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In Duchenne muscular dystrophy (DMD), the activation of proinflammatory and metabolic cellular pathways in
skeletal muscle cells is an inherent characteristic. Synthetic glucocorticoid intake counteracts the majority of these
mechanisms. However, glucocorticoids induce burdensome secondary effects, including hypertension,
arrhythmias, hyperglycemia, osteoporosis, weight gain, growth delay, skin thinning, cushingoid appearance, and
tissue-specific glucocorticoid resistance. Hence, lowering the glucocorticoid dosage could be beneficial for DMD
patients. A more profound insight into the major cellular pathways that are stabilized after synthetic glucocorticoid
administration in DMD is needed when searching for the molecules able to achieve similar pathway stabilization.
This review provides a concise overview of the major anti-inflammatory pathways, as well as the metabolic effects
of glucocorticoids in the skeletal muscle affected in DMD. The known drugs able to stabilize these pathways, and
which could potentially be combined with glucocorticoid therapy as steroid-sparing agents, are described. This
could create new opportunities for testing in DMD animal models and/or clinical trials, possibly leading to smaller

glucocorticoids dosage regimens for DMD patients.

Duchenne muscular dystrophy polypharmacy glucocorticoid physiology

steroid-sparing agents valproic acid

| 1. Definition

Duchenne muscular dystrophy (DMD) is an X-linked recessive skeletal muscle disorder affecting around one in

3500 boys. It is characterized by muscle weakness and wasting with a clinical onset at around 4 years of age.

| 2. Introduction

The absence of dystrophin, the protein providing a link between the extracellular matrix and the myocyte
cytoskeleton, destabilizes the dystrophin-associated protein complex (DAPC), a large transmembrane protein
complex that acts as a shock absorber during muscle contraction, a receiver and transducer of cellular signals and
as a scaffold for signaling proteinsZl2l, Abnormal shock absorption is thought to result in increased sarcolemmal
damage in the myocyte during exercise. Aberrant signal transduction in DMD is believed to result from the
disturbed link between neuronal nitric oxide synthase (nNOS), dystrophin, and the DAPC. Stretch-activated
channels are located downstream of dystrophin that lead to the activation of the extracellular signal regulated

kinase-mitogen activated protein kinase (ERK-MAPK) cascade, along with increased Ca?* influx, in DMD.
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Together, these pathological mechanisms induce disorganized muscle with myofiber hypertrophy and necrosis,
inflammation, fibrosis, and fat deposition2J4I3],

Administration of glucocorticoids (GCs) can counteract these phenomena in patients with DMD. Different GC
dosing regimens can be used. The most commonly used consists of an intake of 0.75 mg/kg/day of prednisone.
This is based on the strength and functional outcomes in randomized controlled trials (RCTs), as summarized in
the systematic review of Matthews et al.l8l. Deflazacort is another commonly used GC. These GCs prolong
ambulation and mildly improve muscle strength. The major effect of GCs is believed to reside in their inhibition of
the transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-KB), being the master
inducer of inflammation. Unfortunately, GCs can induce several side-effects, such as suppression of the immune
system, potentially leading to life-threatening infections, arrhythmias, hypertension, hyperglycemia and glucosuria,
cataracts, increased food intake and weight gain, delayed growth, osteoporosis and fractures, abnormal behavior,

insomnia, cushingoid appearance, easy bruising, gastro-intestinal symptoms, and hirsutism(€IZ,

GCs regulate reproduction, development, cell differentiation, inflammation, and responses of the immune system(&l.
GCs bind in the cytoplasm to the glucocorticoid receptor (GR), also known as Nuclear Receptor Subfamily 3 Group
C Member 1 (NR3C1). Two isoforms termed GRa and GR[ have been described. These are the two main
transcriptional isoformsBI&29 While unstimulated, the GR resides mainly in the cytoplasm and is chaperoned by
two heat shock protein 90 (Hsp90) molecules, Hsp90-binding protein 23 (p23), Hsp70, and immunophilins, all
converging to protect the GR from degradation and prepare it for GC binding at the receptor site. Binding to the GR
releases the Hspsl€@l19 The GR can translocate from the cytoplasm to the nucleus and back, sensing the
intracellular environment along its journey and interacting with several proteins, thereby creating the GR
interactome. After the binding of GCs to the GR, the actions of the transcription factor can be divided in genomic
and non-genomic functions8JIAL  One of the major targets of the GR is NF-KB, the major activator of the
genes coding for immunoreceptors, proinflammatory cytokines, and chemokines along with the other important
cellular players inhibited by GCs. Genomic effects appear after GC-GR translocation to the nucleus and
subsequent DNA binding, and can result in expression changes in up to 10-20% of genes29. Non-genomic actions
occur within minutes and consist of the activation of Toll-like receptors (TLRs), p38 mitogen-activated protein
kinases (MAPKs), c-Jun N-terminal kinases (JNKs), the NF-KB and activator protein 1 (AP-1), the Janus

kinase/signal transducer and activator of transcription proteins (JAK/STAT), and transforming growth factor-3 (TGF-

B).

In this review, the current evidence on the cellular pathways that are activated in and interact with GCs in the DMD
myocyte, is summarized and discussed. The impact of glucocorticoid administration is visualized, thereby showing
the normalization or exacerbation of the triggered pathways. Importantly, the purpose of this review is to discuss
putative approaches to downscale the GC dosage in DMD patients via supplementation of the pathway stabilizing
agents. All ongoing clinical trials for DMD in the USA can be monitored here: https://www.clinicaltrials.gov and in

Europe on this site: https://www.clinicaltrialsregister.eu/.

| 3. Latest Research
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When considering a polypharmaceutical approach for DMD patients, it is of the utmost importance to know which
molecules should never be combined with GCs. Cytochrome P450 3A4 (CYP3A4) inhibitors, such as cobicistat
(Gilead Sciences, Foster City, CA, USA), should not be administered alongside GCsl22l. The combination of GCs
with glucose lowering drugs, such as metformin, requires great caution. It should be kept in mind that myostatin
seems to be associated with the GCs induced catabolic effect on muscle proteinsi:3land HDACis can cause severe
side-effects, especially when combined with VPAR4!, |n the past, a high dosage regimen of halofuginone, an anti-
parasitic molecule used in veterinary medicine, combined with GCs led to the death of a DMD patient and
abrogation of the clinical trial in 201615, One possible explanation could be found in the synergy between
halofuginone and GCsI8IIL7I8ILA \When considering polypharmacy in DMD, exploring molecular interactions is of

great importance in avoiding life-threatening drug combinations.

From the therapeutic armamentarium tested in mdx mice and in DMD patients, the vast majority are molecules
which were primarily designed for other diseases such as RA, Alzheimer’s disease, and regulation of the blood
pressure or glucose homeostasis, to name a few. When blocking an entire pathway, such as the TGF-33, TLR,
JAK/STAT or the glucose metabolism pathway, many other functions in the cell will be affected with repercussions
in the cellular activity, which can be noticed as side-effects in patients (Tables 1-8). Inhibition of the TGF-3 pathway
seems to often produce side-effects (Table 5)[2A18I191[211122] Although some molecules have not yet been tested in
clinical trials with DMD patients, such as losartan, suramin, and decorin, the potential side-effects make these
molecules less attractive. The TGF-f cellular pathway is involved in many cellular functions ranging from cell
growth to apoptosis and should be considered as a cellular ‘highway’ which upon blocking is likely to yield side-
effects. Therefore, anti-TGF-3 signaling drugs are challenging in finding a therapeutic window and dosing regimen
still efficacious and with only minor side effects!23l. Follistatin is an autocrine glycoprotein expressed on nearly all
cells of the body and side-effects were noticed during the Phase I/l trial (NCT02354781). Inhibition of myostatin, a
myokine, is muscle specific. Usage of antibodies against myostatin will reveal in the near future their therapeutic
value. The first outcome of the Phase Il (NCT02606136) clinical trial currently ongoing in the USA, should be
known after completion of the trial in April 2021.

Although the TLR-pathway is more oriented on the inflammatory response in skeletal musclel24, many downstream
proteins have broad cellular function, especially MAPK, which plays an important role in cellular proliferation[22],
From the TLR inhibitors listed as putative stabilizing agents, NI-0101 was used in RA in a Phase Il clinical trial and
did not show any improvement in the disease parameters2€l. Therefore, it may be less interesting to focus on this
antibody. When considering miRNAs as a therapeutic option in DMD, cautiousness is required as miRNAs can
harbor several modes of action. miR-146a deficiency in mdx mice did not aggravate the phenotype, but a slight
increase in muscle damage and inflammation was observed2d. Therefore, inhibiting miR-146a should be
considered very carefully. Caution is also required when considering miR-21 inhibition. Indeed, in mdx mice, miR-
21 is increased in fibroblasts and downregulated in myoblasts[28! [19], presumably making it a difficult target. miR-
206 is known for activating a large array of proteins such as HDAC4, PTB, utrophin, Fstl1, Cx43, and TIMP3 and
for inhibiting IGF-1, Pax3, and Pax7[22. Despite promising results in mdx mice with (ALA)/L-carnitine (L-car) and its
FDA approval, the absence of palmitoyl carnitine hydrolase in DMD muscle and its essential role in carnitine

metabolism, makes this molecule uninteresting to consider as a stabilizing agent as it did not show any difference
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in function of extremities in DMD patientsBY[E132] Considering the JNK inhibitor JIP1 is less interesting as it is
generally administered through adenoviral infection, which makes it less suitable. The NF-kB inhibitors PDTC and
IRFI-042 and the AP-1 inhibitor batimastat (Table 3) can all be orally ingested. However, batimastat displays a low
oral bioavailability’33l. Neither PDTC nor IRFI-042 are FDA approved and could therefore not be considered for
clinical trials in conjunction with GCs[34I35][36[37][38][391[40][41][42] The JAK/STAT pathway stabilizing agent VPA, on
the other hand, is FDA approved (ANDA 073229). It activates the PI3K/Akt/mTOR pathway and reduces apoptosis.
It may be worth considering for DMD clinical trials yet keeping in mind it should never be combined with HDACis.
This combination can trigger status epilepticus#314. Potential danger for DMD patients could also arise when
combining glucose lowering molecules with GCs, which should be avoided at any time (Table 6). Less dangerous,
but still detrimental, are the side-effects seen with HDACis (Table 7). With arrhythmias, nausea, vomiting, anorexia,
fatigue, anemia, and liver toxicities having been described, HDACis should be considered very cautiously in
DMDI24l. Therefore, it is understandable that the scientific community has high hopes for vamorolone.
Nevertheless, the cross-talk between the inflammatory and metabolic pathways through p38 MAPK, mTOR, and
Akt, as depicted in Figure 1, could lead to the combination of several stabilizing molecules in conjunction with GCs
and a subsequent decrease in GC-dosing. The theoretical combination of GCs with VPA should first be tested
in mdx mice. If beneficial effects are observed, a polypharmaceutical approach could be applied in a clinical trial,

potentially leading to smaller GC regimens for DMD patients, which would be beneficial for their health.

Many research efforts are put in gene and cell therapies for DMD. To nhame some gene therapies: exon skipping,
stop codon readthrough, AAV-mediated therapies, RNA interference, clustered regularly interspaced short
palindromic repeats (CRISPR/Cas9), all with the intention to restore dystrophin production in the DMD myocyte[44
(45][46][471[48] Ce|| therapies consist of autologous or allogenic muscle stem cell implantation in DMD patients49, A
mixed approach of gene therapy with cell therapy along with GCs intake and supplementation of a steroid sparing
agent such as VPA, could be worth considering. The cellular perturbations due to the lack of dystrophin and
instable DAPC need to be addressed along with restoring dystrophin expression by gene therapy. Polypharmacy in
DMD should always be applied after careful study of potentially life-threatening side-effects when combining

several molecules, to safeguard the life of our DMD patients.
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Figure 1. Genomic and non-genomic effects of glucocorticoid receptor (GR) binding to the different players of the
inflammatory and metabolic pathways involved in the Duchenne muscular dystrophy (DMD) myocyte. The
pathways indicated in orange are activated, the green indicates a return to the physiological status. The GR is
depicted in red. Abbreviations: Daxx = death-associated protein, FOXO = forkhead box O, GLUT4 = glucose
transporter 4, GR = glucocorticoid receptor, IKB = inhibitor of NF-kB, IRFs = interferon regulatory factors, Hsp72 =
heat shock protein 72, IRS1 = insulin receptor substrate 1, JAK/STAT = Janus kinase/signal transducer and
activator of transcription proteins, JNK = c-Jun N-terminal kinase, NFATc1 = nuclear translocation of nuclear factor
of activated T cells c1, NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells, P = phosphorylation,
p38 = p38 mitogen-activated protein kinases, PI3K/Akt/mTOR = Phosphoinositide 3-kinases/protein kinase
B/mammalian target of rapamycin pathway, RAF/RAS/ERK = Rapidly Accelerated Fibrosarcoma/Ras-extracellular
signal-regulated kinase, S6K1 = ribosomal protein S6 kinase beta-1, SMAD3 and -6 = Mothers Against
Decapentaplegic homolog 3 and 6, TGF-[3 = transforming growth factor-p3, TLR= Toll-like receptors.
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