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Abstract:



Duchenne muscular dystrophy (DMD) is an X-linked genetic disease in which the dystrophin gene is mutated, resulting in dysfunctional dystrophin protein. Without dystrophin, the dystrophin-glycoprotein complex (DGC) is unstable, leading to an increase in muscle damage. Moreover, the imbalance between muscle damage and repair leads to a chronic inflammatory response and an increase in the amount of fibrosis over time. The absence of dystrophin at the sarcolemma also delocalizes and downregulates nitric oxide synthase (nNOS) and alters enzymatic antioxidant responses, leading to an increase in oxidative stress. In this review, we analyze the pathogenic role of both inflammation and oxidative stress in muscular dystrophy.






Keywords:


Duchenne muscular dystrophy; inflammation; oxidative stress; therapeutic approaches; muscle wasting








1. Introduction


Duchenne muscular dystrophy (DMD) is a severe X-linked recessive disease affecting 1 of 5000 male births, being males hemizygous for chromosome X. Affected boys exhibit symptoms between 2 and 5 years of age, including motor developmental delay, abnormal gait, and muscle weakness [1]. The progressive muscle degeneration leads to loss of ambulation at 8–12 years with premature death due to cardio-respiratory failure [2]. The genetic causes of the disease are “out of frame” deletions (68%), duplications (11%), and small mutations (20%) in the dystrophin gene, the largest known gene with the highest spontaneous mutation rates in humans [3,4]. These alterations of the translational reading frame result in a dysfunctional or absent dystrophin protein with critical consequences for muscle tissue integrity.



Dystrophin is a cohesive cytoplasmic protein that interacts with a group of membrane proteins to form the dystrophin-associated protein complex (DAPC), which connects the myofiber cytoskeleton to the extracellular matrix. Critical components of DAPC are dystroglycans (DG) and sarcoglycans (SCG) forming the dystrophin-glycoprotein complex (DGC), and other associated proteins, such as α-dystrobrevin, syntrophins, caveolin-3, growth factor receptor-bound protein-2 (Grb2), and the neuronal nitric oxide synthase (nNOS) [5]. Since DAPC stability is determinant to support sarcolemma integrity, the absence of dystrophin protein alters the stability of membrane complexes, leading to aberrant intracellular signaling pathways and to a progressive increase of contraction-induced muscle damage [6,7].



Although the genetic basis of DMD pathology has been known for more than 30 years and a mouse model (mdx) has been developed, mechanisms leading to the extensive muscle wasting observed in DMD patients remain to be fully elucidated [8]. Indeed, while dystrophin deficiency is the primary genetic defect, secondary mechanisms are important features of the disease. The perturbation of calcium homeostasis along with chronic inflammation, mitochondrial dysfunction, and elevated oxidative stress characterize the dystrophic muscle and milieu. Moreover, repeated cycles of myofiber necrosis and ineffective regeneration contribute to the establishment of a chronic inflammatory response, which in turn amplifies tissue damage, leading to muscle degeneration and fatty tissue replacement [2,9]. Because no etiologic therapy is available for Duchenne muscular dystrophy, a better understanding of secondary pathogenic mechanisms downstream from the primary defect could be useful in developing new adjuvant treatments.




2. Animal Models of Muscular Dystrophy


Since muscular dystrophy emerged as a complex muscle disease, reliable animal models of the human disease are necessary to predict drug, gene, and cell therapy effectiveness in patients. The mdx mouse strain, lacking a functional dystrophin gene, has served as the animal model for human DMD and Becker muscular dystrophies [10]. However, while the skeletal muscles of mdx mice undergo extensive necrosis early in neonatal life, unlike the human disease, the affected muscle rapidly regenerates and regains structural and functional integrity [8,11,12,13]. The enhanced regenerative potential of mdx muscles and the upregulation of compensatory proteins, such as utrophin and integrins, are thought to be the basis of the reduced wasting of dystrophin-deficient muscles in mdx [14]. Moreover, among factors possibly explaining the difference between humans and mdx mice the extent of chronic inflammatory response has been suggested to be linked to the severity of dystropathology [15,16]. To compensate for these shortcomings of the mdx mouse, other mouse models of muscular dystrophy have been generated [17,18,19]. Nevertheless, we should take into consideration that double mutant mice like mdx mice deficient for MyoD [20], utrophin [18], parvalbumin [21], α7 integrin [22], or mTR (telomerase) [23] do not resemble the genetic background of DMD patients and are therefore less appropriate to predict therapeutic effects.



Thus, the mdx mouse is still the most widely used model to study DMD and also offers some advantages, considering that it is the most well-characterized and well-established murine model of DMD, in terms of pathogenic factors associated with the absence of dystrophin. There is an acute onset of pathology (increased myofiber necrosis and elevated blood creatine kinase) around 3 weeks of age, in which mdx mice display muscle weakness similar to DMD patients [8]. It has been reported that analysis of sera from 1 week to 7-month-old mdx mice revealed age-dependent changes in the level of biomarkers, with most biomarkers acutely elevated at 3 weeks of age [24], and these biomarkers were elevated at comparable levels in DMD patients. Although the use of mdx mice for providing insight regarding human DMD has generated considerable debate within the scientific community, it remains an invaluable experimental model. Indeed, over the last 30 years, many elegant papers have been published on the mdx mouse, including studies in which several therapeutic strategies have been analyzed [25,26,27,28,29,30,31,32].




3. Secondary Pathogenic Mechanisms Underlining DMD Pathology


3.1. Continuous Cycles of Myofiber Degeneration and Regeneration


The gradual loss of muscle tissue that occurs in patients affected by DMD has been attributed to an impaired regeneration process and to the progressive alteration of stem cell function in response to the chronic stimuli resulting from the constant repair of degenerating muscle fibers [33,34]. Indeed, repeated cycles of muscle degeneration and regeneration are key features of DMD pathology.



Recent findings demonstrated that the muscle resident stem (satellite) cells are directly involved in DMD pathology [35]. Satellite cells (SCs) are adult myogenic stem cells, residing in a specialized niche between the basal lamina and sarcolemma of individual myofibers, and their activation, proliferation, and differentiation are critical for muscle regeneration after injury [36,37]. However, it has been reported that lack of dystrophin affects SC polarity and asymmetric division as well as the ability to enter the myogenic program, thus contributing to the severity of disease [35,38]. In addition, prolonged muscle degeneration and chronic inflammation impair satellite cell activity and enhance fat and fibrotic tissue replacement [39,40].



Muscle regeneration is a highly coordinated program that requires a timely, controlled induction of muscle transcription factors (MRFs) and muscle specific genes [37,39]. Several studies reported how the complete differentiation program was impaired in muscles affected by DMD. Indeed, dystrophic satellite cells undergo extensive mitosis with a small population of progenitors contributing to the effective muscle repair [38,41]. In particular, accordingly with the elevated levels of paired box 7 (Pax7) expression in both DMD patients and mdx mice [42,43], cultured myoblasts from dystrophic muscles showed an increased number of Pax7-positive cells not expressing Myf5 (Myogenic factor 5) and a reduction of myogenin-differentiating cells [38,41]. Since dystrophin is expressed in activated satellite cells, dystrophin-deficient SCs display impaired polarity, abnormal division, and altered differentiation [41].



A functional dystrophin protein is also critical for the robustness of the muscle differentiation program, participating to the dystrophin/nNOS/HDAC2 (Histone deacetylase 2) pathway. It has been demonstrated that the absence of dystrophin disrupts the association between DAPC and nNOS (nitric oxide synthase), influencing the nitric oxide (NO) signaling pathway. An altered localization and expression of nNOS with a reduced production of NO has been observed in dystrophin-deficient muscles [44,45]. The impaired NO signaling mediates epigenetic changes through the direct modulation of HDAC2 nitrosylation state, thus affecting the expression of a specific subset of miRNAs and target genes that play an important role in muscle differentiation, homeostasis, and integrity [45].




3.2. Inflammation


Muscles of patients affected by Duchenne muscular dystrophy are known to exhibit consistent inflammatory changes, with these changes often observed soon after birth [15,46]. Factors related to chronic inflammation dominate the molecular signature of skeletal muscle in both DMD patients and mdx mice [15,16,46]. Indeed, gene profiling studies have provided evidence for coordinated activity of different mediators of the inflammatory response in dystrophic muscle, including cytokine and chemokine signaling, leukocyte adhesion and diapedesis, several invasive cell type-specific markers, and complement system activation [11].



Despite the complexity of the DMD-associated muscle inflammation, macrophages are reported as the primary inflammatory cell type involved in dystrophinopathy, and the balance between M1 and M2 phenotypic populations is known to affect the progression of pathology in mdx mice [47]. In particular, M1 macrophages represent the classically activated population able to participate in Th1 immune response and capable of tissue damage involved in the early acute phase of pathology in mdx (4 weeks of age) [47,48]. A later-invading population of M2 macrophages characterizes the mdx dystrophic muscle during the regenerative stage of disease (12 weeks of age) by promoting muscle growth and regeneration, an event that is not observed in human patients [47,48,49]. Indeed, alternatively activated macrophages expressing markers as CD163 are known to produce anti-inflammatory factors (IL-10) and to enhance satellite cell proliferation and muscle repair [47].



In light of the diversified role of immune cells in dystrophic muscle, specific released cytokines and chemokines and other inflammatory mediators are likely to play an important role in the pathogenesis of DMD. The pro-inflammatory M1 polarized cells, characterized by the expression of CD68 and iNOS (inducible nitric oxide synthase), upon activation, actively secrete chemoattractant molecules such as transforming growth factor- β (TGF-β), interleukin-6 (IL-6), tumor necrosis factor α (TNFα), and interleukin-1 β (IL-1β).



IL-6 is a pleiotropic cytokine that is involved in several intracellular signaling pathways under both physiological and pathological conditions. In particular, this cytokine exerts its biological activities through the activation of the canonical pathway, principally mediated by the membrane-bound receptor gp130, and by the induction of an alternative signaling mediated by the soluble IL-6 receptor α (IL-6r) [50]. Based on the activation of either classic or trans-signaling, IL-6 can respectively exert regenerative/homeostatic activities or promote pro-inflammatory pathways [51].



Indeed, IL-6 is locally and transiently produced in response to exercise and injury, and it plays an important role in satellite cell proliferation and muscle growth [52,53]. In contrast, the administration of high doses or long-term exposure of animal models to IL-6 increased muscle proteolysis [54,55,56].



IL-6, which is able to promote the switch from acute to chronic inflammation, is over-produced in both DMD and mdx muscles, whereas its circulating levels are significantly reduced in human patients after steroid treatment, and in mdx mice during the stabilization stage of disease (24 weeks of age) [8,28,57,58]. In light of this evidence, IL-6 is considered a key factor contributing to DMD progression and thus a potential target for the development of therapeutic approaches.



We recently demonstrated that a blockade of endogenous IL-6 receptor α, which mediates the IL-6 trans-signaling, conferred on dystrophic muscles resistance to degeneration and alleviated both morphological and functional consequences of the primary genetic defect. Pharmacological inhibition of IL-6r led to changes in the dystrophic muscle environment, favoring anti-inflammatory responses, improvement in muscle repair, and functional homeostatic maintenance of dystrophic muscle [28]. These data support different conclusions if compared to the study reported by Kostek and co-workers [59]. The two studies present several differences in the methodologies employed, including dosing regimen, and in the analysis and outcomes examined. Although improvements were observed in the Kostek et al. study, most of them did not reach statistical significance. Despite this, interestingly—and in agreement with molecular results of our study—they found increased levels of IL-10 in anti-IL6r-treated mdx mice. This piece of data is in evident contradiction with their conclusion that inflammation is increased. It is reasonable to speculate that by inhibiting IL-6 trans-signaling activity we reduced the inflammatory response in dystrophic mice and created a qualitative environment that makes the dystrophic muscle more resistant to the damage exerted by mechanical contraction [28].



Moreover, despite the implication of IL-6 signaling pathway in myoblast differentiation, the IL6r blockade resulted in an improved stabilization of dystrophic muscle phenotype with an enhanced expression of factors related to muscle differentiation and maturation [28]. It has also been reported that inhibition of the IL-6 intracellular mediator, namely the Jak/Stat pathway, stimulates muscle regeneration in both aged and dystrophic mice [60,61].



The opposite effects exerted by IL-6 can be justified considering the concept of hormesis, in which a low dose of a substance/molecule is stimulatory/homeostatic and a high dose is inhibitory/catabolic. Moreover, the positive effects of IL-6 are normally associated with its transient production and short-term action. In contrast, persistent inflammatory conditions, including muscular dystrophy, are associated with long-lasting elevated systemic IL-6 levels. Thus, muscle tissue benefits from low and transient increases in IL-6, whereas it is damaged by exposure to persistently high levels of this cytokine [28,58,62].



Along with IL-6, other pro-inflammatory cytokines, such as TNFα and IL-1β, are able to induce skeletal muscle proteolysis and to promote leukocytes influx inside the muscle [63]. Moreover, secreted cytokines can also activate peripheral neutrophils invading tissue and producing ROS (reactive oxygen species) [64,65]. Thus, the persistent activation and maintenance of the M1 pro-inflammatory population in dystrophic muscle contributes to the establishment of chronic inflammation, contributing to the severity of disease.




3.3. Oxidative Stress


Oxidative stress derives from an increased production of reactive oxygen/nitrogen species (ROS and RNS) and a decreased, insufficient, or imbalanced antioxidant response, leading to cellular dysfunction, damage, and tissue degeneration [66,67]. In skeletal muscle the impact of ROS is physiologically well contained through the activation of an endogenous program of antioxidant response, including the expression of redox-sensitive transcription factors [68,69,70,71]. However, elevated levels of free radicals generated under pathologic conditions can overwhelm the antioxidant defense leading to protein carbonylation and DNA damage. A role of oxidative stress in DMD pathology has been proposed [66,72].



The master regulator of the endogenous antioxidant defense is the NF-E2-related factor 2 (Nrf2), a transcription factor that is able to modulate the expression of phase II enzyme, counteracting ROS detrimental effects. Under physiological conditions, Nrf2 is known to be sequestered in the cytoplasm in a complex with its modulator KEAP1 (Kelch like-ECH-associated protein 1), which leads to Nrf2 ubiquitination and degradation [69,73]. Upon pro-oxidant conditions, Nrf2 translocates into the nucleus where it induces the expression of genes involved in glutathione synthesis, such as glutamate cysteine ligase (GCLC and GCLM), in the detoxification of xenobiotics (i.e., NAD(P)H quinone dehydrogenase (NQO1) and heme oxygenase (HO-1)), and in ROS neutralization such as superoxide dismutase (SOD1, SOD2) and catalase (CAT-1). Thus, Nrf2 represents a potential therapeutic target for DMD. Indeed, the induction of Nrf2, by the Nrf2 activator sulforaphane (SFN), was shown to reduce muscle inflammation and fibrosis in dystrophic mice, thereby improving muscle function [74,75,76]. The central role of the Nrf2 pathway in DMD pathophysiology is further supported by clinical studies in which the expression of Nrf2 was found to be upregulated in very young DMD patients early before the appearance of symptoms but not during the progression of disease, when the severity of muscular dystrophy is clearly observed [77].



Although the impact of ROS can be limited by antioxidant systems and enzymes, the excess of ROS production in a dystrophic context might impair the cellular antioxidant defense, leading to irreversible oxidative damage. A complete transcriptome analysis on biopsies from DMD patients revealed the reduced expression of several antioxidant enzymes including CAT-1, SOD1/2, and thioredoxin, indicating a link between an impaired antioxidant response and DMD progression [78]. Our recent study supports this evidence. We recently reported the existence of an antioxidant compensatory mechanism in muscles of young mdx mice and human patients before the onset of DMD symptoms (0–2 years). In particular, we observed a significant upregulation of several Nrf2-dependent genes and enzymes to counteract the strong induction of NOX2 (NADPH oxidase 2) expression, the major source of ROS production in dystrophic muscles [77,79].



In contrast, the progressive increase of NOX2 expression in symptomatic DMD patients (2–9 years of age) failed to activate the Nrf2-mediated antioxidant response [77]. These data strongly indicate that the imbalance between oxidant and antioxidant systems is involved in DMD progression [78,80,81,82].



In skeletal muscle, ROS production is strictly dependent on mitochondrial calcium overload and NOX2 activation [83]. Calcium is known to mediate several regulatory mechanisms in skeletal muscle; however, dystrophic myofibers showed deregulated Ca2+ entry leading to the alteration of muscle homeostasis. Potential sources of Ca2+ inside dystrophin-deficient muscle fibers are membrane tears and the activation of stretch activated ion channels (SACs) [84,85,86,87]. Indeed, the SACs blockade induced by using streptomycin has been shown to reduce intracellular calcium levels in mdx mice [86,88]. Moreover, it has been reported that membrane stressors, such as isometric and eccentric contraction, induce increased ROS production in mdx mice, leading to Ca2+ signaling dysfunction through the oxidation of Ca2+ channels [89,90]. Elevated intracellular concentration of Ca2+ can alter mitochondria permeability and function, thereby inducing degenerative pathways and ROS production [86,91,92,93,94]. Reactive oxygen molecules, in turn, are able to react with fatty acids inducing lipid peroxidation, resulting in membrane insult [95].



The other critical source of ROS in dystrophic muscles is the activation of NOX2, which can be directly linked to the DMD primary defect since it derives from a mechanotransduction-dependent pathway. Indeed, recent studies demonstrated that dystrophin is a microtubule-associated protein (MAP) [78,96] that is able to link the actin and intermediate filaments of cytoskeleton to the transmembrane dystroglycan complex [96,97]. Thus, the lack of dystrophin can influence microtubule (MT) stability and organization; mdx mice exhibited MT disorganization in skeletal muscle, showing an increased expression of α and β tubulin subunits [96]. Of note, Khairallah and colleagues indicated that the MT-network is responsible for stretch-dependent NOX2 activation, a process called X-ROS, also confirming NOX2 complex as the source of ROS production in adult mdx muscles [78]. It has been demonstrated that the X-ROS signaling is altered in adult mdx hindlimb muscles but not in young dystrophic muscles, suggesting a relation between X-ROS alteration and DMD progression. However, in diaphragm muscle, which is the most severely affected muscle in mdx, an altered X-ROS signaling early before the onset of the necrotic phase of pathology (2 weeks of age) has been observed [79]. In particular, we recently reported that pre-necrotic mdx diaphragms showed an enhanced expression of both MT network components (α-, β-, and detyrosinated-tubulin) and gp91phox, the catalytic subunit of NOX2 complex, with an increased production of ROS compared to age-matched wild type mice [79]. The importance of the MT-network deregulation in dystrophin-deficient mice was also revealed in young mdx and wild type muscles in which the taxol-induced enhancement of MT density resulted in altered X-ROS signaling [78].



Another important player in the production of ROS in dystrophin-deficient muscles is the NADPH (nicotinamide adenine dinucleotide phosphate) content. Under physiologic conditions, the cytosolic enzyme glucose-6-phosphate dehydrogenase (G6PD) is able to maintain elevated levels of NADPH, an electron carrier molecule critical for the activity of the glutathione system. However, in dystrophic muscles most of the NADPH produced is used by the NOX complex to convert molecular oxygen to the reactive radical O2−. Of note, G6PD mRNA was found deregulated in mdx muscles and identified as a target of miR-1 family [45]. In particular, Cacchiarelli and coworkers demonstrated that elevated levels of G6PD mRNA in mdx mice correlate with the reduced expression of miR-1 due to the deregulated dystrophin/nNOS/HDAC2 pathway [45].



Altogether, these findings support the hypothesis that ROS production is a direct mechanism downstream of the primary defect of DMD and are consistent with a model in which the absence of dystrophin protein leads to a dysregulated nNOS pathway and MT network (Figure 1). The increased density of microtubules, explained by a possible compensatory upregulation of tubulins, might induce NOX2 assembly/activation, probably through the microtubule-associated NOX2 subunit Rac1 (Ras-related C3 botulinum toxin substrate 1), leading to a consequent production of ROS. Moreover, the enhanced NADPH production by G6PD, due to the reduced expression of miR-1, can continuously provide substrate to the NOX2 activity.


Figure 1. A schematic model of mechanisms underlining Duchenne muscular dystrophy (DMD) genetic defect leading to oxidative stress. In dystrophic muscles the lack of dystrophin protein can directly induce reactive oxygen species (ROS) production leading to the alteration of sarcolemma integrity, mitochondrial calcium (Ca2+) overload, and to the activation of the NF-κB (Nuclear factor-kappa B) pathway. MT (microtubule); Rac1 (Ras-related C3 botulinum toxin substrate 1); NOX2 (NADPH oxidase 2); SACs (stretch activated ion channels); Nrf2 (NF-E2-related factor 2); KEAP1 (Kelch like-ECH-associated protein 1); nNOS (nitric oxide synthase); NO (nitric oxide); HDAC2 (Histone deacetylase 2); miR (micro RNA); Glucose-6-phosphate dehydrogenase (G6PD); NADPH (nicotinamide adenine dinucleotide phosphate).
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Besides a direct insult to membrane lipids, elevated levels of ROS can in turn induce the over-activation of Ca2+ channels, such as SACs (stretch activated ion channels), leading to a deregulated and excessive calcium influx inside skeletal muscle fibers and thus to the activation of degenerative pathways.





4. Crosstalk between Oxidative Stress and Inflammatory Response


In light of recent reports indicating a pivotal role for elevated levels of ROS in the induction of degenerative pathways in dystrophic muscle [67], it is possible that oxidative stress is the first pathogenic mover of muscle damage, stimulating the activation of the inflammatory response that can act as an amplifier mechanism, enhancing muscle degeneration. It has been frequently indicated that the important inflammatory response established in dystrophic muscle is a direct consequence of myonecrosis and strongly contributes to muscle damage (Figure 2). In addition, elevated levels of ROS production have been related to the sprawling invasion of inflammatory cells into dystrophin-deficient muscle tissue (Figure 2). Indeed, phagocytic inflammatory cells, such as macrophages and neutrophils, are known to be an important source of ROS through the expression of NADPH oxidase (NOX2).


Figure 2. A schematic representation of secondary pathogenic mechanisms underlining DMD pathology. Downstream of the genetic defect, a pathologic interplay between several degenerative circuitries might contribute to exacerbate the disease.
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A crosstalk between ROS and inflammation has been well demonstrated, based also on the evidence that inflammatory signaling, such as that mediated by NF-κB and TNFα activity, is responsive to oxidative stress [66,98].



NF-κB (Nuclear factor-kappa B) is a ubiquitous transcription factor implicated in the promotion of muscle wasting in dystrophic context. In fact, NF-κB activation is induced by several inflammatory mediators, such as IL-1β, TNFα, and metalloproteinases, all molecules found elevated in DMD [57,98,99,100,101,102]. Active NF-κB is able to translocate to the nucleus, inducing the expression of genes encoding for cytokines and chemokines, cell adhesion molecules, and matrix metalloproteinases [103,104,105,106,107].



It has also been described that NF-κB signaling can be induced by ROS through their ability to react with cysteines, mainly at the catalytic sites. In particular, ROS can activate the IKK complex (IκB Kinase), leading to the phosphorylation and degradation of IκB [108]. Reactive oxygen species are also known to inactivate specific phosphatase, resulting in the enhanced activity of kinases and other enzymes involved in the activation of the NF-κB pathway [108].



The interplay between ROS and inflammation has also been supported by experiments in which mdx mice have been treated with anti-oxidant drugs, such as vitamin E analogue or N-acetylcysteine (NAC), demonstrating a reduced activation of NF-κB and an amelioration of dystrophic symptoms [105,106,109].



Moreover, we demonstrated that the over-expression in mdx mice of a pro-inflammatory cytokine critical for the establishment of a chronic inflammation, namely IL-6, was sufficient to exacerbate the dystrophic phenotype [58], by enhancing the expression of NOX2, NF-κB, and other inflammatory mediators during the pre-necrotic stage of disease. These findings supported the hypothesis that NOX2-related ROS production might be a primary pathogenic mechanism, directly linked to the lack of dystrophin, whereas inflammation could be a critical amplifier of degenerative pathways, also fostering oxidative stress.



Indeed, during the progression of pathology, the increased plasma levels of IL-6 in mdx mice induced a progressive increase of several components of X-ROS signaling, including NOX2 and tubulins expression, amplifying muscle degeneration and thus reflecting the exacerbated dystrophic phenotype.



Moreover, the enhanced ROS production induced by increased levels of the pro-inflammatory cytokine IL-6 in mdx mice was also related to an altered redox status of dystrophic muscle due to the impinged Nrf2-mediated anti-oxidant response, closely approximating DMD progression in human patients [77,79].




5. Therapeutic Approaches Direct against Pathogenic Mechanisms Downstream in the Absence of Dystrophin Protein


Despite preclinical and clinical studies that have reported important advances, the development of an efficacious treatment is still lacking. However, several therapeutic approaches have been attempted and current intervention strategies targeting the primary defect, such as gene and cell therapy, have been shown to be promising in animal models, although have not been sufficiently effective in human patients. Probably, degenerative circuitries activated by secondary mechanisms of pathology (Figure 2) might interfere with and limit the efficacy of primary DMD approaches. In light of recent evidence suggesting a role for muscle environment in the regulation of stem cell survival and activity, the modulation of dystrophic muscle milieu could represent an important adjuvant supporting dystrophin-expression therapy. Treatments aimed to ameliorate secondary mechanisms associated with dystropathology are principally directed to reduce inflammation and oxidative stress, these being predominant mechanisms in dystrophic muscle milieu. To date, the standard of care for DMD utilizes anti-inflammatory glucocorticoids including prednisone and deflazacort, which have been recently approved [3,110]. With a general effect on inflammatory response, steroids have been proven to prolong the ambulatory ability of DMD patients with a modest improvement of muscle strength and cardiopulmonary function [3]. Although short-term clinical trials reported beneficial effects of corticosteroids, a chronic administration revealed a heterogeneous tolerance and response to treatment together with important side effects [111]. The aspecific mechanism of action of glucocorticoids could be a drawback of treatment, making unclear and controversial which molecular pathways provide the efficacy in DMD and which pathways are responsible for detrimental effects [111], hence the importance of identifying more specific drugs counteracting inflammation. Among these, the blockade of IL-6 activity in mdx mice, using a neutralizing antibody against the IL-6 receptor (moAb-IL6r), resulted in an enhanced robustness to dystrophic muscle, impeded the activation of a chronic inflammatory response, significantly reduced necrosis, prevented excessive ROS production, and activated the circuitry of muscle differentiation and maturation [28,79].



Moreover, antioxidant drugs can be an important therapeutic option to counteract the secondary signs of dystrophinopathy [68]. Clinical studies using the synthetic derivative of coenzyme Q10, namely idebenone, revealed the efficacy of antioxidant drugs for DMD treatment. Idebenone is a short-chain quinone stimulating mitochondrial electron reflux that has been reported to be cardioprotective in mdx mice and, most importantly, to reduce loss of respiratory function in DMD patients in a recent phase III clinical trial [112,113]. The safety of idebenone in human patients has been confirmed, however, an ongoing phase II extension trial is currently testing its safety and efficacy for use in long-term treatment. Unlike idebenone, which is lipophilic and thus quickly adsorbed, N-acetylcysteine (NAC) is a hydrophilic ROS scavenger that promotes the direct detoxification of free radicals; NAC is also currently being investigated for the anti-inflammatory effect that it showed in preclinical studies [114].



An interplay between oxidative stress and inflammatory response in DMD pathogenesis is further supported by pre-clinical studies on mdx mice, in which the treatment with anti-oxidant drugs have been shown to alleviate relevant DMD-related endpoints, including inflammation. In particular, sulforaphane (SFN), which is a Nrf2 activator, and the sulfur-containing amino acid taurine, induced an amelioration of mdx muscle phenotype modulating both redox markers and critical pro-inflammatory mediators, such as NF-κB [76,115].



Thus, a comprehensive understanding of pathogenic mechanisms interplaying in dystrophic milieu and contributing to muscle degeneration will provide the rationale to design a more appropriate and efficacious approach to treating DMD patients.
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