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Abstract: Drug discovery is a long, expensive and risky process. Evaluating drugs that have already been proved
safe for use in humans and testing them for a new indication greatly reduces the time and monetary costs involved in finding treatments for life-threatening conditions. Here tamoxifen, a drug that is used for the treatment
of breast cancer, is investigated in a mouse model of Duchenne muscular dystrophy. Tamoxifen was efficacious
in countering the symptoms of the disease without affecting the underlying genetic cause. Based on these results, tamoxifen has been tested in other forms of muscle disease with success. Drug repurposing may not only
be a cost-effective manner for treating a variety of diseases, it may also help us uncover common mechanisms
between conditions that were previously thought to be unrelated.
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Development of a new drug is a long,
expensive and risky process that usually
takes 10 to 15 years.[1] With the increasing
costs involved in bringing a new drug to the
market, repurposing approved drugs for
new indications is a cost-effective manner
to make more treatment options available
to patients.[2] Furthermore, most of these
compounds are off-patent and therefore
readily available at low cost.
Duchenne muscular dystrophy (DMD)
is a genetic disorder that affects 1:3500
male births. It is characterized by progressive muscle degeneration and weakness
due to the lack of a large subsarcolemmal
protein called dystrophin.[3] The lack of
dystrophin leads to membrane instability,
increased calcium influx and oxidative
stress. This disrupts muscle cell homeostasis, which impairs force generation
and eventually leads to muscle cell death.
Inflammation then ensues with part of the
muscle tissue being replaced by fibrotic
scars and adipose tissue further aggravat-
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ing the condition.[3] There is currently no
cure for DMD. Many patients undergo
physiotherapy to improve posture and reduce loss of movement; some eventually
require scoliosis surgery and mechanical
ventilation. Glucocorticoids prolong ambulation and slow the progression of the
disease; however, many patients stop
treatment due to undesirable side effects.
Despite these interventions, many succumb to the disease in their third decade
of life.[4] Understanding the mechanisms
involved in the pathogenesis can allow
seeking and developing new therapies that
are more efficacious and better tolerated by
patients.[5]
Oestrogens have long been considered
as female reproductive hormones, however, they have recently been found to be
present – and have effects – in many tissues in both men and women.[6] They are
formed by the aromatization of androgens
by the enzyme aromatase. Aromatase is
abundantly expressed in gonads, but low
Fig. 1. (a) Structure of
17β-oestradiol and (b)
structure of tamoxifen.
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activities are also found in other tissues
including adipose tissue, bone, brain,[7]
and interestingly in skeletal muscle.[8] The
biological effects of oestrogens, of which
17β-oestradiol (Fig. 1) is the most abundant one, occur mainly through the nuclear
oestrogen receptors, ERα and ERβ, both of
which have been shown to be expressed in
skeletal muscle.[9,10] Classically, binding of
oestradiol to its receptors leads to dimerisation of the receptor and binding to oestrogen response elements (EREs) found in
the promoter region of specific genes.[11–13]
In parallel, binding of ligands to oestrogen
receptors leads to conformational changes
allowing co-activator proteins to be recruited[13] (Fig. 2).
Evidence for the beneficial effects of
oestrogen signalling in skeletal muscle
can be found in retrospective studies of
post-menopausal women on hormonereplacement therapy (HRT) to control the
symptoms of menopause.[14] Studies indicate that women on HRT not only have preserved strength compared to age-matched
women not on HRT, but that they also have
less fatty infiltration that is associated with
ageing.[15,16] Changes in strength during
the menstrual cycle have also been noted.
[17,18] In addition to HRT studies, many
studies have also been performed in ovariectomised mice. In these studies, removal
of the ovaries – the main source of oestradiol – led to a decrease in both force production and spontaneous locomotor activity.[19] When oestradiol was administered
to the ovariectomised mice, these effects
were reversed suggesting that oestrogens
play a role in the protection and maintenance of skeletal muscle.
Tamoxifen (Fig. 1b) is a safe and readily available anticancer drug that has been
used to treat breast cancer for the past 40
years.[20] Tamoxifen and several of its metabolites are selective oestrogen receptor
modulators (SERM); depending on the
tissue in which they act, they can have
pro- or anti-oestrogenic effects.[21] This
is of particular interest in the treatment
of breast cancer as not only do they have
anti-oestrogenic effects in breast tissue
but they also have pro-oestrogenic effects
in bone, which prevents further osteoporosis in a population already at risk.[22]
Tamoxifen and its active metabolites have
a variety of other actions; they can act as
membrane stabilizers, anti-oxidant, antifibrotic agents, and modulators of calcium
handling.[23] All these actions are relevant
to major dysfunctional pathways involved
in DMD pathology, making tamoxifen
an interesting candidate for the treatment
of DMD. Our lab therefore evaluated the
spectrum of efficacy of tamoxifen in a murine model of DMD, the mdx5Cv mouse.[24]
Briefly, male mdx5Cv mice were given
free access to standard mouse chow sup-
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Fig. 2. Oestrogens diffuse through the nuclear membrane and bind to the oestrogen receptors.
This leads to a conformational change that allows various co-activators and co-repressors to bind
to the dimerised receptor. The receptor complex then binds to specific sequences in the genome,
oestrogen response elements (EREs) where it activates transcription of certain genes. Tamoxifen,
a selective oestrogen receptor modulator (SERM), and tamoxifen metabolites compete with
oestrogens for binding to oestrogen receptors. Depending on which tissue they act, binding of
tamoxifen or its active metabolites leads to the recruitment of different sets of co-activators and
co-repressors allowing them to activate or inhibit transcription of genes.

plemented with 100 mg/kg tamoxifen, corresponding to a daily dose of 10 mg/kg.
During the treatment period, the mice
underwent a variety of non-invasive tests
to study the effect of the drug on disease
progression and muscle strength. Treated
mdx5Cv mice and untreated wild type male
and female mice were subjected to a wire
grip test and in situ triceps force recordings
were performed in terminally anaesthetized mice at 16 months of age. During this
study, tamoxifen was shown to drastically
improve muscle function and morphology
of the mdx5Cvmice; they were less susceptible to fatigue, had larger muscles that
produced more force, fibrosis in the heart
was reduced and diaphragm morphology
greatly improved. Analysis of oestrogen
receptor proteins revealed that ERα and
ERβ were both over-expressed in dystrophic muscle. While treatment with tamoxifen did not affect the levels of ERα, it did
affect the levels of ERβ2 isoform, thereby
completely normalising the relative ratio
between ERβ2 and ERβ1. Unpublished
data from our lab strongly suggests that
tamoxifen and/or its metabolites are prooestrogenic and that the observed beneficial effects are occurring via the ERs and
an enhancement of oestrogenic signal-

ling. Based on these results, tamoxifen
was granted an orphan drug designation
(ODD) status for the treatment of DMD in
2017 by the European Medicines Agency
(EMA) (EU number: EU/3/17/1944) and
a multi-centre, randomised, placebo-controlled phase 3 clinical trial is to start in
2018 to assess the efficacy of tamoxifen in
DMD boys (ClinicalTrials.gov Identifier:
NCT03354039).
The effect of tamoxifen on dystrophic
muscle occurred independently of the underlying cause of the disease, i.e. the lack
of dystrophin. In addition to this, tamoxifen appeared to improve dystrophic muscle quality through signalling pathways
involving oestrogen receptors. Based on
the above we hypothesised that modulating oestrogen signalling in muscle could
be a potential therapeutic target for treating
a wide range of muscle diseases. To further investigate this, our lab has generated
mdx5Cv mice crossed with mice bearing
floxed oestrogen receptors. In the resulting
multiple mutant mice, ERα and/or ERβ
can be invalidated from skeletal muscles
in a time-controlled manner upon doxycycline treatment.[25–27] Since tamoxifen may
be working through high affinity oestrogen
receptors, studies into the effect of tamox-
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ifen in other, unrelated, muscle disorders
are underway, one of which is currently
under revision.
Tamoxifen is a safe drug that is already
used to treat a variety of conditions in men,
women and children.[28–31] Its status as a
SERM makes it a suitable drug for treating muscular diseases. Here, repurposing tamoxifen for the treatment of DMD
has been briefly described. Tamoxifen
had a dramatic effect on the disease independently of the underlying cause, likely
through the ER-signalling pathway(s).
Although the exact mechanisms of action are not yet known, several molecular
analysis approaches (proteomic, genomic
and metabolomic) may enable us to find
the commonalities between the tamoxifentreated animals and thus, bringing us onestep closer to finding a treatment.
We are moving towards an era where
the concept of diseases is widening and
there is increasingly an idea of spectrum,
with overlapping faulty mechanisms being involved in more than one disease and
leading to different phenotypes. With rising costs and increased risks involved in
bringing new drugs to the market, the idea
of having one drug to treat one disease is
quickly falling by the wayside. In addition,
patients and their caretakers are becoming
more and more knowledgeable and involved in the process, thus increasing pressure to find cures for many rare diseases.
The idea of repurposing drugs is not a new
one and increasing effort is being put into
cataloguing and systematically referencing
potential compounds.[32] With an ODD and
a clinical trial in DMD patients starting in
2018, tamoxifen is likely to be next on the
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growing list of repurposed drugs, and one
of the most potent identified so far for severe muscular diseases.
Received: March 2, 2018
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