
Journal of Neuromuscular Diseases 10 (2023) 1013–1030
DOI 10.3233/JND-230161
IOS Press

1013

Commentary

Considering the Promise of Vamorolone for
Treating Duchenne Muscular Dystrophy

Miranda D. Grounds∗ and Erin M. Lloyd
Department of Anatomy, Physiology and Human Biology, School of Human Sciences, The University of Western
Australia, Perth, Western Australia, Australia

Accepted 25 September 2023
Pre-press 27 October 2023
Published 7 November 2023

Abstract. This commentary provides an independent consideration of data related to the drug vamorolone (VBP15) as an
alternative steroid proposed for treatment of Duchenne muscular dystrophy (DMD). Glucocorticoids such as prednisone and
deflazacort have powerful anti-inflammatory benefits and are the standard of care for DMD, but their long-term use can result
in severe adverse side effects; thus, vamorolone was designed as a unique dissociative steroidal anti-inflammatory drug, to
retain efficacy and minimise these adverse effects. Extensive clinical trials (ongoing) have investigated the use of vamorolone
for DMD, with two trials also for limb-girdle muscular dystrophies including dysferlinopathy (current), plus a variety of
pre-clinical trials published. Vamorolone looks very promising, with similar efficacy and some reduced adverse effects (e.g.,
related to height) compared with other glucocorticoids, specifically prednisone/prednisolone, although it has not yet been
directly compared with deflazacort. Of particular interest to clarify is the optimal clinical dose and other aspects of vamorolone
that are proposed to provide additional benefits for membranes of dystrophic muscle: to stabilise and protect the sarcolemma
from damage and enhance repair. The use of vamorolone (and other glucocorticoids) needs to be evaluated in terms of overall
long-term efficacy and cost, and also in comparison with many candidate non-steroidal drugs with anti-inflammatory and
other benefits for DMD.

Keywords: Vamorolone, VBP15, glucocorticoids, muscular dystrophies, DMD, dysferlinopathy, dystropathology, muscle
necrosis, clinical trials, pre-clinical studies

INTRODUCTION

Vamorolone is a new dissociative steroid drug
that aims to retain or improve the therapeutic ben-
efit of traditional glucocorticoids while reducing
severe adverse side effects associated with long-term
administration. This topic is of much interest for
young people with Duchenne muscular dystrophy
(DMD) who are typically treated with glucocor-
ticoids over many years. DMD is an inherited X
chromosome-linked muscle disorder, manifesting in
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young children and affecting mainly males, with
rapid loss of mass and function of most skeletal mus-
cles. Symptoms are evident around 2–3 years of age
and many boys become wheelchair dependent around
10–12 years. Further complications include progres-
sive denervation of muscles, scoliosis, contractures,
and increasing respiratory and cardiac complications
with age, but with modern interventions and care
the lifespan of patients with DMD can be extended
to about 20–40 years [1]. The affected DMD gene
codes for a muscle isoform of the protein dystrophin
(Dp427m). In skeletal muscles, dystrophin is located
beneath the cell membrane (sarcolemma) and is the
major intracellular component of the transmembrane
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dystrophin-glycoprotein complex that mechanically
links the actin cytoskeleton of muscle fibres (myofi-
bres) to the surrounding extracellular matrix (ECM),
particularly laminin and various collagens [1]. This
mechanical linkage enables the transmission of force
generated by contractile proteins (organised into sar-
comeres) within individual myofibres to the whole
muscle and tendons, resulting in the movement of
different body parts. In the absence of a functional
dystrophin protein, the sarcolemma of dystrophic
myofibres is vulnerable to mechanical and other
damage in response to force generated by the con-
tractile filaments; this damage escalates to myofibre
breakdown and necrosis (myonecrosis), which is pro-
nounced in fast contracting myofibres [2]. There
is also a much milder form of DMD, with later
onset called Becker muscular dystrophy (BMD), that
results from different mutations of the DMD gene [1].

Myonecrosis and dystropathology

A key cause of the severe dystropathology of
DMD is the high incidence of intrinsic myonecro-
sis, which is also a feature of many animal models of
DMD, including dystrophic mdx mice, rats, dogs, and
other species [3]. The onset of myonecrosis is linked
with calcium dysregulation and rapid accumulation
of neutrophils (that are transitory) followed by other
inflammatory cells including macrophages, associ-
ated with high levels of the major pro-inflammatory
cytokine tumour necrosis factor [4, 5]. Inflamma-
tory cells produce high levels of reactive oxygen
species that oxidise diverse proteins and other
macromolecules and can be very damaging to cel-
lular components; for example, neutrophils produce
hypochlorous acid that is far more cytotoxic than
oxidants like hydrogen peroxide [6]. Myonecrosis is
characterised by complete breakdown of segments
of myofibres (clustered in small groups, called focal
necrosis) and the presence of many inflammatory
cells within these necrotic myofibres [6, 7]. Increased
reactive oxygen species results in oxidation of many
proteins, observed to be localised specifically in foci
of myonecrosis in dystrophic mdx muscles [8]. When
myonecrosis occurs, inflammatory cells are essen-
tial for phagocytosis of the necrotic muscle tissue,
remodelling of ECM, and activation of myogenesis,
all required for successful regeneration and forma-
tion of new muscle cells to repair the damaged
myofibre segment. Such myonecrosis/regeneration
requires high energy and takes between 1–2 weeks
to restore function of the affected myofibres [9].

Intrinsic myonecrosis occurs repeatedly in dystrophic
muscles, with associated asynchronous bouts of
inflammation progressively increasing fibrosis [10];
this myonecrosis appears to be exacerbated by growth
(where energy demands are already high) [11]. Thus,
a primary objective of drugs that aim to reduce the
severity of dystropathology in DMD, is to protect dys-
trophic myofibres from myonecrosis, by stabilising
the sarcolemma and calcium dysregulation, with a
particular focus on preventing excessive inflamma-
tion and oxidative stress. There is strong support for
inflammation as a key drug target for DMD from
many studies in humans and dystrophic mice and
dogs [5, 7, 12]. Studies using RNA analyses of human
DMD and control muscles from foetopsies, infants
(aged 8–10 months), and symptomatic patients (aged
5–12 years), emphasise that the inflammatory path-
ways with strong induction of the transcription factor
nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-κB) are pronounced in the early
pre-symptomatic stages of DMD [13].

Therapies for DMD

The ideal therapy for DMD and BMD is to restore
functional dystrophin protein in the muscles with
many strategies under investigation. One approach
is to replace or correct the defective DMD gene
(theoretically applicable to most DMD boys), others
target gene transcription to normalise the production
of dystrophin protein using specifically engineered
molecules to target different mutations (e.g., for exon-
skipping strategy) and thus is applicable to only
sub-groups of DMD boys initially [1, 14, 15]. While
many of these potential therapies produce promising
results in pre-clinical studies in dystrophic animals,
successful clinical translation remains challenging,
and they are not yet available for the wide DMD pop-
ulation [14]. Hence, the quest for drugs to ameliorate
the severity of this progressive disease continues to
attract much attention. The classic anti-inflammatory
drugs to treat DMD are glucocorticoid steroids,
such as prednisone/prednisolone and deflazacort, that
can extend muscle function, ambulation, and life
expectancy, although such chronic long-term use for
DMD has severe adverse side effects [16, 17]. Thus,
the question arises: ‘is there a better drug for DMD?’
[18].

This commentary is focussed on a new modified
steroid drug vamorolone, also known as VBP15, that
was selected for its strong anti-inflammatory activity
with reduced adverse side effects, compared with the
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classic glucocorticoids like prednisone/prednisolone
and deflazacort [19]. Vamorolone is structurally
related to glucocorticoids but contains an essential
D-9,11 double bond modification to the steroid C-
ring, with distinct differences in sub-activity profiles,
as described previously [19, 20]. In brief, like other
glucocorticoids, vamorolone binds to the glucocor-
ticoid receptor and suppresses transcription of the
NF-κB signalling pathway (transrepression). Impor-
tantly, vamorolone appears to avoid much of the
broad transcriptional activity (transactivation) asso-
ciated with the many adverse side effects of other
glucocorticoids, and vamorolone also functions as an
antagonist (instead of an agonist) of mineralocorti-
coid receptor activity [21]: discussed further below.

GLUCOCORTICOID STEROIDS

The glucocorticoid steroids (e.g., pred-
nisone/prednisolone, deflazacort, and
dexamethasone) diffuse through the cell mem-
brane and bind to the cytoplasmic glucocorticoid
receptor, this complex interacts with other proteins
with non-genomic and genomic consequences.
Genomic effects appear after the glucocorticoid
receptor complex translocates into the nucleus where
it binds glucocorticoid response elements (GREs) in
DNA, either by itself or in concert with co-factors,
to activate (transactivate) or repress (transrepress)
expression of many (∼10–20%) genes [22]: for
example, transrepression suppresses transcription
of NF-κB signalling to exert the well-known potent
anti-inflammatory effects. In addition, many gluco-
corticoids can interact with the structurally similar
mineralocorticoid receptor and androgen receptor:
the great complexity of this topic is covered by
many excellent reviews [17, 22–24]. Unfortunately,
long-term use of such synthetic steroids (e.g.,
throughout the lifespan for DMD) can have severe
adverse side effects, including growth impairment,
osteoporosis and poor bone health, hyperglycaemia
and metabolic syndrome, hypertension, arrhythmias,
skin thinning, cushingoid appearance, and develop-
ment of tissue-specific glucocorticoid resistance [17,
22]. Both vamorolone and deflazacort were designed
to avoid/reduce these major adverse effects.

To clarify the use of the terms prednisone and pred-
nisolone, it is noted that prednisone is converted by
the liver to the active form prednisolone (provided the
liver is functional) with in vivo administration of pred-
nisone and prednisolone having similar effects in mdx

mice [25]. Prednisone is widely administered clini-
cally, whereas prednisolone (or methylprednisolone)
is more routinely used for animal studies.

Both prednisone and deflazacort have been
used extensively to treat DMD, and a recent
review [26] concluded that “patients receiving
deflazacort experience similar or slower rates of
functional decline compared with those receiv-
ing prednisone/prednisolone. Regarding side-effects,
weight gain and behavior side effects appear to
be greater with prednisone/prednisolone than with
deflazacort, whereas bone health, growth parame-
ters, and cataracts appear worse with deflazacort.”
(abstract). An earlier review of deflazacort for
DMD [27] concluded that “deflazacort presents an
additional, FDA-approved corticosteroid option for
patients that offers improved quality of life for DMD
patients. However, there is weak evidence to support
these benefits . . . ” (abstract). A third study that com-
pared the effectiveness and cost of deflazacort and
prednisone concluded that “Current evidence demon-
strates comparable or perhaps better clinical benefit
of deflazacort versus prednisone” (p. 365) [28].

Frequency of glucocorticoid administration:
daily vs intermittently

There is much interest in different dosing regimens
for glucocorticoids through either daily or intermit-
tent (once every 7–10 days) administration [17, 26],
with controversy related to balancing efficacy with
adverse effects and recent clinical trials endorsing
daily administration [29, 30]. In marked contrast
with the benefits of prednisone and deflazacort for
DMD, in dysferlinopathy, known as limb-girdle mus-
cular dystrophy (LGMD) type R2 dysferlin-related
(LGMDR2) and Miyoshi myopathy, daily glucocor-
ticoid administration has unexpected adverse effects
[31–33]. The clinical trial for dysferlinopathy used
deflazacort treatment (1 mg/kg/d) versus placebo
over 6 months (NCT00527228, completed), with
daily administration in the first month and then
every second day for the remaining 5 months [32].
Another clinical trial is testing daily deflazacort
(0.6 mg/kg/d) versus placebo in LGMDR13 fukutin-
related (NCT03783923, in progress). To specifically
evaluate the proposed benefits of once-weekly gluco-
corticoid treatment (rather than daily), a clinical trial
(NCT04054375, completed) administered oral pred-
nisone (0.75 mg/kg) once a week (in the evening)
to patients where glucocorticoids are not routinely
administered therapeutically, including BMD, dys-



1016 M.D. Grounds and E.M. Lloyd / Vamorolone for Duchenne Muscular Dystrophy

ferlinopathy, and six other forms of LGMD. Benefits
of such once-a-week delivery of glucocorticoids
in various muscular dystrophies are supported by
pre-clinical studies in the mdx mouse model of
DMD/BMD and two models of LGMD, dysferlinopa-
thy (LGMDR2) and sarcoglycanopathy (LGMDR5
�-sarcoglycan-related) [34–36]: these studies pro-
vide valuable insight into the mechanistic basis for
the benefits of once-a-week glucocorticoid treatment.

Timing of drug delivery in human and rodent
studies: day or night?

Another issue to consider is the time of day
when the drug is delivered, which can influence
the pharmacokinetics of drug absorption/persistence
and breakdown, with possible impact on both ben-
eficial and adverse effects, due to strong circadian
rhythms that regulate activity, feeding, metabolism,
and other signalling (chronobiology). A study using
an algorithm to evaluate the dosing time for pred-
nisolone [37], emphasised that circadian patterns are
also observed for cortisol and blood lymphocytes
in plasma (two routine biomarkers of glucocorticoid
activity), and that such dosage timing can influence
clinical outcomes with fewer side effects of pred-
nisolone. For most clinical trials, glucocorticoids are
provided in the morning; however, for the clinical
trial where prednisone was administered once a week
(NCT04054375), this was done in the evening. Mice
have the opposite circadian rhythms to humans (since
they are nocturnal with active/feeding phase at night),
so the consequences of drug delivery in the morning
differ between mice and men; this lack of equivalence
between many clinical and pre-clinical studies needs
to be considered.

CRITICAL EVALUATION OF
VAMOROLONE FOR DMD

Vamorolone/VBP15 was developed in collabora-
tion with scientists based in Washington USA and
the company ReveraGen, with a series of recent clin-
ical trials for DMD (four completed to date) and
associated publications [21, 38–45]; summarised in
Table 1. These trials have produced promising results;
discussed below and summarised in Table 2. There
are also strong data from pre-clinical studies with
vamorolone (often compared with prednisolone) in
the classic mdx mouse model for DMD [10, 20, 46–
48], along with models of other diseases [49–56];
summarised in Table 3.

Clinical trials of vamorolone

There have been eight registered clinical trials
of vamorolone since 2015, with five completed and
three ongoing; these are outlined in Table 1, with
further detail in Supplementary Table S1. The first
trial (VBP15-001, NCT02415439; 2015–2016),
was a Phase 1 dose escalation study in normal
adult males with oral administration of vamorolone
(0.1–20 mg/kg/d) for 2 weeks [57]. This was fol-
lowed by three progressive Phase 2A trials in young
steroid naı̈ve DMD boys (aged 4–7 years) from 2016
to 2020, with (i) an initial 2-week study of daily
vamorolone (0.25, 0.75, 2, or 6 mg/kg/d; VBP15-002,
NCT02760264), (ii) a 24-week extension (VBP15-
003, NCT02760277), and then (iii) a 24-month long
term extension study (VBP15-LTE, NCT03038399).
A Phase 2B trial was initiated in 2018 (completed
in 2021) in young steroid naı̈ve DMD boys (aged
4–7 years) that directly compared vamorolone (2
or 6 mg/kg/d) with prednisone (0.75 mg/kg/d) or
placebo (vehicle) for 24 weeks, followed by a 4-week
transition and then vamorolone for all subjects for
a further 20 weeks (VBP15-004, NCT03439670). A
meta-analysis of data from the 4 completed trials in
DMD was recently published [58].

Another Phase 2 trial (initiated in 2022) is in
progress for both young steroid naı̈ve (2–4 years)
and older DMD boys (7–18 years) without and
with current glucocorticoid treatment (VBP15-006,
NCT05185622). An expanded access protocol is now
ongoing for participants who completed the VBP-
LTE, VBP15-004, or VBP15-006 trials. Finally,
another Phase 2 trial (initiated in 2022) is in progress
for BMD (VBP15-BMD-001, NCT05166109).
These clinical trials with vamorolone in DMD/BMD,
involve a large Cooperative International Neuromus-
cular Research Group (CINRG) across many centres.

Clinical trial design
For the Phase 2 clinical trials, daily vamorolone

was administered, in the morning, orally as a 4%
suspension in syrup, with 8 oz of whole milk or equiv-
alent high-fat food to increase the time for absorption.
The detailed inclusion and exclusion criteria for the
respective clinical trials are outlined in Supplemen-
tary Table S1.

The initial trials (VBP15-002/003/LTE), focused
only on vamorolone treatment of young DMD boys;
they did not administer prednisone nor deflazacort for
comparison, yet this would have ensured the same
selection criteria for all young DMD boys, with the
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Table 1
Clinical trials design for vamorolone in healthy and Duchenne and Becker muscular dystrophy subjects. In all trials, vamorolone was administered orally as a cherry-flavoured suspension
(4% by weight), and in the Phase 2 trials this vamorolone was administered along with 8 oz of whole milk (or equivalent high-fat food portion). * indicates completed. Published clinical studies

arising from these trials are shown (see Ref.)

Study ID
(NCT number)

Title Details Ref.

VBP15-001*
(NCT02415439)

A Phase 1 SAD and MAD Study
to Evaluate the Safety,
Tolerability, and
Pharmacokinetics of VBP15 in
Healthy Adult Subjects

Phase 1. SAD: Male healthy adults aged 18–65 yrs (n = 54)
Treatment: Vamorolone single dose 0.1, 0.3, 1, 3, 8, 20 mg/kg or placebo.
Phase 1. MAD: Male healthy adults aged 18–65 yrs (n = 32)
Treatment: daily vamorolone 1, 3, 9, 20 mg/kg/d or placebo
Duration: 2 wks

[42, 57]

VBP15-002*
(NCT02760264)

A Study to Assess Vamorolone in
Boys With DMD

Phase 2A. Male DMD patients aged 4-<7 yrs (n = 48): steroid naı̈ve
Treatment: daily vamorolone 0.25, 0.75, 2, 6 mg/kg/d
Duration: 2 wks

[39, 40, 42–45]

VBP15-003*
(NCT02760277)

An Extension Study to Assess
Vamorolone in Boys With DMD

Phase 2A. Male DMD patients aged 4–7 yrs (n = 48): steroid naı̈ve
Intervention: daily vamorolone 0.25, 0.75, 2, 6 mg/kg/d
Duration: 24 wks (∼6 mos)

[21, 39–41, 44]

VBP15-LTE*
(NCT03038399)

Long-term Extension Study to
Assess Vamorolone in Boys With
DMD

Phase 2A. Male DMD patients aged 4–7 yrs (n = 46): steroid naı̈ve
Treatment: daily vamorolone 2, 4, 6 mg/kg/d
Duration: 24 mos (2 yrs)

[39, 41, 44]

VBP15-004*
(NCT03439670)

A Study to Assess the Efficacy
and Safety of Vamorolone in
Boys With DMD

Phase 2B. Male DMD patients aged 4–7 yrs (n = 121): steroid naı̈ve
Intervention: daily vamorolone 2 or 6 mg/kg/d, prednisone 0.75 mg/kg/d, or
placebo.
Duration: 48 wks (∼1 yr): 48 wks vamorolone, or 24 wks prednisone or placebo, 4
wks transition, then 20 wks vamorolone

[38]

VBP15-006
(NCT05185622)

A Study to Assess Vamorolone in
Boys Ages 2 to < 4 Years and 7
to < 18 Years With DMD

Phase 2. Male DMD patients (n = 44): young steroid naı̈ve boys aged 2–4 yrs;
older boys aged 7–18 yrs without and with current steroid treatment.
Intervention: daily vamorolone 2 or 6 mg/kg/d
Duration: 12 wks

VBP15-EAP
(NCT03863119)

Expanded Access Protocol for
Boys with DMD

Expanded access. Applies to DMD patients who have completed the VBP15-LTE
or VBP15-004 studies (above).
Intervention: daily vamorolone 2, 4, 6 mg/kg/d
Duration: ongoing

VBP15-BMD-
001
(NCT05166109)

A Study to Assess Vamorolone in
Becker Muscular Dystrophy
(BMD)

Phase 2A. Male BMD patients aged 18–64 yrs (n = 39): no recent/current steroid
Intervention: daily vamorolone 500 mg/d (250 mg if < 50 kg body weight) or
placebo
Duration: 12 wks

Abbreviations: BMD = Becker muscular dystrophy, DMD = Duchenne muscular dystrophy, MAD = multiple ascending dose, mos = months, Ref.=References, SAD = single ascending dose,
wks = weeks, yrs = years.
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Table 2
Clinical trial results. Visual summary to illustrate results of completed vamorolone trials in DMD boys (shown only for vamorolone
dose > 2 mg/kg/d*). Results are presented as the effect of vamorolone on outcome measures, compared to the specified groups. Beneficial
effects indicated by green shading and/or green text and a check mark (�). Adverse effects indicated by red shading and/or red text and a
cross ( ). Mixed effects or no effect indicated by yellow shading and/or black text and a circled dash (�). Completed clinical trials involved
DMD steroid naı̈ve males aged 4–7 yrs; with exception of VBP15-001 using normal adult males aged 19–64 yrs. For greater detail of
results, see Supplementary Table S2. For design of these clinical trials see summary in Table 1 and details in Supplementary Table S1. For

interpretation of the references to colour in this caption, please refer to the online version of this article.

same conditions for all analyses at a similar time.
Instead, the effects of vamorolone were mainly com-
pared with archived data from a large prospective
cohort study of DMD boys from the DMD Natural
History Study (DNHS; NCT00468832). This multi-
centre study by CINRG (2006–2016), collected data
from > 400 boys and young men aged 2–28 years,
including recruitment of an additional cohort of DMD
participants aged 4–7 years. In addition, the effects
of vamorolone were also compared with archived
data from other DMD studies: a CINRG clinical trial
of prednisone (0.75 mg/kg/d) in young steroid naı̈ve
DMD boys (4-<8 years; NCT00110669) [59] and the
NorthStar United Kingdom Network database [60].

These DNHS data have been reported in many
studies, here we comment briefly on two papers
published in 2018. McDonald et al. [61] describe
this large complex trial (and inclusion criteria)
and evaluate the impact of different glucocorticoids
(prednisone, prednisolone, and deflazacort) on 440
DMD boys across the age-range, over 10 years. This
study compared two groups: (i) those with no or less
than 1 month of cumulative GC treatment duration
and (ii) those with more than 1 year of cumulative
GC treatment duration, and assessed the progres-
sion of clinical mobility, upper limb, and respiratory
function measures, and also participants’ wellbeing.
One conclusion from these studies was that the data
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Table 3
Pre-clinical results. Visual summary to illustrate differences in effects between (i) vamorolone/VBP15 and (ii) other glucocorticoid treatment
in pre-clinical studies. 3A. Studies in rodent models of Duchenne muscular dystrophy (DMD; mdx) and dysferlinopathy (BLAJ). 3B. Studies
in rodent models of other disorders. Beneficial effects indicated by green shading and/or green text and a check mark (�). Adverse effects
indicated by red shading and/or red text and a cross ( ). Mixed effects or no effect indicated by yellow shading and/or black text and a circled
dash (�). For full study details see Supplementary Table S3. For interpretation of the references to colour in this caption, please refer to the

online version of this article.
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“suggest that the specific glucocorticoid regimens
have less impact on the earliest milestone lost (spe-
cific supine to standing times)” and that “incremental
benefits of deflazacort versus prednisolone or pred-
nisone might require longer follow-up in older age
groups”: such comparisons with deflazacort are dis-
cussed further by Bello et al. [62] and a recent review
[26]. A second study focussed on parent/caregiver
reported neurodevelopmental needs, from a cohort
of 124 DMD boys aged 4–9 years, with 79 boys
(39%) either on prednisone or prednisolone and 44
(22%) on deflazacort; no marked difference was evi-
dent between the different glucocorticoid treatments
[63]. These papers indicate the breadth of this large
natural history study and the populations of DMD
boys and normal controls used as a source of archived
data for comparison with the first clinical trials with
vamorolone.

When considering the comparison of data between
the vamorolone studies and the DNHS it is impor-
tant to note that the DNHS study was initiated about
10 years before the onset of the vamorolone studies.
During this decade it is not clear what divergence
may have occurred for inclusion criteria for DMD
participants, plus variations in routine measures for
data collection across different international centres
over time: presenting possible uncertainty about the
equivalence of experimental conditions used to com-
pare effects of vamorolone and other glucocorticoids
on these cohorts of young DMD boys. However, as
mentioned, two subsequent trials do directly compare
effects of vamorolone and prednisone for new cohorts
of DMD boys: VBP15-004 and VBP15-006, see
Table 1 and Supplementary Table S1 for details. None
of these clinical trials directly compared vamorolone
with deflazacort.

Outcome measures
Major readouts of these vamorolone clinical trials

included regular measurements of physical parame-
ters (e.g., height, weight), vital signs, and standard
blood tests. Pharmacodynamic safety biomarkers
included measures of adrenal axis suppression
(first-in-morning cortisol), bone turnover (serum
osteocalcin, procollagen type 1 N-terminal propep-
tide, C-terminal telopeptide of type 1 collagen),
and insulin resistance (fasting glucose and insulin).
The impact of vamorolone was further assessed by
exploratory safety and efficacy biomarkers in serum,
for blood sampled at the end of the trial, plus
muscle function via well-validated timed function
tests, including time to stand (TTSTAND), time to

run/walk 10 metres (TTRW), and time to climb 4
steps (TTCLIMB) [64]. For more detail of the study
objective-specific outcome measures see Supplemen-
tary Table S1.

Results of clinical trials
Overview. Results of the completed vamorolone
clinical trials are simplistically presented in Table 2:
they include eight published studies investigating
aspects of pharmacokinetics, dosage, efficacy, and
safety of vamorolone. A more detailed description
of data from these published studies is provided in
Supplementary Table S2.

Data analyses for the published clinical studies
varied between clinical trials and for different out-
come measures. As mentioned, the initial DMD
vamorolone trial data (i.e., VBP15-002/003/LTE)
were compared with archived DNHS and CINRG
data. In addition, specific functional data using the
NorthStar Ambulatory Assessment were compared
with archived data from the NorthStar United King-
dom Network [60], since this measure was not
routinely assessed in the DNHS. In general, the
efficacy of vamorolone (e.g., muscle function) was
assessed by comparing vamorolone (mid- and end-
point) treatment data with the individual’s baseline
or archived untreated (steroid naı̈ve) DMD boys. Yet,
there were few comparisons with other glucocor-
ticoids from the archived datasets. In contrast, the
safety of vamorolone was mainly compared with glu-
cocorticoid data.

Similarly, for the dedicated trial with vamorolone,
prednisone, or placebo treatments for 6 months (i.e.,
VBP15-004), the efficacy of vamorolone was mainly
compared with placebo in results, with informa-
tion for prednisone provided only as supplementary
data; whereas measures of safety were directly com-
pared between vamorolone and prednisone treatment
[38].

Pharmacokinetics. The pharmacokinetic properties
of vamorolone appear similar to prednisone and
deflazacort as first shown by pre-clinical studies
[19] and subsequently by the Phase 1 clinical trial
(VBP15-001) [42, 57]. These steroids have low
solubility and thus vamorolone (similar to most glu-
cocorticoids) is delivered in a suspension (as 4%
by weight). Moreover, vamorolone is administered
along with full-fat milk or equivalent high-fat food
(in DMD boys and normal adult males) to extend the
bioavailability of the drug [42]. The clinical pharma-
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cokinetic studies emphasise that delivery with food
influences clearance [42]; this is important to con-
sider in the context of the time of day for drug delivery
in clinical trials, compared with pre-clinical studies
in rodents (discussed above under Timing of drug
delivery in human and rodent studies: day or night?
section).

Dosage. Results of the initial clinical trials of
vamorolone in DMD (VBP15-002/003) showed that
the lower doses (i.e., 0.25 and 0.75 mg/kg/d) had
very little efficacy relative to the higher doses (i.e.,
2 and 6 mg/kg/d) [21, 40]. As such, a dosage of 2
or 6 mg/kg/d was used for subsequent trials, includ-
ing the extension (VBP15-LTE), where occasional
participants were reduced from the highest dose
to 4 mg/kg/d to address undesirable weight gain.
Overall, the highest dose of vamorolone (6 mg/kg/d)
tended to have slightly more efficacy, but also more
pronounced adverse effects (e.g., adrenal suppres-
sion, see Safety below).

In this context, it is of interest to relate the doses
of vamorolone administered in the clinical trials
(e.g., 2 or 6 mg/kg/d) to the doses of vamorolone
tested in mice, and also those used in tissue cul-
ture. For in vivo studies, allometric conversion of
dose from mice (×0.081) to humans is often used,
which is related to the different body surface area
of species [65]: accordingly, a human dose of 2 or
6 mg/kg/d corresponds to 25 and 75 mg/kg/d in mice.
The in vivo pre-clinical studies with mice used doses
of vamorolone that ranged from 5-45 mg/kg/d [20,
46], none as high as the 75 mg/kg/day: so the high
6 mg/kg/d human dose might be expected to have
more pronounced effects (beneficial and adverse).
However, it is stated that the pharmacokinetic mea-
sure NOAEL (no observed adverse effect level) was
used to select the dosages used in the early clinical
studies based on dosage in mice [42].

It is much more complex to relate the range of
doses of VBP15 tested in tissue culture conditions
(e.g., 0.01, 1 and 10 mM to assess short-term impact
on receptor binding in different cell types) to the in
vivo situation at the tissue level for different dosages,
due to the in vivo pharmacokinetics and dispersal of
the drug in different tissues; however, it would be
useful to have insight into this comparison. Such in
vitro studies show that higher VBP15 concentrations
increase the response of GRE-mediated transcription,
for example, for ACTH expression related to adrenal
suppression (e.g., see Fig. 3C of Heier et al. [20]).

Efficacy. Results of the extended trial (VBP15-LTE)
for 46 DMD boys showed continued efficacy of
vamorolone after 30 months of treatment [39], with
maintenance of muscle strength and function (com-
pared with glucocorticoid treatment from historical
control cohorts). The later clinical trial that directly
compared vamorolone (2 or 6 mg/kg/d) with pred-
nisone and placebo (vehicle control), for young
DMD boys (n = 114) with analyses at 6 months
(VBP15-004), showed improved muscle function
with vamorolone compared with placebo, similar to
prednisone treatment [38].

A recent meta-analysis [58] of data from the first 4
major clinical studies [21, 38, 39, 41] (including data
from VBP15-002/003/LTE and VBP15-004) demon-
strated a significant association between vamorolone
treatment and improvement (i.e., increased veloc-
ity) of the timed function tests (TTSTAND, TTRW,
TTCLIMB) compared with the placebo (steroid
naı̈ve, i.e., young untreated DMD boys). In addition,
vamorolone increased TTRW velocity and height per-
centile, compared with glucocorticoid treatment [58].

Of interest with respect to relative clinical effi-
cacy of different glucocorticoids for DMD boys, a
recent study by Fang et al. [44] reported no significant
differences in disease progression between data for
three functional measures for DMD boys aged 4–10
years, treated with vamorolone (VBP15-LTE), com-
pared with similar measurements (DNHS data) for
DMD boys either steroid naı̈ve, or treated with pred-
nisone/prednisolone and/or deflazacort. This accords
with conclusions of Mah et al. [39], for no dif-
ference between functional efficacy measures with
vamorolone or glucocorticoid treatments.

In conclusion, the clinical trials with vamorolone
in young DMD boys, with studies published for
VBP15-LTE up to 30 months and a dedicated trial
of vamorolone compared with prednisone for 6
months (VBP15-004), indicate very similar efficacy
of vamorolone and other glucocorticoids. Data from
longer-term studies and in older DMD boys will pro-
vide more vital information.

Safety. The adverse effects of glucocorticoid treat-
ment are a major problem for DMD. Some adverse
effects seen with glucocorticoids particularly related
to restricted height, increased bone turnover, insulin
resistance, and weight gain, were less pronounced
with Vamorolone. Vamorolone after 30 months of
treatment (compared with glucocorticoid treatment
from historical control cohorts) improved height
velocity [39], in contrast with growth deceleration
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associated with glucocorticoid treatment, especially
deflazacort [26, 66, 67]. The later clinical trial that
directly compared vamorolone (2 or 6 mg/kg/d) with
prednisone and placebo (vehicle control), for young
DMD boys (n = 114) with analyses at 6 months
(VBP15-004), showed no decline in height nor bone
turnover markers, compared with placebo control,
whereas adverse effects were observed for prednisone
where these values decreased [38]. Of some con-
cern for these results from VBP15-002/003/LTE and
VBP15-004, is that all three glucocorticoid treat-
ment groups increased adrenal insufficiency; this
was particularly pronounced for the highest dose
of vamorolone (6 mg/kg/d) that reduced first-in-
morning cortisol to a greater extent than prednisone
and 2 mg/kg/d vamorolone [38].

Pre-clinical studies using vamorolone in mdx
mice and other rodent models

Pre-clinical studies comparing vamorolone and
other glucocorticoids (each relative to vehicle con-
trol) are simplistically summarised in Table 3: they
include five studies using mdx mouse models of
DMD, one study using the BLAJ mouse model of
the muscular dystrophy dysferlinopathy (Table 3A),
plus seven other rodent models for different con-
ditions (Table 3B). A more detailed comparison of
data from all these pre-clinical studies is provided
in Supplementary Table S3. On the path to selecting
vamorolone as the candidate drug for treating DMD,
an early study tested the pro-drug anecortave (VBP1,
a precursor of VBP15) in mdx mice and the SJL/J
model of dysferlinopathy [68]; this study is shown
only in Supplementary Table S3.

For most of these pre-clinical studies, vamorolone
was administered in cherry syrup by gavage at a
dose ranging from 5–45 mg/kg, in the morning, with
treatment duration ranging from 3 days (acute) to 6
months (chronic), where a 6-week treatment period
was most common. Prednisolone and vehicle con-
trol (i.e., cherry syrup) were similarly administered.
Most (12) of these pre-clinical studies directly com-
pared vamorolone/VBP15 with prednisolone, and
one compared vamorolone with dexamethasone [51];
however, there is no comparison with deflazacort (the
major alternative steroid drug for DMD).

Overall, these studies endorse observations
that vamorolone has beneficial anti-inflammatory
effects and improves muscle function, compared
with untreated/vehicle-treated mdx mice, with the
extent of such benefits generally being similar

to prednisone/prednisolone and mediated by the
glucocorticoid receptor (See Table 3 and dis-
cussion for myonecrosis below). Of particular
interest is that vamorolone reduced the extent
of adverse glucocorticoid-associated side effects
including stunted growth and bone loss that are
linked with prednisone/prednisolone. However, with
respect to adverse effects, vamorolone increased
glucocorticoid-induced liver toxicity in the sickle cell
disease model beyond the effects of prednisolone
[56]. While this does not seem to be a concern for
liver function in the young DMD boys treated with
vamorolone for up to 30 months so far [39], this
needs careful consideration for long-term use since
liver damage and disease is also a feature of DMD
(reviewed in Ohlendieck and Swandulla [7]).

For the 13 pre-clinical studies with vamorolone
(there may be others beyond those outlined in
Table 3), all of these (with the exception of Akkad
et al. [52]) have one or more co-authors in common
with the large group of collaborators associated with
publications resulting from the clinical trials. Since
it is strongly recommended that pre-clinical stud-
ies should also be conducted by independent groups,
some additional studies by independent investigators
would be welcomed (also perhaps using a larger ani-
mal model of DMD [3]), to help validate the main
observations, describe additional mechanisms, and
generally strengthen the data.

Consideration of ‘other effects’ of
glucocorticoids that may benefit dystrophic
muscles

Beyond the well-characterised capacity of
vamorolone to decrease inflammation, it is proposed
that vamorolone/VBP15 has additional benefits due
to properties that directly stabilise and protect the
sarcolemma from damage and enhance repair, in
marked contrast with prednisolone. These inter-
esting properties warrant further consideration. In
this context, two assays are discussed: the first
uses ProSense 680 for in vivo quantification of
inflammation, extrapolated to the incidence of
intrinsic myonecrosis in mdx muscles. The second
assay involves experimental perforation/wounding
of the sarcolemma of muscle cells, to evaluate the
impact of different glucocorticoids on the fluidity of
lipids in the sarcolemma and membrane resealing.
These data are considered with respect to in vivo
translation for the situations of DMD and dysfer-
linopathy, based mainly on the papers by Heier et
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al. [20] and Sreetama et al. [49], respectively (for
details of these results see Supplementary Table
S3). Here we emphasise the central importance of
myonecrosis in DMD and mdx mice and also discuss
the possible mechanistic basis for loss of myofibres
(with adipocyte replacement) in dysferlinopathies.

Impact of VBP15 on myonecrosis in mdx mice
Since myonecrosis of dystrophic mdx muscles is

closely associated with increased inflammation and
oxidative stress (see Myonecrosis and dystropathol-
ogy section), a non-invasive live imaging technique
using ProSense 680 (a substrate for cathepsin pro-
tease present in inflammatory cells) was used to
visualise and quantify inflammation, as a surrogate
marker of active myonecrosis in limb muscles of mice
[20, 68]. The studies of VBP15 in mdx mice [20]
demonstrated various benefits of VBP15 and con-
cluded that both “VBP15 and prednisolone decreased
cathepsin activity towards WT levels” (p. 1574) [20];
a similar result was seen in an earlier study of
anecortave (VBP1 pro-drug) and prednisolone [68].
It is proposed that this measure of ‘cathepsin activ-
ity/inflammation’ correlates with the incidence of
myonecrosis: yet this can be hard to determine.

In the main experiment of Heier et al. [20] where
drug treatment began at 2 weeks of age (to pre-
vent/reduce the acute onset of myonecrosis at ∼3
weeks), imaging was at 6–7 weeks and muscles sam-
pled at 8 weeks. For the three doses of VBP15 (5,
15, 30 mg/kg/d), only the 15 mg/kg dose showed a
significant (-38%) reduction in inflammation in the
hindlimb, compared with control (vehicle-treated)
mdx mice (see Fig. 4E’ in Heier et al. [20]). Pred-
nisolone (0.75 mg/kg/d) had the largest reduction in
cathepsin activity (–52%) compared with any dose
of VBP15, however, the statistical impact of pred-
nisolone was not reported. Similarly, in the forelimb
of mdx mice, the most marked reduction of inflamma-
tion was seen for prednisolone (similar to WT levels)
with, unfortunately, statistical significance not shown
for any groups (see Supporting Information Fig. 1C
in Heier et al. [20]).

Histological images of muscle sections stained by
haematoxylin and eosin (H&E) are ideal to test for (i)
prior bouts of myonecrosis/regeneration identified by
the presence of centrally-located myonuclei in regen-
erated myofibres (usually pronounced in mdx limb
muscles by 8 weeks of age), and to demonstrate (ii)
the incidence of inflammation and active myonecro-
sis. While H&E-stained diaphragm muscle show few

inflammatory cells in the VBP15-treated mdx mus-
cle (for all three doses), there was clear evidence
of centrally-located myonuclei, indicating that some
prior myonecrosis and regeneration had occurred (see
Fig. 4F in Heier et al. [20]). This questions the extent
to which VBP15 may have delayed or prevented the
onset of myonecrosis. Images of some H&E-stained
limb muscles (e.g., the gastrocnemius) could help to
clarify this. Such histology is also essential to clearly
illustrate and define the appearance of the ‘degener-
ating myofibres’ (that may represent myonecrosis)
that were quantified for the gastrocnemius muscle
(see Supporting Information Fig. 2C in Heier et al.
[20]); this analysis showed no benefit of VBP15, but
a significant increase in degenerating myofibres with
prednisolone (∼2-fold greater than untreated mdx).
Clearly, this result for prednisolone in the mdx gas-
trocnemius contrasts with the reduced inflammation
observed by the cathepsin assay in the mdx hindlimb
(See Fig. 4E in Heier et al. [20]). Such discrepancies
raise concerns about the relationship between these
different measures and confound conclusions con-
cerning the impact of these steroids on the incidence
of ‘acute bouts of myonecrosis’.

Of interest is a similar study using Compound A (a
non-steroidal drug that also binds the glucocorticoid
receptor) in mdx mice, which was conducted in paral-
lel to the study by Heier et al. [20] (using these assays
in the same laboratories and at the same time). Com-
pound A showed similar anti-inflammatory benefits
to prednisolone and fewer adverse effects (compared
with prednisolone) related to reduced body and mus-
cle mass and growth stunting [69].

A second study in Heier et al. [20] used mdx
mice subjected to treadmill exercise twice a week
(to increase myonecrosis), with daily treatment of
vamorolone (5, 15, 45 mg/kg/d) or prednisolone
(5 mg/kg/d), from 6 weeks of age for 4 months.
Analyses at 23 weeks of age showed no significant
impact for either drug for the cathepsin assay (see
Fig. 4G’ in Heier et al. [20]). For the H&E-stained
diaphragm, there was statistically reduced (-47%)
inflammation only for the highest (45 mg/kg/d) dose
of VBP15; prednisolone had a similar-sized effect
(-41%) although no statistical significance was indi-
cated (see Fig. 4I in Heier et al. [20]). Since
reduction/prevention of myonecrosis is such a key
aspect of therapies for DMD, it seems that more direct
histological analyses of limb muscles are warranted to
help clarify the relative benefit of VBP15 (at different
doses) and prednisolone on myonecrosis.
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Effect of VBP15 on sarcolemma lesions,
resealing, and lipid dynamics

In tissue culture and other in vitro studies, a small
disruption of the cell (plasma) membrane (by laser
injury or use of glass beads) has been widely used
to assess the process of vesicle trafficking to reseal
the perforated membrane of various cells [70]. Using
this single-cell wounding model on ‘normal’ C2C12
(immortalised mouse) myoblasts it was reported that
VBP15 reduced laser-induced membrane injury and
enhanced the speed of membrane repair in a dose-
dependent manner, while prednisolone worsened
these outcomes [20]. It is noted that myoblasts are
not equivalent to mature myofibres, which have more
complex sarcolemma composition. In the context of
DMD, the effect of drugs on this experimentally-
induced membrane repair assay [20] can be hard to
extrapolate mechanistically to the in vivo reality of
high intrinsic myonecrosis in mdx and DMD mus-
cles, where the early cellular events have been well
described (see Myonecrosis and dystropathology sec-
tion).

The membrane wounding/repair model was also
used in the context of dysferlinopathy to inves-
tigate the impact of vamorolone compared with
prednisolone [49]. While this disease has a very
different pathomechanism to DMD, with late-onset,
typically post-growth, and pronounced adipocyte
replacement of myofibres (but little myonecrosis)
that initially manifests only in limb-girdle muscles
(e.g., psoas and quadriceps) [71], it provides use-
ful data related to the impact of these drugs in a
wider context. Vamorolone was shown to improve
membrane repair in dysferlin-deficient BLAJ mouse
muscles (i.e., model of dysferlinopathy) [49], with
similar benefits for vamorolone observed using
immortalised myoblasts derived from patients with
dysferlinopathy; whereas prednisolone was not bene-
ficial. Similarly, vamorolone (compared with vehicle)
improved repair following laser-induced perforation
of myofibres isolated from muscles of dysferlin-
deficient BLAJ mice [49]: this study used myofibres
(from biceps) treated with vamorolone (50 mM) ex
vivo for 30 min, or myofibres from mice with an
acute in vivo vamorolone treatment (twice daily at
30 mg/kg for 2 days). Such benefits of vamorolone
were also evident after a long-term study using BLAJ
mice, treated daily for 3 months with vamorolone
(30 mg/kg/d), prednisolone (30 mg/kg/d), or vehi-
cle, with ex vivo muscle injury and analyses at 10
months of age (when histopathology is evident in spe-
cific muscles of the limb-girdle region). Myofibres

isolated from biceps muscle from these vamorolone-
treated mice had improved repair following laser
wounding (whereas slower repair was seen with
prednisolone) and vamorolone-treated intact EDL
muscles (from the same study) had some protection
from ex vivo eccentric contraction-induced force loss.
Other experiments showed that the dysferlinopathy
patient myoblasts had increased plasma membrane
lipid mobility (compared with normal myoblasts),
and this was decreased (normalised) by vamorolone
but increased further by prednisolone [49]. The intrin-
sic increased membrane lipid mobility for dysferlin-
deficient muscles and the benefits of vamorolone are
interesting observations for this disease.

Such membrane resealing assays have been a pow-
erful tool in earlier studies to describe molecules
associated with dysferlin protein and vesicle traffick-
ing after induced sarcolemma wounding and have
provided much valuable information [70]. However,
this ex vivo sarcolemmal repair process does not
appear to relate closely to the in vivo mechanis-
tic basis for muscle dystropathology and disease
progression of dysferlinopathy [72]. This is not sur-
prising, since most dysferlin-deficient mouse limb
muscles are relatively unaffected initially, even by
one year of age, in contrast with the pronounced
dystropathology in limb-girdle muscles like quadri-
ceps and psoas [71]. Thus, care is needed when
extrapolating the significance of such ex vivo assays
to the clinical reality for various muscles in differ-
ent muscular dystrophies. However, the observation
that vamorolone significantly reduced adipogenic
replacement of myofibres (see Fig. 5K in Sree-
tama et al. [49]), compared with vehicle control and
prednisolone in BLAJ gastrocnemius muscles at 10
months, seems of direct relevance to the pathology of
dysferlinopathy [73].

Pre-clinical studies in animal models are essen-
tial to test and validate the mechanistic targets of
drug activity, provide new insights to identify poten-
tial additional drug applications and form a firm
foundation for future clinical translation in many
muscular dystrophies and other disorders. Thus, more
independent pre-clinical studies with vamorolone are
welcomed.

OTHER CONSIDERATIONS

To help select the best drug for future clinical use,
brief comments are made below concerning the use
of blood biomarkers, costs of drugs, and alternative
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anti-inflammatory drugs with possible combination
therapies.

Biomarkers to rapidly assess drug efficacy

To determine efficacy of drugs that aim to pro-
tect dystrophic muscles from myonecrosis in DMD
boys (and animal studies), the key aspects to mea-
sure initially are (i) the extent to which the incidence
of myonecrosis is reduced, along with associated
reduced inflammation and oxidative stress, and (ii)
demonstrated engagement of the drug with its spe-
cific molecular target: this information can allow the
rapid evaluation of likely drug efficacy and go/no-
go decisions (well before any functional indication
of benefit). Such analyses can be readily conducted
in pre-clinical trials with dystrophic animals where
sampling of many muscles and other tissues is feasi-
ble, yet clearly such invasive tissue sampling is not
an option for DMD boys. However, small samples
of blood from humans (e.g., finger or ear prick, with
ease of repeated sampling) are very suitable for some
analyses.

Measuring levels of specific blood biomarkers is
potentially a powerful tool to assess systemically
the extent of active myonecrosis (closely associated
with dysregulated inflammation and protein oxida-
tion) occurring in the many muscles throughout the
body [6]. Recent studies have used a range of tools
to identify robust blood biomarkers (e.g., proteins,
RNA, metabolites) that are sensitive and specific
to myonecrosis and inflammation across species,
including humans [74, 75], and dystrophic mice [76]
and dogs [77, 78]. Some examples of promising blood
protein biomarkers that are linked to the extent of
myonecrosis/inflammation/oxidation in dystrophic
muscles are osteopontin [79], the chemokine CCL2
[75, 78], and oxidised albumen [80]. The value of
blood biomarkers for quick feedback was demon-
strated by a study using SOMAscan aptamer panels
(to assay 1,310 proteins) to compare the impact
of various combinations of four drugs, including
vamorolone and prednisolone, after 4 weeks of treat-
ment in young mdx mice [47]. There is now a need to
focus on confirmatory studies by different labs, test-
ing a short list of the most promising blood biomarker
candidates in various clinical and pre-clinical trials
for DMD, especially biomarkers that can be mea-
sured by a simple standardised technique suitable for
routine (inexpensive) analyses.

Use of such informative blood biomarkers comple-
ments the use of non-invasive measures to determine
the benefits of a drug on DMD muscle function.
Demonstration of improved or stabilised muscle
function is highly desirable (to reflect reduced
myonecrosis), although function is usually a longer-
term consequence of drug benefit in clinical trials.
Ideally, this is done in conjunction with some analy-
sis of muscle composition to quantify the progression
of the dystropathology over time: this can be achieved
using non-invasive magnetic resonance imaging [81],
although specialised facilities are required and this
can be expensive and time consuming.

Considering the relative cost of drug therapies
for DMD

Due to the recent very high price of some new
drugs, the potential cost of long-term vamorolone
treatment for DMD is of much interest and would be
useful to clarify; however, if vamorolone proves to
have wide use for many other conditions, this should
reduce the general clinical price. Prednisone is rel-
atively inexpensive (∼$135/month) and deflazacort
was originally similarly affordable (∼$1,500/year).
However, when deflazacort (now known as Emflaza)
was approved by the Food and Drug Administration
(FDA) for use in the USA in 2017, the company
Marathon Pharmaceuticals initiated a 60-fold price
increase, so that annual treatment became US$89,000
per year [82]; later this was reduced to about $35,000
after purchase of deflazacort/Emflaza by PTC Ther-
apeutics. This expense presents problems (compared
with relatively inexpensive prednisone), with an anal-
ysis of the relative affordability of drugs for DMD
concluding that “the long-term value for money of
deflazacort versus prednisone is ‘low”’ (p. 364) [28].
Two striking examples of high cost are provided
for gene therapy drugs for DMD (both owned by
Sarepta Therapeutics): Eteplirsen (Exondys 51) costs
about $300,000 annually per patient [28], and Elev-
idys (SRP-9001), with functional efficacy yet to be
demonstrated, received accelerated approval from the
FDA in June 2023 and will cost $3.2 million for
each patient (announced by Sarepta Therapeutics).
While it is recognised that drug development is a very
expensive process, such extraordinarily high prices
for consumers present difficulties for patient access
to such treatments, and for global health systems; this
emerging reality requires balanced discussion [83].
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Benefits of steroids compared with non-steroidal
anti-inflammatory drugs

Because of the well-documented adverse effects
of glucocorticoids, it is essential to also compare the
benefits of steroids with other non-steroidal drugs, or
nutraceuticals, that target inflammation and may be
equally efficacious (with different and fewer adverse
side effects), and may be capable of addressing differ-
ent pathogenic features of DMD to elicit therapeutic
advantages [18].

The complex signalling interactions associated
with the use of steroids and many other drugs that
target anti-inflammatory activity via inhibition of
NF-κB pathways and molecules in pro-inflammatory
pathways, are summarised and discussed in-depth in
the context of DMD in many reviews [5, 17, 22, 84].
Of interest is a recent study showing that silencing
the receptor activator of the NF-κB ligand (RANKL)
alone (and combined with deflazacort) has major ben-
efits for bone health and muscle function, along with
reduced myonecrosis and fibrosis in mdx mice [85]. In
addition, some nutraceuticals such as amino acids and
their derivatives have striking benefits on dystrophic
muscles, with decreased myonecrosis, along with
reduction of inflammation, oxidative damage, and
fibrosis, and are suitable for combination therapies
[86]. Glucocorticoids act through multiple mecha-
nisms, although the precise molecular pathways that
provide efficacy in DMD (see also discussion in
Consideration of ‘other effects’ of glucocorticoids
that may benefit dystrophic muscles section), and
those that are responsible for detrimental effects are
not fully understood. When considering a polyphar-
maceutical approach for DMD, it is of the utmost
importance to know which molecules should not be
combined with glucocorticoids [22]. An excellent
historical review provides insight into a wide range
of steroidal and non-steroidal drugs that target the
glucocorticoid receptor, with merit observed for non-
steroid drugs such as Compound A, and a useful
discussion of possible combination therapies [87].
This emphasises that a deeper understanding of the
specific molecular and cellular mechanisms involved
in the actions of these different drugs on the dys-
tropathology in vivo is essential, in the context of
potential future clinical applications to DMD.

CONCLUSIONS

The data available from the (ongoing) DMD clin-
ical and pre-clinical trials indicate that vamorolone

has similar protective effects, with reduced inflam-
mation to maintain muscle function, and generally
fewer adverse effects (especially related to growth)
compared with prednisone/prednisolone; this is very
promising. However, there are few direct compar-
isons of vamorolone with deflazacort, the closest
competitor drug to prednisone, and it seems impor-
tant to address this. The optimal dose of vamorolone
for clinical and pre-clinical applications also needs to
be clarified. Additionally, some estimate of the cost
of vamorolone will be useful since the comparative
expense of these drugs is a key factor for wide clinical
accessibility and use.

The pre-clinical studies raise questions about
the precise mechanistic basis for the benefits of
vamorolone in vivo, which would be useful to clar-
ify. One key aspect is the capacity of vamorolone to
reduce myonecrosis: this could be addressed by more
histological analyses of limb muscles of dystrophic
animals, plus blood biomarkers that systemically
reflect myonecrosis throughout the body (and are
also relevant for clinical trials). The interesting ‘addi-
tional benefits of vamorolone’ related to sarcolemmal
membrane stability and repair and lipid dynamics
also warrant more intense consideration, since the
relevance of these ex vivo observations to the in
vivo situation is unclear and needs to be carefully
evaluated for different muscular dystrophies, includ-
ing DMD and dysferlinopathies. Pre-clinical studies
by independent groups could help to strengthen
data related to these in vivo mechanistic aspects of
vamorolone.
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