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ABSTRACT 
 

 

The enzyme Acid Sphingomyelinase (ASMase) plays a major role in the metabolism of 

sphingolipids by generating ceramide, a lipid second messenger involved in a wide range of 

physiological and pathological processes (Zeidan & Hannun, 2010). ASMase is activated by 

multiple stress stimuli, and in turn induces the production of key mediators of inflammation 

and oxidative stress, which are hallmarks of Duchenne Muscular Dystrophy (DMD) (Petrillo 

et al., 2017; Tidball et al., 2018). Since we recently demonstrated the involvement of ASMase 

in the progression of DMD, we here explored whether targeting this enzyme by administering 

the functional inhibitors of ASMase (FIASMAs), i.e. Fluoxetine and Sertraline (Kornhuber et 

al., 2010), and/or antioxidant molecules, i.e. Plumbagin, Quercetin, and N-Acetylcysteine 

(NAC) to mdx mice, the murine model of DMD, would be a pertinent therapeutic strategy. 

Both Plumbagin and Quercetin improved the muscle function compared to the mdx vehicle 

and reached a recovery score versus wild-type (WT) similar to NAC. This is promising as 

several studies support the benefits of NAC in mdx mice (de Senzi Moraes Pinto et al., 2013; 

Whitehead et al., 2008), here employed as a control of the efficacy of our treatment. FIASMAs 

failed to improve muscle function, however, the potential improvement was possibly hidden 

due to the behavioral effect of Fluoxetine and Sertraline, two selective serotonin reuptake 

inhibitors, as suggested by administering the drugs to WT mice who had a poor performance 

compared to the WT vehicle. All the treatments however improved muscle morphology and 

significantly decreased muscle damage. In parallel, the muscle regeneration was enhanced.  

We found that both the tested FIASMAs and Plumbagin were able to decrease ASMase 

activity in the diaphragm while Quercetin did not.  

Both FIASMAs and antioxidants reduced and modulated inflammation towards an anti-

inflammatory state as evidenced by the decreased expression of the M1 macrophage markers, 

worsening muscle damage, in parallel with the increase in M2 macrophage markers promoting 

tissue repair (Madaro et al., 2019; S. A. Villalta et al., 2009). All the treatments also attenuated 

oxidative stress by increasing the expression of several enzymes involved in the antioxidant 

defense system. Only Fluoxetine and Plumbagin induced Nrf2 expression, which plays a pivotal 

role in both oxidative stress and inflammation, thus holding great potential in DMD therapy 

(Kourakis, Timpani, de Haan, et al., 2021). 

Similar results were obtained in an acute muscle injury model by using ASMase-KO mice, 

thus suggesting that the events observed in treated mdx mice are related to the decrease of 

ASMase activity. Indeed, ASMase ablation induced a surge of Nrf2, alleviated and modulated 

inflammation towards an anti-inflammatory state, leading to an improved regeneration by 

acting on the niche of satellite cells (Roux-Biejat et al., 2021). 

We provide evidence that acting on the ASMase pathway is a promising alternative 

therapeutic strategy to the incurable DMD. Being antidepressants, these FIASMAs could 

alleviate the depressive symptoms often displayed by the patient. Moreover, drug repurposing 

allows time- and cost-savings as the drugs are already commercially available with a known 

safety profile. Finally, the efficacy could potentially be improved in a synergistic/additive 
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manner by combining a FIASMA with an antioxidant. Our results show that the most efficient 

ones in their class are Fluoxetine and Plumbagin. 
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SINTESI 
 

 

L'enzima sfingomielinasi acida (ASMase) svolge un ruolo importante nel metabolismo 

degli sfingolipidi generando ceramide, un secondo messaggero lipidico coinvolto in un'ampia 

gamma di processi fisiologici e patologici (Zeidan & Hannun, 2010). ASMase è attivato da 

molteplici stimoli di stress e, a sua volta, induce la produzione di mediatori chiave 

dell'infiammazione e dello stress ossidativo, che sono caratteristiche distintive della distrofia 

muscolare di Duchenne (DMD) (Petrillo et al., 2017; Tidball et al., 2018). Dato che abbiamo 

recentemente dimostrato il coinvolgimento di ASMase nella progressione della DMD, abbiamo 

quindi investigato se inibire l’attività di questo enzima, somministrando degli inibitori 

funzionali di ASMase (FIASMA), ovvero Fluoxetina e Sertralina (Kornhuber et al., 2010), e/o 

molecole antiossidanti, ovvero Plumbagina, Quercetina e N-Acetilcisteina (NAC), ai topi mdx, 

il modello murino della DMD, possa essere una valida strategia terapeutica. 

Sia la Plumbagina che la Quercetina hanno migliorato la funzione muscolare dei topi 

mdx rispetto al veicolo e hanno raggiunto un recovery score, rispetto ai wild-type (WT), simile 

a quello di NAC. Ciò è promettente poiché molti studi supportano i benefici di NAC nei topi 

mdx (de Senzi Moraes Pinto et al., 2013; Whitehead et al., 2008), qui usato come controllo 

dell'efficacia del nostro trattamento. FIASMA non ha avuto successo nel miglioramento della 

funzione muscolare, che comunque, è stato probabilmente mascherato dall'effetto del 

comportamento di Fluoxetina e Sertralina, che appartengono alla classe degli inibitori selettivi 

della ricaptazione della serotonina, come suggerito dalla somministrazione degli stessi farmaci 

ai topi WT, che presentavano una ridotta performance rispetto ai topi WT non trattati. Tutti i 

trattamenti hanno comunque migliorato la morfologia muscolare e ridotto significativamente il 

danno muscolare. Parallelamente, è stata potenziata la rigenerazione muscolare. 

Abbiamo inoltre trovato che sia i FIASMA testati che la Plumbagina sono in grado di 

ridurre l'attività di ASMase nel diaframma, mentre la Quercetina non ha prodotto nessun effetto 

in tal senso. 

Sia i FIASMA che gli antiossidanti hanno ridotto e modulato l'infiammazione verso uno 

stato antinfiammatorio, come evidenziato dalla ridotta espressione di marcatori dei macrofagi 

M1, che peggiorano il danno muscolare, e parallelamente dall'aumento dei marcatori dei 

macrofagi M2, che promuovono la riparazione dei tessuti (Madaro et al., 2019; S. A. Villalta et 

al., 2009). Tutti i trattamenti hanno inoltre attenuato lo stress ossidativo, aumentando 

l'espressione di diversi enzimi coinvolti nel sistema di difesa antiossidante. Solo Fluoxetina e 

Plumbagina sono state capaci di indurre l'espressione di Nrf2, proteina che svolge un ruolo 

fondamentale nella regolazione dello stress ossidativo e dell'infiammazione con un grande 

potenziale nella terapia della DMD (Kourakis, Timpani, de Haan, et al., 2021). 

Risultati simili sono stati ottenuti in un modello di danno muscolare acuto, utilizzando 

topi ASMasi-KO, suggerendo così che gli eventi osservati nei topi mdx trattati 

farmacologicamente possano essere correlati alla diminuzione dell'attività di ASMasi. Infatti, 

in assenza di ASMase si è osservato un aumento di Nrf2 a seguito del danno muscolare ed una 

riduzione dell'infiammazione con conseguente miglioramento della rigenerazione da parte delle 

cellule satelliti muscolari (Roux-Biejat et al., 2021). 
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In questo lavoro forniamo delle prove sull’inibizione della ASMase come una terapia 

alternativa promettente contro l’incurabile DMD. Essendo degli antidepressivi, questi FIASMA 

possono alleviare i sintomi depressivi spesso osservati nei pazienti. Inoltre, il riposizionamento 

di farmaci già approvati e con un noto profilo di sicurezza consentirebbe di risparmiare tempo 

e denaro per la loro nuova approvazione. Infine, l'efficacia delle molecole testate potrebbe 

potenzialmente essere migliorata in modo sinergico/additivo combinando un FIASMA con 

un’antiossidante. I nostri risultati mostrano che i più efficaci nelle loro rispettive classi sono 

Fluoxetina e Plumbagina.  
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INTRODUCTION 
 

Chapter 1: Skeletal Muscle Physiology 
 

1.1 Structure & Function 

 

Accounting for ~ 40% of our body mass, skeletal muscle is the largest organ in our body 

allowing us to move, maintain our posture, breath and protect our internal organs. Beyond its 

mechanical function, skeletal muscle plays a central role in the metabolism by serving as a 

reservoir for amino acids to maintain protein synthesis in the entire body, by being the primary 

site for glucose uptake and storage, by producing and releasing cytokines and other peptides 

named «myokines» upon contraction to mediate a crosstalk between the muscle itself and other 

organs, and by generating heat (Frontera & Ochala, 2015; Pedersen, 2013). Muscle mass relies 

on nutritional status, hormonal balance, physical activity as well as injury and disease as these 

factors can alter the equilibrium between protein synthesis and degradation. Loss of muscle is 

associated with a wide range of harmful health effects including impaired recovery from illness 

or wound, and chronic disease. The skeletal muscle should be seen as an important actor of our 

health, as physical activity decreases the risk of numerous diseases and exercise may be 

included in the therapeutic management for many disorders such as type 1 diabetes, 

cardiovascular diseases, cancer, and dementia (Severinsen & Pedersen, 2020; Wolfe, 2006). 

An individual muscle is surrounded by a layer of connective tissue called the epimysium, 

which branches into the perimysium to envelope fascicles composed of bundles of muscle 

fibers. A single myofiber is around 100 μm in diameter, 1 cm in length and is surrounded by 

the endomysium, its reticular connective tissue. The sarcoplasm is packed with myofibrils 

consisting of myofilaments arranged in a well-defined manner to form contractile units known 

as sarcomeres. Myofibers are syncytial cells formed by the fusion of myogenic progenitor cells 

(Trovato et al., 2016) (Figure 1).  

Although physiologically, skeletal muscle is a stable post-mitotic tissue with infrequent 

turnover of myonuclei, it has a robust regenerative capacity upon injury. The resident muscle 

stem cells, named Satellite Cells due to their peripheral localization: beneath the endomysium 

and outside the myofiber plasma membrane, play a pivotal role during muscle regeneration 

(Mauro, 1961; Relaix & Zammit, 2012). 
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Figure 1: The satellite cell and its niche (Yin et al., 2013) 

 

1.2 Skeletal muscle regeneration 

 

Skeletal muscles originate embryologically from paraxial mesoderm arranged in 

bilateral paired clusters, named somites, which are crucial transitory structures for organization 

of the segmental plan of vertebrates. Local molecular signals from neighboring tissues 

including Sonic Hedgehog (SHH), Wnt and Insulin-like growth factor-1 (IGF-1) regulates the 

expression of Myf5 and MyoD, committing cells to myogenesis (Cossu et al., 2000; Pownall et 

al., 2002). 

Myofiber formation is a multiphasic process with an early and a late wave. First, during 

primary (embryonic) myogenesis, proliferation and fusion of embryonic myoblasts form 

primary fibers. Then, during the secondary (fetal) myogenesis, the fetal myoblasts fuse to form 

secondary fibers. They are enveloped with the same basal lamina as the primary fiber they 
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merge with, and they gradually elongate and become independent fibers (Biressi et al., 2007; 

Duxson et al., 1989; Kelly & Zacks, 1969). 

Skeletal muscle regeneration is a well-orchestrated process that recapitulates the 

embryonic developmental program in many aspects, as the molecular program that underlines 

prenatal myogenesis is reactivated upon injury. However, there are important distinctions 

between developmental and regenerative myogenesis, notably regarding the extrinsic factors 

with the important inflammatory infiltrate after injury which influences the activity of satellite 

cells but also in the inherent signaling pathways as the embryonic positional signals Wnt, SHH 

and bone morphogenetic proteins (BMP) are not activated in muscle regeneration (Zhao & 

Hoffman, 2004). 

With a turnover rate of at most 1-2% myonuclei per week, adult skeletal muscle retains 

nonetheless a remarkable capacity to regenerate itself when needed (Schmalbruch & Lewis, 

2000). This process relies on satellite cells, which are sublaminal and mitotically quiescent 

muscle stem cells in intact muscle. Their interaction with their environmental niche influences 

their activation, proliferation, migration, and differentiation (Relaix et al., 2021; Scharner & 

Zammit, 2011) (Figure 2). 

 

 
 

Figure 2: Schematic representation of the interaction of the satellite cell with its 

microenvironment including inflammatory cells and stromal cells. (Dumont, Bentzinger, et 

al., 2015) 
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Muscle regeneration can be outlined in five correlated and time-dependent phases: 

degeneration (necrosis), inflammation, regeneration, maturation/remodeling, and functional 

recovery (Forcina et al., 2020) (Figure 3).  

 

 
 

Figure 3: A simplified model of the skeletal muscle regeneration process (Forcina et al., 

2020) 

 

The degeneration phase is characterized by necrosis of irreversibly damaged muscle 

fibers and is initiated by dissolution of sarcolemma. Disruption of myofiber integrity increases 

its permeability and leads to increased plasma levels of muscle proteins and microRNAs 

normally restricted to the sarcoplasm such as creatine kinase (Angelini et al., 1968) and miR-

133a (Laterza et al., 2009). Additionally, there is an increased calcium influx/release from the 

sarcoplasmic reticulum which in turn activates calcium-dependent proteolysis (Alderton & 

Steinhardt, 2000; Belcastro et al., 1998), loss of the plasmalemma, myonucleus, contractile 

material and swelling of organelles. Necrotic fibers appear enlarged with an altered internal 

architecture where the presence of internal nuclei may reflect the invasion of macrophages. 

Necrotic cell death activates the complement cascade and induces inflammatory responses 

(Orimo et al., 1991).  

Inflammation of injured skeletal muscle plays a crucial role in muscle homeostasis and 

regeneration. The dispersed intracellular components throughout the extracellular space can act 

as signals called damage-associated molecular patterns (DAMPs) which trigger inflammatory 

reactions (Roh & Sohn, 2018). The complement system, activated only within seconds after 

injury, is the first defense of innate immunity and promotes infiltration of inflammatory cells 

to the wound site (Frenette et al., 2000) (Figure 4).   
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The first immune cells to be activated are resident neutrophils which along with mast 

cells release pro-inflammatory cytokines such as Tumor necrosis factor-alpha (TNF-α), 

Interferon-gamma (IFN-γ) and Interleukin-1 beta (IL-1β), inducing the recruitment of 

peripheral neutrophils. This process allows infiltration of an abundant amount of neutrophils 

around the injured fibers rapidly as their number peaks within 6-24h after damage (Duque & 

Descoteaux, 2014). 

 

 
Figure 4: Skeletal muscle regeneration upon acute damage. The upper panel represents the 

main biological responses activated in acute muscle damage. The lower panel reports 

Hematoxylin and Eosin images of muscle sections following cardiotoxin (CTX) injection. 

(Forcina et al., 2020) 

 

The phagocytic activity of neutrophils generates the release of high concentrations of 

reactive oxygen species (ROS), proteases and the secretion of pro-inflammatory cytokines 

including interleukin-1 (IL-1), interleukin-8 (IL-8) and interleukin-6 (IL-6), which stimulates 

the recruitment of other inflammatory cell populations: monocytes and macrophages (Tidball, 

2005; Yang & Hu, 2018). 

Within 2 days after damage, while the population of neutrophils decline, the number of 

macrophages significantly increases, and they become the predominant inflammatory cell type 

within the lesioned area. Macrophages play a pivotal role in muscle regeneration as they are 

responsible for the removal of tissue debris and for the activation of stem cell populations 

(Chazaud et al., 2009). Distinct subpopulations of macrophages sequentially invade the wound 

site: first the pro-inflammatory M1 macrophages and then the anti-inflammatory M2 

macrophages. Macrophages constitute a heterogenous population in which their polarization 

confer them different receptor expression, cytokine production, effector function and 

chemokine repertoire (Figure 5). 

If there is the possibility that macrophages undergo dynamic transitions between M1 

and M2 states named «polarization skewing» (Stout et al., 2005), it is however debated as the 

microenvironment within the inflammatory site prevents local conversion to an M2 subtype 

(Shechter et al., 2009) and it has also been reported more recently that M1 and M2 

monocytes/macrophages originate from different sources (Shechter et al., 2013). 
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Figure 5: The parallel between inflammation and myogenesis (Dumont, Bentzinger, et al., 

2015) 

 

M1 or «classically activated» macrophage polarization is driven by the exposure to IFN-

γ, TNF-α and lipopolysaccharide (LPS). M1 macrophages remove the cellular debris generated 

by the trauma, secrete a large amount of cytokines such as TNF-α, IL-6 and IL-1β and highly 

express inducible Nitric Oxide Synthase (iNOS), which leads to the generation of the reactive 

free radical nitric oxide (NO) (S. A. Villalta et al., 2009). While high concentrations of NO can 

induce apoptosis of the damaged cells to promote debris removal (Yoshioka et al., 2003), low 

concentrations of NO protect against oxidative damage (Wink et al., 1994). M1 macrophages 

can attract muscle stem cells to the wound site, stimulate the proliferation of satellite cells and 

myogenic precursors, while repressing their differentiation (Arnold et al., 2007). 

The M2 population can be further divided into three main subsets: M2a, M2b and M2c, 

each of which requires specific polarization cues and exerts diverse physiological roles.  

The M2a subtype is defined as «alternatively activated» and arises in presence of IL-4 

and IL-13. M2b, also known as type 2 macrophages, are polarized by combined exposure to 

immune complexes and toll-like receptors (TLR) or IL-1R agonists. The M2c phenotype is 

induced via IL-10, TGF-β, and glucocorticoids and is referred to as deactivated macrophages. 

However, this terminology descending from in vitro model is difficult to translate in vivo as 

tissues can contain mixed macrophage populations with a spectrum of activation states 

(Mantovani et al., 2004; Murray et al., 2014; Rőszer, 2015). M2a and M2b macrophages have 

immunoregulatory properties and drive type II responses, whereas M2c cells rather suppress 

immune responses and support tissue remodeling. To repress the local inflammatory response, 

M2 macrophages produce anti-inflammatory cytokines, such as IL-4, IL-10 and IL-13. M2 

macrophages also promote the differentiation of muscle stem cells to myotubes, therefore 

supporting the late stage of myogenesis and regeneration. 

In order to be beneficial, the accumulation of different subtypes of macrophages must 

be controlled, transient and sequential as the prolonged presence of M1 phenotype or the 

imbalance of M1 over M2 macrophages can lead to tissue damage and inhibit regeneration. The 

M1 macrophage-dominated aberrant inflammation is involved in the pathogenesis of many 

chronic inflammatory disorders such as multiple sclerosis, atherosclerosis, osteoarthritis, but 
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also muscular dystrophies (Dort et al., 2019; Fahy et al., 2014; Mantovani et al., 2009; Mikita 

et al., 2011). 

The regenerative phase is mainly governed by satellite cells. The myogenic program is 

orchestrated by several transcription factors which have been identified as markers and key 

regulators of the progression from quiescence, activation, proliferation, differentiation, and 

self-renewal of satellite cells. Among them, the paired homeobox factors PAX7, used as a 

common marker of satellite cells and PAX3 which is co-expressed in a subgroup of satellite 

cells in adult muscle. The Myogenic Regulatory Factors – MRFs (Myf5, MyoD, Myogenin and 

MRF4 (Myf6)) are also fundamental for muscle formation, specification, homeostasis, and 

repair (Musarò, 2014). Quiescent satellite cells express Pax7 and Myf5 but neither MyoD nor 

Myogenin. 

Damage to the area surrounding satellite cells leads to the deterioration of the basal 

lamina and activation of the muscle stem cells. Proliferating satellite cells and their progeny 

also called myogenic precursor cells or adult myoblasts are conferred an extensive cell 

migration capacity. Adult myoblasts express Myf5 and MyoD on which depend the fate of 

satellite cells: either they retain Myf5 expression while downregulating MyoD and self-renew, 

or they maintain MyoD expression and differentiate. Myf5 regulates MyoD activity, which in 

turn promotes the expression of Myogenin and MRF4. Myogenin expression initiates terminal 

differentiation, fusion, and promotes Myosin expression (Figure 6). 

 

 
Figure 6: Myogenic lineage progression of satellite cells following muscle injury (Dumont, 

Bentzinger, et al., 2015) 

 

Satellite cells constitute a heterogeneous population that may underlie their variability 

in cell fate and function, as they differ in many aspects including transcription factor, surface 

marker expression, clonal capacity, and functional response under environmental stress 

(Tierney & Sacco, 2016). Satellite cells can be classified into two groups: satellite stem cells, 

which have never expressed Myf5, preferentially repopulate the satellite cell population and 

contribute to long-term regeneration, and committed satellite cells, which express Myf5 and 

can proliferate and differentiate (Figure 7). 

Stem cells can divide and self-renew in two modes: asymmetric division and symmetric 

(stochastic) division (relative to the myofiber). In asymmetric division, one parental stem cell 

gives rise to one daughter stem cell and one committed satellite cell, whereas in symmetric 

division, one parental stem cell divides into two daughter stem cells of equal stemness 

(Bentzinger et al., 2012; Dumont, Bentzinger, et al., 2015; Yin et al., 2013) (Figure 8). 
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Figure 7: Schematic representation of the myogenic program of satellite cells (Yin et al., 

2013) 

  

  
Figure 8 : Asymmetric and stochastic self-renewal of Satellite Cells (Dumont, Bentzinger, 

et al., 2015) 

 

The remodeling of connective tissue and angiogenesis relies on the extracellular matrix 

(ECM), which serves as a scaffold for the invading cells, supports the damaged muscle fibers 

and guide the formation of new myofibers and neuromuscular junctions. In response to TGF-

β1 among other local mediators, fibroblasts transform into myofibroblasts, which can also arise 

from different cell types and synthesize ECM proteins such as fibronectin, tenascin-C, and 

several types of collagens. The regeneration wave overlaps the ECM deposition which can be 

observed within a week after the damage and can carry on for several weeks. Nonetheless, 

exacerbation of this process can lead to scar tissue formation called fibrosis and loss of muscular 

function (Garg et al., 2015).  

The muscle is considered fully healed when regenerated myofibers become effectively 

innervated in order to recover their functional performance. 
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Chapter 2: Duchenne Muscular Dystrophy 
 

2.1 General Picture of DMD 

 

Muscular dystrophy passed from being considered as a single disease in the 19th century 

to a superfamily of more than 50 genetically distinct diseases characterized by progressive 

weakness and degeneration of skeletal muscle (Kang & Griggs, 2015). Muscular dystrophies 

constitute a heterogeneous group, even in between themselves, with variabilities in the age of 

onset, the distribution of affected muscles, the involvement of cardiac, respiratory, or other 

organ systems, and therefore severity (Carter et al., 2018). Adding to the complexity, mutations 

in different genes may lead to the same outcome while mutations within a single gene may 

result in different phenotypes (Chinoy & Cooper, 2018). 

Duchenne muscular dystrophy (DMD) is the most common and severe pediatric 

muscular dystrophy with an incidence of 1:3500-5000 male births (Mendell et al., 2012). This 

X-linked disease is a lethal progressive muscular-wasting disorder caused by mutations in the 

dystrophin gene which disrupt the translational reading frame or create a premature stop codon 

leading to the absence or structural defect of dystrophin. Dystrophin is predominantly expressed 

in skeletal and cardiac muscles and to a lesser extent in smooth muscles, brain, and retina. The 

size of the gene is the largest one known in human beings with more than 2.5 million base pairs 

contributing to its high rate of mutations. As such, there are more than 7000 different mutations 

identified in DMD patients and in one in three cases the disease is caused by a de novo mutation. 

The majority of the mutations are deletions (~68%) or duplications (~11%) of one or more 

exons although small mutations (~20% of patients) are also found (Aartsma-Rus et al., 2016; 

Luce et al., 2021; Muntoni et al., 2003). 

The first symptoms become apparent at the age of 2-3 years. Patients left untreated 

become wheelchair dependent by 12 years of age and die in their late teens. Although there is 

still no cure for DMD, improvements in multidisciplinary care, notably with ventilation support 

have significantly improved quality of life and survival until their thirties or forties. Muscle 

weakness typically begins in the proximal lower limb and the trunk, gradually progressing in 

the upper limb and distal muscles. Clinical features include using the Gower maneuver to arise 

from the floor, a particular gate, delay in walking, difficulty in running, climbing stairs, or 

jumping. Patients also commonly show muscle enlargement, especially of the calves due to 

increased replacement of muscle with fibrous and fatty tissue leading to pseudohypertrophy. 

Although lagging behind their peers, boys with DMD gain strength and motor skills until they 

reach about 6 years of age, after which their force deteriorates markedly. The major 

determinants of morbidity are impaired respiratory and cardiac functions. Chronic respiratory 

insufficiency secondary to restrictive lung disease is ubiquitous and aggravated by scoliosis. 

Cardiac involvement, including dilated cardiomyopathy and arrhythmias, is often masked by 

physical inactivity. Cognition can also be impaired as the mean intelligence quotient (IQ) is 18 

points below normal in 30% of DMD patients who therefore may have trouble with attention, 

memory, and verbal learning. This mild intellectual disability is likely caused by changes in 

isoforms of dystrophin expressed in the brain (Flanigan, 2014; Lovering et al., 2005; Yiu & 

Kornberg, 2015) (Figure 9). 
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Figure 9: Progression of DMD (Duchenneandyou.com) 

 

Dystrophin is located beneath the sarcolemma and is enriched at the costameres and 

myotendinous junctions. This protein is an essential component of the dystrophin-glycoprotein 

complex (DGC) which can be divided into three groups according to their cellular localization: 

extracellular (α-dystroglycan); transmembrane (β-dystroglycan, sarcoglycans, sarcospan); 

cytoplasmic (dystrophin, dystrobrevin, syntrophins, neuronal nitric oxide synthase (nNOS). 

Dystrophin connects the sarcomeric network, by binding to F-actin, to the extracellular matrix 

by interacting with other transmembrane and cytoplasmic members of the DGC including 

dystroglycan, dystrobrevin and syntrophin, which in turn binds to an extracellular matrix 

protein: laminin (Figure 10). 

The DGC flexibly connects the inner cytoskeleton of the myofiber to the surrounding 

extracellular matrix through the sarcolemma. The mechanical role of the DGC is to stabilize 

the sarcolemma and to protect myofibers from contraction-induced damage, but its 

transmembrane signaling function renders it fundamental for cell survival. Genetic deletion of 

dystrophin not only disrupts the DGC but also leads to reduced quantities of other proteins of 

the complex or associated with, notably sarcoglycans, syntrophin and nNOS which can 

contribute to dystrophinopathies. Moreover, mutations in almost any of the DGC genes cause 

various types of muscular dystrophies. 

In the absence of dystrophin, the impaired DGC weakens the myofibers which cannot 

withstand the contraction-induced stress and undergo constant cycles of degeneration and 

regeneration. The disruption of the myofibers membrane triggers a cascade of events including 

an influx of calcium and pro-inflammatory cytokines, subsequent activation of proteases and 

mitochondrial dysfunction resulting in progressive muscle degeneration. The constant 

repetition of myonecrosis increases oxidative stress and pro-inflammatory immune response 

which in turn exacerbate each other. This perpetuating «vicious cycle» impairs the regenerative 
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capacity leading to the accumulation of inflammation and fibrosis with loss of muscle mass and 

function (Gao & McNally, 2015; Grounds et al., 2020; Mah, 2016; Tidball et al., 2018). 

 

 
Figure 10: The Dystrophin glycoprotein complex in muscle bonding the internal 

cytoskeleton to the extracellular matrix (Nowak & Davies, 2004) 

 

 

2.2 The role of Inflammation in DMD 

 

Inappropriate immune response amplifying the pathology is evidenced in many 

muscular dystrophies in different ways. Among the numerous cells involved in chronic 

inflammation, macrophages play a crucial role as they are involved in myogenesis and fibrosis 

by modulating satellite cell and fibro/adipogenic precursor (FAP) proliferation/differentiation. 

Macrophages and other myeloid cells rapidly invade damaged tissue and generate free radicals 

to clear the debris, however, the high concentration and nonspecificity of the free-radical 

mediated cytolysis augment tissue injury. This has been demonstrated by the early depletion of 

macrophages as well as through the inhibition of key mediators of inflammation such as NF-

κB which resulted in reduced cell lysis and improved pathology in mdx mice, the murine model 

of DMD (Wehling et al., 2001). 

M1 macrophages express iNOS which utilizes L-arginine as a substrate to generate NO 

in high concentrations and for prolonged periods leading to complete alteration of the redox 

environment and tissue damage. On the contrary, nNOS, a member of the DGC, produces low 

levels of NO important for cell signaling. After tissue damage in a healthy muscle iNOS, nNOS 

together with arginase of M2 macrophages compete for their substrate arginine. However, in 

dystrophic muscle, the secondary loss of nNOS increases arginine availability for iNOS and 

arginase thus increasing myofiber lysis by M1 macrophages and fibrosis mediated by M2 

macrophages. Nonetheless, the M2a subtype expressing arginase, plays an important 

immunomodulatory role by downregulating the cytolytic activity of iNOS expressing 

macrophages (De Palma & Clementi, 2012; Tidball & Wehling-Henricks, 2014).  

Furthermore, over-activation of M1 macrophages producing higher levels of cytokines 

such as IL-1β, TNF-α and IFN-γ impedes on myogenic precursor cell proliferation. 

Additionally, the continuous stimulation of myoblasts via IFN-γ suppresses the genes 
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responsible for terminal differentiation (Cappellari et al., 2020). M1 macrophages inhibit IL-4 

and block M2 proliferation, which in turn downregulates the pro-myogenic hormone Klotho 

involved in the expansion of myogenic cell populations. Moreover, the hybrid macrophages 

found in dystrophic muscle, with high expression of both TNF-α and TGF-β, are unable to 

reduce the buildup of FAPs in the damaged muscle (Lemos et al., 2015). 

The muscles of mdx mice undergo a period of successful muscle regeneration before the 

continuous degradation. This could be explained by the transition in the macrophage phenotype 

in mdx mice from the cytolytic M1 to the repair promoting M2 between the phase of muscle 

necrosis at 4 weeks of age and muscle regeneration at 12 weeks of age (Figure 11). This switch 

is orchestrated by increased expression of IL-4 and IL-10, which deactivate the M1 subtype 

while promoting activation of M2c phenotype via CD163. Pro-inflammatory TNF suppresses 

CD163 expression, but the anti-inflammatory IL-10 induces it. In turn, the binding of 

hemoglobin-haptoglobin, present in high quantity in damaged tissue, to CD163 elicits IL-10 

release, which is involved in the induction of the antioxidant heme oxigenase 1 (HO-1) 

(Abraham & Drummond, 2006). The increased levels of IL-10 resulting from this feedback 

system can dampen the M1 phenotype and inhibit NF-κB signaling thus decreasing iNOS 

expression. This role played by IL-10 as a switch from M1 to M2 macrophages is determinant 

for efficient regeneration, notably to promote satellite cell proliferation. 

The mechanisms governing the shift from M1 to M2 macrophages are still not clear, 

however, a candidate recently emerged: regulatory T cells (Treg). These cells were found 

elevated in DMD and mdx muscle and have the capacity to modulate the immune response by 

secreting IL-10. Depletion of Treg cells worsens muscle damage and enhances IFN-γ response 

along with activation of M1 Macrophages (A. S. Villalta et al., 2014). 

These findings bring to light the potential of therapeutic interventions aimed at 

modulating the balance between M1 and M2 macrophages, notably by deactivating the pro-

inflammatory phenotype to influence the course of muscular dystrophy. 
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Figure 11: Diagram representing the macrophage phenotypes that dominate the peak 

phase of necrosis and the regenerative phase (S. A. Villalta et al., 2009) 

 

 

2.3 The role of Oxidative Stress in DMD 

 

Reactive oxygen species (ROS) are highly reactive molecules due to the presence of one 

or more unpaired electrons. They are produced under physiological conditions due to the partial 

reduction of molecular oxygen and are involved in many cellular processes including cell 

growth, immunity, necrosis, apoptosis, protease activity and gene expression.  

As it is a highly metabolic tissue, the skeletal muscle constantly produces moderate 

levels of ROS and reactive nitrogen species (RNS). To maintain the levels of free radicals 

within hormetic ranges, the skeletal muscle is equipped with a sophisticated antioxidant system. 

The endogenous antioxidant defense system can work directly by scavenging ROS through the 

expression of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), or 

indirectly by inducing the cytoprotective (phase II) response, i.e. HO-1, NAD(P)H:quinone 

acceptor oxidoreductase 1 (NQO1), -glutamylcysteine synthetase (GCS) (Kozakowska et al., 

2015). 

However, if ROS formation exceeds the physiological buffering capacity either due to 

ROS overproduction or failure to remove them by antioxidant defenses, this results in Oxidative 

Stress. This condition can lead to cell dysfunction and death due to DNA damage, protein 

oxidation, and lipid peroxidation; and is tightly correlated with myofiber necrosis and 

inflammation in DMD (Grounds et al., 2020). As oxidative stress is an important mediator of 

DMD, patients present an evident increase of oxidation (Tidball & Wehling-Henricks, 2007). 

Dystrophic muscles may even be more susceptible to oxidative damage according to the 
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increased cell death response of mdx myotubes to free radical-induced injury but not for other 

forms of metabolic stress (Rando et al., 1998). 

Proposed sources of oxidative stress in DMD include inflammatory cells, nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (NOX), decoupling of NOS, impaired 

mitochondrial function along with insufficient stress response. Myeloperoxidase is mainly 

secreted by neutrophils and to a lesser extent by monocytes and macrophages in the area of 

inflammation. Mdx muscles exhibit an increased activity of this enzyme. This heme protein 

oxidizes chloride in the presence of hydrogen peroxide to form the highly reactive oxidant 

hypochlorous acid, capable of causing tissue damage (Terrill et al., 2016).  

Pro-inflammatory cytokines such as IL-1β, TNF-α and Oxidative Stress activate the 

transcription factor NF-κB through the subsequent phosphorylation, polyubiquitination and 

proteasomal degradation of the inhibitor protein IκB (I kappa B). NF-κB then translocates to 

the nucleus where it binds with DNA and amplifies the generation of pro-inflammatory 

mediators and ROS notably by regulating NOX activity (Gauss et al., 2007; Gius et al., 1999; 

Wong & Tergaonkar, 2009). Indeed, increased levels of IL-1β, TNF-α and NF-κB are reported 

in DMD and mdx mice (Lawler, 2011). 

NADPH oxidase is an enzyme complex utilizing NADPH as a substrate to convert 

molecular oxygen to ROS, generally superoxide or hydrogen peroxide. Although NOX is 

highly expressed in inflammatory cells, including neutrophils and macrophages, three isoforms 

of NOX are present in the skeletal muscle: NOX1, NOX2 and NOX4. Increased levels of NOX2 

subunits are found in muscles of mdx, even prior to the necrotic state, thus before evidence of 

muscle damage or inflammation, and also in cultured primary myotubes from mdx mice. 

Moreover, also in pre-necrotic mdx mice, there is an increase in the expression of endogenous 

antioxidants, such as SOD and catalase, and in the levels of lipid peroxidation and oxidized 

GSH, which are used as markers of oxidative stress (Disatnik et al., 1998; L. F. Ferreira & 

Laitano, 2016). These findings put forward the causative role of oxidative stress in the 

pathology independently of inflammation. The consequential loss of nNOS from the DGC has 

been reported to increase NOX activity, inflammation, and protein degradation, and to alter 

satellite cell activation (Lawler, 2011). 

The Nrf2 signaling pathway plays a pivotal role in oxidative stress and inflammation. 

Under normal conditions, Nrf2 is kept inactive by being bound to its cytoplasmic endogenous 

inhibitor Keap1, which promotes its ubiquitination and degradation. Upon exposure to stress 

signals such as free radicals, the conformational change of Keap1 induces its dissociation from 

Nrf2 which in turn translocates to the nucleus. There, Nrf2 binds to antioxidant-related elements 

(ARE) and modulates the expression of a myriad of defensive genes, including those encoding 

for SOD, CAT, NQO1 and HO-1. HO-1 is responsible for the synthesis of biliverdin and 

bilirubin, which are non-enzymatic antioxidants present in the skeletal muscle.  

Nrf2 targets inflammation by downregulating NF-κB, and binding in the vicinity of 

inflammatory cytokine genes such as IL-1β and IL-6, leading to their transcriptional inhibition 

(Kobayashi et al., 2016). HO-1 is at the core of Nrf2-mediated NF-κB inhibition by catalyzing 

the degradation of heme into carbon monoxide (CO), Fe2+ and biliverdin which is consequently 

reduced to the antioxidant bilirubin. The Nrf2 pathway is activated in dystrophic patients to 

counteract oxidative stress, however low levels of HO-1 coupled with high IL-6 concentrations 

disrupt the compensatory mechanism and exacerbate inflammation (Petrillo et al., 2017). 
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Moreover, decreased expression of HO-1 worsen muscular dystrophy while pharmacological 

induction of HO-1 improves the phenotype of mdx mice (Chan et al., 2016).  

Nonetheless, with its association in the regulation of over 600 target genes, the Nrf2 

signaling pathway is also involved in prolonging satellite cell proliferation by upregulating 

MyoD and downregulating Myogenin, calcium handling, mithormesis, autophagy and heat 

shock proteins. With its ability to tackle simultaneously numerous cellular processes, Nrf2 is a 

particularly interesting therapeutical target for the multisystemic disorder DMD (Kourakis, 

Timpani, de Haan, et al., 2021; Pietraszek-Gremplewicz et al., 2018) (Figure 12).  

 

 
 

Figure 12: Nuclear erythroid 2-related factor (Nrf2) signaling pathway and its 

downstream target effects (Kourakis, Timpani, de Haan, et al., 2021) 
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2.4 Current therapeutical approaches to DMD 
 

Among the 325 studies on DMD registered in the database of the U.S. National Library 

of Medicine there are currently 26 ongoing clinical trials with diverse interventions 

(https://clinicaltrials.gov/ct2/results/details?cond=Duchenne+Muscular+Dystrophy, 

ClinicalTrials.gov, 2021). 

Since the core of DMD is a genetic mutation causing the absence of functional 

dystrophin protein, restoring its function or expression with gene-directed techniques is the 

primary approach, and has been extensively studied (Table 1, Figure 13). These efforts even 

lead to commercially available gene-based approaches targeting specific DMD mutations, thus 

providing help only to a small subgroup of patients. 

Despite the exponential progress in this field, finding the ultimate cure for DMD will 

be extremely challenging. The first obstacle resides in the targeted tissue: the skeletal muscle, 

which is highly abundant, postmitotic and wrapped in layers of connective tissue which hamper 

the delivery of expression vectors such as viral particles or stem cells. Even if we achieve to 

restore the expression of dystrophin, the loss of skeletal muscle starts very early and cannot be 

restored with the technologies currently available. There is thus a pressing need for a rapid 

diagnosis and intervention. 

Another major obstacle is the host immune response, which can be triggered by the 

vector but also the delivered protein, so the combination with another agent able to manage the 

immune system is an attractive therapeutic strategy. Therefore, there is also an important focus 

in targeting other pathways involved in the pathology of this multisystemic disease, that, even 

if not curative, can improve the quality of life and slow down the progression of the disease 

(Table 2, Figure 13). Considering that inflammation and oxidative stress are detrimental in 

many instances, pharmacological approaches targeting these processes could potentially 

synergize with gene-based approaches and other pathologies (Mercuri et al., 2019; Sun, Shen, 

et al., 2020; Yao et al., 2021). 

 

 

 
 

Table 1: The current therapeutic strategies targeting the primary cause of DMD and their 

status (Yao et al., 2021) 

https://clinicaltrials.gov/ct2/results/details?cond=Duchenne+Muscular+Dystrophy
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Table 2: The current therapeutic strategies targeting the secondary pathology of DMD and 

their status (Yao et al., 2021) 
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Figure 13: Schematic representation of the current pharmacological approaches for DMD 

(Yao et al., 2021) 

 

Corticosteroids 

 

In the absence of a cure, the glucocorticosteroids with prednisone/prednisolone and 

deflazacort represent the gold standard treatment of DMD. Their implementation in the 1990s 

has helped to prolong ambulation and life expectancy, nonetheless their mechanisms of action 

still remain to be fully elucidated. The beneficial outcome of corticosteroids to treat a primary 

muscle disease is even paradoxical considering they are also known to trigger muscle atrophy 

(Szabo et al., 2021).  

In muscular dystrophy, corticosteroids are believed to act as immunosuppressants as 

they result in a significant reduction of the inflammatory infiltrate in the muscle. However, their 

range of effects is broad as they have been reported to affect myogenesis and metabolism, 

reduce proteolysis and myonuclear apoptosis as well as increase the expression of utrophin, a 

dystrophin homolog. They can improve muscle performance via the Krüppel-like factor 15 and 

sarcolemmal repair by direct upregulation of Annexin 1 and 6. 

Glucocorticoids diffuse through the cell membrane and form a receptor-ligand complex 

by binding to the cytoplasmic nuclear hormone receptor, glucocorticoid receptor (GR), to then 

translocate to the nucleus. Here, glucocorticosteroids exert their anti-inflammatory action 

through the process of trans-repression or trans-activation by binding to the NF-κB binding 

element or glucocorticoid response element (GRE), respectively. However, if the complex 

binds to negative GRE, this cis-repression triggers the mediation of adverse effects (Kourakis, 

Timpani, Campelj, et al., 2021). 
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Unfortunately, the chronic treatment with high dosage of corticosteroids comes along 

with tremendous side effects including important weight gain, cushingoid appearance, stunted 

growth, osteoporosis, and behavioral changes. Recent findings indicate that intermittent steroid 

dosing as opposed to daily administration provides the benefits of glucocorticoids with a lower 

profile of adverse effects. There is no clear evidence whether prednisone or deflazacort gives a 

better outcome (Quattrocelli et al., 2017). 

Currently, Vamolorone, a first-in-class dissociative steroid, is under investigation in a 

phase II trial (Vamolorone: NCT05185622) and is very promising. Since it induces primarily 

the trans-repression effect, it bypasses most adverse effects of the other corticosteroids 

(Verhaart & Aartsma-Rus, 2019).  

 

Histone deacetylase inhibitors 

 

Histone deacetylases (HDAC) are enzymes that lead to compacted and transcriptionally 

repressed chromatin by removing acetyl groups from histone. Conversely, Histone deacetylase 

inhibitors (HDACi) promote genetic transcription and represent the first generation of 

epigenetic drugs (Delcuve et al., 2012). Dystrophin deficient mice display a deregulated HDAC 

activity, such as HDAC2, which perturbs the transcriptional outcome of the myofibers and can 

be restored by HDACi treatment. HDACi promote myogenesis in vitro and in vivo and have a 

positive outcome in mdx mice (Consalvi et al., 2014). They specifically target FAPs by blocking 

their adipogenic potential and promoting satellite cell differentiation in young dystrophic mice. 

However, once mice are old their resistance to respond to HDACi is detrimental (Mozzetta et 

al., 2013).  

The HDACi have been reported to induce the expression of follistatin, increase the 

myofiber size and reduce fibrosis and fatty tissue. Moreover, the progressive alteration of 

mitochondrial biogenesis associated to the increased deacetylation of peroxisome proliferator-

activated receptor-gamma coactivator 1  (PGC-1) promoter in mdx mice is sensitive to 

Givinostat (Consalvi et al., 2011, 2014; Giovarelli et al., 2021). A phase III study of Givinostat 

in ambulatory DMD patients is currently ongoing (Givinostat: NCT03373968).  

 

Exon Skipping 

 

Based on the idea that most patients with DMD could in theory produce a Becker 

muscular dystrophy (BMD)-like dystrophin (in-frame deleted protein), if the reading frame 

would be corrected, the exon-skipping strategy aim to do so by hiding an exon from the RNA 

splicing machinery of the cell (Aartsma-Rus et al., 2017; Echevarría et al., 2018). This approach 

uses antisense oligonucleotides (AONs), which are small pieces of 20-30bp of modified RNA 

or DNA, to bind a specific sequence in the targeted exon in the pre-mRNA dystrophin 

transcript. By masking splicing signals on the RNA, AONs hybridization leads to the exclusion 

of both the intron and its adjacent exon. An in-frame RNA is generated by skipping the targeted 

exon and consequently a truncated but still partially functional protein can be translated. An 

important obstacle to the AON approach is that it is mutation-specific, as different mutations 

require the skipping of the appropriate exons to correct the reading frame. Thus, a particular 
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exon skipping provides treatment to only a small group of patients (Aartsma-Rus & van 

Ommen, 2007). 

The FDA approved in 2016 Eteplirsen, a phosphorodiamidate morpholino oligomer 

(PMO) AON skipping exon 51. Afterwards, the FDA approved provisionally Golodirsen (FDA 

2019) and Vilotarsen (FDA 2020), both drugs targeted for DMD exon 53, and casimersen (FDA 

2021), targeted for exon 45. 

If Eteplirsen was able to show its safety and functional benefits, even in the long-term, 

its approval remains controversial due to its minor production of dystrophin. Indeed, challenges 

of unmodified PMOs include the pharmacokinetics with the limited cellular uptake, especially 

insufficient in the heart (Q. L. Lu et al., 2011), the fast clearance from systemic circulation and 

the short-term efficacy (Sun, Shen, et al., 2020). As such, repetitive high doses are required for 

clinical use (Moulton & Moulton, 2010). To overcome these issues, Eteplirsen has been 

conjugated with a proprietary cell-penetrating peptide, SRP-5051 (Tsoumpra et al., 2019). This 

peptide-conjugated Eteplirsen is currently in phase II study (Eteplirsen: NCT03985878), 

however, toxicity concerns are growing (Sheikh & Yokota, 2021).  

 

Stop Codon Readthrough 

 

Nonsense mutations represent 10% of total mutations analyzed in DMD patients 

(Bladen et al., 2015). This point mutation changes an amino acid codon into a stop codon, 

causing the premature halting of translation, which leads to the production of non-functional 

dystrophin. The concept of read-through therapies is to use a small molecule to interact with 

the ribosome, which forces the insertion of an alternative amino acid at the point of the 

premature stop codon to allow the translational read through, leading to the generation of 

relatively functional dystrophin. 

If the aminoglycoside antibiotic gentamicin was shown to have readthrough abilities, its 

overall effectiveness is unclear and its chronic use has been prohibited due to its toxicity 

(Bertoni & Namgoong, 2016; Vitiello et al., 2019). To reduce the side effects of gentamicin, 

another antibiotic negamycin and its synthetic analogues were developed, such as TCP-1109 

(13x) in 2019, showing a promising potential (Hamada et al., 2019). 

A small oxadiazole derivative administered orally, Ataluren, has been granted 

conditional approval by the EMA but has been rejected by the FDA. If Ataluren seems well 

tolerated, its efficacy has been inconclusive as although it showed functional improvement, 

there are no reports demonstrating dystrophin restoration (Berger et al., 2020; Mercuri et al., 

2020). An ongoing phase II study estimated to be completed in 2022 aims to assess the safety 

and pharmacokinetics of Ataluren (Ataluren: NCT04336826). 

 

Gene-addition therapy 

 

The transfer of a functional dystrophin gene in dystrophic muscles as a potential 

treatment has been suggested as soon as the genetic cause of the disease was identified. 

However, this approach presents many challenges. Most viral vectors do not efficiently infect 

skeletal muscle apart from the adeno-associated virus (AAV). AAV happens to be very small 

and with a limited transgene capacity while the dystrophin gene is enormous. A potential 
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solution is inspired by BMD, which is generally caused by large in-frame deletions in the 

dystrophin gene. This generates small dystrophins which are partly functional, as they still 

contain critical binding domains resulting in a much milder phenotype compared to DMD. 

Accordingly, micro-dystrophin has been engineered to fit in the AAV vector and is currently 

under clinical trials, but lacking the C-terminal domain, it cannot fully restore the function of 

WT dystrophin. The mini-dystrophin gene comprises all functional domains and has a better 

bioactivity than micro-dystrophin but exceeds the packing capacity of the AAV vector. The 

trans-splicing AAV system allowing to double or triple the AAV packing size has been 

developed. This method consists in independent AAV vectors containing sequential parts of 

the dystrophin gene which can associate to generate the full-length protein (Koo et al., 2014). 

Although progress has been achieved since this extraordinary idea was first conceived, 

there are still pending challenges including: the limited transfection efficiency and longevity, 

the widespread distribution of the targeted tissue and the management of the immune system. 

The immune responses triggered by both the viral capsid and the delivered proteins are major 

safety concerns, especially in high dose delivery. Using different AAV serotypes and 

miniaturized utrophin (μUtro) are interesting tracks to overcome immunogenic issues (Y. Song 

et al., 2019; Sun, Shen, et al., 2020; Yao et al., 2021).  

 

Gene Editing 

 

CRISPR (clustered regularly interspaced short palindromic repeats) Cas9 (CRISPR 

associated protein) system consists of an endonuclease Cas9 and a single-guide RNA (sgRNA) 

and represents a powerful tool to rectify genetic abnormalities in DMD. The CRISPR/Cas9 

technology induces double-stranded DNA breaks at specific places of the editing sequence 

targeted by sgRNA to activate DNA repair system. Subsequent nonhomologous end-joining 

(NHEJ) leads to exon-skipping to restore the reading frame, while homology-directed repair 

(HDR) could replace DMD mutations with correct sequences and produce normal dystrophin 

(Babačić et al., 2019). However, if NHEJ-mediated exon deletion has a higher error rate than 

HDR-mediated accurate genome correction, the latter is usually less efficient than its 

counterpart. To tackle this issue, two small molecules, Brefeldin A and L755507, have been 

found to improve HDR genomic correction efficiency (Yu et al., 2015).  Moreover, sgRNA 

may locally match to other nontargeted sequences and lead to off-target effects due to the 

extreme complexity of the genome. Aiming to limit the off-target exposure, scientists have 

adjusted the length and improved the stability of guide RNA. Different types of Cas9 

endonucleases derived from diverse sources have been reported to enhance targeting specificity 

(Cho et al., 2014; Fu et al., 2014; C. M. Lee et al., 2016; Müller et al., 2016; Ran et al., 2015). 

Furthermore, with the assistance of the more specific endonuclease FokI to construct a fused 

endonuclease complex with Cas9, gene editing was achieved with low off-target effects (Terao 

et al., 2016).  

60% of DMD patients could potentially benefit from CRISPR/Cas9 gene-editing 

delivered by AAV vectors, however, its efficacy is highly dependent on the dose of AAV posing 

the obstacle of the excessive immune response (Y. Zhang et al., 2020). More research is needed 

to elucidate the mechanism and frequency of off-target effects as well as to generate more 

specific Cas9 enzymes (Hollinger & Chamberlain, 2015; Zheng et al., 2018).  
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Stem cell therapy 

 

The idea of transplanting stem cells to treat muscular dystrophies emerged even before 

the genetic causes were identified. The rationale of this technique is to inject normal muscle 

precursor cells in dystrophic muscles to replenish the satellite cell pool with dystrophin 

competent cells. (Sun, Serra, et al., 2020). The optimal cell source can dispense a copy of the 

normal DMD gene and act on both skeletal and cardiac muscles. Other than satellite cells, 

different types of adult stem cells such as CD133+ cells, bone marrow-derived side population 

cells, mesoangioblasts, and adipose-derived stem cells, were reported to participate in the 

regeneration of dystrophic muscle (He et al., 2020; Yao et al., 2021). The transplantation of 

satellite cells from muscle biopsies was found to increase the expression of dystrophin in mdx 

mice (X. Xu et al., 2015). If the multipotent stem cells derived from normal human skeletal 

muscles, and the CD133+ cells were found to have myogenic potential (Meng et al., 2014), 

both, however, showed no obvious functional benefits in DMD patients (Meng et al., 2018; 

Torrente et al., 2007). Human-induced pluripotent stem cell (hiPSC) is a promising cell source 

for reconstructing dystrophic muscles (Danisovic et al., 2018). The hiPSCs are retrieved from 

the dystrophic patients and can be genetically corrected with CRISPR/Cas9 technique to restore 

intact dystrophin expression (Hochheiser et al., 2018). 

Despite the apparent engraftment of these cell-based therapies in mdx mice (Young et 

al., 2016), because of the insufficient capacities of these stem cells to survive and migrate along 

with the additional tumorigenic risk and immune rejection, more research is needed before the 

possible clinical application (Y. Jin et al., 2020). An ongoing phase I/II clinical trial, estimated 

to be completed in 2024, is investigating whether the intramuscular transplantation of normal 

myoblast is safe and can enhance the strength of the injected muscle (Myoblast Transplantation: 

NCT02196467). 
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Chapter 3: Antioxidants as potential pharmacological strategy for 

DMD 
 

 

As Oxidative stress is a hallmark of DMD, various antioxidant therapies have been 

investigated to counteract the elevated reactive oxygen and nitrogen species (RONS) generation 

associated with myonecrosis and inflammation (Allen et al., 2016; Datta & Ghosh, 2020; 

Lawler, 2011). Antioxidant treatment of mdx mice showed benefits in maintaining muscle mass 

and function, while reducing oxidative stress and inflammation 

(https://doi.org/10.1016/j.redox.2020.101803). Most of the compounds tested showed a direct 

ROS-scavenging activity, as well as the ability to regulate molecules involved in the generation 

of RONS.  

Some of them have even reached the clinical phase of drug development. Coenzyme 

Q10 (CoQ10) binds the inner mitochondrial membrane and functions as an electron acceptor 

of the respiratory chain and as a modulator of the mitochondrial transition pore, reducing 

calcium accumulation. CoQ10 added to prednisone treatment led to an increase in muscle 

strength in DMD patients (Papucci et al., 2003; Spurney et al., 2011). Epigallocatechin gallate, 

the predominant polyphenol found in green tea and Epicatechin, a cacao flavonoid are both 

ROS scavengers and potent inducers of mitochondrial biogenesis (Nakae et al., 2012; Ramirez-

Sanchez et al., 2014) which have just completed phase II/III and I/II study, respectively 

(Epicatechin: NCT02964377; Epigallocatechin-Gallate: NCT01183767).  

 

 

3.1 N-Acetylcysteine 
 

N-Acetylcysteine (NAC) is a widely used dietary antioxidant mostly due to its role as a 

precursor of L-cysteine that is necessary for the synthesis of glutathione (GSH) rather than as a 

direct ROS scavenger through its thiol group (Ezeriņa et al., 2018). Pre-clinical studies on mdx 

mice have shown that NAC administration can alleviate the dystrophic pathology in both 

skeletal and cardiac muscle. Taken together, NAC was found to improve muscle strength, 

notably for the diaphragm in which it was also able to increase Nrf2 expression and reduce lipid 

peroxidation, TNF-α, IL-1β and fibrosis. NAC was able to protect from exercise-induced 

damage and myonecrosis, improve calcium handling and reduce NF-κB activation. NAC 

administration also increased the sarcolemmal expression of β-dystroglycan and utrophin, a 

close homologue of dystrophin. This not only shows the efficacy of this amino acid but also 

reinforces the role of oxidative stress in the pathology by dysregulating dystrophin-associated 

proteins (Burns et al., 2019; de Senzi Moraes Pinto et al., 2013; Fauconnier et al., 2010; Terrill 

et al., 2012; Whitehead et al., 2008).  

NAC has yet to be tested in DMD patients despite the impressive pre-clinical data. 

However, a recent study put forward an unexpected significant suppression of body mass gain 

(Pinniger et al., 2017). In this study, mdx mice received the dose of 2% NAC in drinking water, 

still without being accompanied by an elevation in cysteine levels which would be an indication 

of toxicity. Although a reduced body mass gain could be considered an advantage in lessening 

https://doi.org/10.1016/j.redox.2020.101803
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muscle stress in dystrophy, it should be investigated with extreme caution (O’Halloran et al., 

2018). Moreover, if NAC supplementation is not efficient in all models to prevent skeletal 

muscle dysfunction (Farid et al., 2005). 

 

3.2 Quercetin 

 

Quercetin is a safe polyphenolic flavonoid abundantly present in fruits and vegetables. 

This compound has potent antioxidant, anti-inflammatory, and PGC-1α pathway activating 

properties and has already been shown to help in the prevention of various diseases such as 

cancer, cardiovascular diseases, and osteoporosis (Boots et al., 2008; Hsu et al., 2021).  

Quercetin exerts its antioxidant activity mostly by scavenging free radicals, regulating 

glutathione levels, enzymatic activity, signal transduction pathways and chelating transition 

metal ions. This compound prohibits key enzymes associated with oxidative stress including 

NOX (NOX1, NOX2 and NOX4) and Xanthine oxidase while upregulating levels of phase II 

antioxidant enzymes such as SOD, catalase, GSH peroxidase, HO-1 and NQO1. 

Quercetin has been reported to improve the Nrf2-ARE signaling pathway and to inhibit 

p38MAPK/iNOS and NF-κB signaling pathway (Liu & Guo, 2015; Mohammadtaghvaei et al., 

2021; Tanigawa et al., 2007; D. Xu et al., 2019). 

In mdx mice, chronic Quercetin supplementation improved endogenous antioxidant 

protein and mitochondrial content by elevating levels of SOD2, GPX, and PGC-1α in the heart. 

Quercetin administration provided cardioprotection against pathological inflammation, notably 

by lowering macrophage infiltration and lowering NF-κB and COX2 content, and facilitated 

DGC assembly although no benefits were observed regarding cardiac function (Ballmann et al., 

2017). Quercetin alleviated disease-related muscle injury in mdx diaphragm by enhancing the 

ratio myofiber/area along with fewer centrally nucleated fibers and infiltrating immune cells, 

however, muscle function was not examined in this work (Hollinger et al., 2015). In a different 

study, quercetin enrichment enhanced skeletal muscle function and spontaneous physical 

activity despite similar degrees of muscle damage (Spaulding et al., 2016). 

 

3.3 Plumbagin 

 

Plumbagin is a bioactive naphthoquinone mainly isolated from the root of Plumbago 

zeylanica used in traditional Asian medicine in various cases including infections, and hepatic 

disorders. Besides being a strong antioxidant, Plumbagin also has anti-inflammatory, antitumor 

and antibacterial activities (Panichayupakaranant & Ahmad, 2016; Tilak et al., 2004).  

Plumbagin protects from oxidative stress by inducing the Nrf-2 pathway along with the 

downstream activation of glutathione and phase II antioxidant enzymes such as catalase, SOD, 

GSH peroxidase and S-transferase, NQO1, and HO-1 (Kumar et al., 2013; K. H. Wang & Li, 

2018). Concomitantly, Plumbagin prevents the formation of free radicals, scavenges them, and 

inhibits lipid peroxidation. Plumbagin can also dampen NOX4 activity in macrophages in vivo 

and in vitro (Z. Zhang et al., 2016). 
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Regarding its anti-inflammatory effect, Plumbagin inhibits NF-κB, cytokines including 

TNF-α, IL-1β and IL-6 as well as pro-inflammatory mediators including iNOS and COX2 (Luo 

et al., 2010). 

Collectively, these properties of Plumbagin have been demonstrated in vivo on spinal 

cord injury-induced oxidative stress and inflammation in rats (W. Zhang et al., 2014), rat paw 

edema induced by carrageenan (Luo et al., 2010), mice infected with malaria (Gupta et al., 

2018), in rat mitochondria from various tissues (Tilak et al., 2001); and in vitro on various cell 

models including macrophages (RAW 264.7) (T. Wang et al., 2014), primary cultures of 

chondrocytes and nucleus pulposus (Chu et al., 2016; Guo et al., 2017), Human embryonic 

kidney 293, brain tumor LN229 cells (Ding et al., 2010), and neuronal cells (PC12) (K. H. 

Wang & Li, 2018). However, the therapeutic potential of Plumbagin for muscular dystrophies 

has not yet been investigated. 
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Chapter 4: Intrinsic role of ASMase in Inflammation and Oxidative 

Stress 
 

 

4.1 Sphingolipids in Cell Signaling 

 

Sphingolipids constitute one of the major classes of eukaryotic lipids. If initially 

sphingolipids were considered solely as structural components of the plasma membrane, they 

have recently emerged as bioactive lipids with a crucial role in a plethora of physiological and 

pathophysiological processes including cell migration, survival, proliferation, differentiation, 

apoptosis, inflammation, and tumorigenesis. Sphingolipids are amphipathic lipids consisting of 

a sphingoid backbone that is N-acetylated with various fatty acid chains. The complexity and 

interconnection of the sphingolipid metabolism rely on its regulation by various enzymes along 

with fluxes of different metabolites and explain the diverse and sometimes opposing effects of 

these bioactive lipids in different cell types (Hannun & Obeid, 2008; Maceyka & Spiegel, 2014) 

(Figure 14). 

The sphingolipid metabolism consists of four key pathways: i. the de novo biosynthesis 

of ceramide which begins in the endoplasmic reticulum with the condensation of serine and 

palmitate ii. the hydrolysis of sphingomyelin present in the cell membrane by sphingomyelinase 

which produces ceramide iii. the conversion of ceramide into sphingomyelin or complex 

sphingolipids such as sphingomyelin and glycosphingolipids iv. the conversion of ceramide 

into bioactive molecules such as ceramide-1-phosphate (C1P) and sphingosine-1-phosphate 

(S1P) (Pralhada Rao et al., 2013). 

Ceramide and sphingosine are generally implicated in inflammation, proapoptotic 

signaling, and growth arrest whereas S1P promotes cell growth and survival, inhibiting 

ceramide-induced apoptosis. This homeostatic system is referred to as the ceramide/S1P 

rheostat, with sphingosine kinase playing a prominent regulatory role by phosphorylating 

sphingosine to form S1P (Newton et al., 2015).  

Ceramides are considered to be the central hub of the sphingolipid metabolism as they 

participate in multiple physiological and pathological activities. Ceramides are mainly 

generated by sphingomyelinases in the cell membrane. Due to their structural and chemical 

properties, ceramides have the tendency to self-associate to form ceramide-enriched 

microdomains or larger platforms, especially when they are the product of sphingomyelinase 

in the outer leaflet. These platforms reorganize the cell membrane and amplify cell signaling 

by clustering receptors such as CD95, CD40, CD14 and signaling molecules in or underneath 

the platforms upon stimulation (Grassmé et al., 2001, 2002; Pfeiffer et al., 2001). The clustering 

of these molecules may modify the structure of the receptors, activate the downstream signaling 

targets, and exclude suppressive proteins. Ceramides can also act as secondary messengers, as 

their domains can interact and activate various enzymes such as cathepsin D and kinase 

suppressor of Ras (Heinrich et al., 2004; Y. Zhang & Yao, 1997). 
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Figure 14: The major pathways governing the metabolism of sphingolipids (Tan-Chen et 

al., 2020) 

 

 

4.2 ASMase and FIASMA 

 

Sphingomyelinase is a phosphodiesterase that hydrolyzes sphingomyelin to produce 

phosphorylcholine and ceramide (Figure 15). According to their optimal pH for enzyme 

activity, sphingomyelinases can be classified into three groups (acid, neutral and alkaline) and 

are further divided according to their primary structure, localization, and cation dependence 

(Goñi & Alonso, 2002). Acidic and neutral sphingomyelinases are ubiquitously expressed in 

most tissues and are considered as the primary contributors in ceramide generation whereas 

alkaline sphingomyelinase is exclusively expressed in the intestine and liver and is involved in 

the digestion of dietary sphingomyelin (Duan et al., 2003). Acid sphingomyelinase (ASMase) 

is encoded by the SMDP1 (Sphingomyelin Phosphodiesterase 1) gene. Due to post-translational 

modification, two forms of ASMase exist: lysosomal (L-ASMase) and secreted (S-ASMase). 

During its processing in lysosomes, where it resides, L-ASMase interacts with zinc but its 

activation is independent of it. On the contrary, S-ASMase activation relies on zinc and is 

released outside the cell by the secretory pathway. When cells are stimulated, L-ASMase and 

S-ASM have a coregulatory effect, typically showing that S-ASMase increases while L-

ASMase present a compensatory decrease (Xiang et al., 2021) (Figure 16). 
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The range of receptor-and non-receptor-mediated stimuli activating ASMase exceeds those 

reported for any other enzyme. ASMase agonists include inflammatory cytokines (TNF-α, IL-

1β), oxidative stress (H2O2), chemotherapeutic agents, radiation (UV light) and pathogens 

(Zeidan & Hannun, 2010). 

Studies on apoptosis have unraveled the mechanism of ASMase activation. Upon CD95 

stimulation, ASMase is activated through the translocation from intracellular compartments to 

the plasma membrane in an exocytic pathway requiring Syntaxin 4, a t-SNARE protein 

(Perrotta et al., 2010). 

As altered ASMase activity is implicated in numerous diseases, it is both an attractive 

therapeutic target and a promising clinical biomarker (Kornhuber et al., 2015). Therefore, in 

recent years researchers have focused their attention on identifying drugs that can inhibit the 

activity of the enzyme, calling them Functional Inhibitors of ASMase (FIASMAs) (Kornhuber 

et al., 2015). 

 

 
 

Figure 15: Acid Sphingomyelinase (ASMase) catalyzes the hydrolysis of Sphingomyelin 

to form Ceramide (Smith & Schuchman, 2008) 
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Figure 16: The role of ASMase depending upon its localization (Truman et al., 2011) 

 

 

Due to their potential anti-apoptotic, neuroprotective and anti-inflammatory effects 

there are broad clinical applications for FIASMA including: stroke, Alzheimer’s and 

Parkinson’s disease and sepsis. 

FIASMAs do not directly inhibit ASMase but result in its functional inhibition. 

FIASMAs are weak bases that accumulate in acidic compartments like lysosomes because they 

become protonated at the acidic pH and can no longer cross the membrane (acidic trapping). 

The attachment of ASMase to the inner lysosomal membrane protects it from proteolytic 

degradation and relies on electrostatic force. However, the high concentrations of the 

protonated FIASMA alter the electrostatic properties of the lysosomal membrane, subsequently 

leading ASMase detachment, inactivity, and proteolytic degradation (Figure 17).  

Several novel FIASMAs have been identified, such as Fluoxetine, Sertraline and 

Nortriptyline. Most of the currently known FIASMAs are already licensed for medical use in 

humans, most likely to be minimally toxic and potentially rapidly available. Increasing 

FIASMAs concentrations leads to a decrease in ASMase activity following sigmoidal 

concentration-effects curves. Several FIASMAs efficiently inhibit ASMase in a concentration 

range commonly used in human therapy. Importantly, FIASMAs do not lead to total 

degradation of ASMase but instead leave a residual basal activity. This is the reason why 

patients treated with FIASMAs do not show symptoms of Niemann-Pick-disease, a lysosomal 

storage disease caused by ASMase deficiency. Even after prolonged administration of 

FIASMAs, ASMase activity remains low, there is no habituation effect, nor a rebound effect 

(Beckmann et al., 2014; Kornhuber et al., 2010).  
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Figure 17: Mechanism of action of Functional Inhibitors of ASMase (FIASMAs) 

(Beckmann et al., 2014) 

 

 

4.3 ASMase in Oxidative Stress 

 

Enzymes mediating ROS secretion such as NOX aggregate in the ceramide-enriched 

platforms (Y. Zhang et al., 2008). It has been shown that lipid rafts contribute to the efficient 

release of ROS and that NOX4 subunits clustered in lipid rafts form complexes resulting in an 

increased production of superoxide anion. Considering that, ROS may be a secondary product 

of ASMase activation (Dumitru et al., 2007; P. L. Li et al., 2007; Vieceli Dalla Sega et al., 

2014). 

On the other hand, it seems that ROS such as H2O2 are not only a trigger of ASMase 

(X. Li et al., 2012; Managò et al., 2015) but can be considered as bioregulators of ASMase as 

there is increasing evidence showing that they are required for ASMase to perform its function 

(Zeidan & Hannun, 2010). Indeed, ASMase activation can be blocked by ROS scavenging and 

NADPH inhibition (Boini et al., 2010; Peng et al., 2015) and activated by direct oxidation of 

C-terminal cysteine (Qiu et al., 2003). 

It has even been demonstrated that ASMase dampens muscle force in an oxidant-

dependent manner with NOX and mitochondria as candidate sources of oxidant (L. Ferreira et 

al., 2010; L. F. Ferreira et al., 2012; Won & Singh, 2006; D. X. Zhang et al., 2003). A recent 

study revealed that ASMase needs the NADPH p47phox subunit, which is required for the 

function of NOX2, to weaken the diaphragm (Bost et al., 2015). 

Moreover, it has been observed that decreasing ASMase activity in BEAS-2B epithelial 

cells results in an increase of Nrf2 (MacFadden-Murphy et al., 2017), which is a master player 
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of the antioxidant and anti-inflammatory response and is essential for the initiation of healing 

(Shela et al., 2016; Süntar et al., 2021). 

This feed-forward mechanism in which both ROS and ASMase rely on each other is 

encouraging to target oxidative stress with FIASMAs and antioxidants with a potential 

synergistic action.  

 

 

4.4 ASMase in Immunity and Inflammation 

 

ASMase plays an irreplaceable role in the regulation of immune cell function including 

macrophages, Natural killer and T cells (Bai & Guo, 2017; Xiang et al., 2021).  

ASMase bioactivity is crucial for macrophage biology from the beginning as this 

enzyme is necessary for monocyte differentiation to macrophage (Langmann et al., 1999). 

ASMase is also responsible for promoting inflammatory signals and cytokine production which 

can be triggered by inflammatory stimuli such as LPS, IL-1β or TNF-α thus participating in the 

exacerbation of the inflammatory response (J. Jin et al., 2013; Sakata et al., 2007; Truman et 

al., 2012). The importance of ASMase in the inflammatory response is reinforced by its 

requirement for NF-κB activation. ASMase is also crucial for efficient phago-lysosomal fusion 

(Schramm et al., 2008). The assembly and activation of the TLR4 receptor following LPS 

binding to CD14 require ceramides produced by ASMase (Cuschieri et al., 2007). This is 

particularly interesting considering that ablation of TLR4 in mdx mice ameliorated multiple 

aspects of the dystropathology by alleviating inflammation and shifting macrophages towards 

a more anti-inflammatory (iNOSnegCD206pos) profile (Giordano et al., 2015).  

Regarding T-cells, ASMase mediates CD3 and CD28 signals, and determine T-cell 

activation/proliferation. ASMase regulates cytotoxic activity of CD8+ T cells, as ASMase-

deficient cells show decreased production of cytokine including IFN-γ (Herz et al., 2009). 

ASMase dominates Th1 responses, but negatively regulates Treg function. Thus, inhibition of 

ASMase lead to an increase of the proportion of Treg cell among CD4+ T cells (Bai & Guo, 

2017; Schneider-Schaulies & Beyersdorf, 2018). Interestingly, this immunosuppressive 

lymphocyte Treg possesses the functional capacity to suppress muscle damage in DMD by 

restraining the development of type 1 inflammatory response (A. S. Villalta et al., 2014).  

Adding to its inflammatory role, ASMase regulates the activation of inflammasomes, 

such as NLPR3, reported to be involved in the pathogenesis of DMD (Boursereau et al., 2018), 

which mediates the activation of caspase-1 and the production of the pro-inflammatory 

cytokines IL-18 and IL-1β (Grassmé et al., 2014; C. Li et al., 2020; Martinon et al., 2002). 

ASMase is also involved in the increase of CCL5 levels in cells. Interestingly, this 

chemokine has been suggested to be associated with myofiber necrosis in DMD patients (de 

Paepe et al., 2012; Jenkins et al., 2011). 

The direct and specific implication of ASMase in the inflammation of exercise-induced 

skeletal muscle damage has been recently reported. Following acute strenuous exercise, IL-6 

and creatine kinase (CK) levels were increased concomitantly with ASMase, unlike neutral 

sphingomyelinase and serine palmitoyltransferase-1, an enzyme involved in the de novo 
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biosynthesis of ceramides. Remarkably, the treatment with the FIASMA Imipramine reduced 

both IL-6 and CK elevations along with cleaved caspase-3 levels (Y.-I. Lee & Leem, 2019). 

In the light of this evidence, we decided to investigate the involvement of ASMase in 

DMD pathology. To do so, we assessed ASMase activity in tibialis anterior (TA) and 

diaphragm (DIA) muscles of both WT and mdx mice at the stage of peak muscle necrosis and 

at the regenerating phase, meaning 1 and 3 months of age respectively (Turk et al., 2005) 

(Figure 18). Our preliminary results demonstrated the increased activity of the enzyme in mdx 

muscles and suggest a strong connection between DMD pathology and ASMase activation. 

  

 
 

Figure 18: ASMase activity (U/ML) measured in muscle lysates by a specific fluorimetric 

assay. The detection was carried out in triplicate (n=10 animals for each time point). Values are 

expressed as ± SEM; *p<0.05; ***p<0.0001 vs WT. 
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AIM OF THE STUDY 
 

The main goal of this thesis is to define a novel alternative therapeutic strategy for DMD 

by targeting the ASMase pathway and testing antioxidants that may synergize with ASMase 

inhibition. ASMase has been implicated in various inflammatory- and oxidative stress-

associated disorders, which are two hallmarks of DMD (Maceyka & Spiegel, 2014; Tidball et 

al., 2018; Truman et al., 2011; Xiang et al., 2021). We demonstrated lately its significant 

increase in mdx mice at 1 and 3 months of age, the stages of peak necrosis and regeneration, 

respectively. To elucidate whether hampering ASMase is worth considering to treat DMD, the 

experimental strategy is organized in two main parts: 

AIM 1: Pharmacological inhibition of ASMase as a therapeutic strategy for DMD. The 

first aim of this study is to achieve pharmacological inhibition of ASMase in DMD. The main 

drugs known to be functional inhibitors of ASMase (FIASMAs) are antidepressant drugs such 

as tricyclic antidepressants (TCAs) and selective serotonin reuptake inhibitors (SSRIs) 

(Kornhuber et al., 2010). As a proof-of-concept, we first started with Amitriptyline, as there are 

previous reports on its benefits on inflammation and muscle function in mdx mice (Carre-Pierrat 

et al., 2011; Manning et al., 2014). Considering the side effects of TCAs, we then tested the 

efficacy of the SSRIs Fluoxetine and Sertraline in mdx mice to validate the possibility to target 

ASMase in DMD therapy. 

AIM 2: Antioxidant treatment in DMD: the role of ASMase and its therapeutic potential. 

ASMase is tightly related to oxidative stress, a process that also plays an important role in the 

progression of DMD. Thus, we evaluated the therapeutic value of the antioxidants: Plumbagin, 

Quercetin and N-acetylcysteine (NAC) with particular attention to their effect on ASMase 

activity. NAC is perceived as a control as it has already been shown to improve the pathology 

of mdx mice. 

The results obtained by the experiments of AIM 1 and 2 have helped us to identify the 

most efficient FIASMA and antioxidant in DMD treatment to combine them, by evaluating 

their effects on muscle function, inflammation, and oxidative stress. The future perspective is 

to examine if the increased nucleophilic tone by the selected antioxidant may enhance the effect 

of the FIASMA. This strategy holds the potential of improving muscle integrity and alleviating 

the depressive symptoms often experienced by DMD patients. Polytherapy is expected to be 

more effective than monotherapy in general, as it targets multiple pathogenic mechanisms.  
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MATERIALS AND METHODS 
 

Mdx Mice and treatments 

 

Mice were housed in an environmentally controlled room (23°C ± 1°C, 50% ± 5% 

humidity) with a 12-hour light/dark cycle and provided food and water ad libitum. All 

procedures were carried out in strict accordance with the Italian law on animal care (D.L. 

26/2014, implementation of the 2010/63/UE) and approved by the University of Milan Animal 

Welfare Body and by the Italian Minister of Health (n°924/2018-PR; n°19/2021-PR). All 

efforts were made to reduce both animal suffering and the number of animals used. 

To study DMD, the experiments were performed on the mdx mice C57BL/10ScSn-

Dmdmdx/J. WT mice with the same genetical background were used as a control in some 

experiments. The C57BL/10ScSn-Dmdmdx/J mice belong to the most commonly used model 

for decades, they carry a spontaneous point mutation (C-to-T transition) within exon 23 of the 

dystrophin gene introducing in a premature stop codon (Sicinski et al., 1989). This nonsense 

mutation leads to the absence of full-length dystrophin and accounts for approximately one 

third of the mutations reported in DMD patients (Willmann et al., 2009). 

For the preliminary experiment with the FIASMA Amitriptyline, starting from 1 month 

of age, mice (n = 6-10 mice per group) were treated for 5 weeks. Amitriptyline (10mg/kg/day, 

Sigma Aldrich) was delivered intraperitoneally. 

For the long-term experiment, one month old mice (n = 6-10 mice per group) were 

treated for 3 months with either a FIASMA: Fluoxetine, Sertraline, or an antioxidant molecule: 

Plumbagin, Quercetin or N-acetylcysteine (NAC). As NAC is an effective endogenous 

antioxidant currently in pre-clinical studies for DMD, we used it as a reference for our 

antioxidants (Yao et al., 2021). Fluoxetine (5mg/kg/day), Sertraline (5mg/kg/day) and NAC 

(1,5g/kg/day) were administered in the drinking water. The concentrations of the drug in the 

water were calculated weekly according to the weight of the animals and their water 

consumption to guarantee accurate dosage. To ensure drug stability, the water was changed 

three times a week and was given in dark water feeding bottles. Plumbagin (30mg/kg/day) and 

Quercetin (50mg/kg/day) were administered in the diet, prepared by Mucedola srl at the 

concentration of 250mg/Kg and 400mg/Kg, respectively. The concentration of the compounds 

was calculated based on the daily food intake we measured in these animals. The vehicle 

controls received the same water and diet without any drug added. 

 

ASMase-KO mice and acute muscle damage 

 

To study the role of Acid Sphingomyelinase (ASMase) physiologically and following 

acute muscle injury, we took advantage of the ASMase-KO mice (C57BL/6N strain). They 

were generated crossing heterozygous mice and were always compared to wild-type (WT) 

littermates used as controls. Genotypes were determined by PCR (Horinouchi et al., 1995). 

The analysis of skeletal muscles (tibialis anterior, gastrocnemius, quadriceps and 

diaphragm) was done in males and females of 1, 2 and 3months of age. 
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Acute muscle damage was induced by injecting CTX from Naja pallida (50 µL, 10 µM, 

L8102, Latoxan, Portes-lès-Valence, France), in the tibialis anterior (TA) of 2.5 months old, 

mice anaesthetized with 4% isoflurane (Rigamonti et al., 2013). Mice were sacrificed at 1, 3, 

5, 7, 14, and 21 days after injury. Damaged muscles were collected and snap-frozen in liquid 

nitrogen for RNA analyses. For histology, muscles were collected and directly frozen in liquid 

nitrogen-cool isopentane and stored at −80 ◦C until processed. 

 

Exhaustion Treadmill Test 

 

Mice were made to run on the standard treadmill machine Exer 3/6 Treadmill 

(Colombus Instruments, Columbus, OH, USA) horizontally to assess their resistance to fatigue 

following the TREAT-NMD SOP 

(http://www.treatnmd.eu/downloads/file/sops/dmd/MDX/DMD_M.2.1.003.pdf). The 

exhaustion treadmill test was performed after an appropriate acclimatization period consisting 

of three sessions at 8cm/sec for 5 min. The assay consisted of 5 min at 8cm/sec, then the speed 

was increased by 2cm/sec every minute until reaching either 50cm/sec or exhaustion. The 

criterion for exhaustion was determined as the inability of the mouse to go back to run within 

10 sec after direct contact with the electric stimulus grid. Running time, speed and distance are 

provided by the software. 

 

Whole Body Tension Test 

 

The Whole Body Tension (WBT) test was used to determine the ability of mice to exert 

tension in a forward pulling maneuver that is elicited by stroking the tail of the mice in 

accordance with the SOP of TREAT-NMD 

(http://www.treatnmd.eu/downloads/file/sops/dmd/MDX/dmd_m.2.2.006.pdf). 

The tails were connected to an MP150 System transducer (BIOPAC Systems, Goleta, 

CA 931117, USA) with a metal thread (one end of the thread being tied to the tail using adhesive 

tape and the other end to the transducer). Mice were placed into a small tube lined with an 

aluminium mesh. Forward pulling movements were elicited by a stroke of the tail with serrated 

forceps and the corresponding tensions were recorded using the AcqKnowledge software 

recording system (BIOPAC Systems). Between 20 and 30 pulling tensions were recorded 

during each session. The WBT was determined by dividing the average of the top five or top 

ten forward pulling tensions by the body weight and represent the maximum phasic tension that 

can be developed over several attempts. 

 

ASMase activity assay 

 

The activity of ASMase was assessed on both skeletal muscle and macrophage 

homogenates obtained by using Ultra-Turrax® homogenator (T 10, IKA, Wilgminton, NC, 

USA) followed by 3 freeze-thaw cycles, and sonication for 10 s at 55% power (Sonopuls 

Ultrasonic homogenizer HD 2070, Bandelin, Berlin, Germany) in water as this assay is not 

compatible with common lysis buffers. Homogenates (30 µg per sample) were assayed for 

http://www.treatnmd.eu/downloads/file/sops/dmd/MDX/DMD_M.2.1.003.pdf
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ASMase activity using the ASMase assay kit (Echelon Biosciences, Salt Lake City, UT, USA) 

following the manufacturer’s protocol. Fluorescence analysis was performed using a GloMax-

Multi detection system plate reader (Promega, Madison, WI, USA; excitation: 365 nm, 

emission 410–460 nm). 

 

RNA Extraction and RT-qPCR 

 

The mRNA expression evaluation was performed as previously described (Perrotta et 

al., 2016, 2018). Total RNA from muscles, satellite cells and macrophages was isolated by 

phase separation in PureZOL reagent (Bio-Rad) according to the manufacturer’s protocol. After 

solubilization in RNase-free water, total RNA was quantified by Nanodrop 2000 

spectrophotometer (ThermoFisher). Total RNA (800–1000 ug) was retro-transcribed using 

iScript gDNA Clear cDNA Synthesis Kit (Bio-Rad). RT-qPCR was performed using 

SsoAdvanced™ Universal SYBR Green Supermix (Bio-Rad) and the CFX96 Touch Real-Time 

PCR Detection System (Bio-Rad). RPL32, RPL38, 36B4 and GADPH have been used as 

housekeeping genes for normalization by using the 2−∆∆CT. The primers pairs used for RT-

qPCR analysis are detailed in the table below.  
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Name Primer Sequences

F: 5’-CCCTGCAGCTGGAGAGTGTGGA-3’

R: 5’-TGTGCTCTGCTTGTGAGGTGCTG-3’

F: 5’-CCCACGTCGTAGCAAACCACC-3’

R: 5’-TCGGGGCAGCCTTGTCCCTT-3’

F: 5'- AGTTTCTCTTTTTCAGGTTGTGAA-3'

R: 5'-CACCCGGCAGATGCTAAAGA-3'

F: 5'-GTTCTCAGCCCAACAATACAAGA-3'

R: 5'-GTGGACGGGTCGATGTCAC-3'

F: 5'-TAGTCCTTCCTACCCCAATTTCC-3'

R: 5'-TTGGTCCTTAGCCACTCCTTC-3'

F: 5'-CTCCAAGCCAAAGTCCTTAGA-3'

R: 5'-AGGAGCTGTCATTAGGGACAT-3'

F: 5'-CTCCTGTGGACTCTGAAGCG-3'

R: 5'-CTCTGAATGACCCCCGAGGA-3'

F: 5'-ATGGATTGCCCTGAACAGCA-3'

R: 5'-TGTACCGCACCCTCCATCTA-3'

F: 5'-GCTCTTACTGACTGGCATGAG-3'

R: 5'-CGCAGCTCTAGGAGCATGTG-3'

F: 5'-TGACTCACCTTGTGGTCCTAA-3'

R: 5'-CTTCCCAGAATCCAGTCTTTCC-3'

F:5'-TGGGACTCCTTTGGATGGG-3' 

R:5'-CGGCGCTATGGCACTGAAT-3'

F: 5'-CATTCCCGAATTACAGTGTC-3'

R: 5'-GGAGATCGATGAGTAAAAATGG-3'

F: 5'-CATGAAGAACTTTCAGAAGGG-3'

R: 5'-TAGATATGGTACAAGGAAGCC-3'

F: 5'-AGAGAGAGTATTTGGGAACC-3'

R: 5'-AAACTAAGCTGCAAAGTCTC-3'

F: 5'-GGAGAATGGCAAGAATGAAG-3'

R: 5'-TTCGCACTTCTCAAACAATG-3'

F: 5'-TTTCTCAGGTGTGCATGTAGC-3'

R: 5'-GCGTAGGTAGAAGCTGTAACCA-3'

F: 5'-GTGTGGACCGAGGGGCTTTTACTTC-3'

R: 5'-GCTTCAGTGGGGCACAGTACATCTC-3'

F: 5'-CTGGCGCCGCTGCCTTCTAC-3'

R: 5'-GGCCGCTGTAATCCATCATGCCA-3'

F: 5'-GACCCTACAGACGCCCACAATC-3'

R: 5'-ACACCCAGCCTGACAGACAATC-3'

F: 5'-GACAGCAGTGGAGAGGAAC-3'

R: 5'-ACAGTCCGACGCTTCAGG-3'

F: 5’-GGAAGAAGTAGAGGACTGTTATG-3’ 

R: 5’-AGGTCTAGGAGGCGTTTTCC-3’

F: 5’-AAGCGAAGAGTAAGGCTGTC-3’

R: 5’-GTGATTGCTTGCAAAGGAAC-3’

F: 5’-ACAAGCTGCGGGTGAAGAGC-3’

R: 5'-CAGGACAGTGACAAAGAACG-3’

F: 5'-TTAAGCGAAACTGGCGGAAAC-3'

R: 5'-TTGTTGCTCCCATAACCGATG-3'

F: 5'-GAAGGATGCCAAGTCTGTCAA-3'

R: 5'-GAGGGCTGGTTCATTTCAGA-3'

F: 5'-AGGATATGGGATTCGGTCTCTTC-3'

R: 5'-TCATCCTGCTTAAGTGAACAAACT-3'

F: 5'-ACCACAGTCCATGCCATCAC-3'

R:5'-TCCACCACCCTGTTGCTGTA-3'

ASMase

Nrf2

HO-1

SOD3

IL-1β

TNF-α

CD80

NOS2

ARG1

CD163

CD206

IL-6

GAPDH

DMD

MyHCII

MyHCIV

RPL32

RPL38

36B4

GPX1

NOX4

IGF-1

MyoD

Myogenin

Myf6

IL-10

F4/80
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Histology and Immunofluorescence of skeletal muscle 

 

Muscles were dissected and directly frozen to allow the preparation of 7 μm thick 

sections cut with a cryostat for both morphological and immunofluorescence analysis. 

Hematoxylin-eosin (H&E, Bio Optica, Milan, Italy), Sirius Red (Direct Red 80: 365548, 

Sigma-Aldrich) and Immunofluorescence were performed as previously described (Burdi et al., 

2009; Rittié, 2017; Sciorati et al., 2009). 

Briefly for immunofluorescence, sections were first fixed for 10 min with 4% 

paraformaldehyde (PFA) in PBS and then blocked with PBS enriched with 10% normal goat 

serum (Sigma-Aldrich) and 0.1% Triton X-100 (Sigma-Aldrich) for 1h. The primary antibodies 

were diluted in blocking solution and incubated at 4°C overnight. Sections were then incubated 

with the appropriate fluorescent-labelled secondary antibodies diluted in blocking solution for 

1h at room temperature. Nuclei were counterstained with DAPI (PureBlu, Bio-Rab, Hercules, 

CA, USA) before mounting the slides with the Fluoroshield Histology Mounting Medium 

(Sigma-Aldrich) (Amato et al., 2018). To expose the proliferating satellite cells in the muscle, 

the sections were boiled in sodium citrate (C9999, Sigma-Aldrich) for 15 min before blocking 

them with 10% normal goat serum and 0.5% Triton in PBS (Cazzato et al., 2013; Zecchini et 

al., 2019).  

To measure the cross-sectional area (CSA) of myofibers, muscle sections were stained 

with an anti-laminin antibody (Sigma-Aldrich). The ImageJ software was used to determine the 

CSA of 1000 to 3000 individual myofibres from at least three different fields for every muscle 

section. For each muscle, at least four to nine sections were analyzed (Catalani et al., 2016; 

Guardiola et al., 2012).  

For cultured satellite cell staining, image analysis was performed by using ImageJ 

software. Fusion index, diameter of myotubes, number of nuclei/myotubes and myotubes > 5 

nuclei were counted from five to ten microscopic fields randomly chosen. Fusion index was 

calculated as the percentage of number of nuclei within myotubes over the total number of 

nuclei. All the antibodies used are listed in the two tables below. 

Images were acquired using a DMI4000 B fluorescence microscope Leica automated 

inverted microscope equipped with a DCF310 digital camera (Leica Microsystems, Wetzlar, 

Germany) or the ZOETM Fluorescent Cell imager (Bio-Rad) and the Leica TCS SP8 System 

equipped with Leica DMi8 inverted microscope, for confocal imaging.  

 

 

Protein Marker Specie Conjugate Dilution Company/Code

Laminin A ECM Rabbit Unconjugated D1:250 Sigma/L93932

CD45 Immune cell Rat FITC D1:50 Miltenyi Biotec/130-116-500

CD80 M1 Armenian Hamster Alexa Fluor 488 D1:10 BioLegend/104716

CD206 M2 Rat Alexa Fluor 647 D1:20 BioLegend/141712

MyoD Satellite cell Mouse Unconjugated D1:20 Dako/M3512

Ki67 Proliferation Rabbit Unconjugated D1:200 Abcam/ab16667

MF20 Differentiation Mouse Unconjugated D1:2
Developmental Studies 

Hybridoma Bank

MyHC-Emb Regeneration Mouse Unconjugated D1:50
Santa Cruz Biotechnology/sc-

53091

Collagen I Collagen Rabbit Unconjugated D1:100 Abcam/ab34710

Primary Antibodies
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Creatine Kinase Evaluation 

 

We obtained blood samples from the orbital sinus of mice anaesthetized with  4% 

isoflurane. The blood was centrifuged at 3000 rpm for 15min at 4°C and the supernatant was 

used to measure the Creatine Kinase (CK) activity (units per liter U/L) in the serum using an 

indirect colorimetric assay (Randox Laboratories, Crumlin, Northern Ireland, UK). 

 

Flow Cytometry 

 

Skeletal muscles were harvested, minced and digested with in a freshly prepared 

solution of Dispase and type II collagenase diluted in DMEM (Sigma-Aldrich) at 37°C for 40 

min. Disaggregation was stopped with 20% FBS and cells were filtered through a 70 µm cell 

strainer (Miltenyi Biotec). The collected cells were washed with PBS and incubated with 

primary conjugated antibodies for 15 min at room temperature.  

They were analyzed by using Gallios Flow Cytometer (Beckman-Coulter, Brea, CA, 

USA) and the software FCS Express 4 (De Novo System, Portland, OR, USA). Satellite cells 

were identified as an enriched population of α7-Integrin-PE (AbLab, Vancouver, BC, Canada) 

and CD34-Alexa Fluor 647 (BD Pharmingen™, San Diego, CA, USA) double-positive cells 

and CD45-PE-Cy7, CD31-PE-Cy7, CD80-FITC, CD86-FITC, CD14-FITC (eBioscience, San 

Diego, CA, USA) and Sca1-FITC (BD Pharmingen™) negative cells (Pasut et al., 2013). M1 

macrophages were identified as CD45-PE-Cy7 (eBioscience), F4/80-PE (Miltenyi Biotec), 

CD80-FITC (eBioscience), MHCII-Brilliant Violet (Biolegend) positive cells and CD206-

AF647 (Sony Biotechnology) negative; M2 macrophages as CD45-PE-Cy7 (eBioscience), 

F4/80-PE (Miltenyi Biotec), CD206-AF647 (Sony Biotechnology) positive cells and CD80-

FITC (eBioscience), MHCII-BV (Biolegend) negative cells (Assi et al., 2015; Perrotta et al., 

2018). 

 

Drug quantification in skeletal muscle 

 

Different HPLC/MS/MS methods and instruments (according to the dimension and the 

characteristics of the molecules) have been set up and validated for the quantification of the 

administrated drugs in the mdx muscles by using the respective internal standard (IS) 

(Fluoxetine-d5-hydrochloride, Sertraline-d3-Hydrochloride, Quercetin-d3-Hydrochloride).  

At the end of treatment, when animals were sacrificed gastrocnemius samples were 

removed, immediately frozen in liquid nitrogen and stored at −80 °C until analyzed. The 

Target Species Host Conjugate Dilution Company/Code

Rabbit Goat Alexa Fluor 647 D1:500 Invitrogen/A21244

Rat Goat Alexa Fluor 647 D1:500 Invitrogen/A21247

Mouse Goat Alexa Fluor 546 D1:500 Invitrogen/A11003

Mouse Goat Alexa Fluor 488 D1:500 Invitrogen/A11001

Rabbit Goat Alexa Fluor 488 D1:500 Invitrogen/A11008

Rabbit Goat Alexa Fluor 546 D1:500 Invitrogen/A11010

Secondary Antibodies
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muscles were then homogenized in water (10% w/v) and 200 µl of the obtained mixture were 

purified, extracted and analyzed. Briefly, for Fluoxetine and Sertraline quantification, an aliquot 

of tissue homogenate, spiked with IS, were diluted with 2 ml of Buffer pH 9 and extracted by 

liquid-liquid extraction with 4 ml of chloroform/heptane/isopropyl alcohol (55/33/17). For 

Quercetin quantification the dilution was performed with 2 ml of Buffer pH 4 followed by the 

extraction. After organic phase evaporation residual was dissolved in 50 µL of methanol and 

immediately injected for the analysis.  

 

Primary Cell Isolation and Culture 

 

Bone marrow precursor cells (MONO) were harvested by flushing femurs and tibiae of 

2–3 months old WT and ASMase-KO mice and cultured for 5 days in α-MEM (37 ◦C, 5% CO2 

in a humidified atmosphere) containing 10% FBS and of 100 ng/mL macrophage-specific 

colony-stimulating factor (M-CSF) (Miltenyi Biotec) to generate macrophages. Cells were 

cultured for 2 additional days in the presence of 10 ng/mL of M-CSF and 50 ng/mL IFN-γ 

(Miltenyi Biotec) to generate M1 cells or for 4 additional days with 10 ng/mL M-CSF and 10 

ng/mL IL-4 (Miltenyi Biotec) to generate M2a cells (Cervia et al., 2016; Perrotta et al., 2014, 

2018). To assess the effect of pharmacological inhibition of ASMase on macrophage 

differentiation/polarization, Amitriptyline hydrochloride (Sigma-Aldrich, Saint Louis, MO, 

USA) (Cervia et al., 2016) concentration of were added to WT cells to reach the final 

concentration of 5 µM on the days 0, 3 and 5 of culture. 

Satellite cells from 1 month old WT and ASMase-KO mice were obtained from muscles 

of hindlimbs and forelimbs by using the tissue dissociation protocol of gentleMACS™ Octo 

Dissociator with Heaters (Miltenyi Biotec, Bergisch Gladbach, Germany) followed by 

magnetic depletion of lineage PECAM1-, PTPRC-, ITGAM-, and LY6A/Sca-1-positive cells 

using the Satellite Cell Isolation Kit (Miltenyi Biotec), following the manufacturer’s 

instructions  (Zecchini et al., 2019).  

Satellite cells were cultured in DMEM (EuroClone, Milan, Italy) supplemented with 

20% fetal bovine serum (FBS) (EuroClone,), 3% chick embryo extract (United States 

Biological, Salem, MA, USA), 10 ng/mL basic fibroblast growth factor (FGFb) (PeproTech, 

Cranbury, NJ, USA) and 1% penicillin-streptomycin (EuroClone) on Matrigel-coated (Corning, 

New York, NY, USA) plates at 37 ◦C with 5% CO2 for 4 days. To assess proliferation, satellite 

cells were plated at a confluence of 1.5 × 104 cell/cm2 in growth medium and cultured for 24 h. 

For the differentiation experiment, cells were plated at a confluence 5 × 104 cell/cm2 in medium 

containing 2% Horse Serum (EuroClone) instead of FBS and cultured for 48 h (De Palma et 

al., 2014).  

 

Statistical analyses 

 

The fewest animals possible were used to obtain valid scientific results. 5-8 animals 

were used for each experimental group and analytical method.  Statistical significance of raw 

data between the groups was evaluated using unpaired (independent samples) or paired 

(matched observations) Student’s t-test or one-way ANOVA followed by Bonferroni or Tukey 

post-tests (multiple comparisons) or two-way ANOVA with correction for multiple 
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comparisons using the Sidak test (grouped analysis). When data are not normally distributed, 

the Mann-Whitney test was used. The results are expressed as means ± SEM of the indicated n 

values. p values ≤ 0.05 were considered statistically significant. The analysis was carried out 

by using GraphPad Prism software package (GraphPad Software, San Diego, CA, USA). 
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RESULTS 
 

 

Proof-of-concept of the potential of targeting ASMase by treating mdx mice 

with the FIASMA Amitriptyline 

 

To test the therapeutic potential of FIASMAs in mdx mice, we performed a short-term 

treatment with Amitriptyline. This tricyclic antidepressant (TCA) has already been reported to 

be beneficial in mdx mice by alleviating skeletal muscle inflammation as well as symptoms of 

anxiety and depression, but its role as a FIASMA has not been investigated in this study 

(Manning et al., 2014). Therefore, we treated mdx mice with the same dose of Amitriptyline 

(10 mg/kg/day) for 5 weeks, starting at 1 month of age, while the controls received only the 

vehicle. 

At the end of the treatment, we found a significant decrease in ASMase activity in the 

muscle lysates of the tibialis anterior (TA) from the treated group (Figure 1A). Histological 

analysis revealed a decreased inflammatory infiltrate in sections of the TA from the treated 

animals by Hematoxylin and Eosin (H&E) staining (Figure 1B). 

These data were confirmed by the decrease of necrotic fibers in the treated mice as 

evidenced by the immunofluorescence targeting the immunoglobulin G (mIgG) uptake by 

myofibers of the TA (Figure 1C).  

Furthermore, the liquid chromatography/tandem mass spectrometry assay performed on 

muscle lysates evidenced the presence of the drug in the targeted tissue (0.16 ± 0.05pg/mg). 

Treated animals did not manifest any side effects such as distress or anorexia. 

These findings corroborate the strong connection between increased levels of ASMase 

and the chronic muscle damage of DMD and bring to light the pharmacological therapeutic 

potential of targeting ASMase. 
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Figure 1. The FIASMA Amitriptyline ameliorates the condition of mdx mice  

Mdx mice were administered Amitriptyline (10 mg/kg/day) or only its vehicle. TA were 

collected and analyzed after 5 weeks of treatment. 

A) ASMase activity (U/mL) of the TA. 

B) Hematoxylin & Eosin staining (scale bar = 100 m) of the TA. 

C) mIgG staining of necrotic fibers (scale bar = 50 m) of the TA. 

Values are expressed as mean ± SEM; (n = 5 mice per group) *p<0.005, **p<0.001, 

***p<0.0001 vs. mdx vehicle. 

 

 

Health status evaluation of the treated animals 

 

After confirming with the FIASMA Amitriptyline that inhibiting ASMase is an 

attractive therapeutical strategy for DMD, we decided to proceed with an alternative category 

of FIASMAs: SSRIs, i.e. Fluoxetine and Sertraline, as they have a better safety profile than 

TCAs, for a long-term treatment as DMD is a chronic disorder. Moreover, we tested the effects 

of the antioxidant molecules: Plumbagin, Quercetin, and NAC.  

Starting from 1 month of age, mice were treated for 3 months with either a FIASMA, 

or an antioxidant. During the first 10 days of treatment, animals were monitored daily to assess 

their general health condition and evaluate their water and food intake. For the rest of the 

treatment, mice were examined 3 times a week. 

None of the treatments affected water nor food consumption and consequently the 

weight of the mice (Table 1 and Figure 2). Importantly, no signs of distress (i.e. anxiety) or 

pathology attributable to drug adverse reactions were observed during the period of treatment. 
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 Mdx 

Vehicle 

Mdx 

Fluoxetine 

Mdx 

Sertraline 

Mdx 

NAC 

Mdx 

Plumbagin 

Mdx 

Quercetin 

Daily food 

intake (g; 

mean ± SD) 

4.087 ± 

0.2589 

4.194 ± 

0.2718 

4.254 ± 

0.1771 

4.255 ± 

0.2727 

3.945 ± 

0.2831 

3.984 ± 

0.3050 

Daily water 

intake (ml; 

mean ± SD) 

4.205 ± 

0.5559 

4.086 ± 

0.5775 

4.162 ± 

0.5979 

4.838 ± 

0.4777 

3.947 ± 

0.3964 

4.182 ± 

0.8959 

 

Table 1. Mean daily food and water intake per animal during the period of treatment 

(n = 6-10 mice per group). 

 

 
Figure 2. Health status evaluation of the treated animals 

Growth curves of mdx mice during the period of treatment, i.e. 3 months from 1 to 4 months of 

age (n = 6-10 mice per group). 

  



 52 

FIASMAs and Antioxidants improve the phenotype of mdx mice 

 

As the ultimate goal of a treatment for DMD is to improve muscular function, we 

performed the exhaustion treadmill test at the end of our therapy to evaluate its efficacy. This 

test allows the assessment of the dystrophic state in vivo by measuring both the distance run 

and the time to exhaustion in accordance with the standardized operating procedures (SOPs) 

from www.treat-nmd.eu (https://treat-nmd.org/wp-content/uploads/2016/08/MDX-

DMD_M.2.1.003-34.pdf). 

Both Fluoxetine and Sertraline did not improve the muscular performance assessed by 

the running distance and time of mdx mice (Figure 3A). However, as they are antidepressants, 

we also administered them to WT mice to exclude any cognitive bias. We noticed that both 

SSRIs significantly reduced their running distance and time until exhaustion compared to WT 

vehicle mice (Figure 3A). This impairment can cover a possible beneficial action of FIASMAs 

on skeletal muscles. 

On the other hand, all the tested antioxidants were able to improve muscle function 

assessed by their performance on the treadmill (Figure 3B) and the recovery score versus WT 

values (Table 2), which is an impartial way to rate the effectiveness of a treatment on a given 

parameter. 

To investigate further the efficacy of our treatment we performed most of our 

experiments, including imaging analyses, on the diaphragm (DIA), as it is the muscle 

reproducing best the dystropathology reported in DMD patients (Stedman et al., 1991).  

As expected, the muscles obtained from untreated mdx mice (mdx vehicle) revealed a 

progressive degeneration, with the appearance of necrotic and calcified fibers (Figure 4A) and 

Sirius Red staining revealed frequent foci of fibrosis (Figure 4B and Table 3). All the treatments 

resulted in an improved morphology of the muscle, as shown by the H&E staining (Figure 4A) 

with reduced myonecrosis and calcification. Of interest, we observed a nearly normal muscle 

architecture following Sertraline, Plumbagin, and Quercetin administration. Moreover, all the 

treated mice, apart from the ones of the Fluoxetine group, showed a reduced fibrosis (Figure 

4B and Table 3). Muscle integrity, characterized by a decrease of areas of myonecrosis 

evidenced by mIgG staining (Bencze et al., 2019), was remarkably restored after each 

treatment, especially with Plumbagin and Quercetin (Figure 4C and Table 3). 

This decrease in muscle degeneration paralleled with the situation during the treatment. 

Indeed, we found a considerable decrease in serum Creatine Kinase (CK) activity, a marker of 

muscle damage, in all the treated groups 1 month after the beginning of the experiment (Figure 

4D). 

All the treatments lead to increased muscle regeneration measured by positive staining 

for embryonic myosin (MyHC-emb) (Figure 5A and Table 3) and by the elevated mRNA 

expression in both DIA and TA of Myogenin and Myf6 (MRF4) (Figure 5B), which are 

fundamental transcription factors for muscle differentiation.  

These data on muscle function and structure show that both FIASMAs and antioxidants 

improve the phenotype of mdx mice, which is particularly promising regarding Plumbagin as it 

is the first time this molecule is tested in dystrophic mice. 

http://www.treat-nmd.eu/
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Figure 3. FIASMAs and antioxidants improve the muscle function of mdx mice 

A-B) Muscular performances after treatment assessed by exhaustion treadmill running test, 

measuring both distance run (meters-m; A-B left panel) and time to exhaustion (minutes-min; 

A-B right panel). A) Mice (mdx and WT) treated or not (vehicle) with FIASMA. B) Mice (mdx 

and WT) treated or not (vehicle) with antioxidants and WT as control.  

n = 5-8 mice; *p<0.05, **p<0.001, ***p<0.0001 vs. mdx vehicle; +p<0.05, ++p<0.001, 

+++p<0.0001 vs. WT vehicle. 

 

 

 Recovery score - Distance Recovery score - Time 

Mdx NAC 35% 64% 

Mdx Plumbagin 20% 43% 

Mdx Quercetin 29% 48% 

 

Table 2. Recovery scores vs WT of mdx mice (n = 5-8 mice) treated with NAC, Plumbagin 

and Quercetin. 

The formula used: [mdx treated] − [mdx untreated] / [wild type] − [mdx untreated] × 100 is in 

accordance with the SOPs described by TREAT-NMD (https://treat-nmd.org/wp-

content/uploads/2016/08/MDX-DMD_M.1.1_001-21.pdf). 

https://treat-nmd.org/wp-content/uploads/2016/08/MDX-DMD_M.1.1_001-21.pdf
https://treat-nmd.org/wp-content/uploads/2016/08/MDX-DMD_M.1.1_001-21.pdf
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Figure 4. FIASMAs and antioxidants improve the phenotype of mdx mice 

A-B) Histological images of the DIA (A: H&E staining; B: Sirius Red staining) obtained after 

3 months of treatment, representative of 10 images per mouse (n = 3). Scale bar = 20 μm.   

B) The graph displays the quantification of Sirius red staining (collagen deposition).  

* p<0.05, ** p<0.001, vs. mdx vehicle. Values are expressed as mean ± SEM.  

C-D) Evaluation of muscle damage assessed as Myonecrosis (C) in the DIA and serum CK 

(D).  

C) Mouse IgG (mIgG) (red) staining labels damaged myofibers.  

D) Serum CK levels measured in mdx mice treated or not with a FIASMA or an antioxidant for 

1 month.  

n = 5-8 mice; * p<0.05, ** p<0.001, *** p<0.0001 vs. mdx vehicle. 
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Figure 5. FIASMAs and antioxidants increase the muscle regeneration of mdx mice 

A) MyHC-Emb (red) staining labels regenerating fibers. Laminin (green) is used as sarcolemma 

marker to identify fiber area. Nuclei were counterstained with DAPI. The figure shows 

representative images (10 images per animal; n = 3 mice). Scale bar = 20 μm.  

B) RT-qPCR analysis of the myogenic regulatory factors Myogenin and Myf6 (MRF4) in DIA 

(upper panels) and TA (bottom panels) of mdx mice (treated or not).  

Values are expressed as mean ± SEM (n ≥ 3 mice). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 

mdx vehicle. 
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 Fibrosis 

(Collagen) 

Myonecrosis 

(mIgG) 

Regeneration 

(MyHC-Emb) 

mdx Vehicle +++ +++ + 

mdx Fluoxetine ++ ++ ++ 

mdx Sertraline + + ++ 

mdx NAC + + ++ 

mdx Plumbagin + +/- +++ 

mdx Quercetin + +/- ++ 

 

Table 3. Histopathological evaluation of muscle fibrosis, necrosis and regeneration 

Analysis performed on 10 images of the DIA per animal (n = 3); (legend of the table: +/- = 

almost negative; + = weakly positive; ++ = positive; +++ = strongly positive).  

 

 

FIASMAs and Plumbagin decrease ASMase activity in the skeletal muscle of 

mdx mice 

 

Then we measured the activity of ASMase in the DIA, the muscle recapitulating best 

the human pathology (Stedman et al., 1991). 

The FIASMAs decreased ASMase activity in the DIA as expected. However, the 

antioxidant Plumbagin also achieved to inhibit the enzyme, while Quercetin did not (Figure 6).  

Additionally, to confirm that our treatments reached the targeted tissue, in collaboration 

with the laboratory of Medical Chemistry of DIBIC “L. Sacco” we quantified by Mass 

Spectrometry the administered compounds in lysates of gastrocnemius muscle (Table 4).   

 
 

Figure 6. FIASMAs and Plumbagin decrease ASMase activity in the skeletal muscle of 

mdx mice 

ASMase activity (U/mL), measured in DIA homogenates (n = 5-8 mice); **p<0.001 vs. mdx 

vehicle; +p<0.05, ++p<0.001 vs. WT vehicle. 
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Molecule Concentration (ng/g ± SD) 

Fluoxetine 514.5 ± 184.5 (n = 4) 

Sertraline 78.60 ± 15.84 (n = 4) 

Quercetin 0.3450 ± 0.1630 (n = 4) 

 

Table 4. Drug concentrations in the muscles of mdx mice 

 

 

FIASMAs and Antioxidants attenuate Oxidative Stress in mdx mice 

 

As Oxidative Stress is a hallmark feature of DMD, we explored the effects exerted by 

the chosen FIASMAs, which are already known to have antioxidative properties (Behr et al., 

2012) and antioxidants on the expression of several enzymes involved in the antioxidant 

defense system, thanks to our collaboration with the Biochemistry Unit of the University of 

Bologna. Both Plumbagin and Quercetin are known to elicit their antioxidant properties by 

activating the Nrf2 pathway, and antioxidant enzymes which also count as its downstream 

targets, for example glutathione, SOD, CAT, HO-1, and NQO1, and as direct ROS scavenger 

(Ding et al., 2010; Guo et al., 2017; Kumar et al., 2013; Lin et al., 2004; Mohammadtaghvaei 

et al., 2021; D. Xu et al., 2019).  

Nrf2 expression was increased by Fluoxetine and Plumbagin (Figure 7), corroborating 

with previous findings (Mendez-David et al., 2015). However, the effect on ASMase expression 

was not significant.  

All the treatments were able to induce the expression of HO-1, a rate-limiting enzyme 

in the catabolism of heme, and SOD3, a direct superoxide scavenger, while only Fluoxetine 

was able to promote GPX1, a direct scavenger of peroxide (Figure 7).  

Unexpectedly, the expression of an enzyme primarily producing H2O2: NOX4, was 

increased in muscles from Plumbagin and Quercetin treated mice (Figure 7). 

Altogether, these findings show that FIASMAs and antioxidants improve the 

antioxidant defense system of mdx mice, especially with Fluoxetine and Plumbagin which 

effectively activated Nrf2. 
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Figure 7. FIASMAs and antioxidants attenuate Oxidative Stress in mdx mice 

RT-qPCR analysis of the oxidative stress markers Nrf2, HO-1, SOD3, GPX1, NOX4, and 

ASMase (SMPD1) in muscles of mdx mice (treated or not).  

Values are expressed as mean ± SEM (n ≥ 3 mice). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 

mdx vehicle. 
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FIASMAs and Antioxidants alleviate and modulate inflammation towards 

an anti-inflammatory state in mdx mice 

 

The chronic pro-inflammatory state plays a key role in muscular dystrophy. As 

macrophages are the main actors of this process, with the pro-inflammatory M1 macrophages 

worsening muscle injury and the anti-inflammatory M2 macrophages promoting tissue repair, 

regulating the balance between M1 and M2 phenotypes has been considered an attractive 

therapeutic strategy (Rosenberg et al., 2015; S. A. Villalta, Deng, et al., 2011).   

We found that all our treatments were able to reduce the overall immune response, as 

shown by the positive staining for CD45 in sections of DIA muscles (Figure 8 and Table 5).  

To explore this lowered inflammation more in detail we evaluated the M1/M2 ratio in 

muscles by flow cytometry (Figure 9A) as well as the expression of M1 and M2 markers in 

DIA and TA by RT-qPCR (Figure 9B-E). We observed a promising decrease of the M1/M2 

ratio for Sertraline and Plumbagin (Figure 9A) and noticed that the reduced positivity for CD45 

in the DIA paralleled with the lowered expression of IL-1β for all the treatments, as well as for 

TNF-, except for Sertraline (Figure 9B). Interestingly, in the TA we observed a significant 

anti-inflammatory action for all the antioxidants administered, while no modifications were 

found for the FIASMA Fluoxetine (Figure 9C).  

On the other hand, regarding the anti-inflammatory effect assessed by the increase of 

the M2 markers IL-10, CD163 and ARG1, the best results were obtained with Fluoxetine in 

both DIA and TA (Figure 9 D-E), while Plumbagin was able to increase the expression of 

ARG1 in both muscles. All the drugs achieved to increase CD163 expression in the TA (Figure 

9E). 

Importantly, this anti-inflammatory effect exerted by FIASMAs and antioxidants 

paralleled with the improved muscle function and regeneration we observed in mdx mice. 
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Figure 8. FIASMAs and antioxidants alleviate inflammation in mdx mice 

Evaluation of the inflammatory infiltrate. CD45 (purple) staining labels immune cells infiltrated 

in the muscle. Laminin (green) is used as sarcolemma marker to identify fiber area. Nuclei were 

counterstained with DAPI.  

The figure shows representative images (10 images per animal; n = 3 mice). Scale bar = 20 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Histopathological evaluation of muscle inflammation 

Analysis performed on 10 images of the DIA per animal (n = 3); (legend of the table: +/- = 

almost negative; + = weakly positive; ++ = positive; +++ = strongly positive).  

 Inflammation 

(CD45+) 

mdx Vehicle +++ 

mdx Fluoxetine ++ 

mdx Sertraline + 

mdx NAC + 

mdx Plumbagin + 

mdx Quercetin ++ 
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Figure 9. FIASMAs and antioxidants modulate inflammation towards an anti-

inflammatory state in mdx mice 

A) Evaluation of the M1/M2 ratio by Flow cytometry in muscle lysates, with M1 macrophages 

labeled as CD45+F4/80+CD206-CD80+MHCII+ and M2 macrophages as 

CD45+F4/80+CD206+CD80-MHCII-.  

B-C) RT-qPCR analysis of the M1 markers/cytokines IL-1β, TNF- in DIA (B) and TA (C) of 

mdx mice (treated or not).  

D-E) RT-qPCR analysis of the M2 markers/cytokines IL-10, CD163 and ARG1 in DIA (D) 

and TA (E) of mdx mice (treated or not).  

All values are expressed as mean ± SEM (n ≥ 3 mice). * p < 0.05, ** p < 0.01, *** p < 0.001 

vs. mdx vehicle. 

 

 

ASMase ablation shifts macrophage polarization towards an M2 phenotype 

 

The first clue that ASMase is involved in M1 macrophage biology is that its activity is 

increased in differentiated macrophages (Mp) and M1 but not M2 macrophages derived from 

WT mice with respect to monocytes in vitro (Figure 10A), which is in line with the literature 

stating that ASMase is activated by stress stimuli including lipopolysaccharide, TNF- and IL-

1β. 

In order to corroborate our hypothesis on the role of ASMase in inflammation and 

muscle damage/regeneration, we took advantage of ASMase-KO mice, starting from the 

analysis of macrophages (Roux-Biejat et al., 2021). 

We found that the absence of ASMase results in a significantly reduced expression of 

IL-1β, TNF-, CD80 and NOS2 in comparison to the WT counterparts, particularly in 

macrophages cultured in M1-polarizing conditions, but also to some extent for M2 (Figure 

10B).  

Similarly, we noticed a reduction of IL-1β, TNF- and CD80 when treating WT M1 

macrophages with the FIASMA Amitriptyline (Figure 10C-D). 

While we observed no differences for CD206 and CD163 in ASMase-KO macrophages 

cultured in M2-polarizing conditions, we detected a surge in the expression of these M2 markers 

in M1 macrophages of ASMase-KO mice (Figure 10E). 

Moreover, these data paralleled with the increase of Nrf2 expression in M1 macrophages 

lacking ASMase (Figure 10F), thus indicating a possible involvement of this transcription 

factor in the molecular machinery triggered by ASMase.  

Noteworthy, the similar expression of the marker F4/80 in both WT and ASMase-KO 

revealed that ASMase-KO derived cells differentiate normally, therefore suggesting that 

ASMase does not affect macrophage differentiation (Figure 10G). 

Altogether these results show that ASMase has a crucial role in M1 polarization and that 

its absence shifts macrophages towards an M2 phenotype. 
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Figure 10. ASMase ablation shifts macrophage polarization towards an M2 phenotype 

A) ASMase activity measured at different stages of macrophages differentiation and 

polarization, i.e., monocytes (MONO), differentiated macrophages (Mp), M1-polarized 

macrophages (M1) and M2-polarized macrophages (M2) from WT mice.  

Values are expressed as mean ± SEM macrophages (Mp). Values are expressed as mean ± SEM 

(n ≥ 3 mice). * p < 0.05 vs. MONO. 

B) RT-qPCR analysis of the M1 markers IL-1β, TNF-α, CD80 and NOS2 (iNOS) in MONO, 

Mp, M1 and M2 from WT and ASMase-KO mice.  

Values are expressed as mean ± SEM (n ≥ 3 mice) normalized vs the untreated control. * p < 

0.05, ** p < 0.01, *** p < 0.001 vs. the respective WT. 

C) ASMase activity measured in macrophages from WT mice treated with the FIASMA 

Amitriptyline (5 μM) during the differentiation.  

Values are expressed as mean ± SEM (n = 4 mice). * p < 0.05 vs the untreated control.  
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D) RT-qPCR analysis of the M1 markers IL-1β, TNF-, CD80 in Amitriptyline (5 μM) treated 

macrophages.  

Values are expressed as mean ± SEM (n ≥ 3 mice). * p < 0.05, *** p < 0.001 vs. the respective 

untreated control.  

E-F) RT-qPCR analysis of the M2 markers CD206, and CD163 (E) and Nrf2 (F) in MONO, 

Mp, M1 and M2 from WT and ASMase-KO mice.  

Values are expressed as mean ± SEM (n ≥ 3 mice) normalized vs the untreated control. * p < 

0.05, ** p < 0.01, *** p < 0.001 vs. the respective WT. 

G) RT-qPCR analysis of the F4/80 marker in differentiated macrophages (Mp) isolated from 

WT and ASMase-KO mice muscles (n = 3).  

Values are expressed as mean ± SEM. 

 

  

ASMase ablation reduces inflammation favoring anti-inflammatory 

mediators after acute muscle injury 

 

As a well-orchestrated inflammation is crucial for muscle regeneration, we explored the 

potential of inhibiting ASMase to modulate the immune response after acute muscle injury. To 

do so, we injected cardiotoxin (CTX) in the TA of WT and ASMase-KO mice and retrieved it 

at different time points of healing. 

The increase of ASMase activity we observed starting from 3 days after the injury 

peaking at 5 and 7 days (Figure 11A), suggests an involvement of this enzyme in muscle 

regeneration in vivo.  

Compared to their WT littermates, we found in ASMase-KO mice a reduced leukocyte 

infiltration, assessed by counting CD45+ cells at the site of injury (Figure 11B-C).  Importantly, 

the pro-inflammatory state was inhibited in ASMase-KO animals as demonstrated by the lower 

expression of IL-1β and IL-6 seen 3 and 5 days after the CTX injection (Figure 11D). This was 

reinforced by the reduced positivity to immunolabeled CD80 with no difference concerning 

CD206 (Figure 11E), and accordingly, the decreased M1/M2 ratio assessed by flow cytometry 

(Figure 11F).  

These findings show that the absence of ASMase can modify the course of inflammation 

in vivo. The concomitant elevation of Insulin-like growth factor 1 (IGF-1) (Figure 11D), a 

potent enhancer of tissue regeneration, indicates that such changes in the niche of satellite cells 

are beneficial (Tidball & Welc, 2015). 

Moreover, the anti-inflammatory effect in the absence of ASMase, following tissue 

damage was confirmed by the enhanced expression of Nrf2 (Figure 11G), along with its 

downstream genes involved in the antioxidant response: HO-1, GPX1 and SOD3 (Figure 11H).  

Taken together, these data show that the absence of ASMase alleviates inflammation 

and oxidative stress, by effectively activating Nrf2 and shifting macrophage polarization 

towards the M2 phenotype associated with tissue repair in vivo. This scenario following acute 

muscle injury in ASMase-KO mice parallel with our results obtained with FIASMAs and 

antioxidants in mdx mice in the context of chronic injury. 
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Figure 11. ASMase ablation reduces inflammation favoring anti-inflammatory mediators 

after acute muscle injury 

A)  Acid sphingomyelinase activity measured at different time points after CTX injection in 

tibialis anterior of WT mice (n ≥ 4 mice).  

Values are expressed as mean ± SEM. ** p < 0.01, *** p < 0.001 vs. the untreated control 

(UT).  

B) Representative images of CD45 immunostaining and DAPI nuclear counterstaining (blue) 

of transverse sections from WT and ASMase-KO TA muscles at different time points after CTX 

injection.  

C) CD45 positive (CD45+) quantification. Values are expressed as mean ± SEM (n = 3 mice). 

* p < 0.05, ** p < 0.01, *** p < 0.001 vs. the respective WT. 

D) RT-qPCR analysis of inflammatory markers IL-1β, IL-6 and IGF-1 at 3 (left graph) and 5 

(right graph) days after CTX injection. Values are expressed as mean ± SEM (n ≥ 4 mice) 

normalized vs. the untreated controls (dashed line). 
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E) Representative images of CD206 (red) and CD80 (green) immunostaining and DAPI nuclear 

counterstaining (blue) of transverse sections from WT and ASMase-KO TA muscles at 3 and 

5 days after CTX injection.  

F) M1/M2 ratio quantification by flow cytometry in TA muscles at 3 and 5 days after CTX 

injection in WT and ASMase-KO mice (n ≥ 3 mice for each group).  

Values are expressed as mean ± SEM. * p < 0.05, *** p < 0.001 vs. the respective WT.  

G)  RT-qPCR analysis of Nrf2 at different time points after CTX injection.  

Values are expressed as mean ± SEM (n ≥ 3 mice) normalized vs the untreated control. * p < 

0.05, *** p < 0.001 vs. the respective WT control. UT: untreated. 

H) RT-qPCR analysis of HO-1, GPX1 and SOD3 at different time points after CTX injection. 

Values are expressed as mean ± SEM (n ≥ 3 mice) normalized vs. the untreated controls (dashed 

line). * p < 0.05, ** p < 0.01 vs. the respective WT. 

 

 

ASMase ablation improves skeletal muscle regeneration after acute damage 

 

To test the hypothesis that ablation of ASMase is beneficial in the context of muscle 

damage we compared muscle regeneration of ASMase-KO and WT mice after cardiotoxin 

injection. 

We evaluated the CSA of regenerating centrally nucleated fibers and the expression of 

embryonic myosin (MyHC-emb) as a proxy for muscle regeneration at 5 and 7 days after injury 

(Figure 12A-B and 12D-E) as these time points correspond to the highest activity of ASMase 

(Figure 11A), and regenerative myogenesis and tissue remodeling are ongoing. 

Although the number of regenerating myofibers was the same in WT and ASMase-KO 

TA (Figure 12G), their increased size along with the decreased expression of MyHC-emb in 

ASMase-KO mice compared to WT in both time points (Figure 12A-B and 12D-E) indicate an 

enhanced growth of the new fibers resulting from an accelerated myogenesis.  

Contemporarily, we found an increase in mRNA expression of dystrophin (DMD) 

(Figure 12C-F) which is an indicator of myofiber maturity (Yoshimoto et al., 2020). 

The increased number of satellite cells in ASMase-KO mice at 3 and 5 days post-injury 

in comparison to WT mice, assessed by flow cytometry and immunofluorescence (Figure 12H-

I), further supported these findings.  

As no differences were found in the later stages of muscle regeneration (14 days after 

muscle injury) (Figure 12J), we concluded that the effect was transient. 
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Figure 12. ASMase ablation improves skeletal muscle regeneration after acute damage 

A-G) Analysis of TA muscles at 5 and 7 days after CTX injection in WT and ASMase-KO 

mice. 

A) Representative images at 5 days after CTX injection of H&E staining (top panels), laminin 

(middle panels) and MyHC-Emb (bottom panels) immunostaining of transverse sections of TA 

muscles. Nuclei were counterstained with DAPI (blue). Scale bar = 50 μm. 

B) Mean CSA quantification (left graph) of regenerating fibers (centrally nucleated) measured 

on laminin staining (n = 3 mice) and MyHC-Emb quantification (right graph) (n = 4 mice) of 

TA muscles at 5 days after CTX injection.  

Values are expressed as mean ± SEM. * p < 0.05 vs. the WT. 

C) RT-qPCR analysis of DMD at 5 days after CTX injection. Values are expressed as mean ± 

SEM (n = 3 mice) normalized vs. the untreated controls (dashed line). * p < 0.05, ** p < 0.01 

vs. the WT. 

D) Representative images at 7 days after CTX injection of H&E staining (top panels), laminin 

(middle panels) and MyHC-Emb (bottom panels) immunostaining of transverse sections of TA 

muscles. Nuclei were counterstained with DAPI (blue). Scale bar = 50 μm. 

E) Mean CSA quantification (left graph) of regenerating fibers (centrally nucleated) measured 

on laminin staining (n = 3 mice) and MyHC-Emb quantification (right graph) (n = 4 mice) of 

TA muscles at 7 days after CTX injection.  

Values are expressed as mean ± SEM. * p < 0.05 vs. the WT. 

F) RT-qPCR analysis of DMD at 5 days after CTX injection. Values are expressed as mean ± 

SEM (n = 3 mice) normalized vs. the untreated controls (dashed line). * p < 0.05, ** p < 0.01 

vs. the WT. 

G) Quantification of centrally nucleated fibers (%) measured in H&E-stained transversal 

sections of TA muscles from WT and ASMase-KO mice at 5 and 7 days after CTX injection. 

Values are expressed as mean ± SEM.  

H) Representative images of proliferating Satellite Cells, i.e. MyoD (Red) and Ki67 (green) 

positive cells, in TA muscles of WT and ASMase-KO mice at 5 days after CTX injection. 

Nuclei were counterstained with DAPI (blue). Scale Bar = 20 μm. 

I) Satellite Cell quantification by flow cytometry in TA muscles of WT and ASMase-KO mice 

at 3 and 5 days after CTX injection (n ≥ 4 mice).  

Values are expressed as mean ± SEM. * p < 0.05 vs the respective WT control.  

J) Representative images of laminin immunostaining of transverse sections of TA muscles at 

14 days after CTX injection. Nuclei were counterstained with DAPI (blue). Scale bar = 50 μm. 

The graph shows the mean CSA quantification measured on laminin staining (n = 3 mice). 

Values are expressed as mean ± SEM.  
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ASMase ablation does not affect the phenotype/function of Skeletal Muscle 

in vivo and in vitro 

 

Finally, to clearly demonstrate that ASMase controls muscle regeneration by 

modulating the immune response, we investigated ASMase-KO mice muscles and compared 

them to their WT counterparts, during their growth.   

Muscle weights and gross morphology assessed by histology and measurement of the 

fiber size (CSA) from both genotypes were indistinguishable, as showed our analysis of TA, 

gastrocnemius (GA), quadriceps (QUAD), and DIA at 1, 2 and 3 months of age to evaluate 

muscle growth (Figure 13A-E). 

In agreement with a normal muscle phenotype, ablation of ASMase did not alter the 

strength of the mice as they had the same performance at the Whole Body Tension Test (WBT) 

(Figure 13F). 

Considering the fundamental role of Satellite Cells in muscle regeneration, we 

wondered whether the absence of ASMase would affect their capabilities to proliferate and 

differentiate. Thus, we established primary muscle progenitor cell culture from ASMase-KO 

and WT mice. After 24h of culture, to analyze their proliferation, we compared by 

immunostaining the percentage of cells positive for the cell cycle marker Ki67 (Figure 14A-B). 

After 48h, we analyzed their differentiation by confronting their fusion index, diameter, number 

of nuclei per myotube, and myotubes with more than 5 nuclei (Figure 14C-D). We also 

analyzed the expression of the myogenic factors: MyoD, Myogenin, MyHCII, MyHCIV for 

both time points (Figure 14E). 

As we found no difference in vitro in between the two genotypes, we concluded that 

ASMase ablation does not affect the proliferation and differentiation of satellite cells. 

Altogether, these results indicate that early muscle regeneration is accelerated in 

ASMase-KO mice by modulating the microenvironment of the injured muscle, without 

affecting satellite cell myogenic properties directly. 
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Figure 13. Characterization of the skeletal muscle phenotype in ASMase-KO mice in vivo  

A) Representative images of Tibialis anterior (TA), Gastrocnemius (GAS) and Quadriceps 

(QUAD) muscles of 1 month, 2 months and 3 months old WT and ASMase-KO mice. Scale 

Bar = 10 mm.  

B) Muscle weight, normalized to body weight, of TA, GAS, QUAD and DIA muscles of 1, 2, 

and 3 months old WT and ASMase-KO mice (n ≥ 4 mice). 

C-D) H&E staining (C) and Laminin (red) and DAPI (Blue) (D) immunostaining of 

cryosections of muscles of TA, GAS, QUAD and DIA of 1, 2, and 3 months old WT and 

ASMase-KO mice. Scale Bar = 50 μm.  

E) Quantification of mean CSA of TA, GAS, QUAD and DIA of 1, 2, and 3 months old WT 

and ASMase-KO mice (n ≥ 4 mice) measured using ImageJ based on laminin staining. 

F) WBT measurements determined by dividing the average of the top ten or top five forward 

pulling tensions, respectively, by the body weight in 1, 2, and 3 months old WT and ASMase-

KO mice (n= 10). 
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Figure 14. Characterization of the skeletal muscle phenotype in ASMase-KO mice in vitro 

A) Representative Ki67 immunostaining (red) and DAPI nuclear counterstaining (blue) of 

satellite cells isolated from WT and ASMase-KO mice and cultured for 24 h (Proliferation). 

Scale bar = 100 µm. 

B) Percentage of Ki67 positive satellite cells on total DAPI staining. Values are expressed as 

mean ± SEM (n = 5 mice). 

C) Representative MyHC immunostaining (red) and DAPI nuclear counterstaining (blue) of 

satellite cells isolated from WT and ASMase-KO mice and cultured for 48 h (Differentiation). 

Scale bar = 100 µm.  

D) Fusion index, mean myotubes diameter, mean number of myonuclei/myotube and 

percentage of myotubes with more than 5 nuclei of satellite cells from WT and ASMase-KO 

mice (n = 9 mice).  

E) RT-qPCR analysis of myogenic markers Myod, Myog, and MyHCII and MyHCIV during 

proliferation (24h) and differentiation (48h) of satellite cells (n ≥ 4 mice). 
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DISCUSSION 

 

The enzyme ASMase plays a major role in the metabolism of sphingolipids by generating 

ceramide, a lipid second messenger involved in a wide range of physiological and pathological 

mechanisms (Zeidan & Hannun, 2010). ASMase is activated by multiple stress stimuli and in 

turn, induces the production of key mediators of Inflammation and Oxidative Stress. As both 

of these processes are hallmarks of DMD (Petrillo et al., 2017; Tidball et al., 2018) and we 

recently demonstrated the role of ASMase in the progression of this muscular dystrophy; here, 

we explored whether targeting this enzyme by FIASMAs (Kornhuber et al., 2010) and/or 

antioxidant molecules, would be a pertinent therapeutic strategy. We provide evidence that 

acting on the ASMase pathway induces a protective effect from the development of the 

pathology with improvements of both morphological and functional muscle features. 

 

FIASMAs and Antioxidants improve mdx mice pathophysiology 

 

The first proof-of-concept evidence of ASMase modulation in DMD has been obtained 

in a short-term experiment by administering the FIASMA and TCA Amitriptyline to mdx mice. 

As mouse model for the experiments of this work we decided to use C57BL/10ScSn-Dmdmdx/J, 

the one recommended by TREAT-NMD (https://treat-nmd.org/resources-support/research-

overview/preclinical-research/animal-model-choice-for-dmd/) to evaluate drug efficacy for 

DMD. Despite their milder phenotype with respect to the human pathology, they remain the 

most extensively used model as the recently developed ones, aiming to increase the severity of 

the condition, usually rely on additive effects of either structural or myogenic gene knockouts 

that do not occur in the human disease (Willmann et al., 2009; Yucel et al., 2018). Our results 

demonstrated the ability of the drug to decrease ASMase in skeletal muscle along with the 

reduction of inflammation. This is in line with previous data on the beneficial effect of 

Amitriptyline in improving mdx mice phenotype by modulating inflammation and supports our 

hypothesis of the anti-inflammatory effect of ASMase inhibition (Manning et al., 2014).  

As DMD is a chronic disease, a long-term treatment of mdx mice has been carried out, 

using other FIASMAs renowned to be safer: Fluoxetine and Sertraline, belonging to the class 

of SSRIs. Furthermore, we tested the antioxidant molecules Plumbagin, Quercetin and NAC. 

The latter was used as a control for the efficacy of our protocol as NAC is currently in pre-

clinical studies for DMD (Yao et al., 2021). 

In the exhaustion treadmill running test, used to determine the improvement of muscle 

function in mice under treatment, mdx mice treated with Plumbagin or Quercetin performed 

significantly better than the dystrophic controls, reaching a recovery score similar to NAC, 

while both FIASMAs did not appear to improve muscle function. Indeed, mdx mice treated 

with Fluoxetine or Sertraline ran the same distance and time as the mdx vehicle. However, a 

limit to this test may be the involvement of behavior. As the treated WT performed poorly 

compared to the WT vehicle, we suggest that a cognitive impairment following the treatment 

can cover a possible beneficial action of FIASMAs on skeletal muscle. In recent studies, 

Fluoxetine treatment in mice (18mg/kg/day for 6 weeks) increased endurance abilities and more 

https://treat-nmd.org/resources-support/research-overview/preclinical-research/animal-model-choice-for-dmd/
https://treat-nmd.org/resources-support/research-overview/preclinical-research/animal-model-choice-for-dmd/
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significantly grip strength (Tutakhail et al., 2019). The possible reasons for which we did not 

obtain the same outcome on the treadmill could be related to differences in the treadmill 

protocol, the dosage of Fluoxetine which could modify its activating or sedating effect, the 

duration of the treatment as well as the strain of mice (Beasley et al., 1992). Nonetheless, these 

results along with the increased muscle mass in the Fluoxetine group are particularly 

encouraging and considering the more striking difference observed with the grip strength test, 

this prompts us to take advantage of other tests to assess muscle strength. 

All the treatments tested improved muscle morphology, reaching a nearly normal 

architecture with Sertraline, Plumbagin and Quercetin administration. Fibrosis was also greatly 

reduced in all the treatments, apart from Fluoxetine. Importantly, treated mdx mice showed a 

significant decrease in muscle damage, assessed by evaluation of myonecrosis, measurement 

of serum Creatine Kinase during treatment (Klein et al., 2017) and inflammation. In parallel, 

we also noticed an enhanced regeneration, with higher expression of key regulators of 

myogenesis: Myogenin, which controls the transition from proliferating myoblasts to 

differentiating myotubes and, particularly, Myf6 which is involved in myofiber maturation and 

is the predominant myogenic factor in mature differentiated muscle (Ganassi et al., 2020; 

Moretti et al., 2016; Zammit, 2017). Noteworthy, the proportion of satellite cells expressing 

Myogenin entering the differentiation program is peculiarly low in DMD muscles (Kottlors & 

Kirschner, 2010). 

The increase of regeneration in the context of muscular dystrophy, with its continuous 

rounds of degeneration, may be considered as an indicator of muscle damage (Guiraud et al., 

2019). However, it is also known that this perpetuating vicious cycle of degeneration and 

regeneration in DMD depletes the pool of satellite cells (A. Lu et al., 2014). Furthermore, as 

dystrophin is normally expressed in satellite cells, its absence distorts the polarity of these stem 

cells, causing a deficit in asymmetric divisions resulting in a reduced rate of myogenic 

progenitor cell generation (Dumont, Wang, et al., 2015; Y. X. Wang et al., 2019).  

Altogether these data account for a general improvement of the dystrophic phenotype 

following the treatments, which can generate a more favorable environment for Satellite Cells 

known to be particularly influenced by macrophages: to live, proliferate and differentiate  

(Boldrin et al., 2015; Madaro et al., 2019; Schertzer et al., 2007).  

 

The similarities between inhibition of ASMase in acute and chronic muscle damage 

 

FIASMAs achieved to decrease ASMase activity in the diaphragm, the muscle 

recapitulating best the human pathology and thus the muscle we used for most of the 

experiments (Stedman et al., 1991), therefore corroborating the role of this enzyme in the 

pathophysiology of the disease. The antioxidant Plumbagin was also able to decrease the 

enzyme activity, while Quercetin failed to modify it. However, since no difference was found 

in the expression of ASMase, we can hypothesize that the protective effect of the compound 

relies on the modulation of the enzyme activity rather than its expression as for FIASMAs 

which induce the lysosomal degradation of ASMase (Kornhuber et al., 2010). This decrease in 

Plumbagin-treated muscles could be solely related to its antioxidant and anti-inflammatory 

properties already demonstrated (Wang & Li, 2018), although it seems worth investigating 

whether this molecule does not have more direct control over ASMase. 
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All the treatments attenuated Oxidative Stress by increasing the expression of members 

of the antioxidant system: HO-1 and SOD3 while only Fluoxetine was able to promote GPX1. 

This antioxidative property of the FIASMA is in line with previous studies (Behr et al., 2012; 

Tutakhail et al., 2019). Unexpectedly, we observed a surge of NOX4 gene expression in 

Plumbagin and Quercetin-treated muscles. This could be ascribed to a compensation 

mechanism after inhibition of its activity by antioxidants. However, NOX4 upregulation, 

effective or not, is clearly counteracted by the induction of the antioxidant system defense as 

evidenced by histopathological and functional evaluation of muscles. Nonetheless, this 

deserves more research in order to be confirmed, for example in vitro on macrophages and 

satellite cells to verify that the direct antioxidant effect due to inhibition of the activity of NOX4 

counterbalances the induction of its expression, resulting from a presumed compensation 

mechanism. 

This induction of HO-1 by the FIASMAs confirms previous reports (Shin et al., 2009). 

This is encouraging considering the role of HO-1 in the antioxidative and anti-inflammatory 

response, as well as cell survival and cell cycle regulation. Its importance has even been 

reinforced recently by the worsening of the disease in dystrophin-deficient animals lacking the 

Hmox1 gene (Hmox1-/-mdx) (Pietraszek-Gremplewicz et al., 2018). 

Only Fluoxetine and Plumbagin were able to induce Nrf2 expression, which 

corroborates with previous findings (Guo et al., 2017; Mendez-David et al., 2015) and is 

particularly promising considering the potential of this transcription factor to simultaneously 

target separate pathological features of DMD including inflammation and oxidative stress 

(Kourakis, Timpani, de Haan, et al., 2021). 

Both FIASMAs and antioxidants alleviated inflammation and promoted its shift towards 

an anti-inflammatory state. All the treatments reduced the expression of the M1 markers: IL-1β 

and TNF-α mostly in both diaphragm and tibialis anterior or only one of them for Sertraline 

and Fluoxetine. These pro-inflammatory cytokines are elevated in mdx mice and their inhibition 

has been found beneficial (Evans et al., 2009; Hodgetts et al., 2006; Huang et al., 2009). 

Regarding the anti-inflammatory M2 markers known to drive tissue repair (S. A. Villalta, Deng, 

et al., 2011) assessed by the evaluation of IL-10, CD163 and ARG1, the best results were 

obtained with Fluoxetine which increased all of them in both muscles as well as with Plumbagin 

that modulated the expression of ARG1. This surge of IL-10 expression induced by Fluoxetine 

is a positive sign as it has been demonstrated that IL-10 reduces the pathology of muscular 

dystrophy (S. A. Villalta, Rinaldi, et al., 2011). Moreover, IL-10 is a strong inducer of CD163, 

which promotes muscle repair by shifting macrophages towards the M2c phenotype and its 

expression was increased with all the treatments in the tibialis anterior (S. A. Villalta et al., 

2009). Additionally, supporting this switch in macrophage phenotype, Plumbagin and 

Sertraline decreased the M1/M2 ratio. 

Altogether, these antioxidative and anti-inflammatory effects exerted by both FIASMAs 

and antioxidants are consistent with the improvement in muscle function and regeneration. 

Similar results were obtained in an acute muscle injury model by using ASMase-KO 

mice (Roux-Biejat et al., 2021), thus suggesting that the events observed in treated mdx mice 

are related to the decrease of ASMase activity. We first found in vitro that ASMase plays a 

crucial role in M1 polarization and that its absence shifts macrophages towards an M2 

phenotype as attested the decrease of IL-1β, TNF-α, CD80 and NOS2 concomitantly with the 
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increase of CD163, CD206 and Nrf2 in ASMase-KO macrophages cultured in M1 conditions 

compared to the WT counterparts. Noteworthy, this switch was also observed when 

administering the FIASMA Amitriptyline to WT M1 macrophages. The molecular/cellular 

pathways involved in macrophage phenotype polarization during muscle injury/regeneration 

are still under investigation. Our results pointed out an involvement of ASMase, likely through 

Nrf2 and are in line with the data of Kobayashi and colleagues that have recently clarified that 

Nrf2 activation inhibits the expression of inflammatory cytokines in M1 macrophages, thus 

blunting the inflammatory response (Kobayashi et al., 2016).  

To explore the relevancy of the modulation of the immune system by ASMase, we 

evaluated in vivo the regenerative capacities of ASMase-KO and WT mice, who physiologically 

show no difference in their skeletal muscle system. Following CTX injection, ASMase-KO 

muscles displayed a decrease in inflammation along with a shift towards the M2 phenotype 

with a decrease in IL-1β and IL-6 expression and in the M1/M2 ratio. ASMase ablation also 

alleviated Oxidative Stress by inducing the antioxidant defense system with HO-1, GPX1 and 

SOD3. In the absence of ASMase, there is a peak in Nrf2 expression, as we observed in vitro 

in M1 macrophages of ASMase-KO mice. These data further confirm that the crosstalk between 

the ASMase/ceramide pathway and inflammation is tight and multi-faceted. Indeed, if it is 

clearly demonstrated that the activation of ASMase by inflammatory cytokines is often 

mandatory for their intracellular signaling to be effective, it is also established that ASMase 

may, in turn, stimulate cytokine expression and release (Falcone et al., 2004; Hofmeister et al., 

1997; Perry et al., 2014).  

In parallel with the modulation of inflammation, muscle regeneration was improved as 

attested the increased size of regenerating fibers along with the increased expression of DMD, 

a reflector of myofiber maturity (Yoshimoto et al., 2020), and IGF-1 a hormone important in 

muscle growth and maintenance also recognized to improve regeneration by directly expanding 

the pool of satellite cells and concomitantly driving macrophages towards the M2 phenotype 

(Y. H. Song et al., 2013; Tidball & Welc, 2015). Consistently, the number of satellite cells was 

also increased after the damage, although in normal conditions we found no difference between 

the two genotypes. These data corroborate our observations on damage/regeneration in mdx 

mice after treatment with FIASMAs. 

Nevertheless, we are aware that further investigations are necessary to clearly dissect 

the molecular pathway underlying ASMase inhibition, as for instance, investigating in vitro on 

primary cultures of macrophages and satellite cell and in vivo in mdx mice the effects of ARC39, 

a recently discovered molecule that is a direct and specific inhibitor of ASMase, and has even 

been found safe when administered intraperitoneally in mice (Naser et al., 2020).  

 

Potential and Future Perspectives of FIASMAs and Antioxidants in the therapy of DMD 

 

The results obtained so far are particularly encouraging regarding the safety of the long-

term treatment with FIASMAs and antioxidants. Indeed, the closely monitored mice showed 

no signs of distress (i.e. anxiety) or pathology attributable to drug adverse events. Our major 

concern was related to the FIASMA administration, as although we chose the safest among the 

available ones, i.e. Fluoxetine and Sertraline, they belong to the selective serotonin reuptake 

inhibitor class of antidepressant drugs. The role of serotonin (5-hydroxytryptamine) in satiety 
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control is well recognized and these serotonergic drugs are known to reduce appetite and 

consequently weight in humans and rodents (Halford et al., 2011). On the other hand, they have 

also been associated with weight gain (Shin et al., 2009). However, the weight loss was 

observed in rodents at higher doses of Fluoxetine starting from 10mg/kg/day (Aggarwal et al., 

2016). As this is the first time these SSRIs are used for their FIASMA properties in mdx mice 

we set for the lowest possible dose we estimated sufficient to elicit a response: 5mg/kg/day, 

considering that up until 18mg/kg/day Fluoxetine administered chronically to mice, the plasma 

concentrations of Fluoxetine are in the range of patients taking 20-80mg Fluoxetine (i.e. Prozac) 

per day (Dulawa et al., 2004). Regarding Sertraline, as the human equivalent dose (HED) 

formula used to extrapolate the drug dosage from one animal species to another is: HED 

(mg/kg) = Animal dose (mg/kg) x (Animal Km/Human Km) where human Km=37 and mouse 

Km =3 (Reagan‐Shaw et al., 2008), the HED of the 5mg/kg/day administered to our treated mdx 

mice is 0,41mg/kg. Considering that the maximum human dose of Sertraline as an 

antidepressant drug is 3 mg/kg (Romanelli et al., 2019), this is more than 7 times above the 

dosage we chose. 

Studies in mice also reported that both Fluoxetine and Sertraline at 10 and 20 mg/kg/day 

respectively attenuate postischemic brain injury (Shin et al., 2009). Additionally, it was shown 

that 2,5 and 5 mg/kg/day Fluoxetine have a stronger neuroprotective effect than 10 mg/kg/day, 

with the lowest dose resulting in the most remarkable effect (Zhu et al., 2012). Regarding 

Sertraline, a dose of 1 mg/kg/day was found sufficient to decrease serum IL-6 in mice 

(Romanelli et al., 2019).  

Regarding Plumbagin and Quercetin, these antioxidants are natural dietary supplements 

with growing evidence showing their safety (Badwaik et al., 2019; Harwood et al., 2007; 

Panichayupakaranant & Ahmad, 2016; Patel et al., 2018; Rauf et al., 2018; Sumsakul et al., 

2016). In our experiments, Plumbagin provided similar benefits to NAC, which has already 

given promising results in mdx mice (de Senzi Moraes Pinto et al., 2013; Whitehead et al., 

2008). However, there is a concern regarding the safety of NAC that has been posed not only 

in studies on dystrophic mice (Pinniger et al., 2017) but also by the FDA 

(https://www.fda.gov/food/cfsan-constituent-updates/fda-requests-information-relevant-use-

nac-dietary-supplement) which is currently requesting for more information for its use a food 

supplement.   

These findings support our idea to test the efficacy of a lower dosage of the FIASMAs 

to be used in combination with an antioxidant. 

 

Conclusion 

 

The goal of this thesis was to determine the most effective FIASMA and antioxidant 

molecule, which appear to be Fluoxetine and Plumbagin respectively, with the future 

perspective of combining them. This is encouraging for Plumbagin as it is the first time it is 

tested in muscular dystrophy. The rationale of this combination is to improve treatment efficacy 

by regulating the ASMase pathway at different levels so that the two molecules together could 

benefit from each other in an additive/synergistic way. As antioxidants are available on the 

market as dietary supplements and present none or few side effects, their addition, allowing to 

diminish the dose of FIASMA would, in turn, further reduce adverse events.  
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There is a pressing need for an alternative therapeutic strategy for DMD, as in the 

absence of a definite cure, corticosteroids are part of care recommendations, but they delay the 

progression of DMD at the cost of severe side effects. Moreover, an obstacle to the advances 

in gene therapy is the host immune response, thus a combination with another agent able to 

modulate it could be a solution. FIASMAs coupled with an antioxidant could potentially help 

in these cases, but also in alleviating the depressive symptoms often displayed by the patients 

as these FIASMAs are antidepressants. Furthermore, drug repurposing allows time- and cost-

savings as the drugs are already commercially available with a known safety profile. 
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REPORT 

 

Duchenne Muscular Dystrophy (DMD) is the most common and severe muscular 

dystrophy, leading to death by the third decade of life. It is caused by loss-of-function mutations 

in the dystrophin gene. However, two other mechanisms overlapping each other play an 

important role in the pathophysiology:  

• Inflammation, which is adapted to acute, infrequent muscle damage but misapplied in 

the context of chronic injury. This has been demonstrated by removing inflammatory 

cell types in the mdx mice, the murine model of DMD, as well as through the inhibition 

of key mediators of inflammation (Brunelli & Rovere-Querini, 2008; Grounds et al., 

2020; Madaro & Bouché, 2014). 

• Oxidative stress, as this process can lead to cell death and dystrophic muscles exhibit 

an increase in producing free radicals and compensatory antioxidant enzymes already 

at the pre-necrotic stage (Disatnik et al., 1998; Rando et al., 2002). 

Acid Sphingomyelinase (ASMase) is an enzyme catalyzing the hydrolysis of 

sphingomyelins to ceramides, which are key players in cellular stress response. 

Sphingomyelinases are stimulated during inflammation and in response to oxidative stress 

(Nikolova-Karakashian & Reid, 2011; Won & Singh, 2006). Their importance in inflammatory-

associated disorders along with their therapeutic potential is rising interest (Maceyka & Spiegel, 

2014). Functional inhibitors of ASMase (FIASMAs) (Kornhuber et al., 2010), including mostly 

antidepressants, work by inducing the lysosomal degradation of ASMase, and are known to 

have a good safety profile.  

Importantly, the involvement of ASMase in the progression of DMD, was previously 

demonstrated in the laboratory of Pharmacology of DIBIC in experiments on the tibialis 

anterior (TA) and  diaphragm (DA) muscles of mdx mice, compared to wild-type (WT) mice. 

Therefore, the focus of this PhD study was to investigate whether targeting this enzyme by 

using FIASMAs, and/or antioxidants molecules, would be a pertinent therapeutic strategy for 

DMD. 

First, as a proof-of-concept we performed a short-term experiment with Amitriptyline, 

a tricyclic antidepressant and a FIASMA which has already been proven to be beneficial in mdx 

mice, although its effect on ASMase in dystrophic muscles has not been yet analyzed (Manning 

et al., 2014). We administered Amitriptyline to mdx mice (10mg/kg, for 6 weeks), while the 

control group received the vehicle. By histopathology, we noticed a reduced inflammation in 

the treated group, and a reduction of myonecrosis, thus supporting previous findings. This 

improvement was paralleled by reduced ASMase activity assayed in the muscle, and the 

presence of the drug in the targeted tissue by mass spectrometry. 

Therefore, we then treated chronically mdx mice with a FIASMA i.e. Fluoxetine and 

Sertraline at 5mg/kg or an antioxidant molecule i.e. Plumbagin (30mg/kg), Quercetin 

(50mg/kg) and N-acetylcysteine (NAC) (1.5g/kg) for 3 months. As the tested FIASMAs belong 

to selective serotonin reuptake inhibitors (SSRIs), they have fewer side effects than 

Amitriptyline. NAC was used as a control as its efficacy in mdx mice was reported in numerous 

studies (de Senzi Moraes Pinto et al., 2013; Whitehead et al., 2008).  
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Both Plumbagin and Quercetin improved the muscle function evaluated by the 

exhaustion treadmill test compared to mdx vehicle and reached a recovery score versus WT 

similar to NAC. However, the potential improvement of muscle function was possibly hidden 

in FIASMA-treated mdx mice due to the behavioral effect of these SSRIs (Beasley et al., 1992), 

as suggested by the poor performance of WT mice treated with the same drugs compared to the 

WT vehicle. 

All the treatments however improved muscle morphology compared to mdx vehicle with 

a reduced inflammatory infiltrate and fibrosis as showed by the Hematoxylin and Eosin and 

Sirius Red stainings and significantly decreased muscle damage evidenced by mIgG staining 

and serum Creatine Kinase activity. In parallel, the muscle regeneration was enhanced as 

attested by the increased positivity for embryonic myosin and expression of key regulators of 

myogenesis, Myogenin and Myf6. 

We found that both FIASMAs tested and Plumbagin were able to decrease ASMase 

activity in the diaphragm, the muscle recapitulating best the human pathology (Stedman et al., 

1991) and thus used in most of our experiments; however, Quercetin failed to modify enzyme 

activity. 

Both FIASMAs and antioxidants reduced and modulated inflammation towards an anti-

inflammatory state as evidenced by the decreased positivity for CD45 and expression of the M1 

macrophage markers, worsening muscle damage: IL-1β and TNF-α, in parallel with the increase 

in M2 macrophage markers promoting tissue repair IL-10, CD163 and ARG1 (Madaro et al., 

2019; S. A. Villalta et al., 2009). We also observed a promising decrease of the M1/M2 ratio 

for Plumbagin and Sertraline by flow cytometry. 

All the treatment also attenuated oxidative stress by increasing the expression of several 

enzymes involved in the antioxidant defense system: HO-1, SOD3 and GPX1, which was 

modulated only by Fluoxetine.  

Only Fluoxetine and Plumbagin induced Nrf2 expression, which plays a pivotal role in 

oxidative stress and inflammation holding great potential in DMD therapy as this transcription 

factor can simultaneously target separate pathological features of the disease (Kourakis, 

Timpani, de Haan, et al., 2021). 

In order to clearly understand the role of ASMase in the process of regeneration after 

injury we investigated this issue in ASMase-KO mice  (Roux-Biejat et al., 2021). Of note, 

although ASMase ablation did not affect the phenotype/function of skeletal muscle and satellite 

cells per se, it shifted macrophage polarization towards an M2, pro-regenerative, phenotype. 

The absence of ASMase led to a significantly lower expression of IL-1β, TNF-, CD80 and 

NOS2 in comparison to the WT counterparts in vitro, particularly in macrophages cultured in 

M1-polarizing conditions. Similarly, we noticed a reduction of IL-1β, TNF- and CD80 when 

treating WT M1 macrophages with the FIASMA Amitriptyline. Importantly, while we 

observed no differences for CD206 and CD163 in ASMase-KO macrophages cultured in M2-

polarizing conditions, we detected a surge in the expression of these M2 markers in M1 

macrophages of ASMase-KO mice. Moreover, these data paralleled with the increase of Nrf2 

expression in M1 macrophages lacking ASMase, thus indicating a possible involvement of this 

transcription factor in the molecular machinery triggered by ASMase. These results put forward 

the crucial role of ASMase in M1 polarization. 
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To explore the potential of inhibiting ASMase to affect muscle regeneration by 

modulating the immune response in vivo, we injected cardiotoxin (CTX) in the TA of both 

genotypes and retrieved it at different time points of muscle regeneration. Compared to their 

WT littermates, we found in ASMase-KO mice a reduced leukocyte infiltration at the site of 

injury along with a lower pro-inflammatory state as demonstrated the lower expression of IL-

1β and IL-6. This was reinforced by the decreased M1/M2 macrophage ratio.  

Moreover, the anti-inflammatory effect in the absence of ASMase following tissue 

damage was confirmed by the enhanced expression of Nrf2, along with its downstream genes 

involved in the antioxidant response: HO-1, GPX1 and SOD3.  

The concomitant elevation of Insulin-like growth factor 1 (IGF-1), a potent enhancer of 

tissue regeneration indicates that such changes in the niche of satellite cells are beneficial for 

muscle regeneration (Tidball & Welc, 2015). As a consequence, we found an increased size of 

the regenerating myofibres coupled with a decreased expression of embryonic myosin in the 

injured TA of ASMase-KO versus WT. This indicates an enhanced growth of the new fibers 

resulting from an accelerated myogenesis. Contemporarily, we found in ASMase-KO mice an 

increase in mRNA expression of dystrophin (DMD) which is an indicator of myofiber maturity 

(Yoshimoto et al., 2020). 

Taken together, these data show that the absence of ASMase alleviates inflammation 

and oxidative stress, by effectively activating Nrf2 and shifting macrophage polarization 

towards the M2 phenotype associated with tissue repair in vivo. This scenario following acute 

muscle injury in ASMase-KO mice parallel with our results obtained with FIASMAs and 

antioxidants in mdx mice in the context of chronic injury; therefore, suggesting that the events 

observed in treated mdx mice are related to the decrease of ASMase activity. 

We provide evidence that acting on the ASMase pathway induces a protective effect 

from the progression of the pathology with improvements of both functional and morphological 

muscle features. These results are particularly encouraging to provide an alternative therapeutic 

strategy to the incurable DMD as corticosteroids are part of care recommendations to slow the 

development of the disease, but they are paired with severe side effects. As these FIASMAs are 

antidepressants, they could alleviate the depressive symptoms often displayed by the patient. 

Modulating ASMase could also help gene-therapy in reaching the therapeutic efficacy as one 

important challenge is the host immune response. Moreover, drug repurposing allows time- and 

cost-saving as the drugs are already commercially available with a known safety profile. 

Finally, the efficacy could potentially be improved in a synergistic/additive manner by 

combining a FIASMA with an antioxidant, our results showing that the most efficient ones in 

their class are Fluoxetine and Plumbagin. Noteworthy, this is the first time Plumbagin is tested 

in the context of muscular dystrophy. 
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