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A B S T R A C T

In inherited neuromuscular disease, Duchenne muscular dystrophy (DMD), glucocorticoids significantly slow 
disease progression yet impart side effects severe enough to preclude use in a significant proportion of patients. 
Extending our findings that acute treatment with FDA approved multiple sclerosis drug, dimethyl fumarate 
(DMF), rescues muscle pathology in juvenile mdx mice, we aimed to conduct tiered pre-clinical testing toward 
translation. To aggravate disease phenotype in adult mdx muscles that usually lack human equivalent muscle 
pathology, we used bi-weekly treadmill running for 4 weeks which increased plasma DMD biomarker, creatine 
kinase, by 2-fold and quadriceps fibrosis by ~30 %. Using this model, we screened DMF for 5 weeks in a head-to- 
head comparison, and in combination, with standard-of-care prednisone (PRED), to model the most likely 
clinical trial scenario. We show comparable efficacy between DMF and PRED at reducing inflammation via NF-κB 
suppression and CD68+ macrophage infiltration. Moderate term DMF monotherapy had additional anti-fibrotic 
and anti-lipogenic effects on skeletal and cardiac muscle beyond those seen with PRED treatment, although 
combination therapy exacerbated fibrosis in quadriceps. Our study supports DMF as a repurposing candidate for 
DMD, especially for patients who cannot tolerate chronic glucocorticoid treatment. We also highlight the 
importance of evaluating combination therapy to identify potential off-target effects between emerging thera
peutics and glucocorticoids towards better designed clinical trials.

1. Introduction

Duchenne muscular dystrophy (DMD) is a severe, progressive, 
muscle-wasting disease caused by mutations in the DMD gene. Dystro
phin loss disrupts the junction between the intracellular cytoskeleton 
and extracellular matrix (ECM), which stabilises muscle fibres during 
contraction. Dystrophin deficiency results in chronic muscle damage, 

degradation, fibrosis and replacement of skeletal muscle with fatty in
filtrates [1]. Affecting predominantly males, DMD is typically diagnosed 
by ~5 years of age presenting as delayed motor milestones and frequent 
falls and by early adolescence, loss of ambulation and pulmonary 
function decline is common [2,3]. Pulmonary distress is complicated by 
diaphragmatic weakness and fibrosis, and scoliosis, which alters the 
shape of the thoracic cavity and reduces respiratory capacity [4]. 
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Natural history data suggest that cardiac symptoms emerge from as early 
as 12–14 years leading to dilated cardiomyopathy in almost all patients, 
even with prophylactic treatment with cardiac medications, which can 
delay the onset.

The DMD therapeutic landscape has expanded significantly over the 
past decade. Since 2016, four exon-skipping antisense oligonucleotide 
drugs (Exondys 51, Vyondys 53, Viltepso and Amonndys 45) and two 
gene replacement therapies (Elevidys and fordadistrogene movaparvo
vec) have been granted accelerated access [5]. However, their efficacy is 
unclear, and fatalities have occurred with gene replacement strategies 
raising safety concerns [6]. While these therapies may have the best 
potential of providing long-term disease-modifying benefits to amenable 
patients, there are relatively fewer therapeutics in development to 

address the secondary pathomechanisms, especially the 
hyper-inflammation and chronic immune system activation that drives 
muscle fibrosis, weakness and loss of function [7]. Targeting this aspect, 
anti-inflammatory corticosteroids have prevailed as pharmacological 
standard of care (SOC) for DMD for more than three decades. With early 
intervention, they effectively slow disease progression, prolonging 
ambulation, and pulmonary function. Yet they have an extensive 
side-effect profile, e.g., weight gain, osteoporosis, adrenal insufficiency, 
metabolic syndrome and behavioural issues [8], which limits their 
clinical utility in as many as 37 % of patients [9]. Approved in 2023, 
steroid analogue Agamree (vamorolone) was developed to reduce the 
side-effect profile but retain full immunomodulatory and 
anti-inflammatory function. However, some corticosteroid side effects 

Fig. 1. Twice-weekly forced treadmill running aggravates the mdx phenotype. (A) Schematic of treatment and treadmill protocols. Mdx aggravation was proved 
using clinically compatible parameters of (B) plasma creatine kinase and (C) forelimb grip strength. H&E staining assessed the (D) unhealthy/healthy tissue ratio 
(black arrows) and (E) centronucleated fibre proportion (orange arrows) of the quadriceps (F–H). Pan macrophage marker, CD68, and Masson’s trichrome staining 
assessed (I–L) immune infiltration and (M–P) fibrosis (orange arrows) of quadriceps. Glycoprotein and marker of ECM remodelling, fibronectin-1, was assessed in the 
quadriceps (black arrows) (Q–T). Extent of DMD phenotype was calculated (mdx AGG/mdx SED*100) to indicate extent of disease aggravation [13]. Data in B-E, I, M 
and Q are presented as mean ± SEM and n are indicated by individual data points. Statistical analysis used one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. F–H, J-L, N–P, and R-T scale bar = 50 mm.
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do persist (weight gain, behavioural issues, adrenal suppression, cush
ingoid symptoms) due to blood-brain barrier penetration [10], indi
cating that non-steroid interventions may be better for long-term use.

We recently identified dimethyl fumarate (DMF), a drug with 
established safety data, prescribed for the autoimmune diseases, 
relapsing-remitting multiple sclerosis (MS) and psoriasis, as a potential 
corticosteroid alternative that could be rapidly repurposed for DMD 
based on acute treatment [11]. DMF is a potent immunoregulatory, 
anti-inflammatory and anti-oxidative drug via nuclear factor erythroid 
2-related factor 2 (Nrf2) activation and hydroxycarboxylic acid receptor 
2 (HCAR2) agonism [11] leading to suppression of molecular inflam
matory signalling (i.e., nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB)) and highly specific immunomodulation. Our 
proof-of-concept study in juvenile mdx mice undergoing a 
growth-dependent, muscle degenerative spike featuring 
hyper-inflammation and immune cell influx, demonstrated acute DMF 
treatment was more effective against key disease indices than SOC 
prednisone (PRED), including histopathology, muscle function, mito
chondrial metabolism and disease driving gene signatures via Nrf2 sig
nalling [12]. However, it is unclear whether these beneficial effects can 
be sustained with longer term treatment and, given the mdx mouse 
model manifests relatively mild disease compared to DMD patients [13], 
effective against more aggressive disease. Here, we used moderate ex
ercise to aggravate disease and better recapitulate the DMD phenotype 
through which to scope DMF’s efficacy and translational potential. We 
aimed to make a head-to-head comparison between DMF and SOC PRED 
as well as assess potential additive effects through combinatorial 
treatment.

2. Results

2.1. Exercise aggravation increases plasma CK levels and worsens 
dystrophic muscle histopathology

The dystrophic mdx mouse is the most used pre-clinical drug 
screening tool despite its relatively mild phenotype (Fig. 1A) compared 
to patients. Phenotype differences between sedentary (SED) WT and 
mdx mice are obvious at 8 weeks age, including elevated plasma 
(Fig. 1B) and skeletal (Fig. 1D–T) muscle damage indicators. We 
implemented TREAT-NMD’s standard operating procedures to facilitate 
standardisation of our pre-clinical data to other laboratory groups for 
improved translational outcomes. Twice-weekly forced horizontal 
treadmill running from the age of 35 days was used to aggravate the mdx 
phenotype (Fig. 1A) according to TREAT-NMD SOP DMD_M.2.1.001 
[14].

Exercise aggravation significantly increased plasma CK levels in mdx 
mice (Fig. 1B) but had no impact on endpoint forelimb (Fig. 1C) or 
whole-body grip strength (Supplemental Fig. 2A). While neither 
anthropometric measures nor respiratory or ex vivo force deficits were 
observed (Supplemental Fig. 2B–I), aggravation did exacerbate dystro
phic histopathology. We analysed quadriceps, which are particularly 
recruited and damaged during exercise [15], and heart, to assess indices 
of muscle damage, inflammation, regeneration, immune cell infiltration, 
fibrosis and extracellular remodelling. Aggravation increased the 
unhealthy/healthy tissue ratio (p = 0.0527; Fig. 1D) and percentage of 
regenerating centronucleated fibres indicating greater muscle damage 
and repair activity (Fig. 1E–H), as well as CD68+ macrophage infiltra
tion (p = 0.0527; Fig. 1I–L), mature fibrosis (Fig. 1M− P) and provisional 
matrix (Fig. 1Q–T) in mdx quadriceps. Perilipin-1+ adiposis of quadri
ceps muscle was not impacted by aggravation nor significantly different 
from WT (Supplemental Fig. 2J). Aggravation also did not affect active 
cardiomyocyte degeneration and fibrosis of the heart (Supplemental 
Fig. 2K–R) relative to mdx SED controls.

2.2. DMF improves grip strength and transcriptional control of myofibril 
assembly

DMF treatment increased forelimb grip strength (corrected for body 
weight) at the experimental endpoint (Fig. 2A) (notably, this measure 
was higher in mdx vehicle mice compared to WT (Fig. 1C)) but there was 
no effect of treatment on the hang test minimal holding impulse, which 
assesses both strength and endurance (Fig. 2B). Our functional data 
suggest that DMF might be better for preserving strength-based mea
sures. Beyond these functional measures, we also investigated changes 
in body composition and found that in comparison to mdx vehicle, all 
treatments increased the fat mass index (Fig. 2C), which was reduced by 
~40 % in mdx relative to WT mice (Supplemental Fig. 2B). Accordingly, 
we probed the muscle (quadriceps) transcriptome for genes associated 
with fatty acid metabolism. Of the 16 upregulated genes in mdx muscle 
(compared to WT), DMF downregulated 9 genes, PRED downregulated 2 
genes and DMF + PRED downregulated 10 genes (Fig. 2D). Consistent 
with the known suppressive effects of PRED on muscle and bone growth 
[8,16], PRED treated alone, and in the DMF + PRED combination, 
significantly reduced the lean mass index relative to mdx vehicle 
(Fig. 2E). PRED reduced liver mass, and all treatments normalised the 
higher quadriceps mass noted in mdx aggravated (AGG) (and SED mice 
(Supplemental Tables 1 and 2) suggesting multi-tissue drivers of lean 
mass reduction.

At the experimental endpoint (8 weeks of age), EDL and soleus 
muscles, predominantly fast- and slow-twitch respectively, were har
vested for ex vivo contractile testing. Ex vivo contraction measures were 
comparable between WT and mdx EDL and soleus (Supplemental 
Fig. 2H–I) thus there was no effect of treatments on either EDL or soleus 
absolute or specific force production (Fig. 2F–I). Only the DMF + PRED 
combination affected the force frequency relationship by increasing 
force production at 60 and 80Hz in the EDL (Supplemental Fig. 3A–B) 
and no treatment impacted fatigue or recovery measures (Supplemental 
Fig. 3C–D). We further probed transcriptional control of muscle 
contraction pathways for molecular changes in mixed fibre type muscle 
(i.e., quadriceps) that may be induced by treatments but not captured 
through ex vivo studies using fibre type exclusive/predominant muscles 
(i.e., EDL and soleus). Slow troponin isoforms, Tnni1 and Tnnt1, were 
significantly upregulated in mdx AGG compared to WT muscle (Fig. 2J), 
consistent with previous studies in dystrophic muscle [17]. The down
regulation of Actn2 by all treatments suggests concomitant sarcomere 
remodelling but only DMF and DMF + PRED treatment upregulated 
expression of Tmod1, Neb, and Actn3 (and Mybpc2 for DMF treatment), 
promoters of sarcomere stability [18,19] in the absence of dystrophin. 
PRED upregulated Myh8, a gene associated with regenerating DMD 
muscle [17]. There was no effect of treatment on plethysmography 
(respiratory) readouts (Supplemental Fig. 3E–G) or kyphosis index 
(Supplemental Fig. 3H–L), albeit these measures were unaffected by mdx 
aggravation.

2.3. DMF moderates the immune response in mdx quadriceps muscle

Persistent activation of the innate immune system leads to hyper
inflammation, oxidative stress and tissue damage in dystrophic muscles 
[7]. The unhealthy/healthy tissue ratio was significantly higher in mdx 
AGG quadriceps (Fig. 1D) but was not reduced by any drug treatment 
(Fig. 3A–C-F). However, there was a trend (p = 0.0734) for DMF to 
reduce the percentage of centronucleated regenerating fibres (Fig. 3B–F) 
suggesting modulation of degeneration/regeneration processes. Further 
investigation of the myogenic transcriptional pathway revealed that 
Myog, Myod1, Tcf4, Mapk11 were upregulated in mdx AGG muscle. DMF 
downregulated Myog and Mapk11, PRED downregulated Myod1 and 
Mapk12, and DMF + PRED combination downregulated Tcf4 high
lighting unique modulatory effects (Fig. 3G). Pan macrophage marker, 
CD68, was significantly reduced by DMF and PRED (Fig. 3H–L) consis
tent with their anti-inflammatory profiles. Interestingly, combined 

S. Kourakis et al.                                                                                                                                                                                                                                Redox Biology 84 (2025) 103676 

3 



delivery of DMF + PRED had no effect on macrophage infiltrate sug
gesting competing mechanisms of action in macrophages. Using western 
blot to gauge activation and protein expression of master inflammation 
regulator NF-κB in muscle, we showed that aggravation increased 
phosphorylation in mdx quadriceps (Fig. 3M), but that total protein 
expression levels were greater in mdx relative to WT muscles regardless 
(Fig. 3N). All treatments reduced both the NF-κB phosphorylation 
(Fig. 3M) and total protein expression (Fig. 3N) indicating comparable 
modulation of acute and chronic inflammation signalling via this 

molecular mechanism. We also probed our transcriptomic dataset for 
common differentially expressed inflammatory markers associated with 
NF-κB induction and linked to human DMD pathomechanisms, including 
Ccl2, Ccl6, Ccl7, Ccl8, Ccr2, Cx3cr1, Nfkb1, Nfkb2, and Nfkbib [20–22] 
(Fig. 3O). 7 genes were significantly upregulated in mdx vehicle quad
riceps and DMF treatment significantly downregulated 5 (Ccl2, Ccl7, 
Ccl8, Ccr2, and Ccl6) and trended to downregulate Nfkb2 (p = 0.0702). 
Both PRED and DMF + PRED downregulated fewer inflammatory genes: 
one (Cx3cr1) and three (Ccl7, Ccl2, and Ccr2), respectively.

Fig. 2. DMF treatment improves grip strength and modulates transcriptional control of myofibril assembly. Functional parameters including (A) maximal 
forelimb grip strength and (B) minimal holding impulse (whole body grip strength). Anthropometric measures (C) fat mass index and associated transcriptional 
pathways (D) the fatty acid metabolism pathway, as well as (E) lean mass index was assessed. Absolute force was measured ex vivo in (F) EDL and (G) soleus and 
specific force was calculated (H–I). The transcriptomics dataset was probed for (J) muscle contractile associated genes. Data in D and J are based on log2 fold change 
from WT for mdx VEH and mdx VEH for treatment groups (DMF, PRED and DMF + PRED). Data in A-C, and E-I are presented as mean ± SEM and n are indicated by 
individual data points. Statistical significance was tested via one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Although cardiorespiratory decline is mostly evident in older mdx 
mice, we assessed heart histology since we aggravated our model and 
exercise has been shown previously to impact the heart of mdx mice 
[23]. Cardiomyocyte degeneration was greater in mdx hearts which 
DMF was unable to reduce. PRED trended to increase cardiomyocyte 
degeneration (p = 0.0718) and when combined DMF + PRED signifi
cantly increased this histopathologic feature (Fig. 3P–T). Endpoint 
plasma CK levels mirrored cardiac degeneration across the treatment 
groups (unchanged by DMF or PRED treatment but increased by 
combinatorial DMF + PRED) (Fig. 3U) suggesting CK is of cardiac origin.

2.4. DMF decreases fibrosis in the quadriceps and heart and 
downregulates key disease driving gene, Timp1

Fibrosis is a complex pathology that can result from increased ECM 

synthesis and/or increased ECM degradation. In a recent meta-analysis, 
five genes were identified as candidate seed genes driving fibrosis within 
the DMD disease module (Timp1, Spp1, Fn1, Mmp2, and Igf1) [24]. A 
more recent study identified a Bmp4-induced molecular signature in 
DMD patient muscles involving upregulated expression of Serping1, 
Adamts3, HCAR2, Smad8 and Unc13c [25]. We show that Timp1, Spp1, 
and Fn1 (Fig. 4A) and Serping1 (Fig. 4B) are upregulated in mdx AGG 
quadriceps alongside fibrosis (Fig. 4C–D). DMF treatment was effective 
at reducing Timp1 (inhibitor of matrix metalloproteinases (MMPs)) gene 
expression (Fig. 4A) and histological fibrosis of quadriceps muscle 
(Fig. 4C and E). In contrast, PRED upregulated Spp1, Fn1, Igf1 (a known 
effect of glucocorticoids [26–28]) and Bmp4 transcription, and had no 
statistically significant effect on histological quadriceps fibrosis. In 
combinatorial DMF + PRED treatment, Spp1 expression was increased 
(Fig. 4A) and histological fibrosis was worse than VEH treatment 

Fig. 3. DMF reduces inflammation and macrophage infiltration of quadriceps. The (A) unhealthy/healthy tissue ratio and (B) percentage of centronucleated 
fibres are shown in the quadriceps (C–F; yellow arrows indicate centronucleated fibres; black arrows indicate infiltrate). (G) Transcriptomic signature of myogenesis. 
(H) Pan macrophage marker CD68 was immunohistochemically assessed in the quadriceps and (I–L) representative images show CD68+ macrophages (indicated by 
black arrows). Protein expression of (M) phosphorylated and (N) total NF-κB in the gastrocnemius was quantified via Western blot. (O) The quadriceps tran
scriptomic dataset was probed for inflammatory markers commonly upregulated in DMD. (P) Degenerating area of the heart was also assessed via H&E and (Q–T) 
representative images show active cardiomyocyte degeneration (indicated by white arrows). (U) Clinically compatible biomarker creatine kinase was assessed at the 
experimental endpoint. Data in heatmaps (G and O) are based on log2 fold change from WT for mdx VEH and mdx VEH for treatment groups (DMF, PRED and DMF +
PRED). Data in A-B, H, M-N, P and U are presented as mean ± SEM and n are indicated by individual data points. Statistical significance was tested via one-way 
ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001. C–F, I-L and Q-T scale bar = 50 mm.
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(Fig. 4C–F-G). Fibronectin 1 is a glycoprotein in the ECM that modulates 
cell behaviour relevant to inflammation and regeneration [29], it pro
vides structural support, facilitates satellite cell activation, and pro
motes myoblast fusion during skeletal muscle repair. Although 
fibronectin 1 plays a vital role in regeneration by acting as a scaffold for 
cellular migration and ECM remodelling, its dysregulation can lead to 
fibrosis and subsequent impaired muscle function. DMF was the only 
drug to significantly reduce fibronectin levels in quadriceps, although 
PRED did trend (p = 0.0574) to reduce it compared to VEH treatment 
(Fig. 4H–L). DMF was also the only drug to reduce cardiac fibrosis 
(Fig. 4M–Q) consistent with its anti-fibrotic effects in quadriceps 
(Fig. 4C and H).

2.5. DMF reduces muscle adiposis through modulation of the adipogenic 
and sphingolipid metabolism transcription programs in mdx muscle

Replacement of muscle fibres with adipose tissue is prominent in 
human DMD muscle but minimal in mdx muscle, i.e., perilipin-1, a 
protein that localises to adipocytes, was comparable between WT and 
mdx quadriceps (Supplemental Fig. 2J). Nevertheless, DMF treatment 
decreased adipocyte abundance whereas PRED, alone and in combina
tion with DMF, had no effect (Fig. 5A–E). To interrogate the potential 
underlying mechanisms, we probed lipid metabolism and fibro- 
adipogenic progenitor (FAP)-related pathways in our transcriptomics 
dataset. Of the 3 established FAP-associated marker genes in humans, 
(Cd34, Pdgfra, and Dcn), Cd34 expression was upregulated in mdx 
quadriceps and was downregulated by DMF (Fig. 5F). Reactome 
pathway analysis (Supplemental Table 3) revealed that the tumour ne
crosis factor receptor (TNFR)-mediated ceramide production pathway 
was significantly upregulated in mdx quadriceps and was normalised by 
DMF but not PRED treatment. We probed genes within this pathway 
(Fig. 5G) and revealed DMF normalised Tnfrsf1a (a pro-inflammatory 
biomarker in human DMD [30]) and Nsmaf expression. The Nsmaf 
gene encodes a protein involved in sphingolipid metabolism, specifically 
regulating the enzyme neutral sphingomyelinase (nSMase), contributing 
to muscle cell membrane repair and regulation of inflammation and 
regeneration [31]. Sphingolipid metabolism pathways were also probed 
since DMF is known to modulate sphingolipids through HCAR2 agonism 
in the context of MS [32]. Of the 11 upregulated sphingolipid meta
bolism genes identified in mdx muscle, DMF downregulated 2 while 
PRED and DMF + PRED significantly upregulated 9 and 5 genes, 
respectively (Fig. 5H). Furthermore, DMF normalised the expression of 
Sgms1 and Cers1, which were downregulated in mdx quadriceps. Ten 
adipogenesis genes were differentially expressed in mdx muscle: 4 
upregulated and 6 downregulated (Fig. 5I). DMF was more effective at 
moderating the adipogenic gene program than PRED mono or combi
nation therapy.

2.6. DMF significantly recovers inflammatory, fibrosis and fat mass 
associated parameters

The recovery score is used to express the effect of a treatment, not 
just by the difference between treated and untreated mdx mice, but 
relative to the extent of the deficiency between WT and mdx mice [13]. 
We calculated the recovery score (Fig. 6) of parameters that were 
significantly recovered by treatment. DMF, PRED and DMF + PRED 
normalised protein expression of NF-κB phosphorylated (108 %, 109 % 
and 108 %, respectively) and total (110 %, 119 % and 122 %, 

respectively). CD68 macrophage infiltration of quadriceps was 
improved by both DMF and PRED to a similar extent (65 % vs. 66 %, 
respectively) whilst DMF + PRED showed no improvement (0.78 %). 
Percentage of quadriceps fibronectin 1 was improved by both DMF and 
PRED (61 % vs 37 %, respectively) and while DMF + PRED improved the 
recovery score (17 %), this was significantly less than when DMF was 
delivered alone. Fat mass index was recovered by 59 %, 38 % and 34 % 
following DMF, PRED and DMF + PRED treatment, respectively. DMF 
was the most effective treatment at recovering cardiac fibrosis (46 %) 
followed by PRED and DMF + PRED, which had a comparable recovery 
score approximately half that of DMFs (20 % and 24 %, respectively). 
Similarly, DMF (37 %) and PRED (23 %) recovered quadriceps fibrosis 
whilst DMF + PRED worsened fibrosis resulting in a negative recovery 
score (− 47 %), which may be linked to the cancelling effect of the 
combined drugs on macrophage infiltration.

2.7. DMF transcribes a highly specific anti-inflammatory and anti- 
oxidation signature in muscle

A well-established mechanism of action (MOA) of DMF is via acti
vation of Nrf2, which initiates a potent cytoprotective response 
(Fig. 7A). Deep transcriptome profiling did not reveal changes to 
expression of Nf2el2 (Nrf2), or its negative repressor, Keap1, in response 
to DMF treatment. However, DMF normalised the otherwise upregulated 
expression of proteasomal subunit genes, Psmb1, Psme1, Psma4, and 
Psma1 (Fig. 7B), which degrade Nrf2 and prevent its activity. DMF also 
tempered expression of antioxidant/detoxification enzymes Ccs, Prdx2, 
and Txn2 (Fig. 7C). Consistent with the transcriptomic profiling, protein 
expression of Nrf2, Keap1 and NQO1 were comparable between the mdx 
vehicle and treatment groups (Fig. 7D–F) whilst DMF + PRED signifi
cantly decreased SOD1 expression (Fig. 7G). It should be noted that, 
except for Keap1, where expression was increased in the mdx VEH SED 
mice compared to WT, no other genotype differences were observed in 
the first instance.

To explore the possibility that Nrf2 activity may be regulated 
downstream of its expression or stability, we examined transcriptomic 
changes in known repressors of antioxidant response element (ARE)- 
driven transcription (Fig. 7H). Fosl2 a transcriptional repressor of the 
Nrf2-ARE signaling pathway was upregulated in mdx muscle whereas 
Sqstm1 was downregulated. Inside the nucleus, Nrf2 is competitively 
inhibited by several protein complexes. Nrf2 forms a heterodimer with 
sMAF proteins, enabling ARE binding and activation of antioxidant gene 
transcription [33]. Bach1 and Bach2, members of the Cap ‘n’ Collar 
(CNC) basic leucine zipper (b-Zip) family, like Nrf2, also bind sMAF to 
form a heterodimer capable of recognizing AREs [34]. Thus, Bach1 and 
2 compete with Nrf2 on two levels: first, by binding to sMAF and second, 
by occupying AREs. Unlike the Nrf2-sMAF complex, which activates 
transcription, the Bach1/2-sMAF complex functions primarily as a 
transcriptional repressor of antioxidant genes [35]. In our study, 
expression of Bach1 was significantly increased in all treatment groups 
whereas Bach2 expression increased only in the combined DMF + PRED 
treatment group. DMF treatment significantly increased Bach1 expres
sion levels in mdx mice (Fig. 7H) suggesting that Nrf2 activity is 
tempered by competition with Bach1 for binding sites. Although Bach1 
expression was significantly reduced in untreated mdx mice, there was 
no indication of Nrf2 expression (e.g., protein expression of Nrf2 or 
Phase I antioxidants). Rather, there was significant upregulation of nu
clear receptor repressors, which inhibit Nrf2 activity by preventing its 

Fig. 4. DMF reduces fibrosis of quadriceps and heart. Expression of the proposed (A) fibrosis-associated DMD seed genes [24] and (B) DMD molecular signature 
[25] was probed using our transcriptomic dataset. (C) Quadriceps fibrosis was quantified using Masson’s trichrome staining and (D–G) representative images are 
shown. (H) Extracellular matrix remodelling was assessed via staining for the glycoprotein fibronectin 1 and (I–L) representative images are shown. Fibrotic area of 
the heart was also assessed and (M–Q) representative images are shown. Data in heatmaps (A–B) are based on log2 fold change from WT for mdx VEH and mdx VEH 
for treatment groups (DMF, PRED and DMF + PRED). Data in C, H and M are presented as mean ± SEM and n are indicated by individual data points. Statistical 
significance was tested via one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. D-G, I-L and N-Q scale bar = 50 mm.
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Fig. 5. DMF decreases muscle lipid content through modulation of adipogenesis and sphingolipid metabolism pathways in quadriceps. (A–E) Percentage of 
perilipin-1+ lipid droplets in quadriceps. Lipid associated transcriptional pathways were probed including (F) FAPs, (G) TNFR mediated ceramide production, which 
was a significantly altered Reactome pathway in mdx aggravated (AGG) relative to WT quadriceps, (H) sphingolipid metabolism and (I) adipogenesis. Data in all 
heatmaps (F–I) are based on log2 fold change from WT for mdx VEH and mdx VEH for treatment groups (DMF, PRED and DMF + PRED). Data in (A) is presented as 
mean ± SEM and n are indicated by individual data points. Statistical significance was tested via one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. B-E Scale bar = 50 mm.
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binding to the ARE [36]. For example, expression of nuclear receptor, 
retinoic acid receptor alpha (Rarα), was increased whereas expression of 
estrogen receptor 1 (Esr1) was reduced in mdx relative to WT muscle. 
Gene expression of estrogen related receptor beta (Esrrb) and Rarα re
ceptors were decreased by all treatments whereas expression of Esr1 was 
significantly increased by DMF and PRED treatment. To illustrate this 
regulatory complexity, a mechanistic schematic is presented, high
lighting how Bach1 and (RARα), in particular, may interfere with 
Nrf2-small Maf (sMAF) protein binding and ARE engagement to main
tain rheostatic control of Nrf2 activation with longer term DMF 
treatment.

3. Discussion

Our methodological approach of twice weekly forced treadmill 
running was successful to increase clinically relevant muscle damage 
biomarker, plasma CK, and histopathological hallmarks in hindlimb 
quadriceps muscle. Cardiorespiratory phenotypes are usually only 
evident from ~12 to 18 months age in mdx mice [1] and it was 
encouraging that early cardiac muscle degeneration and fibrosis were 
induced by exercise aggravation. Increasing the frequency (e.g., thrice 
weekly running), duration (e.g., >20 min per session) or difficulty (e.g., 
downhill running) of the exercise regimen could further induce both 
histopathological and functional phenotypes across all impacted physi
ological systems in future work.

Our data highlight that DMF’s MOA over the moderate term involves 

Fig. 6. The impact of the treatments on the mdx mouse. The recovery score is used to express the effect of a treatment, not just by the difference between treated 
and untreated mdx mice, but relative to the extent of the deficiency between WT and mdx mice. A recovery score of 100 % indicates the parameter is equal to that of 
the WT while a score of 0 % indicates no improvement has been made. This was calculated as (mdx treated)-(mdx untreated)/(WT)-(mdx untreated) x 100 [13].
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highly specific immune modulation, likely via Nrf2 activity, HCAR2 
agonism or both. We show that DMF was able to recover histopatho
logical exacerbations induced by aggravation of the mdx phenotype by 
on average, 50 % (Fig. 6). In contrast, PRED recovered on average, 26 %. 
DMF is twice as effective at treating these measures, and from a safety 
standpoint, could be better since it does not reduce lean tissue mass like 
PRED. In our short-term DMF screen, we demonstrated Nrf2 activation 

via increased expression of Phase II antioxidant enzymes, NQO1 and 
SOD1 [12], the biomarkers of DMF’s MOA and efficacy in MS. However, 
in this study, moderate-term DMF treatment did not maintain Nrf2, 
NQO1 or SOD1 upregulation (transcriptionally or at the protein level) 
(Fig. 7). DMF likely induces temporal Nrf2 activation in response to 
environmental (oxidant, inflammation) cues to maintain a proportion
ate antioxidant defense system. For example, GSK-3b (glycogen synthase 

Fig. 7. DMF treatment tempers expression of detoxification enzymes in muscle. (A) DMFs MOA involves dual anti-inflammatory and -oxidative function 
through transcription of Nrf2. The muscle transcriptome was probed for molecular pathways involved in DMF’s MOA including the (B) Keap1-Nrf2 pathway and (C) 
Nrf2 regulation of antioxidant/detoxification enzymes pathway. Protein expression of (D) Nrf2, (E) Keap1, (F) NQO1 and (G) SOD1 was quantified via western blot. 
The muscle transcriptome was also probed for (H) non-receptor antioxidant response element (ARE) repressors and ARE repressors via receptors. A diagrammatic 
representation of Nrf2-ARE inhibition pathway demonstrates [1] GSK-3b mediated Nrf2 phosphorylation and degradation in the cytoplasm and nucleus [2]; 
competitive inhibition of Nrf2 binding with small Maf proteins (sMAF) and [3] competitive inhibition of Nrf2-sMAF with the Bach1/2-sMAF heterodimer which 
prevents Nrf2 binding to the ARE [4]; interaction of RARα with Nrf2 inhibiting binding to the ARE. Heatmap data (B–C and H) are based on log2 fold change from 
WT for mdx VEH and mdx VEH for treatment groups (DMF, PRED and DMF + PRED). Data in D-G are presented as mean ± SEM and n are indicated by individual 
data points. Statistical significance was tested via one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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kinase 3b) phosphorylates Nrf2 resulting in its nuclear and cytoplasmic 
degradation independent of Keap1 [37] – Gsk3b transcription was 
increased by DMF treatment (alone and in combination with PRED; 
Fig. 7B). Furthermore, gene expression of several nuclear repressors of 
Nrf2-ARE transcription were altered by DMF (e.g., Bach 1, several re
ceptor repressors). Our data support activation of an oxidant sensitive 
override mechanism to avoid hyper-Nrf2-activation. This mechanism 
appears to interplay strongly with quenching of NF-κB mediated 
inflammation, suggesting immune cells are the predominate source of 
ROS in DMD. Clearly, Nrf2 signaling is highly regulated through a 
complex network of interactions. Much of this regulation operates 
through rheostatic negative feedback loops, where the activation of 
antioxidant responses eventually leads to suppression of the initial 
signal to restore homeostasis [35].

The most striking effect of DMF in our study was reducing fibrosis of 
the heart and quadriceps although it is important to note that fibrosis 
was mild in our 8-week-old mdx mice (~4–5 %, consistent with others 
[38,39]) even with exercise aggravation. The cardioprotective effect of 
DMF is particularly important given the high prevalence of cardiomy
opathy in DMD and its contribution to disease progression and mortality 
[40,41]. Although the degree of cardiac pathology is subtle at this age, 
the finding that DMF can modulate myocardial fibrosis suggests poten
tial for therapeutic benefit in older or more severely affected models. 
Recently, in skeletal muscle we showed DMF could modulate 
fibrosis-associated seed genes (Mmp2, Spp1, and Timp1) [12] that drive 
the DMD disease program described by Lombardo et al. [24]. Here we 
show that moderate-term DMF treatment sustains Timp1 suppression, 
whilst PRED significantly upregulates expression of 3 seed genes (Spp1, 
Fn1, and Igf1). DMF downregulated key genes involved in collagen 
formation, ECM degradation and organisation whilst PRED significantly 
upregulated over more than half (34 out of 54 differentially expressed 
genes). DMF was previously shown to ameliorate lung [42] and renal 
[43] fibrosis indicating systemic anti-fibrotic function. Early in tissue 
repair, fibronectin 1 is a crucial component of the provisional ECM, 
promoting fibroblast recruitment, myoblast adhesion, and signalling for 
ECM assembly [29]. However, when dysregulated, fibronectin 1 drives 
excessive ECM deposition, where provisional matrix transitions into a 
mature, collagen-rich fibrotic matrix (stained blue by Masson’s tri
chrome). Here we showed that DMF was the only treatment to decrease 
fibronectin 1 in the quadriceps (Fig. 4H), consistent with the decrease in 
histological fibrosis observed (Fig. 4C). Of the several possible molecular 
mechanisms regulating DMFs anti-fibrotic effect, our data indicate 
reduced (CD68+) macrophage recruitment/accumulation/transition 
and NF-κB protein expression are central. We saw no evidence of 
DMF-dependent inhibition of TGF-ß/Smad3 signalling or Spp1/osteo
pontin expression. Notably, when treated in combination, DMF + PRED 
exacerbated exclusively quadriceps fibrosis (− 47 % recovery score). 
This effect could be a result of over-immunosuppression teamed with 
activation (i.e., by treadmill running) strain highlighting the intricate 
symphony of immunology required to maintain muscle over fibrotic 
tissue. As a weight-bearing and high force generating muscle group, 
quadriceps are more prone to damage than the heart and therefore seem 
more sensitive to the detrimental effect of over-immunosuppression. 
This aspect requires careful consideration in the planning of future 
clinical trials testing DMF and other immunomodulatory/anti-fibrotic 
agents for DMD where SOC may need to be withheld, or exclusively 
steroid naïve participants recruited.

In the context of human MS, DMF is known to re-program fat 
metabolism, especially sphingolipid metabolism [32]. Transcripts of the 
sphingolipid de novo biosynthesis pathway are upregulated in skeletal 
muscle of patients with DMD as well as in other muscular dystrophies 
[44]. Our data highlight multiple points of control of systemic and 
muscle-specific adipose tissue content. Mdx mice (SED and AGG) are 
particularly lean (low fat mass index relative to WT) and our tran
scriptomic data point to increased metabolic demand as a mechanism 
[45]. DMF treatment normalised these transcriptomic signatures and the 

fat mass of mdx animals. The primary active metabolite of DMF, mon
omethyl fumarate, is a ligand for HCAR2 which is highly expressed on 
adipocytes and immune cells [46]. HCAR2 agonism prevents lipolysis 
through inhibition of adipose triglyceride and hormone sensitive lipases 
[32]. In contrast to these systemic effects, DMF reduced adipocyte 
abundance (perilipin-1) at the muscle level in mdx mice. Via its distinct 
immunomodulatory effects on macrophage sub-populations, DMF 
downregulated FAP-associated marker genes, which is important 
because a subset of FAPs can undergo adipogenic differentiation 
contributing to fatty infiltration of human DMD muscle [47]. DMF also 
reduced Tnfrsf1a transcripts which were upregulated in mdx muscle. In 
humans, TNFR1 agonism contributes to muscle adiposis by inducing 
sphingomyelin hydrolysis-mediated ceramide production. Ceramides 
are bioactive molecules capable of activating apoptotic and 
pro-inflammatory pathways and their accumulation in muscle is linked 
to myopathy [48]. Consistent with a study by Laurila et al. [44] in mdx 
mice, we show that the sphingolipid metabolism pathway is upregulated 
in dystrophic muscle. Although DMF downregulated only 2 of 10 
significantly upregulated genes within this pathway, PRED led to further 
upregulation of 9 genes. Sphingolipid metabolism is heightened in MS 
resulting in ceramide production [49] and more recently, 
sphingosine-1-phosphate (S1P), as well as transcripts of other sphingo
lipids were shown to be highly upregulated in dystrophic human and 
mdx muscle [50]. Muscle adiposity is much more problematic in human 
than mdx DMD [51], as is obesity [52]. Whether DMF will be efficient 
enough in humans given that the adipose pathology is worse is an 
important translational question for follow up. If it were to be similarly 
effective against human DMD muscle adiposis, DMF could be a strong 
candidate for repurposing with potential added benefits over standard of 
care PRED.

Our study reveals important translational aspects. Firstly, immune 
system involvement in DMD progression is complex as is its pharma
cological control. Timely and successful muscle regeneration and repair 
is highly dependent on a well-regulated inflammatory cascade – chronic 
inflammation and cytokine signalling can promote macrophage 
phenotype shifts and muscle pathology, while over-immunosuppression 
can dysregulate muscle regeneration [53]. Alone, DMF and PRED share 
similar anti-inflammatory and immunomodulatory capability (tran
scriptionally) to effectively reduce macrophage infiltration of muscle. 
We showed previously that with short-term treatment, DMF activates 
Nrf2 signalling in the muscle [12]. However, moderate-term treatment 
in our aggravated model indicates anti-inflammation via 
Nrf2-independent inhibition of NF-κB expression and activation is the 
principal MOA. We propose this effect is driven by HCAR2 agonism. 
Corticosteroids similarly repress NF-κB signalling as their principal 
MOA, albeit via activation of the glucocorticoid receptor which is also 
responsible for their side-effects [8]. From a translational perspective, 
DMF could be a relevant PRED surrogate to slow DMD progression on 
this point alone. Indeed, some 37 % of American DMD patients are 
corticosteroid naïve with 25 % never commencing therapy and 12 % 
having discontinued [9]. Side-effects were reported as the main reason 
for rejection of pharmacological standard care in 65 % of these patients 
[9]. These data indicate an unmet need for efficient, non-steroidal 
anti-inflammatories with at least comparable efficacy to corticosteroids.

In summary, our data highlight DMF as a promising translational 
candidate for DMD with a potentially better safety profile than gluco
corticoids. Importantly, DMF is already approved for the treatment of 
MS and psoriasis and continues to demonstrate long-term safety and 
clinical efficacy in both controlled trials and real-world settings [54,55] 
reinforcing its relevance for inflammatory-driven diseases. However, it 
is also important to acknowledge that DMF has not shown consistent 
clinical efficacy across all conditions. For example, it failed to demon
strate benefit in a recent amyotrophic lateral sclerosis (ALS) clinical trial 
[56] highlighting that translational success is not guaranteed and must 
be evaluated within each disease framework. Further, there are trans
lational limitations imposed by the mdx mouse model which although 
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widely used in DMD research, portrays a relatively mild phenotype and 
disease progression compared with patients. Model selection is critical 
in preclinical DMD research, and we anticipated that our aggravation 
protocol would induce a more human comparable phenotype than it did. 
The use of aged mdx mice, which do show human relevant character
istics particularly regarding fibrosis and loss of function, will be crucial 
for well-informed clinical translation decisions. Our follow-up study 
(AFM24216) due for completion in 2025 intends to confirm longitudi
nal, disease modifying capacity as a final hurdle to clinical translation. 
Moderate-term DMF demonstrated anti-inflammatory, anti-fibrotic, and 
anti-lipogenic effects against the mild DMD phenotype of 8-week-old 
exercise aggravated mdx mice. A strong point of our study was the in
clusion of a combinatorial DMF + PRED group to survey potential drug 
interactions. Worsening of skeletal muscle fibrosis with combined 
treatment suggests careful consideration of dose and dosing regimen will 
be needed during clinical trial design to ensure 
over-immunosuppression does not exacerbate disease. We propose DMF 
could be a useful corticosteroid alternative for the vast DMD patient 
population who outright reject, or have discontinued, corticosteroid use.

4. Materials and methods

4.1. Animals

Male C57BL/10ScSnJ (wild-type (WT)) and dystrophin-deficient 
C57BL/10ScSn-Dmdmdx/J (mdx) mice were bred at Western Centre for 
Health, Research and Education (Sunshine Hospital, Victoria, Australia). 
Given that DMD is an X-linked disorder, only male mice were utilised in 
this study. Animals were housed on a 12:12 h light-dark cycle at 
20–25 ◦C and 40 % humidity. Litters were weaned at 21 days of age and 
randomly assigned to cages (up to 4/cage). Food and water consumption 
was monitored weekly.

4.2. Treatment

Mdx mice were randomly assigned to treatment groups at 21 days of 
age [1]: 0.5 % methylcellulose (vehicle (VEH)) [2], DMF [3], PRED or 
[4] a DMF and PRED (DMF + PRED) combination (all treatments sus
pended in vehicle). WT mice were treated with the 0.5 % methylcellu
lose VEH. Animals were weighed and treated daily up until 8 weeks of 
age via oral gavage. Treatments were prepared relative to individual 
body weights to give a final daily dosage of 100 mg kg− 1/day DMF, 5 mg 
kg− 1/day PRED or 100 mg kg− 1/day DMF with 5 mg kg− 1/day PRED. 
Selected dosages are consistent with our previous study [12], which 
aligns with pre-clinical studies assessing DMF for MS [57] and work by 
Manico et al. [58] who pre-clinically used this PRED dosage in mdx 
mice. There was no impact of any treatment on body weight or food and 
water consumption in mdx mice (Supplemental Fig. 1A–D).

4.3. Treadmill exercise-aggravation protocol

The mdx mouse is a useful pre-clinical therapeutic screening tool but 
presents with challenges that may compromise translational outcomes 
later in the drug development pipeline. After an initial acute degener
ative period during rapid maturational growth at ~3–5 weeks age, the 
disease stabilises into relatively mild cyclical degeneration and regen
eration bouts across the lifespan until ~12 months age when disease 
progression escalates [13]. Applied exercise exacerbates muscle dys
trophy in the mdx mouse, particularly fibrosis and subsequent lipid 
infiltration [15]. From 4 weeks of age, mice in the aggravated (AGG) 
cohort were subjected to a 30 min run on a horizontal treadmill (PanLab 
Harvard Bioscience) at 12 m/min, twice-weekly based on a protocol 
developed by TREAT-NMD (SOP DMD_M.2.1.001) [14]. All animals 
were exercised in a temperature and light controlled environment and 
the exercise was performed with constant monitoring. A forced treadmill 
run to fatigue, starting at 5 m/min speed for 5 min and increasing by 1 

m/min thereafter, was substituted for the final treadmill run and was 
undertaken 3 days prior to the experimental endpoint.

4.4. Functional muscle strength

Forelimb and whole-body grip strength was assessed weekly as 
previously stated [12]. All functional testing was performed blinded, by 
the same experimenter.

4.5. Respiratory function

Respiratory function was assessed once at the experimental endpoint 
at 8 weeks of age in conscious, unrestrained mice using a whole-body, 
non-invasive plethysmograph (WBP; Data Sciences International, 
USA). The plethysmograph and bias flow regulator were calibrated prior 
to the run. Mice were placed in one of the four plethysmograph cham
bers and acclimated for 30 min. Thereafter, respiratory measurements 
were collected using Buxco FinePointe software over a 15 min period.

4.6. Body composition analysis

At 8 weeks of age, body composition was analysed using the 
EchoMRI-100H scanner (EchoMRI, Houston, USA) as conducted by us 
previously [59].

4.7. Kyphosis index

Prior to endpoint, at 8 weeks of age, animals were lightly anaes
thetised (2.5 % isoflurane) and X-rayed in an IVIS Lumina X5 (Perki
nElmer). Images were acquired with Living Image(R) 4.8.0 (64bit) using 
photograph (medium binning, F/stop 6) and X-ray (high resolution 
binning, F/stop 6) overlay. Images were imported into ImageJ and the 
kyphosis index was calculated from a line drawn between the C7 
vertebra to L6 (usually corresponding with the posterior edge of the iliac 
wing; line AB) divided by a line perpendicular to this from the dorsal 
edge of the vertebra at the point of greatest curvature (line CD) [60].

4.8. Plasma creatine kinase

Blood was collected from the endpoint surgery via cardiac puncture 
into Greiner Bio-One 0.5 ml lithium heparin tubes. Plasma was sepa
rated via centrifugation (5 min, 3000×g, 4 ◦C). Creatine kinase (CK) 
units were quantitated spectrophotometrically (CK-NAC kit, Randox 
Laboratories, UK) [12].

4.9. Surgical procedure

At the experimental endpoint, animals were weighed, treated via 
gavage, and then deeply anaesthetised (4 % induction and 2.5 % 
maintenance isoflurane). The left extensor digitorum longus (EDL) and 
soleus were tied tendon to tendon with suture thread and excised for ex 
vivo contractile experimentation. Other muscles and organs were excised 
and snap frozen to be weighed later (refer to Supplemental Tables 1 and 
2).

4.10. Ex vivo contractile function

After excision, the proximal ends of the EDL and soleus muscles were 
placed onto a force transducer and the distal end fixed to a microma
nipulator in organ baths (Danish Myo Technology, Hinnerup, Denmark) 
via knotted loops. In depth information regarding the contractile pro
tocol has previously been described by our lab group [12]. Outcome 
measures included specific/absolute force, force frequency, fatigue, and 
recovery.
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4.11. Histological analyses of the quadriceps and heart

The right quadriceps and hearts were initially snap frozen then later 
slow thawed at 4 ◦C in 10 % neutral buffered formalin for 48 h. 
Following fixation, quadriceps and hearts were transferred to 70 % 
ethanol until paraffin embedding. Sections were cut at 5 μm thick for the 
quadriceps and heart. Hearts were cut diagonally at the mid-ventricle. 
Sections were stained and assessed as detailed below. All assessments 
were performed on blinded images by the same experimenter. Full cross- 
sectional areas were imaged at 1X using a Zeiss Axio Imager Z2 micro
scope (Carl Zeiss MicroImaging, GmbH, Germany).

4.11.1. Haematoxylin and eosin (H&E)
Quadriceps and hearts were stained with H&E [61]. For quantifica

tion of unhealthy/healthy tissue ratio in the quadriceps, the H&E colour 
deconvolution plugin on ImageJ was used. The eosin component 
(normal, undamaged myofibres) was measured via thresholding 
(TREAT-NMD SOP: DMD_M.1.2.007) [62]. The proportion of cen
tronucleated fibres in the quadriceps was calculated by analysing ~200 
fibres per section [63]. For active cardiomyocyte degeneration of the 
heart, degenerating tissue and clusters of inflammatory infiltrate were 
measured and expressed relative to the total area [41].

4.11.2. Masson’s trichrome
Masson’s trichrome was used to assess collagen/fibrotic connective 

tissue content in the quadriceps and heart. Analysis of the percent area 
of fibrosis in both the quadriceps and heart was conducted using the 
Masson’s colour deconvolution plugin on ImageJ [23].

4.11.3. Immunohistochemistry
To quantify macrophage and adipocyte infiltration, anti-CD68 

(ab125212) and perilipin-1 (9349S) primary antibodies were utilised 
at a dilution of 1:500 and 1:200, respectively and stained as described by 
us previously [12]. CD68 positive macrophages were manually counted 
using DotDotGoose (version 1.7.0) and expressed as number per square 
millimetre of muscle cross section as measured via ImageJ. Adipocytes 
were manually traced using ImageJ and expressed as percentage of the 
total area. Similarly, to evaluate the content in the ECM glycoprotein 
fibronectin 1, anti-fibronectin (ab2413) primary antibody was utilised 
at a dilution of 1:200 and expressed relative to the total area.

4.12. Transcriptomics

4.12.1. Ribonucleic acid (RNA) extractions, quantification, and integrity
Frozen quadriceps muscles (10–15 mg; n = 10 per group) were 

removed from − 80C◦ storage where extractions were performed using 
the AllPrep Deoxyribonucleic acid (DNA)/RNA/microRNA (miRNA) 
Universal Kit (Qiagen, Valencia, USA) which includes a genomic DNA 
elimination step to remove DNA from total RNA. Aliquots were taken for 
RNA quantification and integrity assessment using a Nanodrop spec
trophotometer (Thermo Fisher Scientific). 1 μl of sample was placed on 
the instrument and readings for RNA concentration (ng/μl), the A260/ 
280 ratio, and A260/230 ratio were recorded. Samples were diluted to 
100 ± 20 ng/μl and RNA integrity was assessed using a TapeStation 
System 4150 (Agilent Technologies, USA). An RNA quality indicator 
score greater than 7 was considered intact and of high integrity [64].

4.12.2. RNA sequencing
The library construction and RNA sequencing were performed by 

Beijing Genomics Institute (Shenzhen, China) and ~1 μg total RNA was 
used for library construction. For library preparation, samples were 
denatured, and mRNA was enriched using oligo (dT) attached magnetic 
beads. The messenger RNA (mRNA) was fragmented into small pieces 
and the double strand complementary DNA (cDNA) was synthesised. 
These double-stranded cDNA fragments were subjected to end-repair 
and a single ‘A’ nucleotide is added to the 3′ ends of the blunt 

fragments and subsequently ligated to the adapter. The ligation product 
was purified and enriched with polymerase chain reaction (PCR) 
amplification to yield the final cDNA library. Sufficient quality DNA 
nanoballs (DNBs) were loaded into patterned nanoarrays using a high- 
intensity DNA nanochip technique and sequenced through combinato
rial Probe-Anchor Synthesis (cPAS).

4.12.3. Bioinformatics
FASTQ files were processed using the NfCore/RNAseq (v3.10.1) 

pipeline [65]. Reads were aligned to the Mus musculus Ensembl 
GRCm39.release-109 reference genome using STAR aligner [66] and 
quantified using Salmon [67] producing raw genes count matrix. 
Various quality control metrics were generated and summarised in a 
MultiQC report [68]. Raw counts were then analysed with Degust [69], 
a web tool that performs normalisation using trimmed mean of M-values 
(TMM) [70], and differential expression analysis performed using limma 
[71] and voom [72]. AGG mdx model was expressed relative to WT 
exercised control to rule out the effects of exercise-related adaptations. 
The data presented in heatmaps was considered statistically signifi
cantly different based on a threshold of a log− 2 fold-change (log2FC) of 
±>1.0 (2-fold difference with a corresponding FDR of <0.05).

4.13. Western blotting

We used western blotting to measure DMFs capacity to engage and 
activate the expression of the Nrf2/Kelch-like ECH-associated protein 1 
(Keap1) pathway and downstream cytoprotective antioxidant proteins. 
Briefly, primary antibodies: anti-phospho-NF-κB p65 (Ser536) (1:750; 
3033; CST), anti-NF-κB p65 (1:1000; 8242; CST), anti-Nrf2 (1:1000, 
12721; CST), anti-Keap1 (1:1000; 8047; CST), anti-NAD(P)H dehydro
genase:quinone oxidoreductase (NQO1) (1:1000; 62262; CST) and anti- 
superoxide dismutase 1 (SOD1) (1:1000; ADI-SOD-101; Enzo Life Sci
ences) were used. Membranes were probed with a horseradish peroxi
dase (HRP)-conjugated secondary antibody (all 1:5000; anti-rabbit IgG, 
Vector Laboratories) in 5 % non-fat milk powder in for 1 h at room 
temperature followed by imaging, Coomassie blue staining and nor
malisation to total protein. For further details on the method used, see 
our previous work [12,73].

4.14. Statistics

Data are presented as mean ± standard error of the mean (SEM) 
unless otherwise stated. One-way ANOVAs were performed using Prism 
software (GraphPad, La Jolla, CA) for all analyses unless otherwise 
stated to assess either the extent of phenotype or mdx VEH relative to 
treatment groups and Tukey’s post hoc test was used for multiple 
comparisons. For contractile force-frequency experiments, a two-way 
ANOVA with repeated measures was performed using Sidak post hoc 
testing to interrogate differences between phenotype/treatment and 
time/frequency. A P < 0.05 was considered significant and trends were 
reported at P < 0.1. Outliers were removed if outside ±2 standard de
viations from the mean.
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