Atg7 (D); n = 8–9/group. The p-AMPKα/AMPKα ratio was also assessed in the diaphragm (E, F) but the effect of NaHS was not evident. The decrease in 
forelimb grip strength in mdx mice, shown as the values normalized to body weight (N/kg BW), is not reversed after NaHS treatment (G); n = 5–9/group. Results are 
presented as mean ± SEM; *p ≤ 0.05; **p ≤ 0.01; one-way ANOVA with Tukey’s post hoc test. 
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influenced. Some of the results did not confirm previously published 
data, and one can speculate that this may result from slight discrep-
ancies in the applied methodology, including the age and genetic 
background of the mice, as well as the dose and duration of NaHS 
treatment. However, a detailed analysis of these parameters did not 
reveal dramatic differences in the experimental settings. Although Sac-
lier et al. (2021) utilized another mouse model called DMDmdx4Cv, the 
genetic background was the same as used in our and Panza et al. (2021) 
studies (WT - C57BL/10ScSnJ and mdx - C57BL/10ScSn-DMDmdx/J). 
The effectiveness of treatment may also be related to the duration and 
dose of H2S donor delivery. While Saclier et al. (2021) injected NaHS (1 
mg/kg) or PBS daily intraperitoneally in 10- to 12-week-old mdx mice 
for 3 weeks, Panza et al. (2021) used three times higher doses of NaHS 
(3 mg/kg) once a day in two schemes: for 2 weeks (from 5 to 7 weeks) 
and 12 weeks (from 5 to 17 weeks of age) by oral gavage. In our hands, 
intraperitoneal administration of 100 μmol/kg/day (5.6 mg/kg/day) 
NaHS was started in 5-6-week-old animals and lasted 5 weeks. It has to 
be stressed, that although the dose of 100 μmol/kg/day is considered 
therapeutic in various disease models (Gomez et al., 2019; Ng et al., 
2017; Yu et al., 2015), in dystrophic animals, the dose necessary to exert 
better protective effects might differ Therefore, future work should test 
other protocols, including the dose, scheme, regimen, and age of the 
animals. 

5. Conclusions 

In our hands, NaHS treatment attenuated hallmarks of DMD such as 
increased oxidative stress, fibrosis and inflammatory signalling, altered 
angiogenesis, and autophagy in a mouse mdx model. However, it did not 
fully restore the pathology of DMD and some effects were muscle- 
dependent. Due to the powerful potential of H2S as a cytoprotective 
molecule, its impact on dystrophic muscles warrants further 
investigation. 

6. Study limitations and future perspectives 

First, as mentioned above, in our study we used a literature-based 
concentration of NaHS. Testing various experimental schemes, 
including different doses of NaHS in mdx animals, would provide 
additional information on the effect of this donor on the pathology of 
DMD. Consequently, the pharmacology of NaHS in dystrophic muscle 
would be an important aspect of such a study. Second, although we have 
shown beneficial effects of treatment, a further evaluation of muscle 
strength would also extend our understanding of the role of H2S in the 
progression of DMD. In particular, the cardioprotective effects of the 
donor should also be addressed, as the main cause of premature death of 
DMD patients is related to cardiorespiratory dysfunction and the 
development of cardiomyopathy. Ideally, in patients with DMD, the 
condition of both skeletal muscle and the heart muscle should be 
improved by the possible drug. Third, this analysis only includes one 
selected donor, which has several limitations; for example, it hydrolyses 
immediately upon dissolution in water and releases H2S in a rapid way. 
Therefore, the use of NaHS can have limited therapeutic potential. The 
current availability of slow-releasing donors that specifically target 
selected tissues may be the better option. 
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Walter, M.C., Schreiber-Katz, O., Karcagi, V., Garami, M., Viswanathan, V., Bayat, F., 
Buccella, F., Kimura, E., Koeks, Z., van den Bergen, J.C., Rodrigues, M., 
Roxburgh, R., Lusakowska, A., Kostera-Pruszczyk, A., Zimowski, J., Santos, R., 
Neagu, E., Artemieva, S., Rasic, V.M., Vojinovic, D., Posada, M., Bloetzer, C., 
Jeannet, P.-Y., Joncourt, F., Díaz-Manera, J., Gallardo, E., Karaduman, A.A., 
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