


Duchenne Muscular Dystrophy: Therapies,   Challenges, and Research Frontiers

ABSTRACT: 
Background: Duchenne Muscular Dystrophy (DMD), a severe X-linked neuromuscular disease caused by mutation of DMD gene that results in progressive muscle degradation and loss of ambulation. Although it mainly affects men, female carriers may also exhibit a range of symptoms.
Methods: Evaluation of the literature was carried out using up-to-date clinical and scientific sources. Studies that addressed important facets of DMD, such as diagnosis, treatment approaches, connections between genotype and phenotype, and new therapeutic advancements, were accepted. Peer-reviewed publications, regulatory databases, and published clinical guidelines served as the sources.
Results: DMD usually manifests as delayed milestones, calf hypertrophy, and proximal muscular weakness in children aged 2 to 5. Elevated serum creatine kinase (CK), genetic testing for DMD mutations, and dystrophin protein analysis are the three main methods used to make the diagnosis. The cornerstone of treatment is still corticosteroids like prednisone, deflazacort, and vamorolone, which have been shown to help postpone the loss of ambulation and maintain cardiac and pulmonary function. Eteplirsen, golodirsen, viltolarsen, and casimersen are examples of exon-skipping medicines that target particular mutations in the DMD gene and encourage the synthesis of a shortened but functional dystrophin protein. Although gene therapy with adeno-associated virus (AAV) vectors to deliver microdystrophin has obstacles such as immunological response and dosage limits, it also offers the possibility of longer-term benefit.
Conclusions: Advances in corticosteroid therapy and molecular approaches such as exon skipping and gene therapy are reshaping the DMD treatment landscape. While clinical outcomes are improving, variability in therapeutic response, mutation-specific limitations, and access to novel therapies remain key challenges. 
Further research is needed to assess long-term safety, cardiac efficacy, and real-world effectiveness of emerging treatments.
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INTRODUCTION:
     Duchenne muscular dystrophy (DMD) is an X-linked inherited neuromuscular disorder due to mutations in the dystrophin gene. It is primarily caused by mutations—most commonly deletions—in the DMD gene located on chromosome Xp21.2. These mutations disrupt the production or function of dystrophin.[1]
Dystrophin a critical structural protein in muscle tissue, leading to progressive muscle degeneration. The clinical signs are not present at birth. The average age of diagnosis is usually at four years, when the first symptoms appear.
Clinically, this shows up as a progressive loss of muscle strength, and most people lose their capacity to walk on their own in the early stages of puberty. The type of genetic mutation and how it affects dystrophin synthesis have a significant impact on the disease's severity and course. 

Variants of the disease, such as Becker muscular dystrophy (BMD) and intermediate muscular dystrophy, represent milder allelic forms.
 Typically, individuals with intermediate muscular dystrophy lose ambulation between 13 and 16 years, while those with BMD may remain ambulatory beyond 16 years. The widespread use of corticosteroids has helped extend mobility in patients, thereby blurring the clinical distinctions between these phenotypes. Nonetheless, recognizing these differences remains clinically important, especially when disease progression appears slower than expected for classic DMD, warranting evaluation for alternative dystrophinopathies.
In addition to skeletal muscle involvement, some individuals with DMD mutations may present with isolated cardiac manifestations, even in the absence of significant muscle weakness. The absence of dystrophin in the heart renders cardiomyocytes more sensitive to stretch-induced damage. Moreover, it pathologically alters intracellular calcium (Ca2+) concentration, neuronal nitric oxide synthase (nNOS) localization and mitochondrial function and leads to inflammation and necrosis, all contributing to the development of cardiomyopathy.[2]
     Approximately 10% of female carriers also exhibit disease features, which may include muscle symptoms, cardiac complications, or cognitive impairment. While these symptoms are usually milder than those seen in affected males, some female patients can experience a disease course comparable in severity to that of male DMD patients.
DIAGNOSIS OF DMD:
1. Symptoms usually appear between ages 2–5.
Common signs:
Muscle weakness (especially in hips, thighs, shoulders)
Difficulty walking or frequent falls
Gower’s sign (using hands to push off thighs when standing)
Calf muscle pseudo-hypertrophy
Delayed motor milestones
Screening for DMD: 
I) Serum Creatine Kinase (CK) Test: creatine kinase concentrations markedly increased.
II) Dystrophin deletion/duplication testing: deletion or duplication mutation found- Dystrophinopathy diagnosis confirmed
III) Muscle biopsy: dystrophin protein absent
3. Additional Tests:
i) Electromyography (EMG): Myopathic changes
ii) Cardiac evaluation (Echocardiogram/MRI): As DMD often affects the heart
iii) Pulmonary function tests: Especially in older children
2. CORTICOSTERIODS IN DMD MANAGEMENT:
A key component of the treatment of Duchenne muscular dystrophy (DMD) is corticosteroids. They are the only class of medications that have been shown to maintain cardiac and respiratory function, increase muscle strength, and halt the progression of disease.
The main corticosteroids used in DMD management are:
· Prednisone/Prednisolone: The synthetic glucocorticoid prednisone/prednisolone is converted to prednisolone in the liver. It works well for treating DMD, especially when used in doses between 0.75 and 1.5 mg/kg per day. It is thought that the inhibition of cytotoxic T-cell expression from necrotic muscles mediates the therapeutic benefits. According to studies, it can postpone milestones like nocturnal ventilation and loss of ambulation and reduce the advancement of the disease.
· Deflazacort (Emflaza):  For DMD patients five years of age and up, Deflazacort (Emflaza) is an oxazoline derivative of prednisolone that has been approved. 0.9 mg/kg/day is the dosage that the FDA has approved. It is just as effective as prednisone, but it may be less likely to cause weight gain and scoliosis. Cataracts and behavioral abnormalities are linked to it.
· Vamorolone (Agamree): A new dissociative steroid that functions via the glucocorticoid receptor is vamorolone (Agamree). It is authorized for DMD in patients two years of age and up, and it is said to cause less side effects than conventional corticosteroids. Additionally, it functions as an antagonist of the mineralocorticoid receptor (MR) and may be used to treat cardiomyopathy linked to DMD.[3]
BENFECTS OF CORTICOSTERIODS IN DMD:
· Increased Muscle Strength and Function: Research has indicated that corticosteroids, especially in the near term (up to two years), considerably increase muscle strength and function in boys with DMD.
· Delayed Loss of Ambulation: Walking ability loss is linked to long-term corticosteroid use. According to non-randomized research, ambulation may be delayed by many years when compared to those who receive no treatment.
· Better Pulmonary Function: One common and dangerous side effect of DMD is respiratory muscle weakening, which corticosteroids may help prevent and slow down.
· Decreased Need for Scoliosis Surgery: Research has shown that using corticosteroids can lessen the need for spinal surgery to treat scoliosis, a curvature of the spine that can occur in boys with DMD.

COMPARASION OF PREDNISONE AND DEFLAZACORT:

Prednisone and deflazacort have both shown comparable advantages in enhancing motor function and slowing the advancement of DMD patients' illnesses. Nonetheless, some studies have suggested that deflazacort may be linked to somewhat improved results on specific motor function tests.[4]
Profiles of Side Effects:
Weight Gain and Cushingoid Appearance: Compared to deflazacort, prednisone is linked to a higher risk of weight gain and the development of Cushingoid features, such as puffiness in the face, particularly during the first year of treatment.
Cataracts: Although they are frequently asymptomatic, deflazacort may be associated with a higher incidence of cataracts than prednisone.
Growth Retardation: Compared to prednisone, deflazacort has been linked to more growth retardation.
Behavioral Changes: Although both drugs might have an impact on behavior, deflazacort may be connected to more withdrawn behavior, while prednisone is occasionally linked to more aggression.
Bone Health: There is conflicting evidence about the effect of deflazacort on bone health. While some studies link it to increased rates of growth delay and bone fractures, others suggest it may have a lower effect on calcium metabolism and osteoporosis risk during the first ten years of treatment.

3. THERAPY FOR DMD: 
 
-Exon Skipping Technique: Exon skipping is a therapeutic strategy designed to restore the reading frame of the DMD gene, allowing the production of a truncated but partially functional dystrophin protein, similar to what is seen in the milder Becker muscular dystrophy (BMD) [6].
Mechanism of Exon Skipping
Antisense oligonucleotides (AONs) are artificial RNA-like molecules that attach to particular pre-mRNA regions and are used in exon skipping. A shortened but functional dystrophin protein can be translated because these AONs "mask" certain exons during splicing, causing them to be skipped and thereby restoring the reading frame. [6,7].
Table 1 : Approved Exon Skipping Therapies
	Drug Name
	Exon Target
	Approval
	Manufacturer
	Note

	Eteplirsen
	Exon 51
	FDA (2016)
	Sarepta Therapeutics
	First exon-skipping drug approved.

	Golodirsen
	Exon 53
	FDA (2019)
	Sarepta Therapeutics
	Used for mutations amenable to exon 53 skipping.

	Viltolarsen
	Exon 53
	FDA (2020)
	NS Pharma
	Similar to the Golodirsen mechanism.

	Casimersen
	Exon 45
	FDA (2021)
	Sarepta Therapeutics
	Targets a different mutation set.



Note: These therapies are mutation-specific and only benefit subsets of patients (e.g., ~13% of DMD patients are amenable to exon 51 skipping) [8,10].
Efficacy and Limitations
· Exon-skipping therapies increase dystrophin levels, but the clinical benefit (e.g., improved muscle strength or function) remains modest.
· Long-term benefits are still being studied in post-market surveillance and clinical trials.
· Intravenous or subcutaneous delivery of AONs is required weekly or biweekly.
· New generations of AONs with enhanced delivery and stability (e.g., peptide-conjugated AONs, morpholino backbones) are in development [6,9,10].
Recent Advances & Research
1. Peptide-Conjugated PMOs (PPMOs) – These are PMO-based AONs linked with cell-penetrating peptides to improve delivery [9].
· Example: SRP-5051, a next-generation PPMO targeting exon 51.
2. Multi-exon skipping – Efforts are underway to skip multiple exons simultaneously (e.g., 45–55) to treat a broader range of mutations [13].
3. Combination with gene editing – Potential for synergy with CRISPR/Cas9 to induce exon skipping or correct mutations directly [10].
-Gene Therapy and Microdystrophin Delivery:
Gene therapy using microdystrophin delivery is a leading experimental approach in treating Duchenne Muscular Dystrophy (DMD). Unlike exon skipping (which modifies splicing), gene therapy aims to replace the defective dystrophin gene with a miniaturized but functional version—called microdystrophin—using viral vectors such as adeno-associated virus (AAV) vectors [12].
Mechanism
· AAV vectors are used because of their low immunogenicity and long-term expression in muscle cells.
· Microdystrophin contains essential domains: the N-terminal actin-binding domain, central rod domain (selected repeats), and the cysteine-rich domain.
· These are delivered via systemic intravenous infusion to restore partial dystrophin function [12, 13].
Table 2 : Key Gene Therapy Trials and Approaches [8]
	Therapy
	Company
	Status

	Delandistrogene moxeparvovec (SRP-9001)
	Sarepta + Roche
	FDA accelerated approval (2023, ages 4–5); pivotal trials ongoing

	PF-06939926
	Pfizer
	Phase III (CIFFREO trial ongoing)

	SRP-9003
	Sarepta
	For LGMD, relevant for delivery tech

	GNT0004
	Genethon
	Preclinical




Benefits [15,16]
· Enables systemic delivery of functional dystrophin.
· Aims for long-term dystrophin expression with a single dose.
· Potential for treating a broad range of DMD mutations, unlike exon skipping, which is mutation-specific.
Challenges and Limitations [16]
· Immune response to AAV or transgene.
· Hepatotoxicity and systemic inflammation were reported in trials.
· AAV-neutralizing antibodies preclude some patients from receiving therapy.
· Durability and repeat dosing remain concerns (AAV cannot be redosed easily).
· Cardiac involvement—dystrophin restoration in the heart is still variable.
CONCLUSION:
[bookmark: _Hlk205045202]      Advances in corticosteroid therapy and molecular approaches such as exon skipping and gene therapy are reshaping the DMD treatment landscape. While clinical outcomes are improving, variability in therapeutic response, mutation-specific limitations, and access to novel therapies remain key challenges. Further research is needed to assess long-term safety, cardiac efficacy, and real-world effectiveness of emerging treatments.
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