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 Mitochondrial Targeted Engineered Peptide Based 
Therapeutics for Managing Duchenne Muscular Dystrophy 

Pathophysiology via Enhancing Myogenesis and 
Mitigating Fibrosis 

 

4.1 Abstract 

Duchenne Muscular Dystrophy (DMD) is a severe X-linked genetic disorder, caused due to 
mutation in the largest human gene dystrophin. Current therapeutic strategies mainly 
focusses on symptomatic management of DMD pathophysiology by corticosteroid treatment, 
as exon skipping strategies to treat DMD is inaccessible to majority of DMD population due 
to its high treatment cost. Corticosteroid treatment is the part of the standard care for DMD 
but such treatment for long time is associated with several side effects such as weight gain, 
cataract, osteoporosis, behavioural changes, and vertebral compression fractures. Herein, we 
developed a library of peptides, and lead candidate identified for promoting myogenesis, 
E.M.P-2, was further engineered for mitochondrial targeting. E.M.P-2 showcased potent 
myogenic activity by upregulating myogenic markers and downregulating fibrosis at a 
nanomolar concentration of 0.15 nM. Furthermore, E.M.P-2 effectively chelates calcium ions, 
maintaining mitochondrial calcium homeostasis. E.M.P-2 also shows its potency in 
significantly downregulating expression of IL-6 in DMD patient derived cells which shows 
significant baseline IL-6 expression. Overall this study introduces E.M.P-2 as the peptide-
based therapeutic with the ability to manage DMD secondary pathological mechanisms, 
offering a promising platform for managing DMD disease progression. 

4.2 Introduction 

Duchenne muscular dystrophy (DMD) is a rare and progressive genetic disorder, arising from 
mutations in the dystrophin gene as detailed in introduction chapter under segment 1.1 and 
1.2.1-5 This chapter focuses on the development of a novel peptide-based therapeutic approach 
aimed at addressing the secondary pathological complications associated with DMD 
progression. The objective is to provide an alternative to the current standard of care, which 
primarily relies on corticosteroids for symptomatic management.   

The absence of dystrophin disrupts the DAPC, leading to a cascade of progressive secondary 
pathological changes. These include disruptions in calcium homeostasis, activation of pro-
inflammatory cytokines and proteases, mitochondrial dysfunction, and chronic inflammation. 
This cycle contributes to fibrosis, repeated necrosis, impaired muscle regeneration, and 
compromised vascular adaptation. The resulting damage makes muscle fibers highly 
susceptible to contraction-induced injuries, ultimately leading to muscle degeneration, fatty 
tissue replacement, and premature death.6 Despite advancements in clinical management and 
the use of corticosteroids, an effective cure for DMD remains unavailable. Recent progress in 
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genetic therapies offers promise, but the options are limited.7 To date, only one exon-skipping 
drug, Exondys51 has received conditional approval from the FDA. These treatments are 
mutation-specific and highly expensive, rendering them unaffordable to the majority of 
patients.8 Therefore, there is an urgent need for an affordable therapeutic approach that can 
effectively address the secondary pathologies of DMD and be universally applicable to the 
entire DMD population. Such strategy would also aim to minimize the dependence on long-
term corticosteroid therapy and its associated adverse effects.  

                                                     

Figure 4.1:  Schematic representation of the role of E.M.P-2 in addressing secondary pathological hallmarks 
within DMD cellular environment 

In this study, we designed and synthesized a library of peptides derived from a 56-amino acid 
mitochondrial micropeptide, referred to as ‘MPM’. (Figure 4.2) Notably, MPM localizes to 
mitochondria and exhibits increased expression during C2C12 myoblast differentiation in 
vitro, as well as during early postnatal skeletal muscle development and regeneration 
following cardiotoxin (CTX)-induced injury in vivo. Conversely, its expression is significantly 
downregulated in the muscle tissues of DMD patients.9 MPM plays a crucial role in promoting 
myogenesis, a fundamental process for muscle development and regeneration, which is 
markedly impaired during DMD progression. Prior literature revealed that silencing MPM 
impaired the differentiation of C2C12 myoblasts into mature myotubes, suggesting its 
essential role in myogenic progression and thus implicates its potential role for muscular 
dystrophy therapy.9-11 In this study, to harness the therapeutic potential of MPM into a 
peptide-based treatment strategy to manage the progression of DMD we systematically 
truncated and synthesized a library of six overlapping 10-mer peptides from full-length 56-
amino acid micropeptide (MPM), to identify the functional regions within the entire stretch 
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of MPM. This approach enabled us to pinpoint the key amino acid sequences critical for 
promoting myogenesis and muscle regeneration. Following the synthesis and screening of the 
peptide library using In-Cell ELISA, we identified a lead candidate, M.P-2, based on its ability 
to enhance myogenic marker MyHC at nanomolar doses. To improve its therapeutic efficacy, 
M.P-2 was further engineered into E.M.P-2 by incorporating two key functional modifications, 
firstly a triphenylphosphonium (TPP⁺) moiety was attached at the N-terminus to facilitate 
mitochondrial targeting, reflecting MPM’s native mitochondrial localization, and an “EKK” 
motif was attached at the C-terminus to confer calcium-chelating properties, addressing 
calcium dysregulation, a hallmark of DMD disease progression. 

Additionally, E.M.P-2 also effectively mitigated fibrosis, a hallmark of DMD pathology,12 by 
downregulating collagen type I (COL1A1) expression. Importantly, the peptide also 
contributed to maintaining calcium homeostasis, which is disrupted in the mitochondrial 
environment due to muscle tears during disease progression.13 E.M.P-2 also plays active role 
in managing pro-inflammatory cytokine interlukin-6(IL-6) which is typically overexpressed 
in DMD patients. 

Overall, the mitochondria-targeted peptide E.M.P-2 represents a novel therapeutic approach 
with dual efficacy in promoting myogenesis and reducing fibrosis within nanomolar doses. 
Thus, positioning E.M.P-2 as a promising peptide-based therapeutic candidate to serve the 
universal DMD patient population, by addressing the secondary pathological mechanisms 
associated with DMD, and thereby filling a critical gap in current treatment strategies. 

 

4.3 Results and Discussion 

4.3.1 Design and synthesis of mitochondria targeted peptides 

To address the current limitations of managing disease progression for the universal DMD 
population we solely rely on the use of corticosteroids, but it has associated side effects on 
long time exposure.14-15 So, considering the secondary factors associated with disease 
progression herein we focus to improve myogenesis, which gets disrupted in DMD patients11 
by peptide based therapeutic strategy. Myogenesis is an important event required for muscle 
Development and regeneration, and its dysfunction is associated with DMD disease 
progression.16 In that regard we identified that till date two micropeptides have been reported 
to regulate myogenic differentiation.17 In prior art, it was observed that micropeptide in 
mitochondria (MPM), a muscle-enriched and mitochondria-localized micropeptide, was 
upregulated during myogenic differentiation in vitro and in vivo, and promoted myogenic 
differentiation of myoblasts into myotubes. Also, MPM−/− mice exhibited smaller skeletal 
muscle fibers, worse muscle performance, and compromised muscle regeneration.18 In this 
study to harness the therapeutic potential of the micropeptide ‘MPM’, and to identify the key 
amino acids involved in the process of myogenesis we truncated the MPM micropeptide, each 
comprising of ten to twelve amino acids. Library of peptide synthesized was further screened 
to evaluate its myogenic potential via MyHC upregulation through In-Cell ELISA technique, 
and identified our lead peptide M.P-2. The lead peptide ‘M.P-2’ was further modified by 
attaching triphenyl phosphine motif (TPP) unit to its N-terminal end to enhance its 
mitochondrial target ability,19 as inspired from its source of MPM's localization.18   
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Figure 4.2: Amino acid sequence alignment of MPM micropeptide in human. Library of peptide synthesized 
by truncation of MPM micropeptide. 

Additionally, we appended an "EKK" sequence to the C-terminus of peptide sequence to 
impart calcium chelation ability, addressing calcium imbalance another hallmark of DMD 
associated mitochondrial dysfunction.20 The presence of gly (G) and glu (E) amino acid 
consecutively within the peptide sequence significantly enhance the calcium chelating ability 
for the peptide.21 (Figure 4.2) Next, the potency of the engineered peptide E.M.P-2 was further 
evaluated for its role in managing fibrosis, a critical pathological feature of DMD.12 It was 
observed that E.M.P-2 could significantly mitigate fibrosis by downregulating COL1A1 
expression. Overall, the engineered peptide E.M.P-2 offers a promising peptide based 
therapeutic strategy to mitigate DMD progression by managing secondary downstream 
pathological mechanism. 

 

4.3.2 Screening of Peptide Library by High-throughput In-Cell ELISA Technique 

In-Cell ELISA is a highly sensitive and quantitative method designed to measure intracellular 
protein levels directly within intact cells, eliminating the need for cell lysis. Herein, it was 
employed to screen the synthesized peptide library. To check the potency of the peptide 
candidates in improving myogenesis, here expression of the myogenic marker Myosin Heavy 
chain (MyHC) was assessed, and to determine the optimal concentration at which the MyHC 
expression is high. DMD patient derived cell line (KM1328) were treated with one of the 
peptide (M.P-2) at different concentrations ranging from 10 µM to 0.15 µM  for 72 hr, and it 
was observed that at 0.15 µM  concentration MyHC protein expression was significantly 
higher (Figure 4.3A). So, for further screening of our remaining peptide library, we selected 
0.15 µM as the optimal concentration (Figure 4.3B). In this study, retinoic acid was chosen as 
our positive control at 5nM concentration.22 The M.P-2 displayed the highest MyHC 
upregulation of 2.13 fold at 0.15 µM among all the other peptides screened at the same 
concentration in comparison to the positive control retinoic acid, which demonstrated 1.3-fold 
increase in MyHC protein at a concentration of 5 nM (Figure 4.3A&B). M.P-2 was identified 
as lead peptide candidate and selected for further modification and validation to assess its 
role in myogenesis and managing other secondary pathological mechanism during disease 
progression. 
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Figure 4.3: A) In-cell ELISA screening of E.M.P-2 for determination of effective screening concentration 
ranging from 10 µM to 0.15 µM. B) Screening of remaining micropeptides library at optimum concentration 
of 0.15 µM via high throughput In-Cell ELISA technique. In all data sets, significance was calculated using one-
way ANOVA, ***p<0.001. 

 

4.3.3 Mechanistic pathway behind cellular internalization and mitochondrial 
localization 

Peptides internalize into cells through two primary mechanisms firstly direct translocation 
across the cellular membrane, an energy-independent process, and secondly endocytosis, an 
energy-dependent process. To investigate the uptake kinetics of the E.M.P-2, flow cytometry 
was employed. C2C12 cells were treated with 5-carboxyfluorescein (FAM)-conjugated E.M.P-
2 and incubated at 37 °C and 4 °C for 4 hours. Flow cytometry analysis revealed a significantly 
higher uptake of FAM tagged E.M.P-2 at 37 °C compared to 4 °C, consistent with the 
involvement of energy-dependent endocytosis in the internalization process.23, 24 (Figure 4.4 
A&B). Further, conjugation of TPP motif at the N-terminal of the engineered E.M.P-2 enhances 
mitochondrial target ability of the peptide.19 This modification was inspired by the 
localization of the parent micropeptide MPM within the inner mitochondrial membrane to 
regulate myogenic differentiation, a process critically impaired in DMD patient. Another 
objective of conjugating the TPP moiety to the engineered peptide E.M.P-2 was to support the 
restoration of calcium homeostasis within the mitochondrial environment, which gets 
disrupted in DMD patients. The TPP group with its high positive charge density, enables 
efficient interaction with the mitochondria’s negative membrane potential. This electrostatic 
attraction facilitates the translocation of the TPP-conjugated peptide easily inside the 
mitochondrial compartment and executing its therapeutic effect. 
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Figure 4.4: A cellular uptake analysis of 5 μM FAM-E.M.P-2 suggests that the uptake occurs through an energy 
dependent endocytosis pathway, as evidenced by significantly higher uptake at 37°C compared to 4°C. A&B) 
Comparative histogram and dot blot representations. 

Additionally, TPP-based mitochondrial targeting offers several advantages over other 
delivery approaches, including the stability of the TPP moiety in biological systems. These 
attributes highlights the potential of TPP conjugation as a robust strategy for mitochondrial 
targeting in therapeutic applications. To evaluate the mitochondrial targeting capability of the 
TPP-conjugated peptide (E.M.P-2), the peptide was labelled with FAM dye at the N-terminal 
lysine side chain. This was achieved using Fmoc-Lys(dde)-OH, where the dde protecting 
group on the lysine side chain amine was selectively removed under nucleophilic conditions, 
fully orthogonal to Fmoc deprotection chemistry as detailed in Section 4.3.2.2. 

 

Figure 4.5: Mitochondrial target ability of TPP conjugated engineered E.M.P-2, were FAM tagged engineered 
peptide co-localizes within mitochondrial compartment of the cell labelled by mitoTracker. Scale bar 
corresponds to 100μm. 

Following FAM tagging, TPP was conjugated to the N-terminal amine of the peptide. The 
engineered FAM-labelled peptide (green fluorescence) was then examined for mitochondrial 
localization in a human DMD cell line using fluorescence microscopy. After four hours of 
incubation, the peptide was observed to co-localize with mitochondria labelled by 
mitoTracker (red fluorescence), confirming its mitochondrial targeting capability. This co-
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localization study validates the engineered E.M.P-2 as an effective mitochondrial-targeting 
therapeutic candidate. (Figure 4.5) 

4.3.4 Fusion Assay 

Impaired myogenesis is critical contributor to the progression of DMD. The fusion of 
myoblasts into mature myotubes is essential for muscle development and repair. However, 
this process is disrupted in dystrophic muscles.10  

The dystrophin-associated protein complex (DAPC) plays a pivotal role in muscle 
regeneration, but its disassembly due to the loss of dystrophin compromises with the 
myogenic commitment of activated satellite cells. This impairment leads to defective muscle 
regeneration, ultimately resulting in progressive muscle degeneration and wasting.25 To 
evaluate the myogenic potential of the engineered peptide E.M.P-2, derived from its source 
peptide MPM,18 we checked the potential of E.M.P-2 in upregulation of key myogenic marker 
MyoD26 and further calculated the fusion index using immunocytochemistry in a DMD 
patient-derived cell line.  MyoD, a member of the myogenic regulatory factor (MRF) family, 
is a crucial protein for myogenic determination. It serves as a master regulator, initiating the 
transcription of critical myogenic genes, including MYOG and MyHC, which play essential 
roles in muscle differentiation.27-28  

 

Figure 4.6: Myoblast Fusion. A) Immunofluorescent image of fused cells, where the cells were labelled with 
primary antibody to MyoD and secondary Alexa 488 (green) and Hoechst 33258 (blue). Scale bar 
corresponds to 100μm. Myoblast fusion is observed in the group treated with compound M.P-02 (150 nM) 
for 3 Days in comparison to untreated control. (B) The percent (%) fusion index was determined by 
calculating the ratio of nuclei detected in the MyHC positive area to the total nuclei count. (C) Total nuclei 
within MyHC cells, were calculated in five image fields per well. This analysis was carried out using Myocount 
software, which processed the captured images. In all data sets, significance was calculated using t test 
**p<0.01. 
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Considering the pivotal roles of MyoD in muscle differentiation, this myogenic marker was 
chosen to assess the efficacy of E.M.P-2 in promoting myogenic differentiation. Our findings 
revealed that treatment with engineered E.M.P-2 markedly enhanced the fusion of myoblast 
cells into mature myotubes in DMD patient-derived cell lines. This enhancement in 
myogenesis was validated through immunocytochemistry analysis, which exhibit increased 
expression of MyoD by 2.5 fold (Figure 4.6 A-C). Remarkably, the improvements in 
myogenesis were observed after three days of treatment, highlighting the potential of E.M.P-
2 to support muscle repair and regeneration in DMD pathology. These results positioned the 
therapeutic efficacy of E.M.P-2 in addressing impaired myogenesis and promoting muscle 
regeneration in DMD. 

 

4.3.5 Protein and mRNA expression of E.M.P-2 

Addressing secondary pathological factors associated with DMD is a crucial component of 
therapeutic strategies aimed to halt disease progression. These approaches can also 
complement treatments targeting the primary genetic defect, thereby providing a more 
comprehensive management plan for the disease. In DMD patients, continuous muscle 
damage, loss of regenerative capacity and chronic inflammation leads to fibrosis during 
disease progression, which results in diminished muscle functionality and contractility, which 
ultimately results in scar tissue formation.12 Another key pathological factor in DMD is 
impaired myogenesis, the process by which myoblasts differentiate and fuse to form mature 
myotubes during embryonic development and in response to muscle injury. Myogenic 
impairment hinder effective muscle regeneration and contributes to progressive muscle 
degeneration and weakness.10  

Herein, after thorough screening and identification of lead peptide, potency of the E.M.P-2 
was evaluated by assessing the mRNA and protein expression of key proteins involved in 
myogenesis and mitigating fibrosis. Expression profile of myogenic marker MyoD and MyHC 
were evaluated to check the potency of E.M.P-2 to restore impaired myogenesis, while the 
expression of COL1A1 was analysed to evaluate its potential in reducing fibrosis. MyoD, a 
master transcriptional regulator, coordinates the initiation of myogenic gene expression, 
including the activation of Myogenin (MYOG) and MyHC, which are crucial for muscle 
differentiation. MyoD also governs the expression of late-stage myogenic markers such as 
myogenin, MyHC, and dystrophin, facilitating progression through the advanced stages of 
myogenesis.27,28 Enhancing myogenic differentiation through therapeutic intervention could 
able to restore the expression of critical myogenic markers like MyoD and MyHC,29-30 thereby 
improving muscle function. Consequently, the expression levels of MyoD and MyHC were 
assessed to determine the efficacy of E.M.P-2 in promoting myogenesis. 

Simultaneously COL1A1 is expressed in dystrophic muscle, and increased collagen levels can 
contribute to fibrosis in DMD, thus therapeutic strategies able to downregulate COL1A1 
expression could mitigate fibrosis,31-32 addressing one of the critical secondary pathological 
features of DMD. Thus, expression profile of COL1A1 was thoroughly evaluated to check the 
potency of E.M.P-2 in mitigating fibrosis. 



123 
 
 

 

 

 

Figure 4.7: qRT-PCR assay and Dot blot results, after treatment of human DMD patient derived cells with lead 
peptide E.M.P-2 at 0.156 µM concentration for 72 hr compared to retinoic acid at 5 nM and untreated control 
(A) MyoD mRNA expression in dose dependent manner. (B) MyHC mRNA expression in dose dependent 
manner (C) COL1A1 mRNA expression in dose dependent manner. (D) Dot blot analysis comparing protein 
expression levels of MyoD in a dose-dependent manner. (E) Protein expression levels of MyHC in a dose-
dependent manner. (F) Protein expression levels of COL1A1 in a dose-dependent manner. In all data sets, 
significance was calculated using one-way ANOVA, *p<0.1**p<0.01***p<0.001****p<0.0001. 

qRT-PCR and dot blot analyses were conducted to evaluate the mRNA and protein expression 
profile of key markers involved for myogenesis and fibrosis by therapeutic lead E.M.P-2 in a 
dose-dependent manner ranging from 0.039 to 0.156 µM in a clinically relevant DMD patient-
derived cell line. These experiments were performed relative to the positive control, retinoic 
acid, at 5 nM,22 with a treatment duration of 72 hours. The results demonstrated that E.M.P-2 
significantly upregulated the mRNA expression of the myogenic marker MyoD, achieving a 
3-fold increase at the optimal concentration of 0.156 µM, compared to a 1.8-fold upregulation 
observed with retinoic acid. Similarly, E.M.P-2 enhanced the mRNA expression of MyHC, 
another key myogenic marker, by 2.6-fold at the same concentration, in comparison to 1.86-
fold increase induced by retinoic acid. Moreover, E.M.P-2 effectively downregulated the 
mRNA expression of COL1A1, a critical fibrosis marker, by 30% at 0.156 µM, whereas retinoic 
acid induced 5% reduction (Figure 4.7 A-C). Considering the protein-level analysis using dot 
blot assays exhibits that E.M.P-2 induced a dose-dependent upregulation of MyoD protein 
expression, achieving a 2.6-fold increase at 0.156 µM, compared to a 1.5-fold increase observed 
with retinoic acid. Similarly, MyHC protein expression was elevated by 2.26-fold at 0.156 µM 
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in the presence of E.M.P-2, in comparison to 1.8-fold increase observed with retinoic acid. 
Simultaneously, E.M.P-2 shows a significant reduction in COL1A1 protein expression, 
decreasing it by 60% at the optimal concentration of 0.156 µM, while retinoic acid only 
achieved an approximately 10% reduction (Figure 4.7 D-F). 

These findings highlight the therapeutic potential of E.M.P-2 in simultaneously addressing 
impaired myogenesis and fibrosis, two critical pathological features associated with DMD. By 
significantly upregulating MyoD and MyHC, E.M.P-2 effectively enhances myogenesis, a 
critical process impaired in DMD. Importantly, MyoD’s ability to reprogram fibroblasts into 
induced myogenic progenitor cells (iMPCs), which can restore dystrophin expression in 
dystrophic muscle,33 highlights its relevance in therapeutic applications. Additionally, the 
significant downregulation of COL1A1 by E.M.P-2 demonstrates its efficacy in mitigating 
fibrosis, a key contributor to DMD pathology. Collectively, these results establish E.M.P-2 as 
a promising therapeutic candidate with the potential to address both muscle degeneration 
and fibrosis. 

 

4.3.6 Maintaining Calcium homeostasis by E.M.P-2 

In DMD patients, increased membrane instability and the formation of ribs in the muscle 
membrane lead to an excessive influx of calcium ions, resulting in elevated intracellular 
calcium levels and disrupted calcium homeostasis.20 This instability further contributes to 
mitochondrial calcium overload, this impaired calcium balance in mitochondria leads to a 
marked reduction in Adenosine triphosphate (ATP) production and compromises the 
mitochondrial membrane potential, thereby worsens cellular dysfunction.34 The increase in 
cytosolic calcium levels within dystrophic muscle fibers is a critical hallmark of disease 
progression. Calcium-mediated changes in mitochondrial function further intensify muscle 
damage by creating an environment unfavourable for mitochondrial homeostasis.35 Thus, 
therapeutics capable of maintaining intracellular calcium balance in DMD patients have the 
potential to mitigate calcium dysregulation, thereby addressing a key pathological 
mechanism and halting disease progression. 

In this regard, to check the potency of our engineered E.M.P-2 in maintaining calcium 
homeostasis within cytoplasm and mitochondria, the calcium chelating activity of E.M.P-2 
was evaluated using UV-Vis, and fluorescence spectroscopy. The UV-Vis absorption spectra 
are shown in Figure. 4.8A. E.M.P-2 exhibited two absorption peaks between 190−210 nm 
corresponding to the amino acids residues in the peptide. Following the chelation reaction 
with calcium ions, a red shift in the maximum absorption peak of E.M.P-2 in the range of 190-
195 nm along with decrease in absorbance was observed. This spectral change indicates a 
specific interaction between E.M.P-2 and calcium ions, as measured across varying volume 
ratios of CaCl₂ to E.M.P-2, ranging from 1:10 to 1:1. 36  

Morever, the UV absorption spectrum of the calcium-chelated peptide (E.M.P-2-Ca²⁺) also 
exhibited a broader profile compared to unmodified E.M.P-2, with a weak peak emerging in 
the range of 200–215 nm. This can be attributed to the presence of metal-chelating functional 
groups, such as the –COOH group of glutamic acid within the peptide sequence, supporting 
the evidence for chelation. This spectral shift suggests that the chelation process altered the 
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electron transitions and spatial structure of the peptide, which suggests that peptides 
successfully chelated with Ca+2 ions.37 

 

Figure 4.8: UV-Vis and fluorescence spectra (A) UV-Vis spectra of peptide E.M.P-2 and calcium chelated 
peptide (E.M.P-2:CaCl2), at different peptide to CaCl2 volume ratios of 1:1, 1:2, and 1:5. (B) Fluorescence spectra 
of peptide E.M.P-2 and calcium chelated peptide (E.M.P-2:CaCl2), at different peptide to CaCl2 volume ratios 
of 1:1, 1:2, and 1:5. C) CD spectra of peptide E.M.P-2 and E.M.P-2:CaCl2 at 1:1 volume ratio of peptide to CaCl2. 

D) Comparative Zeta potential of peptide E.M.P-2 and E.M.P-2:CaCl2 at 1:1 volume ratio of peptide to CaCl2. 

Similarly, in fluorescence spectroscopy (Figure. 4.8B), the fluorescence intensity of E.M.P-2-
Ca²⁺ decreased sharply in the range of 230–245 nm and almost flattened between 530 and 540 
nm in comparison to unmodified peptide E.M.P-2. The reduced fluorescence intensity reflects 
structural alterations in E.M.P-2 upon binding with calcium ions. This reduction in 
fluorescence intensity might be because of fluorescence quenching by calcium ions binding to 
the peptide,36 and secondly, due to the formation of a new structural configuration involving 
chromophores interacting with calcium ions. These interactions alter the energy of the excited 
state, leading to a decrease in fluorescence intensity.38 The interaction between E.M.P-2 and 
calcium ions was measured using varying CaCl₂ to E.M.P-2 volume ratios, ranging from 1:10 
to 1:1. 
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Further to determine the secondary structure of E.M.P-2 and its effect on binding to Ca+2, a 
circular dichroism (CD) experiment was performed using CaCl2. As shown in Figure 4.8C, 
the addition of CaCl2 induces a slight change in the CD curve at Ca+2:E.M.P-2 volume ratio of 
1:1, were helical content increases from 66.5 % to 68.2 % and decrease in antiparallel content 
from 33.5% to 31.3 % on calcium chelation to E.M.P-2 suggesting a delicate increase in the 
helical content and other structural adjustments upon calcium chelation. Also, the identical 
spectra of Ca2+loaded and Ca2+ free peptide indicates no significant damage to the secondary 
structure of the peptide E.M.P-2 on calcium chelation.39  

Next, the surface charge of E.M.P-2, both before and after chelation with Ca+2 was determined 
through zeta potential measurement. At a 1:1 molar ratio of E.M.P-2 to calcium ions, the zeta 
potential of E.M.P-2 decreased significantly from +4.323 mV to +1.059 mV, as shown in Figure 
4.8D. This reduction in zeta potential suggests an electron transfer and the formation of 
coordination bonds between E.M.P-2 and Ca+2, indicating successful interaction and 
chelation.40 Collectively, the changes observed in UV-Vis spectroscopy, fluorescence 
spectroscopy, circular dichroism (CD), and zeta potential measurements confirms the 
successful chelation of calcium ions by E.M.P-2 and thus highlight the therapeutic potential 
of engineered E.M.P-2 confirms the successful chelation of calcium ions by E.M.P-2 and thus 
highlight the therapeutic potential of engineered E.M.P-2 in maintaining intracellular calcium 
homeostasis within cytoplasm and mitochondria, thus addressing the another key 
pathological hallmark associated with disease progression along with promoting myogenesis 
and mitigating fibrosis.  

4.3.7 Downregulation of pro-inflammatory marker IL-6, and fibrosis marker 
COL1A1 by E.M.P-2  

To evaluate the efficacy of E.M.P-2 in downregulating the inflammatory markers interleukin-
6 (IL-6) which is directly linked with DMD pathophysiology.41 Firstly, DMD patient-derived 
human cell lines were treated with E.M.P-2, to assess its therapeutic potential in 
downregulating IL-6. Elevated IL-6 levels play a pivotal role in DMD pathogenesis by 
promoting chronic inflammation, supporting repeated cycles of muscle degeneration and 
regeneration, and leading to the eventual exhaustion of satellite cell populations.41  

Increased IL-6 levels impair the dystrophic muscle phenotype and worsen disease 
progression. Some studies also claims that IL-6 downregulation has been linked to promote 
myogenesis, 42 highlighting it as a critical therapeutic target in DMD management. Notably, 
glucocorticosteroids, the current gold standard treatment for DMD, exert their therapeutic 
effects in part by reducing IL-6 levels, thereby delaying disease progression.43 In this study, 
significant baseline IL-6 expression was observed in untreated DMD patient-derived cells, 
thus there was no requirement for forced expression of IL-6 by lipopolysaccharide (LPS), and 
next E.M.P-2 treatment exhibited a significant reduction in IL-6 expression at an optimal 
concentration of 0.156 µM, observed after 24 hours of treatment. These findings highlights the 
ability of E.M.P-2 to effectively suppress IL-6 expression, thereby modulating the 
inflammatory environment within dystrophic muscle. Overall, inhibition of IL-6 by E.M.P-2 
promotes anti-inflammatory responses, enhances muscle repair, and contributes to the 
functional homeostasis and maintenance of dystrophic muscle, positioning E.M.P-2 as a 
promising candidate for DMD therapy. (Figure 4.9 A&B) 
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Next, the role of COL1A1 in DMD progression and the ability of E.M.P-2 to downregulate its 
expression at both mRNA and protein levels have already been discussed in detail under 
section 4.2.5. To further confirm these findings, immunocytochemistry was employed to 
validate the COL1A1 downregulation by E.M.P-2 after 24 hours of treatment. As, the cells 
derived from DMD patients displayed inherently elevated baseline levels of COL1A1, which 
aligns with their characteristic pathological phenotype, thus no induction of COL1A1 
overexpression was required. The results shows parity with earlier observations, reinforcing 
the potency of E.M.P-2 in suppressing COL1A1 deposition. (Figure 4.9 A&C) 

 

Figure 4.9: Immunocytochemistry analysis. A) Downregulation of pro inflammatory cytokine IL-6 
significantly (Upper panel), similarly significant downregulation of COL1A1 fibrosis marker. B&C) Bar diagram 
representing IL-6 & COL1A1 downregulation. Scale bar corresponds to 100μm. In all data sets, significance 
was calculated using t test **p<0.01. 

4.3.8 Cytotoxicity and serum stability of the lead engineered peptide E.M.P-2 

Cytotoxicity of the lead engineered peptide was measured by the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay after treatment of human 
DMD myoblast cells (KM1328) with peptide at varied concentrations for 24 h.  
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Figure 4.10: A) Serum stability of lead engineered peptide E.M.P-2 monitored for 10 hours in human plasma. 
B) Cell survival percentage after treatment of KM1328 cells with the lead peptide identified E.M.P-2 in an 
increasing gradient of doses (3.125-100 μM) for 24 h, n=3. In all data sets, significance was calculated using 
one-way ANOVA. 

The obtained results, as illustrated in (Figure 4.10 A) shows that the administered peptide 
molecules exhibited negligible toxicity even at higher concentrations.  

These findings suggest that the lead molecules possess a favourable safety profile, particularly 
at therapeutic concentrations, making them promising candidates for further development. 
Further, to understand the involvement of plasma enzymes in the metabolism of compounds 
is crucial for assessing their stability and potential for therapeutic efficacy. We performed a 
human plasma stability assay to assess the stability of our lead molecule, engineered E.M.P-
2. Incubation of peptide with human serum over various time intervals revealed that the 
compound remained stable up to fifty percent after 6 hr of incubation. This study emphasizes 
the compound's resilience within the plasma environment. (Figure 4.10 B) 

 

4.4 Materials and Methods 

4.4.1 Materials 

Chemistry 

All starting materials, reagents, and solvents were purchased from commercial suppliers and 
used without further purification. Fmoc-Rink Amide AM resin (8.55004.0025), Fmoc-amino 
acid was used for peptide synthesis. The compounds underwent routine analysis through 
LCMS for determining mass of synthesized peptides. Purity of the peptides synthesized were 
measured through analytical HPLC. Mass spectra were recorded utilizing an Agilent 
Technologies electrospray ionization ESI; Q-TOF mass spectrometer instrument (G6530C). 
Infrared spectra were acquired by using Bruker FT-IR spectrometer. For high-performance 
liquid chromatography (HPLC) analysis, a Shimadzu C18 column (150 mm × 4.6 mm × 5 μm) 
was employed. UV-Vis and fluorescence were recorded in JASCO FP-8300. CD spectra were 
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recorded in a Jasco J-815 spectropolarimeter. Zeta potential were measured in a Malvern 
Panalytical Zetasizer. 

 

Biology 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (M2128, Sigma), Triton 
X-100 (BB031, Himedia), Bovin Serum Albumin (BSA) (83803, SRL), Antimycotic antibiotic 
solution (Himedia A002), Fetal Bovine Serum (Invitrogen 2023-01-30), DMEM, high glucose, 
Penicillin Streptomycin solution (Invitrogen 15140-122), Trypsin EDTA Solution (Sigma 
T4174), Formaldehyde solution (Sigma-Aldrich 47608), Anti α-tubulin antibody (ab18251, 
Abcam, 1:1000), Hoecsht 33258 (ab228550, Abcam), Alexa fluor 594 (ab150116,Abcam, 1:500). 
cDNA Synthesis Kit (Cat. No. #1708890, Bio-Rad), IL-6 (sc-57315), COL1A1 (sc-59772), 
mitoTracker CMXROS, anti mouse alexa fluor 488 secondary antibody (A11029).  

 

4.4.2 Methods 

Synthesis of designed peptide library were performed via CEM-LIBERTY manual solid phase 
peptide synthesizer with rink amide resin as solid support. Next, the steps involving 
conjugation of TPP motif at N-terminal end of the peptide and attachment of 5-carboxy 
fluorescein to the synthesized peptide were performed outside peptide synthesizer, by using 
a screw capped glass peptide vessel. 

 

4.4.2.1 Synthesis of Peptide Library 

The peptides were synthesized employing microwave supported solid phase peptide 
synthesis technique utilizing CEM-LIBERTY manual peptide synthesizer as per established 
protocol.41 Fmoc protected Rink Amide resin was taken as the solid support. A solution 
containing 20%v/v piperidine in DMF was used as deprotection step to remove Fmoc-
protecting group of resin. After deprotection step, DIPEA (10 eq) and HBTU (5 eq) and Fmoc- 
protected amino acid (5 eq) were taken in DMF and stirred in vortex to make a homogeneous 
mixture and added in resin to allow it to couple for first amino acid. Then sequentially the 
deprotection and protection step were performed simultaneously until the last amino acid 
was attached to the resin. After final deprotection, the resin was washed and subjected to 
cleavage under standard conditions using a cleavage cocktail consist of TFA, H20, 
ethanedithiol (EDT), and thioanisole in a 94:2:2:2 volume ratio. The mixture was stirred at 
room temperature for 4 hours. Following cleavage, excess TFA was removed under a stream 
of air until the volume was minimized. The resulting solution was then poured into ice-cold 
diethyl ether and stored overnight at 4°C to allow for complete precipitation. The precipitate 
was collected by centrifugation at 4000 rpm for 5 minutes, dissolved in a 1:1 volume ratio of 
acetonitrile and water, and lyophilized to obtain the final peptide product.44 
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4.4.2.2 Synthesis of TPP conjugated lead peptide E.M.P-2 

To conjugate the TPP motif to the N-terminus of the lead peptide identified to induce 
mitochondrial target ability. The resin-bound peptide having free N-terminal amine after final 
deprotection step was subsequently removed from the microwave synthesizer, washed 
thoroughly with DMF and DCM, and air-dried. The peptide-resin was then transferred to a 
screw-capped glass peptide vessel, followed by the addition of (2-
Carboxyethyl)triphenylphosphonium bromide having TPP moiety, along with the coupling 
reagents N,N'-Diisopropylcarbodiimide (DIC, 5 eq) and HOBT (5 eq). The reaction mixture 
was gently agitated on a rocker for 24 hours for complete conjugation. Upon completion of 
the coupling reaction, the resin was washed and subjected to cleavage under standard 
conditions using a cleavage cocktail as discussed in previous section.  

 

4.4.2.3 Synthesis of 5-carboxy fluorescein conjugated TPP-E.M.P-2 

To achieve the synthesis of 5-carboxy fluorescein conjugated N-terminal TPP –E.M.P-2, Fmoc-
Lys (dde)-OH was taken. As, dde protection group on the side chain amine of lysine was 
selectively cleaved under nucleophilic conditions which is fully orthogonal to Fmoc 
deprotection conditions.  This synthesis of TPP-E.M.P-2 was initiated on a solid-phase Rink 
amide resin under a microwave-assisted peptide synthesizer, beginning with the first amino 
acid Fmoc-Lys(dde)-OH instead of Fmoc-Lys(Boc)-OH. The remaining coupling processes 
were similar to those discussed in section 4.3.2.1. After the deprotection of the Fmoc group 
from the final amino acid and its subsequent conjugation to the TPP moiety, as detailed in 
Section 4.3.2.2, the dde protecting group was selectively removed using a deprotection 
mixture under standard conditions conducted outside the microwave synthesizer. The 
deprotection mixture was prepared by taking 1.25 gm of hydroxylamine hydrochloride and 
0.918 gm of imidazole in 5 mL of NMP solvent, followed by vortex until complete dissolution. 
After this 1 mL of DCM was added prior to the reaction, and then resin attached peptide was 
gently shaken in a screw-capped glass peptide vessel with this freshly prepared deprotection 
mixture on a rocker for 3 hours.45 Next, the resin was filtered off and washed with DMF and 
DCM (5 mL each). For FAM conjugation at side chain free amine group of lysine, 5-carboxy 
fluorescein was taken (5eq) in DMF (5 mL) followed by addition of DIC (10 eq) and HOBT (5 
eq) and allowed to activate it for fifteen minutes. Following activation, the FAM containing 
acid was allowed to shake with resin attached peptide for next 72 hours under dark condition 
for conjugation of FAM. Next the solid support resin was washed with DMF and DCM, and 
it was treated with a 20% piperidine solution in DMF for N-terminal Fmoc deprotection. This 
N-terminal amine was then converted to azide by treating it with azide transfer reagent, 
following the procedure outlined in section 3.3.2.3. 
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Figure 4.11: Mass Spectra of the engineered lead peptide E.M.P-2 

 

                

Figure 4.12: HPLC Spectra of the engineered lead peptide E.M.P-2. 
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                             Figure 4.13: Mass Spectra of the FAM labelled engineered lead peptide E.M.P-2 

 

4.4.2.4 UV-Vis fluorescence spectroscopy 

E.M.P-2 was first dissolved in a minimal volume of DMSO and subsequently diluted with 
deionized water to a final concentration of 0.1 mg/mL. A CaCl₂ solution was prepared in 
deionized water at a concentration of 1 mol/L. The E.M.P-2 and CaCl₂ solutions were then 
combined at volume ratios of 1:10, 1:5, 1:2, and 1:1. The resulting mixtures were incubated at 
37°C for 1 hour in a shaker incubator. Post-incubation, the absorbance of the samples was 
measured over the wavelength range of 190–480 nm using a JASCO UV-Vis 
spectrophotometer.37 

4.4.2.5 Fluorescence spectroscopy 

Peptide–calcium complexes were prepared in the same volume ratio as described in the UV- 
Vis analysis above and incubated for 1 hour at 37 0C. After incubation, the emission spectra of 
the samples were analysed between 280 and 500 nm with a slit width of 5 nm, and the 
excitation wavelength was set at 275 nm by using JASCO FP-8300 fluorescence 
spectrophotometer.46  

4.4.2.6 CD Spectroscopy 

Peptide–calcium complexes were prepared at a 1:1 volume ratio, as detailed in the UV-Vis 
analysis protocol, and incubated at 37°C for 1 hour. Following incubation, circular dichroism 
(CD) spectra were recorded using a Jasco J-815 spectropolarimeter. The measurements were 
conducted over a wavelength range of 190–250 nm with a step size of 1.0 nm bandwidth at 37 
°C for both E.M.P-2 and the E.M.P-2:CaCl₂ complex (1:1 volume ratio).47 

 



133 
 
 

 

 

 

4.4.2.7 Zeta Potential 

The zeta potential of the peptide and its calcium complex was determined using a Malvern 
Zetasizer particle size analyzer. Measurements were conducted for peptide–calcium 
complexes prepared at a 1:1 volume ratio, as described in the UV-Vis analysis protocol. After 
incubation at 37°C for 1 hour and vortexing for 5 minutes, the samples were transferred to a 
U-shaped cell and equilibrated for 60 seconds at 25°C prior to analysis.48 

 

4.4.2.8 Cytotoxicity Study 

     The cytotoxicity of all the peptides were evaluated on the clinically relevant human DMD 
patient derived cell line (KM1328) using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 
tetrazolium bromide) assay. KM1328 cells were seeded at a density of 5 x 105 cells per well in 
a 96-well culture plate and incubated for 24 hours. Subsequently, the cells were treated with 
various concentration of peptides followed by incubation at 37 °C in a 5% CO2 environment 
for 24 hours. After treatment, the cells were incubated with MTT solution (5 mg/mL) in 
filtered PBS for 4 hours. After 4 hours, the culture medium was discarded, and the formed 
formazan crystals were solubilized using a solution of DMSO and methanol in a 1:1 ratio. The 
absorbance was measured at 550 nm using a multiplate reader.49 

      

     4.4.2.9 Serum stability assay for lead engineered peptide E.M.P-2 

    To evaluate the stability of the lead engineered Peptide E.M.P-2 in human plasma, a serum 
stability assay was performed. Initially, a stock solution of the E.M.P-2 at a concentration of 
10 mM in DMSO was prepared. A test compound stock at 50 μM concentration was prepared 
by diluting the stock solution in acetonitrile. The frozen plasma samples were thawed at 
ambient temperature and then centrifuged at 14,000 revolutions per minute at 4 °C for 15 
minutes. The resulting clear supernatant, approximately 90% of the total volume, was 
transferred to a separate tube along with 10% PBS for use in the assay. The plasma was then 
pre-incubated at 37 °C for 15 minutes, after which the test compound was added. Samples of 
100 μL were withdrawn from the incubated mixture at time points of 0 minutes, 30 minutes, 
and subsequently every 30 minutes up to 7 hours. Immediately after withdrawal, each sample 
was precipitated with 100 μL of ice-cold acetonitrile. The mixture was then vortexed for 1 
minute and centrifuged at 12,000 revolutions per minute for 10 minutes. The resulting 
supernatant was collected and stored at -20 °C for subsequent analysis using HPLC 
techniques.  

 

     4.4.2.10 Flow Cytometry Studies 

      Human DMD patient derived myoblast cells (KM1328) were seeded in 6-well culture plates 
and allowed to incubate overnight. Human DMD patient-derived cells were seeded into two 
6-well culture plates. After treatment with the dye-labeled peptide, the cells were incubated 
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at two different temperatures, 4°C and 37°C, respectively. After treatment, the cells were 
washed to remove any residual culture medium and then trypsinized followed by centrifuge 
to pellet down the cells. The resulting cell pellet was re-suspended in PBS (0.2 mL) 
maintaining appropriate cell density. Then the cells were analyzed by BD LSR- FORTSEA 
flow cytometer to measure the intensity of green fluorescence associated with E.M.P-2.23 

 

        4.4.2.11 In Cell ELISA 

     The In-Cell ELISA assay was used to screen the peptide library. Cells KM1328 were seeded 
into a white, 96-well plate at a density of 5 × 10³ cells per well. The cells were incubated for a 
period of 24 hours at a temperature of 37 °C in a humidified environment enriched with 5% 
CO₂. After this incubation period, cells were treated with peptides at a concentration of 0.156 
µM for 72 hours. Subsequently, the cells were fixed using 4% paraformaldehyde for 15 
minutes and then washed twice using 1× PBS and permeabilized by 1× permeabilization 
buffer for 30 minutes at 300 rpm on a shaker. Blocking was done using a 2% BSA blocking 
buffer for 2 hours at room temperature. After blocking, the cells were washed once with 1× 
wash buffer and incubated overnight at 4 °C with a primary antibody specific to MyHC. The 
next day, the cells were washed three times with 1× wash buffer and incubated with an HRP-
conjugated secondary antibody for 1 hour at room temperature. After incubation washed with 
the washing buffer three times then incubated in the OPD solution and incubated at 37°C for 
15 minutes. Afterward, the reaction was stopped by adding 8% H₂SO₄. The absorbance was 
read at 492 nm by a microplate reader (Thermo Scientific Varioskan LUX), and to normalize 
the number of cells, the staining Janus Green B was employed and absorbance is taken at 595 
nm.50 

 

     4.4.2.12 RNA extraction and quantitative reverse transcriptase- PCR (RT-qPCR) 

      Total RNA was extracted from the treated KM1328 cells using the PureLink RNA Mini Kit 
(Cat. No. 12183018A, Invitrogen) according to the manufacturer's instructions. The 
concentration and the purity of the RNA (A260/A280 > 1.8) were determined by a NanoDrop 
1000 spectrophotometer (Thermo Fisher Scientific). Using 300 ng of total RNA, cDNA was 
synthesized using the iScript cDNA Synthesis Kit (Cat. No. #1708890, Bio-Rad) according to 
the manufacturer's instructions. Diluted the cDNA 10-fold with nuclease-free water for RT-
qPCR analysis. A reaction mix of 10 μL was prepared for the assay using 5 μL of iTaq™ 
Universal SYBR Green Supermix (2x), 0.5 μL of each specific primer of a concentration of 10 
μM, and 4 μL of the diluted cDNA. The PCR was conducted using a standard fast protocol. 
This includes 95 °C for 20 s for initial heating followed by 40 cycles of amplification that 
comprised of the following: 95 °C for 3 s and annealing temperature of 60 °C for 30s followed 
by 70 °C for 5s. The expression levels were calculated against GAPDH and used as an 
endogenous control. Relative levels of mRNA expression were estimated by the 2^−ΔΔCt 
method.51 
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Gene Forward 5’-3’ Reverse 5’-3’ Accession No. 
MyH3 GCTTGTGGGCGGAGGTC

T 
AGCAGATATGCCGAA
CACTT 

NM_002470.4 

MyoD1 CCGACGGCATGATGGA
CTA 

CAGTCTAGGCTCGACA
CCG 

NM_002478.5 

COL1A1 CCCCGAGGCTCTGAAGG
T 

GCAATACCAGGAGCA
CCATTG 

NM_000088.4 

GAPDH CTAGGCGCTCACTGTTC
TCT 

GCCCAATACGACCAA
ATCCGT 

NM_001289746.2 

 

Table 4.1: Forward and reverse primer for MyHC, MyoD and COL1A1. 

 

     4.4.2.13 Dot blot for protein expression 

     To determine the protein expression level, we executed the dot blot assay. First, we incubated 
the cell lysate with beta-mercaptoethanol (5%) and heated it at 95 0C for 5 minutes. After the 
incubation of the lysate were loaded on the nitrocellulose membranes. When the membranes 
got dry, we put it for blocking with 5% BSA, and then, the membranes were treated with 
respective primary antibodies, MyoD, MyHC and COL1A1 for overnight. After washing, each 
membrane was treated with the HRP-conjugated secondary antibody, and the 
chemiluminescence intensity of the spots imaged using the G-Box Chemi XRQ system 
(Syngene, UK) and compared with the control experiment.52 

       

     4.4.2.14 Mitotracker 

     In order to check the localization of Peptide-2 to mitochondria, we tagged the peptide-2 with 
FAM. Then KM1328 cells were treated with Peptide-2 (0.156µM) for 72 hours. After that cells 
were incubated with with 200 nM of mitoTracker CMXROS red probe following the 
manufacturer’s instruction prepared in colourless DMEM for 10 minutes in the dark. After 
fixing with 4% paraformaldehyde nucleus is stained with Hoechst. The cells were 
visualization under a fluorescence microscope (Olympus IX83). It is observed that there is a 
complete overlap between green and red channels which confirm the localization of micro 
peptide-2 to the mitochondria.53 

      

    4.4.2.15 Immunocytochemistry 

     KM1328 Human DMD patient derived cells were seeded in 12 well plate at a cell density of 
3×104 cells and the cells were incubated for a period of 24 hours at a temperature of 37 °C in a 
humidified environment enriched with 5% CO₂. After this incubation period, cells were 
treated with peptides at a concentration of 0.156 µM for 72 hours. Subsequently, the cells were 
fixed using 4% paraformaldehyde for 15 minutes and then washed twice using 1× PBS and 
permeabilized by 1× permeabilization buffer for 30 minutes at 300 rpm on a shaker. Blocking 
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was done using a 2% BSA blocking buffer for 2 hours at room temperature. After blocking, 
the cells were washed once with 1× wash buffer and incubated overnight at 4 °C with a 
primary antibody specific to IL-6 (sc-57315) and COL1A1 (sc-59772). The next day, the cells 
were washed three times with 1× wash buffer and incubated with an anti mouse alexa fluor 
488 secondary antibody (A11029) incubated for 2 hours for 2 hour at room temperature. Cells 
were then washed again and image were taken at 20x using a fluorescence microscope 
(Olympus IX83) 

      

     4.5 Conclusion 

Addressing DMD secondary pathological progression would be a significant therapeutic 
strategy to slow down the onset of the disease. These approaches can also complement 
treatments targeting the primary genetic defect, thereby providing a more comprehensive 
management plan for the disease. The current therapeutic regime to manage secondary 
symptoms relies on the use of corticosteroids, but its long time use in DMD patients is 
associated with severe side effects such as weight gain, cataract, osteoporosis, behavioural 
changes, and vertebral compression fractures. The majority of the DMD population solely 
depends on the use of corticosteroids as drugs targeting exon skipping addressing primary 
defects of the disease is out of reach for the majority of the population because of its high cost.  

In this regard, our mitochondria-targeted peptide, designed from mitochondria-localized 
micropeptides (MPM), has the potential to be the first peptide-based therapeutic for managing 
secondary pathophysiological symptoms of DMD and delaying disease progression. This 
novel peptide therapy could serve as an alternative to standard corticosteroid treatment, 
offering a promising therapeutic platform for managing secondary pathological symptoms of 
DMD. 

These newly truncated and further engineered lead peptide stretch E.M.P-2 have significant 
potential in promoting myogenesis by elevating the expression of myogenic markers MyoD 
and MyHC up to two fold within lower optimum dose of 150 nM. Apart from promoting 
myogenesis M.P-2 also simultaneously downregulated COL1A1 a fibrosis marker, up to 60%, 
a key pathological hallmark associated with disease progression. These findings of myogenic 
markers upregulation and reduction in fibrosis by E.M.P-2 was mediated through the 
suppression of TGFβ expression, a pro-fibrotic cytokine known to hinder muscle regeneration 
and drive fibrotic tissue accumulation in DMD.  

E.M.P-2 subsequently also maintains impaired calcium homeostasis within the mitochondrial 
compartment because of the peptide calcium chelating ability. Maintaining calcium balance 
within the cellular environment further intensifies the potential of E.M.P-2 in managing DMD 
disease progression.  

Inflammation is another key defect engaged with disease progression, overexpression of pro-
inflammatory cytokines IL-6 in DMD patient’s leads to promoting chronic inflammation, 
supporting repeated cycles of muscle degeneration and regeneration. E.M.P-2 also shows its 
potency in significantly downregulating the expression of IL-6 in DMD patient derived cells 
which shows significant baseline IL-6 expression. Treatment of E.M.P-2 significantly reduced 
IL-6 mRNA levels by ~30%, over 3 days at 0.156 µM. These results suggest that E.M.P-2 
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effectively mitigates IL-6 expression, potentially improving the inflammatory profile in 
dystrophic muscle.  

Overall, our newly designed E.M.P-2 would be the first of its kind peptide based therapeutic 
platform to manage key secondary pathological symptoms of DMD. By promoting 
myogenesis, mitigating fibrosis, maintaining calcium homeostasis, and managing pro-
inflammatory cytokine IL-6, E.M.P-2 positioned itself as a future alternative to corticosteroids 
use in DMD patients. 
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