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Skeletal muscle as an emerging therapeutic
target in spinal and bulbar muscular atrophy
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Spinal and bulbar muscular atrophy
(SBMA), also known as Kennedy’s disease,
is an adult onset neuromuscular disease
characterized by the selective degeneration of motor neurons in the brainstem
and the anterior horns of the spinal cord [1].
Patients develop progressive muscle weakness and atrophy, which leads to a slow
deterioration of the ability to move. Tongue
and facial muscles are also involved. The
cause of SBMA is the expansion of a polymorphic CAG repeat sequence, which
encodes a polyglutamine tract (polyQ),
in the first exon of the androgen receptor
(AR) gene on chromosome X [2]. In healthy
subjects, the number of CAG repeats
ranges from 12 to 36, whereas in SBMA
patients the size of the repeat is increased
from 38 to 62. AR belongs to the steroid/
thyroid receptor family. Upon binding of
its ligands, testosterone or dihydrotestosterone (DHT), AR translocates from the
cytoplasm to the nucleus where it regulates the expression of a subset of genes. In
SBMA, expanded polyQ repeat in the AR
leads to nuclear accumulation of the receptor and this either disrupts AR functions or
triggers toxic mechanisms for the cell [3].
As the binding of androgens to polyQ-AR
is required to initiate the disease process,
males are affected while females show only
subclinical symptoms even if homozygous
for the mutation [4]. This suggests ablation
of androgens as a potential therapeutic
strategy. However, this approach, while
working well in animal models of the disease, did not give the expected results in
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human patients. Therefore, after more than
20 years since the discovery of the genetic
cause, there is not yet an effective therapy
for SBMA.
SBMA is believed to be primarily a
motor neuron disease. However, evidence
has been provided that demonstrates that
damage caused by the interaction between
androgens and polyQ-AR in skeletal muscle cells may also have a primary role in disease pathogenesis. In support of this idea is
the observation that SBMA patients show
myogenic changes, such as fiber splitting,
fibers with central nuclei, together with the
neurogenic atrophy [5]. In primary skeletal
muscle cell cultures obtained from SBMA
patient biopsies, we observed an androgen-dependent impairment of myogenesis leading to hypotrophic myotubes with
excessive levels of polyQ-AR in the nucleus
[6]. Interestingly, SBMA patients have high
levels of serum creatine kinase, sometime
even before the onset of clinical manifestations [5,7]. Signs of muscle denervation
and myopathy have also been described in
transgenic and knock in mouse models of
SBMA [8,9]. Importantly, in the knock in
SBMA mice, muscle atrophy precedes spinal cord pathology, suggesting a predominant role for muscle in this mouse model.
Overexpression of normal AR solely in
muscle results in a phenotype that resembles SBMA, further leading to argue a role
for muscle in SBMA pathogenesis [10].
We have proposed that modulation
of PI3K/Akt pathway in skeletal muscle
may represent a promising avenue to cure
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SBMA. Indeed, activation of Akt leads to AR phosphorylation, which reduces hormone binding and
AR toxicity in cell culture models of SBMA [11]. IGF-1
is a mediator of muscle hypertrophy through the
activation of PI3K/Akt pathway [12]. Akt activation
has anabolic effects in muscle, where it induces new
protein synthesis and inhibits protein degradation
[13]. Augmentation of IGF-1 signaling by overexpression of a muscle-specific IGF-1 isoform selectively in
SBMA muscle ameliorates disease manifestations in
a transgenic mouse model of the disease [9]. Moreover,
SBMA mice showed improved motor performance
and increased survival even when treated with IGF-1
after disease onset [14]. Notably, the IGF-1 effect on
disease course was accompanied by Akt activation and phosphorylation of AR. Another stimulus
that leads to activation of the PI3K/Akt pathway in
muscle is β2-adrenoreceptor stimulation. Although
it remains to be established whether β-adrenergic
activation may exert protective effects in SBMA by
acting on PI3K/Akt pathway, we recently carried out
a pilot trial providing evidence that clenbuterol, a
β2-agonist, is effective in improving motor function
in SBMA patients with no relevant adverse events [15].
Regardless the modulation of PI3K/Akt pathway,
all these observations suggest that muscle-directed
therapies may represent per se a reliable strategy to
cure SBMA. Muscle exerts a trophic effect to motor
neurons by releasing survival and growth factors
that are retrogradely transported and modulate crucial cell pathways in motor neurons. Interestingly,
the expression of neurotrophins and growth factors

is altered either in mouse models of SBMA [16] or in
the muscle of SBMA patients [17]. On the other hand,
any treatment aimed at improving muscle function
is certainly welcome in SBMA since muscle weakness is the leading cause of disability in motor neuron disorders. Accordingly, a trial with CK-2017357,
an orally bioavailable fast skeletal muscle troponin
activator, is currently ongoing in patients with amyotrophic lateral sclerosis [18]. Finally, muscle-directed treatments are prone to an easier monitoring, for example by serial sampling of the tissue,
during patient follow up in clinical trials. This could
definitely be relevant if one takes into account the
slow progression of the disease. Past clinical trials
designed for 1- or 2-year treatment in SBMA could
not be as effective as expected because they were not
long enough to exert a positive outcome. Conversely,
the availability of the target tissue may offer sensitive
and specific biomarkers to evaluate the efficacy of the
treatment in less time. Taking these considerations
together, development of muscle-directed therapy
for SBMA may be an avenue that should be pursued
to delay or arrest disease onset and progression.

in or financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this
manuscript.

Financial & competing interests disclosure
This work has been supported by Association Francaise contre
les Myopathies (14073 and 14927 to G Sorarù), Marie Curie
Reintegration grants (FP7-256448 to M Pennuto), Telethon-Italy (TCP12013 to M Pennuto), Treat_MND EuroBiobank, and
Muscular Dystrophy Association (196646 to M Pennuto). The
authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest

References
Sambataro F, Pennuto M. Cell-autonomous and non-cellautonomous toxicity in polyglutamine diseases. Prog.
Neurobiol. 97, 152–172 (2012).

5

2

La Spada AR, Wilson EM, Lubahn DB, Harding AE,
Fischbeck KH. Androgen receptor gene mutations in
X-linked spinal and bulbar muscular atrophy. Nature 352,
77–79 (1991).

Soraru G, D’Ascenzo C, Polo A et al. Spinal and bulbar
muscular atrophy: skeletal muscle pathology in male
patients and heterozygous females. J. Neurol. Sci. 264,
100–105 (2008).

6

3

Beitel KB, Alvarado C, Mokhtar S, Paliouras M, Trifiro
M. Mechanisms mediating spinal and bulbar muscular
atrophy: investigations into polyglutamine-expanded
androgen receptor function and dysfunction. Front Neurol.
15, 53 (2013).

Malena A, Pennuto M, Tezze C et al. Androgen-dependent
impairment of myogenesis in spinal and bulbar muscular
atrophy. Acta Neuropathol. 126, 109–121 (2013).

7

Schmidt BJ, Greenberg CR, Allingham-Hawkins DJ,
Spriggs EL. Expression of X-linked bulbospinal muscular

Sorenson EJ, Klein CJ. Elevated creatine kinase and
transaminases in asymptomatic SBMA. Amyotroph Lateral
Scler. 8, 62–64 (2007).

8

Katsuno M, Adachi H, Kume A et al. Testosterone
reduction prevents phenotypic expression in a transgenic

4

294

atrophy (Kennedy disease) in two homozygous women.
Neurology59, 770–772 (2002).

1

Clin. Invest. (2014) 4(4)

future science group

Skeletal muscle as an emerging therapeutic target in spinal & bulbar muscular atrophy

mouse model of spinal and bulbar muscular atrophy.
Neuron 35, 843–854 (2002).[9]
9

Palazzolo I, Stack C, Kong L et al. Overexpression of IGF-1
in muscle attenuates disease in a mouse model of spinal and
bulbar muscular atrophy. Neuron 63, 316–328 (2009).

12

Clemmons DR. Metabolic actions of insulin-like growth
factor-1 in normal physiology and diabetes. Endocrinol.
Metab. Clin. North Am. 41, 425–443 (2012).

13

Sandri M. Signaling in muscle atrophy and hypertrophy.
Physiology 23, 160–170 (2008).(2010)

10

Monks DA, Johansen JA, Mo K et al. Overexpression
of wild-type androgen receptor in muscle recapitulates
polyglutamine disease. Proc. Natl Acad. Sci. USA 104,
18259–18264 (2007).

14

Rinaldi C, Bott LC, Chen KL et al. Insulinlike growth
factor (IGF)-1 administration ameliorates disease
manifestations in a mouse model of spinal and bulbar
muscular atrophy. Mol. Med. 18, 1261–1268 (2012).

11

Palazzolo I, Burnett BG, Young JE et al. Akt blocks ligand
binding and protects against expanded polyglutamine
androgen receptor toxicity. Hum Mol Genet 16, 1593–1603
(2007).

15

Querin G, D’Ascenzo C, Peterle E et al. Pilot trial of
clenbuterol in spinal and bulbar muscular atrophy.
Neurology 80, 2095–2098 (2013).

future science group

www.future-science.com

Editorial

295

Editorial

296

Sorarù, Querin & Pennuto

16

Sopher BL, Thomas PS Jr, LaFevre-Bernt MA et al.
Androgen receptor YAC transgenic mice recapituale SBMA
motor neuronopathy and implicate VEGF164in the motor
neuron degeneration. Neuron 41, 687–699 (2004).

17

Yamamoto M, Mitsuma N, Inukai A et al. Expression of
GDNF and GDNFR-alpha mRNAs in muscles of patients
with motor neuron diseases. Neurochem. Res. 24, 785–790
(1999).

18

Shefner JM, Watson ML, Meng L, Wolff AA. Neals/
Cytokinetics STUDY Team. A study to evaluate safety
and tolerability of repeated doses of tirasemtiv in patients
with amyotrophic lateral sclerosis. Amyotroph lateral scler
frontotemporal degener. 14(7–8), 574–581 (2013).

Clin. Invest. (2014) 4(4)

future science group

