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Duchenne muscular dystrophy (DMD), is the most severe because mutation of dystrophin gene damages skeletal and 
cardiac muscles. Combining the results of RNA-Seq on 4 GEO data sets, we searched for DEGs related to DMD with the 
condition of logFC2.5 and P< 0.05. There were 10 hub genes in the PPI network: ACTN2, TNNT1, MYL4, TTN, TNNI2, 
MYH7, NEB, TPM1, CSRP3, and TCAP; it may play an important role in DMD. Molecular docking of ten phytochemical 
against these DMD hub proteins identified five complexes 4DB1-Mn-amppnp (-9.9 kcal/mol), 2X4F-BMN-195 (-9.5 
kcal/mol), 2JT0-BMN-195 (-9.1 kcal/mol), 8EFH-NG25 (-9 kcal/mol), and 7KAA5-NG25 (-8.8 kcal/mol) with favorable 
binding energies. The top 5 complexes stability and dynamic behavior were checked further by RMSD, RMSF, H-bond, 
Radius of Gyration using MD for 100ns. Based on RNA-Seq, network analysis, Docking and MD simulation approach is 
providing the framework for further experimental investigation and insight in to prospective therapeutic molecules for the 
treatment of DMD. 
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Duchenne muscular dystrophy (DMD) is the most 
common and severe form of muscular dystrophy, 
which is an X-linked disorder caused by a mutation in 
the dystrophin gene, as initially documented over a 
century ago1. It is marked by progressive degeneration 
of skeletal muscles predominantly affecting males, 
with weakness typically manifesting in limb-girdle 
muscles around 5 years, followed by loss of 
independent ambulation between 8 and 12 years. 
Laboratory and clinical findings frequently include 
elevated creatine kinase levels, pseudohypertrophic 
calf muscles, reduced physical activity, and, in some 
cases, cognitive impairment2. Over 30 heterogenous 
disorders are classified as muscular dystrophies. Other 
relatively common muscular dystrophies include 
Becker muscular dystrophy, facioscapulohumeral 
muscular dystrophy, and myotonic dystrophy, 
whereas limb–girdle muscular dystrophy and 
congenital muscular dystrophy are themselves groups 
of several, usually very rare genetic disorders3,4.  

In DMD, dystrophin, a large 427 kDa cytoskeletal 
protein found on the cytoplasmic face of the 

sarcolemma in skeletal and cardiac myofibrils, is 
almost completely absent. The protein dystrophin 
functions by forming the dystrophin-glycoprotein 
complex, stabilising the muscle membrane against 
mechanical stress and enabling efficient transmission 
of contractile forces from the myofibrils to the 
surrounding extracellular matrix. When this protein is 
not present, the muscle membrane becomes fragile 
and susceptible to contraction-induced damage. The 
resulting membrane damage leads to increased 
intracellular Ca2+, which activates proteases that 
ultimately result in fiber death or necrosis5,6. Although 
regeneration of the myofibrils is seen after the 
damage for the first few years of life in the patients, 
this potential is lost as the patient advances in age. 
The necrotic fibers are replaced with fat and 
connective tissue, resulting in “pseudohypertrophy” 
of the calves7.  

Most of the treatments for MD have focused on 
DMD because of its frequency and severity. The 
pharmacological treatment of choice for DMD has 
historically been the corticosteroid prednisone, a 
potent anti-inflammatory that improves strength in 
mdx mice as well as in boys with DMD8. However, 
chronic exposure is accompanied by adverse effects, 
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including excessive weight gain, growth suppression, 
and osteoporosis. Deflazacort, an oxazoline derivative 
of prednisolone, an alternative with beneficial effects, 
causing less immunosuppression, reduced weight 
gain, reduced osteoporosis, thereby extending the 
period before loss of ambulation and scoliosis surgery 
in many patients9. For the subgroup of patients, 
approximately 10%, who harbor nonsense mutations 
in DMD, aminoglycoside antibiotics such as 
gentamicin have been evaluated as capable of 
partially suppressing premature stop codons and 
restoring production of functional dystrophin, with 
encouraging results in preclinical models and early 
human trials10.  

Pharmacological approaches, such as protease 
inhibitors, antioxidants, etc, although capable of 
slowing down the progress of DMD, can only do so 
up to a certain limit11.  

Therefore there is also a great deal of effort in the 
area of disease-modifying approaches, such as 
leveraging utrophin which is a dystrophin
cytoskeletal protein that is ubiquitously expressed 
along the sarcolemma in foetal myogenesis and 
concentrated in the neuromuscular and myotendinous 
junctions of the adult12. In mdx mice, a 
utrophin expression could somewhat substitute 
function of dystrophin, and simultaneously, knockout 
of dystrophin and utrophin lead 
progression of the myopathy, thus justifying 
regulation of utrophin as a therapeutic 
Since utrophin is already synthesized endogenously in 
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Since utrophin is already synthesized endogenously in 

patients with DMD, it is unlikely that over
will trigger significant immune responses, and this 
strategy, combined with new gene
aimed at restoring dystrophin and medicines acting on 
downstream pathological processes, represents one of 
the most important concepts in the development of 
DMD therapies15. The present study applies RNA
analysis, molecular docking and dynamic simulations 
to identify the differentially expressed genes (DEGs) 
and interrogate their role in the key pathways related 
to DMD. These can serve as potential therapeutic 
targets. With all these bioinformatic workflows 
combined, an in-depth genetic analysis of DMD could 
be achieved and provide more insights into the 
disease mechanisms and new approaches toward 
therapeutic applications. 

 
Materials and Methods 
 

RNA Seq and pathway analysis 
RNA-seq samples, including two cases 

(SRR25006670, SRR25006669) and two controls 
(SRR6015080, SRR6015076) were retrieved from 
NCBI GEO Dataset16. These samples were imported 
into the Galaxy server using the tool Faster Download 
and Extract Reads in FASTQ format f
SRA17. Following this, the data quality of the files 
was assessed using the FastQC tool
subjected to the tool trimmomatic for adaptor removal 
and low-quality base trimming. Combined the outputs 
to a single report using MultiQC. Se
reference human genome hg38 using HISAT2 tool, 
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output in the form of BAM file19. Quantified gene 
expression levels using feature counts. Used BAM 
file of mapped sequences and GTF file of gene 
annotations as input, output a mapped gene counts 
matrix. Performed differential expressed genes 
(DEGs) between case and control group using 
DESeq2: a statistical tool that uses negative binomial 
distribution model to estimates mean expression and 
variance of count data. Perform gene set enrichment 
analysis (GSEA) to the DEGs using WebGestalt and 
identify the significantly enriched categories, such 
asGOterms, KEGG pathways. The results illustrated 
possible biological pathways involved in DMD20. 
 
Protein-protein interaction network 

The PPI interaction network was developed based 
on the STRING database21 with the provided up-
regulated and down-regulated genes. The network 
was built by uploading genes and download 
interaction map in the format of TSV, and import into 
Cytoscape. Cytoscape software was used to visualize 
relationships among genotypes, biological systems, 
and gene expression patterns22. The CytoHubba 
plugin was used to identify the top 10 hub genes 
based on the centrality measures and the distance 
between the genes in the network23. Using CytoHubba 
the top 10 hub genes were identified: ACTN2, 
TNNT1, MYL4, TTN, TNNI2, MYH7, NEB, TPM1, 
CSRP3 and TCAP. The proteins that are encoded by 
the hub genes were identified, and their PDB IDs are 
5A38, 2JT0, 2X4F, 1NCT, 7KAA, 4DB1, 1ARK, 
8EFH, 2CQ7 and 2F8V. Molecular docking was 
performed for DMD proteins against phytochemicals 
(Table 1). 

 

Molecular Docking 
The three-dimensional structure of the DMD target 

proteins 5A38 (A chain), 2JT0 (A chain), 2X4F  
(A chain), 1NCT (A chain), 7KAA (A chain), 4DB1 

(A chain), 1ARK (A chain), 8EFH (B chain), 2CQ7 
(A chain) and 2F8V (C chain) was retrieved from the 
Protein Data Bank (PDB)24. Ligand binding sites of 
the selected crystallographic structures were identified 
using PDBsum and the crystallographically resolved 
co-crystallized ligands for each structure25. Where a 
well-defined ligand-associated binding pocket was 
present in the corresponding crystal structure, a set of 
residues surrounding the co-crystallized ligand was 
used to define the docking region and site-specific 
docking was performed. Using this criteria, the 
proteins 2X4F, 7KAA, 4DB1 and 8EFH each 
displayed a well-defined ligand associated binding 
pocket and site-specific docking was performed. 
Conversely, the proteins 5A38, 2JT0, 1NCT, 1ARK, 
2CQ7 and 2F8V did not have a crystallographically 
characterized ligand associated binding pocket present 
in the structural data available; therefore, the entire 
protein structure was used as the docking search space 
and blind docking was performed. This is consistent 
with previous blind-docking strategies where the 
presence of a binding pocket cannot be predicted and 
the entire protein structure is used in the docking 
search space26,27. Protein preparation was done using 
UCSF Chimaera, involving addition of polar 
hydrogen, charge assignment, removal of 
crystallographic water, protein chains and non-
standard amino acids28. The molecular docking was 
performed using PyRx with AutoDock Vina29.  
A receptor grid box was defined around each protein's 
active site to constrain the ligand search space, with 
grid size and spacing adjusted to match the binding 
pocket geometry. In total, ten phytochemicals, 
Prednisolone, Prednisone, Mn-amppnp, Catalpol, 
Deflazacort, Vamorolone, Desacetyl deflazacort, 
Telethonin, Bmn-195 and Ng25, were selected based 
on previous studies on DMD and retrieved from the 
PubChem database30-35.  

Table 1 — Top 10 hub genes derived through PPI from Cytoscape using CytoHubba plugin 

Hub Genes Protein name Protein symbol and chain Active site 
ACTN2 Alpha-actinin-2 5A38 A No 
TNNT1 Cardiac troponin-C 2JT0 A No 
MYL4 Myosin light chain 4 2X4F A yes 
TTN Titin 1NCT A No 
TNNI2 Troponin I, fast skeletal muscle 7KAA A Yes 
MYH7 Myosin-7 4DB1 A Yes 
NEB Nebulin 1ARK A No 
TPM1 Tropomyosin alpha-1 chain 8EFH B Yes  
CSRP3 Cysteine and glycine-rich protein 3 2CQ7 A No 
TCAP Telethonin 2F8V C No 
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The toxicity analysis was conducted using Protox 
3.0 to predict the toxicity of the ten phytochemicals, 
and a toxicity report was prepared36 (Table 2). The 
ligand preparation was done using energy 
minimization in PyRx and saved in PDBQT37. The 
prepared ligands were docked against the ten DMD 
target proteins, and the conformations were ranked 
based on the docking score and the relative mode. 
Molecular docking is a widely used technique in 
structure-based drug design because it effectively 
predicts how small molecule ligands bind and 
conform to their target binding sites38. 

 
Molecular dynamics simulations 

The GROMACS software package is used to 
perform 100ns simulations for the Myosin-7-Mn-
amppnp complex, Myosin light chain 4-Bmn-195 
complex, Cardiac troponin-C-Bmn-195 complex, 
Tropomyosin-Ng25 complex, and Troponin I-Ng25 
complex39. The force field parameters CHARMM36 
are used for proteins and CGenFF for phytochemicals. 
The complex system was solvated by a dodecahedron 
box employing periodic boundary conditions, with an 
equal number of water molecules added from the 
TIP3P water model. The steepest descent algorithm of 
energy minimization was conducted to reduce 
unwanted steric conflicts in the Myosin-7-Mn-
amppnp complex, Myosin light chain 4-Bmn-195 
complex, Cardiac troponin-C-Bmn-195 complex, 
Tropomyosin-Ng25 complex, and Troponin I-Ng25 
complex. The whole system was neutralized by 
introducing counter ions NA+ CL-. Subsequently, the 
system underwent relaxation under NVT conditions 
(constant number of atoms, volume, and temperature) 
at 300 K employing a Langevin thermostat, followed 

by NPT conditions (constant number of atoms, 
pressure, and temperature) utilizing a Berendsen 
barostat. Trajectory data were analyzed for RMSF, 
RMSD, hydrogen bond, and Radius of Gyration. 
Protein-ligand complex backbone RMSD, was 
calculated to track the deviation of structure and 
stability of ligand position throughout the trajectory. 
Root mean square fluctuation (RMSF) was calculated 
to determine the atomic fluctuations of residues in 
protein which would reveal differential conformational 
fluctuations. Radius of gyration (Rg) was analysed to 
track the overall compactness of the protein structure 
during the simulation. Protein ligand hydrogen-bond 
was also calculated which would demonstrate the 
consistency of non-covalent interaction between ligand 
and residue within the binding-site. The overall 
stability analysis of the complexes was carried out by 
the combined study of RMSD, RMSF, radius of 
gyration, and the pattern of stability of hydrogen-bond 
interactions over the 100 ns MD simulation time. The 
changes in parameters over time were studied to 
analyse the stability and stability pattern of the 
complexes. The 100 ns MD simulation timescale was 
also justified by previous protein ligand MD 
simulation work in which 100 ns trajectories were 
used to measure the stability and conformational 
changes of the complex using RMSD, RMSF, and 
radius of gyration and hydrogen-bond interactions40,41.  

 
Results  
 

DMD datasets and Differentially expressed genes (DEGs) 
The DESeq analysis on the four DMD samples 

(cases: SRR25006670, SRR25006669, and controls: 
SRR6015080, SRR6015076). Cluster analysis was 
done using a heatmap and principal component plot to 
analyze the expression patterns and clustering among 
the samples (Figs. 1 & 2). In the PCA plot, PC1 
showed 93% variance, indicating a clear majority in 
the separation of cases and controls. The heat maps 
were used for assessing sample-to-sample distance 
across the cases and controls, where the dark blue 
regions indicate a shorter distance between the 
samples. The dispersion estimates plot revealed the 
variance in gene expression (Fig. 3). The 
differentially expressed genes were identified with a 
log2 fold change ≥ 2.5 and a significance threshold of 
P< 0.05. Genes both up-regulated and down-
regulated were found in the group of DEGs. Based on 
the formula 25 significantly up-regulated and down-
regulated genes were then retrieved.  

Table 2 — Toxicity prediction of small molecules using Protox 2.0 

Ligand name Predicted 
LD50 

Predicted 
Toxicity Class 

Average 
similarity 

Prediction 
accuracy 

Prednisolone 1680 mg/kg 4 100% 100% 

Prednisone 1680 mg/kg 4 84.98% 70.97% 

Mn-amppnp 1190 mg/kg 4 100% 100% 

Catalpol 2000 mg/kg 4 65.24% 68.07% 

Deflazacort 5200 mg/kg 6 100% 100% 

Vamorolone 4000 mg/kg 5 87.99% 70.97% 

Desacetyl 
deflazacort 

1190 mg/kg 4 100% 100% 

Telethonin 1190 mg/kg 4 100% 100% 

BMN-195 1600 mg/kg 4 65.35% 68.07% 

NG25 440 mg/kg 4 51.69% 67.38% 
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Gene enrichment analysis using WebGestalt 
revealed altered biological pathways based on the 
normalized enrichment score. Several cardiac and 
muscle-related pathways were significantly up-
regulated (FDR > 0.05), like the adrenergic signaling 
in cardiomyocytes, cardiac muscle contraction, 
hypertrophic cardiomyopathy (HCM), dilated 
cardiomyopathy (DCM), and arrhythmogenic right 
ventricular cardiomyopathy (ARVC), etc. The 
significantly down-regulated pathways (FDR > 0.05) 
included impairments in metabolic pathways, purine 
metabolism, endocytosis, biosynthesis in amino acids, 
and ECM-receptor interactions (Fig. 4). 
 
Protein-Protein Interaction  

The protein-protein interactions were constructed 
and analyzed between the DEGs from the STRING 
database, where the network was in the form of nodes 
and edges, where a node represents a protein from a 
single DEG and edge represents the interaction 
between the proteins (Fig. 5). Cytoscape was used to 
visualize the PPI network and conduct further analysis 
by altering the topological parameters. This led to the 
identification of the central hub genes, and it was 

further validated by using the MCODE plugin. The 
cytohubba plugin was used to infer the top 10 hub 
genes, and the analysis revealed the top 10 hub genes 
as ACTN2, TNNT1, MYL4, TTN, TNNI2, MYH7, 
NEB, TPM1, CSRP3, and TCAP (Table 1 & Fig. 6).  

 
Phytochemical toxicity analysis 

The toxicity of the molecules (Prednisolone, 
Prednisone, Mn-amppnp, Catalpol, Deflazacort, 
Vamorolone, Desacetyl deflazacort, Telethonin, Bmn-
195 and Ng25) was assessed using Protox 3.0, where 
the compounds are classified into six classes 
according to their toxicity levels: class 1 (LD50  
≤ 5 mg/kg), class 2 (5–50 mg/kg), class 3 (50– 
300 mg/kg), class 4 (300–2000 mg/kg), class 5 
(2000–5000 mg/kg) and class 6 (LD50 > 5000 mg/kg; 
non‑toxic). The predicted LD50 values for the tested 
ligands ranged from 440 mg/kg to 5200 mg/kg, 
placing most molecules within classes 4–6 (Table 2). 
Prednisolone, Prednisone, Mn‑amppnp, Catalpol, 
Desacetyl deflazacort, Telethonin, BMN‑195 and 
NG25 were allocated to class 4, reflecting moderate 
toxicity but tolerable margins for further structural 
optimization. Deflazacort was assigned to class 6 with 
an LD50 of 5200 mg/kg, indicating a non‑toxic profile, 
whereas Vamorolone was categorized as class 5 with 
an LD50 of 4000 mg/kg. Prednisolone, Prednisone, 
Mn‑amppnp, Catalpol, Desacetyl deflazacort, 
Telethonin, BMN‑195 and NG25 were allocated to 
class 4, reflecting moderate toxicity, and are 
permissible for further lead optimization and 
structural refinement under acceptable safety margins, 
and further research is required. 

 
Molecular docking  

Molecular docking was done between the proteins 
encoded by the top ten hub proteins, which are 5A38, 
2JT0, 2X4F, 1NCT, 7KAA, 4DB1, 1ARK, 8EFH, 
2CQ7, 2F8V, against the ten molecules Prednisolone, 
Prednisone, Mn-amppnp, Catalpol, Deflazacort, 
Vamorolone, Desacetyl deflazacort, Telethonin, Bmn-

 
 

Fig. 1 — Sample-to-sample distances for control and cases of 
DMD sample 

 
 

Fig. 2 — Principal component plot of the control vs case for up-regulated and down-regulated genes for the DMD sample 
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195 and Ng25. Five complexes with the favourable 
binding affinities, which is the lowest binding free 
energy scores, indicating stable complex formation 
were found to be: 4DB1-Mn-amppnp (Fig. 7), 2X4F-
BMN-195 (Fig. 8), 2JT0-BMN-195 (Fig. 9), 8EFH-
NG25 (Fig. 10), and 7KAA5-NG25 (Fig. 11) with 
scores (Kcal/mol) of -9.9, -9.5, -9.1, -9, and -8.8 
(Tables 3 & 4).  

 

Molecular dynamics simulation 
The MD simulation provides information about the 

internal motions of the protein–ligand complex in a 
time-dependent manner. This protein-ligand complex 
was treated with solvent under flexible conditions. To 
validate the binding conformations and stability of the 
complexes 4DB1-Mn-amppnp (-9.9 kcal/mol), 2X4F-

BMN-195 (-9.5 kcal/mol), 2JT0-BMN-195 (-9.1 
kcal/mol), 8EFH-NG25 (-9 kcal/mol), and 7KAA5-
NG25 (-8.8 kcal/mol), MD simulation was performed 
using the GROMACS. The conformations of the 
complexes obtained after MD simulation were found to 
be more stable throughout the 100ns of the simulation. 
The conformational stability of the complexes 4DB1-
Mn-amppnp, 2X4F-BMN-195, 2JT0-BMN-195, 
8EFH-NG25, and 7KAA5-NG25 was evaluated using 
Root Mean Square Deviation (RMSD), Root Mean 
Square Fluctuation (RMSF), Hydrogen bond analysis, 
and Radius of Gyration (Rg).  
 

RMSD 
The RMSD plots various protein-ligand complexes 

over a 100 ns simulation period, illustrating the 
stability of the complexes over that time period. More 

 

Fig. 3 — Dispersion estimates of gene-set, fitted, and final of 
DMD 

 
 

Fig. 5 — Protein-protein DMD interaction derived using 
StringDB 

 
 

Fig. 4 — Enrichment analysis showing the altered biological pathways in DMD using WebGestalt 
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stable complex will have lower RMSD values. 
Cardiac troponin-C (2JT0)-BMN-195 complex 
(black) does not show any stability as RMSD values 
are fluctuating. Myosin light chain 4 (2X4F)-BMN-
195 complex (red) is of moderate stability as RMSD 
values is less but in some cases it is showing the peak 
values. Cardiac human myosin (4DB1)-Mn-amppnp 
complex (green) is having low RMSD value and thus 
it seems to be stable enough. Skeletal troponin C 
(7KAA5)-NG25 complex (blue) is having the high 
stability with less RMSD fluctuation. Cardiac actin-
tropomyosin (8EFH)-NG25 complex (yellow) show a 
lot of stability as its RMSD value is quite less and is 
steady in value (Fig. 12). 

RMSF 
RMSF has also been plotted for each residue in all 

the protein-ligand complex. X-axis is represented by 
residue and Y-axis is represented by RMSF in nm. 
The high fluctuation corresponds to flexibility or 
instability in respective residues. In Cardiac troponin-
C (2JT0)-BMN-195 complex (black) high fluctuations 
are found at the initial residues hence these residues 
are much more flexible. In Myosin light chain 4 
(2X4F)-BMN-195 complex (red) moderate 
fluctuations can be seen and some peaks at some 
point. Cardiac human myosin (4DB1)-Mn-amppnp 
complex (magenta) residues are quite stable with 
slight increased fluctuations at some points. Skeletal 
troponin C (7KAA5)-NG25 complex (blue) residue 
has low fluctuation with stable residues. Actin-
tropomyosin (8EFH)-NG25 complex (purple) has 
moderate fluctuation in throughout the simulation 
(Fig. 13). 
 
Hydrogen bonds 

The graph for the number of hydrogen bonds formed 
between the protein and ligand at various points of time 
(X-axis: Time in nanoseconds, Y-axis: number of 
hydrogen bonds) illustrates the stability and nature of 
the complex. More is the number of hydrogen bonds, 
stronger is the binding and vice-versa. In the graph, it is 
evident that the number of hydrogen bonds formed in 
Cardiac troponin-C (2JT0)-BMN-195 complex (black) 

 
 

Fig. 6 — Top 10 hub genes of DMD identified using Cytoscape 

 
 

Fig. 7 — Docking results of 4DB1-Mn-amppnp complex 
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is oscillating indicating not a very strong bond. 
Similarly Myosin light chain 4 (2X4F)-BMN-195 
complex (red) shows a considerable number of 
hydrogen bonds with moderate stability. Cardiac 
human myosin (4DB1)-Mn-amppnp complex (green) 
shows the highest and stable number of hydrogen 
bonds. Skeletal troponin C (7KAA5)-NG25 complex 
(blue) also has a consistently higher number of 
hydrogen bonds indicating stable interaction. Actin-
tropomyosin (8EFH)-NG25 complex (yellow) shows 

less number of hydrogen bonds and a less stable 
complex (Fig. 14). 
Radius of gyration 

The graph shown here, plots the Radius of 
Gyration, the measure of structural compactness of a 
protein. If the Radius of gyration is high, it means that 
structure is a lot more spread out, if the radius is small 
it is more compact. Cardiac troponin-C (2JT0)-BMN-
195 complex (black), has a steadily low radius of 
gyration indicating that it is structure is compact and 

 
Fig. 8 — Docking results of 2X4F-BMN-195 complex 

 

 
Fig. 9 — Docking results of 2JT0-BMN-195 complex 
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does not change.The Myosin Light Chain 4 (2X4F)-
BMN-195 complex (red) has a low radius of gyration 
also, indicating that it too is quite compact. The 
Cardiac human myosin (4DB1)-Mn-amppnp complex 
(green) has a much higher radius and fluctuates a lot, 

indicating a less compact, more dynamic structure. 
The Skeletal troponin C (7KAA5)-NG25 complex 
(blue) and the Actin-tropomyosin (8EFH)-NG25 
complex (yellow) both have a similar moderate radius 
of gyration (Fig. 15). 

 
 

Fig. 10 — Docking results of 8EFH-NG25 complex 
 

 
 

Fig. 11 — Docking results of 7KAA5-NG25 complex 
 

Table 3 — Molecular docking of DMD target proteins with phytochemicals. 
Protein and compound 1ark 1nct 2cq7 2f8v 2jt0 2x4f 4db1 5a38 7kaa 8efh 
Prednisolone -5.3 -6.2 -6.6 -5.3 -6.9 -6.5 -7.5 -6.7 -6.3 -7.1 
Prednisone -5.7 -6.3 -6.4 -5.6 -7.1 -6.8 -8 -7.1 -6.7 -7.2 
Mn-amppnp -5.2 -6.3 -6.6 -4.6 -7.5 -7.7 -9.9 -6.1 -7.1 -8 
Catalpol -5.4 -5.6 -5.6 -4.4 -6.3 -7.7 -8.4 -6.2 -6.6 -6.8 
Deflazacort -6.1 -6.2 -7 -5.7 -7.6 -6.9 -8.4 -7.1 -6.1 -7.8 
Vamorolone -5.9 -6.2 -6 -5 -7.5 -6.6 -7.6 -6.8 -6.6 -7.6 
Desacetyl deflazacort -6 -6.2 -6.5 -5.3 -7.4 -7 -8.5 -6.9 -5.9 -7.6 
Telethonin -5.9 -6.8 -7.3 -6 -8.8 -6.3 -8.5 -7.4 -7 -7.3 
BMN-195 -6.3 -6.5 -6.7 -5.6 -9.1 -9.5 -8.7 -7.1 -7.5 -8.3 
NG25 -6.4 -7 -6.7 -6.2 -7.8 -9.2 -8.8 -7.9 -8.8 -9 
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Table 4 — Top 5 DMD target proteins – phytochemicals 

complexes 
Protein  Compound Score kcal/mol  
4db1 Mn-amppnp -9.9 
2x4f BMN-195 -9.5 
2jt0 BMN-195 -9.1 
8efh NG25 -9 

7kaa5 NG25 -8.8 
 

 
 

Fig. 12 — RMSD profile for the DMD-Phytochemical complex 
 

 
 

Fig. 13 — RMSF profile for the DMD-Phytochemical complex

 

 
 

Fig. 14 — Hydrogen Bonds profile for the DMD-Phytochemical 
complex 
 

 
 

Fig. 15 — Radius of gyration (Rg) profile for the DMD-
Phytochemical complex 

Discussion 
An integrative analysis of RNA-seq was 

implemented in this study, to understand molecular 
mechanism, therapeutic target for DMD, we 
integrated genomic information along with the 
analysis of RNA seq, molecular docking and 
molecular dynamics simulation. We selected DMD 
sample(cases: SRR25006670, SRR25006669 and 
controls: SRR6015080, SRR6015076) to analyze the 
RNA seq. PCA revealed the separate groups for the 
case and control sample, as expected, large 
transcriptional change in the dystrophic muscle  
was demonstrated. The high variance explanation  
of PC1(93%) from PCA indicated high  robust  of  the  

gene expression change. The finding was consistent 
with earlier microarray and RNA seq based study. 
From the heatmaps, both case and control group 
demonstrated tightly clustered42. 

DEG analysis highlighted genes involved in 
cardiac and muscle-specific signaling pathways such 
as adrenergic signaling, cardiac muscle contraction 
and several cardiomyopathies were all up-regulated, 
indicating they are highly dysregulated in the DMD 
muscle and therefore it follows the disease phenotype 
in particular progressive cardiac dysfunction43,44. 
Down-regulated genes were identified as being 
involved in metabolic and biosynthetic pathways. The 
metabolic changes appear to be extensive and as 
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secondary downstream effects from the loss of 
dystrophin. Similar patterns of pathway enrichment 
have also been identified in separate studies, 
indicating a reproducible molecular signature45. 

Central regulators identified from PPI network 
construction and topology based hub analysis include 
ACTN2, TNNT1, MYL4, TTN, TNNI2, MYH7, 
NEB, TPM1, CSRP3 and TCAP, where many have 
already been reported to function in muscle 
contractility and sarcomere46,47. They are among the 
most enriched genes reported in network-centric 
DMD studies which further support their role in this 
disease and highlight their function as biomarkers 
and/or therapeutic targets due to their centrality and 
involvement with numerous genes48. 

Several small molecules such as Mn-amppnp, 
BMN-195, and NG25 were recognized for their 
capacity to create strong bonds with the top hub 
proteins, as demonstrated by the strong binding 
affinity calculations and supplemented by moderate 
toxicity profiles. In turn, these results may provide a 
framework to establish structure-based drug design 
strategies, along with a basis for in silico selection of 
candidates for repositioning drugs. The long term 
stability and dynamics of the identified protein-ligand 
complexes was confirmed through MD simulations 
and confirmed by the RMSD, RMSF, hydrogen 
bonds, and radius of gyration values that indicated 
some protein-ligand complexes remained strong over 
the 100 ns time period. Highly stable protein-ligand 
interactions such as that formed by 4DB1-Mn-
amppnp and 7KAA5-NG25 might represent viable 
targets for future drug candidates targeting DMD49. 
This multi-faceted approach of DEG analysis, 
pathway enrichment, network generation and 
molecular modeling approaches provided a 
comprehensive view of the DMD molecular 
pathology layer by layer. The hub genes (ACTN2, 
TNNT1, MYL4, TTN, TNNI2, MYH7, NEB, TPM1, 
CSRP3, TCAP) along with prioritized binding sites 
represent rational candidates for future therapy 
development.  

However, PCA and MM/GBSA analyses have not 
been included in the current study, and this should be 
considered as a limitation of the current MD study. 
Despite its lack of significance in the current study, 
PCA could have yielded further collective 
conformational information, and MM/GBSA could 
have yielded shallow energetic estimates of the 
protein-ligand interactions, although the current study 

prioritized trajectory-based conformational stability 
and interaction studies of the systems using RMSD, 
RMSF, radius of gyration, and hydrogen-bond 
interactions. These could be assessed in future studies 
to further characterize the nature of the complex. 
 
Conclusion 

Using next generation sequencing for this research 
enabled the detection of a diverse array of DMD gene 
mutations to support accurate clinical diagnosis. It 
may therefore be argued that integration of 
transcriptomics with network biology and structure-
based design may aid in the discovery of effective 
DMD therapeutics. Based upon our DEGs and 
pathways enrichments, DMD represents a condition 
with significantly dysregulated signaling within both 
the cardiac and skeletal muscles, in addition to 
disordered metabolism and extracellular matrix 
pathways. Analyzing our predicted PPI network and 
identifying the respective hub genes points toward 
several sarcomeric and skeletal muscles regulatory 
proteins as potentially valuable drug targets in DMD 
(ACTN2, TNNT1, MYL4, TTN, TNNI2, MYH7, 
NEB, TPM1, CSRP3 and TCAP). Toxicity 
predictions suggest that the majority of screened 
molecules exhibit generally safe profiles and are 
suitable for subsequent modification. Furthermore, it 
is recommended that a more in depth analysis of our 
five most favorably binding protein-ligand 
complexes, selected through docking of all molecules 
to relevant protein targets with favorable binding 
energy, is performed with molecular dynamics 
simulation of each complexes over 100ns to 
determine structural stability and interaction. Majority 
of the predicted most favorable complexes in MD 
simulations show stable conformations and hydrogen 
bonds, acceptable compactness and therefore, we 
predict Mn-amppnp, BMN-195 and NG25 as potential 
leads to effectively target the essential proteins 
associated with DMD. These results should be 
confirmed through experimental investigation of the 
candidate lead molecules in suitable in vitro and in 
vivo model systems. 
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