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Abstract

Spinal and bulbar muscular atrophy (SBMA) is an
adult-onset neurodegenerative disease characterized
by slowly progressive weakness, atrophy of bulbar,
facial and limb muscles, and mild androgen insensi-
tivity. The cause of this disease is expansion of a trin-
ucleotide CAG repeat which encodes the polygluta-
mine tract within the first exon of the androgen
receptor (AR) gene. SBMA occurs exclusively in adult
males, whereas both heterozygous and homozygous
females are usually asymptomatic. Lower motor neu-
rons in the anterior horn of the spinal cord and those
in the brainstem motor nuclei are predominantly
affected in SBMA, and other neuronal and non-neu-
ronal tissues are also widely involved to a lesser
extent. SBMA is considered an intractable disease,
but several therapeutic approaches have been devel-
oped based on new insight into the pathogenesis.
There are several lines of evidence indicating that
testosterone, the ligand for ARs, plays a crucial role in
the pathogenesis of neurodegeneration in SBMA,
leading to clinical trials of androgen deprivation thera-
pies. Moreover, animal studies have revealed other
key molecules in the pathogenesis of SBMA, such as
heat shock proteins (HSPs), transcriptional co-activa-
tors and axon motors, suggesting additional thera-
peutic targets.

Nomenclature

Spinal and bulbar muscular atrophy (SBMA) is also
known as Kennedy’s disease, named after William R.
Kennedy, whose study on 11 patients from 2 families
depicted the clinical and pathological features of this dis-
order (1). Alternative names for this disease include bul-
bospinal neuronopathy and bulbospinal muscular atrophy.

Clinical features

SBMA chiefly affects adult males. The prevalence of
this disease is estimated to be 1-2 per 100,000, although
a considerable number of patients may be misdiagnosed
as having other neuromuscular diseases, including amy-
otrophic lateral sclerosis (ALS) (2, 3). Patients of various
ethnic backgrounds have been reported throughout the
world.

The major symptoms of SBMA are weakness, atrophy
and fasciculations of bulbar, facial and limb muscles,
which are attributable to degeneration of lower motor
neurons in the spinal cord and brainstem (4, 5).
Subclinical dysfunction of upper motor neurons has been
suggested by electrophysiology and magnetic resonance
spectroscopy, although histopathological evidence is not
sufficient (6, 7). In extremities, involvement is usually pre-
dominant in the proximal musculature, and is occasional-
ly asymmetric. The onset of weakness is usually between
30 and 60 years of age, but is often preceded by non-
specific symptoms such as postural tremor and muscle
cramps. Typically, affected individuals require a wheel-
chair 15-20 years after the onset of weakness (8-10).
Although fasciculations in the extremities are rarely pre-
sent at rest, they are easily recognized when patients
hold their arms horizontally or bend their legs while lying
on their backs. These contraction fasciculations are espe-
cially noticeable in the face, neck and tongue, and are
especially conspicuous in the early stage of the disease.
Fatigue after exercise may also be present. Bilateral
facial and masseter muscle weakness, poor uvula and
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soft palatal movements, and atrophy of the tongue with
fasciculations are often encountered. Speech has a nasal
quality in most cases due to reduced velopharyngeal clo-
sure. Some patients experience laryngospasm, a sudden
sensation of dyspnea, although the clinical implication of
this symptom is unclear (11). Advanced cases often
develop dysphagia, eventually resulting in aspiration or
choking. Muscle tone is usually hypotonic and no pyrami-
dal signs are detected. The deep tendon reflex is dimin-
ished or absent, with no pathological reflex. Sensory
involvement is largely restricted to a sense of vibration,
which is affected distally in the legs. Cerebellar symp-
toms, dysautonomia and cognitive impairment are
absent. Patients occasionally demonstrate signs of
androgen insensitivity, such as gynecomastia, testicular
atrophy, dyserection and decreased fertility, some of
which are detected before the onset of motor symptoms.
Abdominal obesity is common, whereas male pattern
baldness is rare in patients with SBMA.

Electromyogram shows neurogenic abnormalities,
and distal motor latencies are often prolonged in nerve
conduction studies. Both sensory nerve action potentials
and sensory evoked potentials are reduced or absent
(12). Endocrinological examinations frequently reveal
partial androgen resistance with elevated serum testos-
terone levels (13). Serum creatine kinase levels are ele-
vated in the majority of patients, and hyperlipidemia, liver
dysfunction and glucose intolerance are also detected in
some patients. Profound facial fasciculations, bulbar
signs, gynecomastia and sensory disturbances are the
main clinical features distinguishing SBMA from other
motor neuron diseases, although genetic analysis is
indispensable for diagnosis. Female cases are usually
asymptomatic, but some express subclinical phenotypes
including high-amplitude motor unit potentials on elec-
tromyography (14).

The progression of SBMA is usually slow, but life-
threatening respiratory tract infection often occurs in the
advanced stage of the disease, resulting in early death in
some patients. The cardinal cause of death is aspiration
pneumonia (8). No specific therapy for SBMA has been
established. Testosterone has been used in some
patients, although it has no effect on the progression of
SBMA.

Genetics

The cause of SBMA is expansion of a trinucleotide
CAG repeat which encodes the polyglutamine tract in the
first exon of the androgen receptor (AR) gene (15). The
CAG repeat within the AR ranges in size from 9 to 36 in
normal subjects, but from 38 to 62 in SBMA patients (16).
Expanded polyglutamine tracts have been found to cause
several neurodegenerative diseases, including SBMA,
Huntington’s disease, several forms of spinocerebellar
ataxia and dentatorubral-pallidoluysian atrophy (DRPLA)
(17). In these disorders, known as polyglutamine dis-
eases, the CAG repeat has a strong tendency to further
expand, accelerating the disease onset in successive
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generations (18). As documented in other polyglutamine
diseases, the CAG repeat size correlates well with the
age of onset in SBMA, but does not appear to dictate the
rate of disease progression (8, 19).

The AR, the causative protein of SBMA, is a 110-kDa
nuclear receptor which belongs to the steroid/thyroid hor-
mone receptor family (20). The AR mediates the effects
of the androgens testosterone and dihydrotestosterone
through binding to an androgen response element (ARE)
in the target gene to regulate its expression. The AR is
essential for major androgen effects, including normal
male sexual differentiation and pubertal sexual develop-
ment, although an AR-independent nongenomic function
of androgen has been reported. The AR is expressed not
only in primary and secondary sexual organs, but also in
nonreproductive organs, including the kidney, skeletal
muscle, adrenal gland, skin and nervous system, sug-
gesting a far-reaching influence on a variety of mam-
malian tissues. In the CNS, the AR expression level is rel-
atively high in spinal and brainstem motor neurons, the
same cells which are vulnerable in SBMA. The AR gene
is located on chromosome Xq11-12. This 90-kb DNA con-
tains 8 exons coding for the functional domains specific to
the nuclear receptor family. The first exon codes for the
N-terminal transactivating domain. Exons 2 and 3 code
for the DNA-binding domain, whereas exons 4 through 8
code for the ligand-binding domain. The N-terminal trans-
activating domain, in which a CAG trinucleotide repeat
locates, possesses a major transactivation function main-
tained by interaction with general transcriptional co-acti-
vators such as CREB-binding protein (CBP), transcription
initiation factor TAFII130 and steroid receptor co-activa-
tor-1 (SRC-1). The CAG repeat beginning at codon 58 in
the first exon of AR encodes the polyglutamine tract. The
length of this repeat is highly variable because of the slip-
page of DNA polymerase upon DNA replication. Whereas
abnormal elongation causes SBMA, a shorter CAG
repeat is likely to increase the risk of prostate cancer (21).
Transcriptional co-activators also possess glutamine-rich
regions modulating protein-protein interactions with the
N-terminal transactivating domain of AR.

Histopathology

Histopathological studies have provided important
information on the pathogenesis of polyglutamine-mediat-
ed neurodegeneration. The fundamental histopathologi-
cal finding in SBMA is loss of lower motor neurons in the
anterior horn of the spinal cord, as well as in the brain-
stem motor nuclei, except for the third, fourth and sixth
cranial nerves (4). The number of nerve fibers is reduced
in the ventral spinal nerve root, reflecting motor neu-
ronopathy. Sensory neurons in the dorsal root ganglia are
less severely affected, and large myelinated fibers
demonstrate a distally accentuated sensory axonopathy
in the peripheral nervous system. Neurons in the
Onufrowicz nuclei, intermediolateral columns and
Clarke’s columns of the spinal cord are generally well pre-
served. Muscle histopathology includes both neurogenic
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and myogenic findings: there are groups of atrophic fibers
with a number of small angular fibers, fiber type grouping
and clamps of pyknotic nuclei, as well as variability in
fiber size, hypertrophic fibers, scattered basophilic regen-
erating fibers and central nuclei.

A pathological hallmark of polyglutamine diseases is
the presence of nuclear inclusions (NIs). In SBMA, Nls
containing the pathogenic AR are found in the residual
motor neurons in the brainstem and spinal cord, as well
as in non-neuronal tissues, including the prostate, testes
and skin (22). These inclusions are detectable using anti-
bodies recognizing a small portion of the N-terminus of
the AR protein, but not by those against the C-terminus of
the protein. This observation implies that the C-terminus
of the AR is truncated or masked upon formation of NI. A
full-length AR protein with an expanded polyglutamine
tract is cleaved by caspase-3, releasing a polyglutamine-
containing toxic fragment, and the susceptibility to cleav-
age is polyglutamine repeat length-dependent (23). Thus,
proteolytic cleavage is likely to enhance the toxicity of the
pathogenic AR protein. Electron microscopic immunohis-
tochemistry shows dense aggregates of AR-positive
granular material without limiting membrane, both in neur-
al and non-neural inclusions, in contrast to other polyglu-
tamine diseases where Nls take the form of filamentous
structures. Although NIs are a disease-specific
histopathological finding, their role in pathogenesis has
been heavily debated. Several studies have suggested
that NIs may indicate a cellular response coping with the
toxicity of abnormal polyglutamine protein (24). Instead,
the diffuse nuclear accumulation of the mutant protein
has been considered essential for inducing neurodegen-
eration in polyglutamine diseases, including SBMA.

An immunohistochemical study on autopsied SBMA
patients using an anti-polyglutamine antibody demon-
strated that diffuse nuclear accumulation of the patho-
genic AR is more frequently observed than Nis in the
anterior horn of the spinal cord (25). Intriguingly, the fre-
quency of diffuse nuclear accumulation of the pathogenic
AR in spinal motor neurons strongly correlates with the
length of the CAG repeat in the AR gene. No such corre-
lation has been found between NI occurrence and the
CAG repeat length. Similar findings have also been
reported in other polyglutamine diseases. Taken togeth-
er, it appears that the pathogenic AR containing an elon-
gated polyglutamine tract principally accumulates within
the nuclei of motor neurons in a diffusible form, leading to
neuronal dysfunction and eventual cell death. In support
of this hypothesis, neuronal dysfunction is halted by
genetic modulation preventing nuclear import of the path-
ogenic polyglutamine-containing protein in cellular and
animal models of polyglutamine diseases (17).

Since the human AR is widely expressed in various
organs, nuclear accumulation of the pathogenic AR pro-
tein is detected not only in the CNS, but also in non-neu-
ronal tissues such as scrotal skin. The degree of patho-
genic AR accumulation in scrotal skin epithelial cells tends
to be correlated with that in the spinal motor neurons in
autopsy specimens, and it is well correlated with CAG
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repeat length and inversely correlated with the motor func-
tional scale (26). These findings indicate that scrotal skin
biopsy with anti-polyglutamine immunostaining is a good
biomarker for monitoring SBMA pathogenic processes.
Since SBMA is a slowly progressive disorder, appropriate
biomarkers would help improve the power and cost-effec-
tiveness of longitudinal clinical treatment trials.

Molecular pathogenesis

Aggregation of mutant AR

In order to develop therapies for neurodegenerative
diseases, it is essential to understand the molecular
pathogenesis causing neuronal dysfunction and loss.
Several targets of intervention have emerged from basic
research on polyglutamine diseases, providing candidate
therapeutic agents for SBMA.

The expanded polyglutamine tract in AR has been
implicated in the pathogenesis of SBMA in two different,
but not mutually exclusive, ways: 1) loss of normal AR
function induces neuronal degeneration; and 2) the path-
ogenic AR acquires toxic properties, damaging motor
neurons. Since the AR possesses trophic effects on neu-
ronal cells, one can assume that loss of AR function may
play a role in the pathogenesis of SBMA. Expansion of
the polyglutamine tract mildly suppresses the transcrip-
tional activities of the AR, probably because it disrupts the
interaction between the N-terminal transactivating
domain of AR and transcriptional co-activators (20).
Although this loss of function of AR may contribute to
androgen insensitivity in SBMA, the pivotal cause of neu-
rodegeneration in SBMA is believed to be a gain of toxic
function of the pathogenic AR due to expansion of the
polyglutamine tract. This hypothesis is supported by the
observation that motor impairment has never been
observed in severe testicular feminization patients lacking
AR function or in AR knockout mice. Moreover, a trans-
genic mouse model carrying an elongated CAG repeat
driven by a human AR promoter demonstrated motor
impairment, suggesting that the expanded polyglutamine
tract is sufficient to induce the pathogenic process of
SBMA (27).

Aggregation of abnormal protein has been considered
to be central to the pathogenesis of neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s dis-
ease, ALS and prion disease. An expanded polygluta-
mine stretch alters the conformation of causative pro-
teins, resulting in aggregation of the proteins. It is now
widely accepted that aggregation of these abnormal pro-
teins in neurons is the primary event in the pathogenesis
of polyglutamine diseases. The rate-limiting step of
aggregation has been proposed to be the formation of an
oligomeric nucleus, which may occur after a repeat
length-dependent conformational change of the polyglut-
amine monomer from a random coil to a parallel, helical
B-sheet (28). Several experimental observations indicate
that the formation of toxic oligomers, or intermediates, of
abnormal polyglutamine-containing protein instigates a
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series of cellular events which lead to neurodegeneration
(29). This is also the case in a mouse model of SBMA, in
which soluble oligomers are detectable prior to the onset
of neuromuscular symptoms (30). Additionally, it has also
been suggested that the toxicity of pathogenic AR is
intensified by post-transcriptional modifications, including
transglutamination and caspase-mediated proteolytic
cleavage (23, 31, 32). On the other hand, Akt-induced
phosphorylation of AR blocks ligand binding and thereby
mitigates toxicity in cultured motor neurons (33).

Testosterone-dependent neurodegeneration in SBMA

SBMA is unique among polyglutamine diseases in
that the pathogenic protein, AR, has a specific ligand,
testosterone, which alters the subcellular localization of
the protein by favoring its nuclear uptake. The AR is nor-
mally confined to a multiheteromeric inactive complex in
the cell cytoplasm, and translocates into the nucleus in a
ligand-dependent manner. This ligand-dependent intra-
cellular trafficking of AR appears to play an important role
in the pathogenesis of SBMA. The phenotypic difference
with gender, which is a specific feature of SBMA, has
been recapitulated in a transgenic mouse model of SBMA
expressing the full-length human AR containing 97 CAGs
under the control of a cytomegalovirus (CMV) enhancer
and a chicken B-actin promoter (AR-97Q) (34). Affected
AR-97Q mice demonstrate small body size, short life
span, progressive muscle atrophy and weakness, as well
as reduced cage activity, all of which are markedly pro-
nounced and accelerated in male AR-97Q mice, but
either not observed or far less severe in female AR-97Q
mice. The onset of motor impairment is detected by the
rotarod task at 8-9 weeks of age in the male AR-97Q
mice, but at 16 weeks or more in females. Diffuse nuclear
staining and less frequent NIs detected by 1C2 are
demonstrated in the neurons of the spinal cord, brainstem
and dorsal root ganglia, as well as in non-neuronal tis-
sues such as heart, skeletal muscle and pancreas. Male
AR-97Q mice show markedly more abundant diffuse
nuclear staining and Nls than females, in agreement with
the symptomatic difference according to gender. Despite
the profound gender difference in pathogenic AR protein
expression, there is no significant difference in the
expression of the transgene mRNA between male and
female AR-97Q mice, indicating that the testosterone
level plays an important role in the sexual difference of
phenotypes, especially in the post-transcriptional stage of
the pathogenic AR.

The role of androgen has been further exemplified by
hormonal interventions. Castrated male AR-97Q mice
show profound improvement of symptoms, histopatholog-
ical findings and nuclear localization of the pathogenic AR
compared with sham-operated male AR-97Q mice. In con-
trast, subcutaneous injection of testosterone causes sig-
nificant aggravation of symptoms, histopathological fea-
tures and nuclear localization of the pathogenic AR in
female AR-97Q mice (34). Since the nuclear translocation
of AR is ligand-dependent, testosterone appears to show
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toxic effects in female AR-97Q mice by accelerating
nuclear translocation of the pathogenic AR. This view is
supported by the clinical observation that testosterone
administration exacerbated neuromuscular symptoms of a
patient with SBMA (35). The nuclear accumulation of path-
ogenic AR protein with an expanded polyglutamine tract is
likely essential for neuronal cell dysfunction and degener-
ation in the majority of polyglutamine diseases. It thus
appears logical that reducing testosterone levels would
improve phenotypic expression by preventing nuclear
localization of the pathogenic AR. In support of this
hypothesis, ligand-dependent neurodegenaration has also
been revealed in other animal models of SBMA (36, 37). It
should be noted that testosterone deprivation by castra-
tion reverses motor dysfunction in a transgenic mouse
model of SBMA showing fairly slow progression (37).

Transcriptional dysregulation

Disruption of transcriptional machinery has also been
hypothesized to underlie the pathogenesis of polygluta-
mine diseases (38). Gene expression analysis indicates
that transcriptional disruption is an early change in the
pathogenesis of mouse models of polyglutamine dis-
eases. Transcriptional co-activators such as CBP are
sequestrated into the polyglutamine-containing Nlis
through protein-protein interactions in mouse models and
patients with polyglutamine diseases (39). Alternatively,
the interaction between transcriptional co-activators and
soluble pathogenic protein has also been demonstrated
in animal models of polyglutamine diseases, as well as in
post mortem tissues of patients (40). The expression of
genes regulated through CBP-mediated transcription is
decreased in mouse models of polyglutamine diseases
(38). CBP functions as a histone acetyltransferase (HAT),
regulating gene transcription and chromatin structure. It
has been indicated that the HAT activity of CBP is sup-
pressed in cellular models of polyglutamine diseases.
Taken together, transcriptional dysregulation due to a
decrease in histone acetylation is likely to underlie the
pathogenesis of neurodegeneration in polyglutamine dis-
eases. This hypothesis is exemplified by our observation
that acetylation of nuclear histone H3 is significantly
diminished in the spinal cord of SBMA mice (41).
Additionally, dysfunction of CBP results in decreased
expression of vascular endothelial growth factor (VEGF)
in another mouse model of SBMA, indicating that tran-
scriptional alteration is a trigger for neurodegeneration in
this disease (42)

Disruption of axonal transport

Motor neurons possess an extremely long axons
along which molecular motors transport essential compo-
nents, such as organelles, vesicles, cytoskeletons and
signal molecules. This implies that axonal trafficking plays
a fundamental role in the maintenance of the normal func-
tion of motor neurons. Obstruction of axonal transport has
attracted attention as a cause of neuronal dysfunction in



Drugs Fut 2007, 32(10)

a variety of neurodegenerative diseases, including SBMA
(43, 44). A mutation in the genes for proteins regulating
axonal trafficking, dynein and dynactin 1, has been
shown to cause motor neuron degeneration in both
humans and rodents (45, 46).

In a mouse model of SBMA, neurofilaments and
synaptophysin accumulate at the distal motor axons. A
similar intramuscular accumulation of neurofilaments has
been detected in the skeletal muscle of SBMA patients.
Fluoro-gold labeling and sciatic nerve ligation have
demonstrated an impaired retrograde axonal transport in
transgenic SBMA mice (47). The mRNA level of dynactin
1 is significantly reduced in SBMA mice, resulting from
pathogenic AR-induced transcriptional dysregulation.
These pathological events are reversed by castration,
which prevents nuclear accumulation of pathogenic AR.
Overexpression of dynactin 1 mitigates the neuronal tox-
icity of the pathogenic AR in a cell culture model of
SBMA. These observations indicate that polyglutamine-
dependent transcriptional dysregulation of dynactin 1
plays a crucial role in reversible neuronal dysfunction in
the early stage of SBMA. Pathogenic AR containing an
expanded polyglutamine has also been demonstrated to
activate c-Jun N-terminal kinase (JNK), leading to inhibi-
tion of kinesin-1 microtubule-binding activity and eventu-
al disruption of anterograde axonal transport (48). It is
noteworthy that JNK inhibitors reverse the suppression of
neurite outgrowth by pathogenic AR in cultured cells.

Therapeutic strategies

Testosterone deprivation therapy

Leuprorelin is a potent luteinizing hormone-releasing
hormone (LHRH) analogue that suppresses the release
of gonadotropins, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). This drug has been used for
a variety of sex hormone-dependent diseases, including
prostate cancer, endometriosis and prepuberty. The pri-
mary pharmacological target of leuprorelin is the anterior
pituitary. Through its agonist effect on LHRH-releasing
cells, it initially promotes the release of gonadotropins,
resulting in a transient increase in the serum level of
testosterone or estrogens. After this surge, the continued
use of this drug induces desensitization of the pituitary by
reducing LHRH receptor binding sites and/or uncoupling
of receptors from intracellular processes. Within about
2-4 weeks of leuprorelin administration, serum testos-
terone levels decrease to the extent achieved by surgical
castration. The effects are maintained during treatment,
suggesting that continuous administration of leuprorelin is
required for its clinical use. This drug has thus been pro-
vided as a sustained-release depot taking the form of
polymer microspheres. On the other hand, flutamide, the
first androgen antagonist discovered, has highly specific
affinity for AR and competes with testosterone for binding
to the receptor. It has been used for the treatment of
prostate cancer, usually in association with an LHRH
analogue, in order to block the action of adrenal testos-
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terone. Although flutamide suppresses androgen-depen-
dent transactivation, it does not reduce plasma levels of
testosterone.

Leuprorelin successfully inhibits nuclear accumulation
of the pathogenic AR, resulting in marked improvement in
neuromuscular phenotypes in male AR-97Q mice (Fig. 1)
(49). Leuprorelin initially increases serum testosterone
levels by activating the LHRH receptor, but subsequently
reduces levels to undetectable levels. Androgen-blocking
effects were also confirmed by reduced weights of the
prostate and seminal vesicles. Leuprorelin-treated
AR-97Q mice show a longer life span, larger body size
and better motor performance compared with vehicle-
treated mice. Leuprorelin appears to improve neuronal
dysfunction by preventing ligand-dependent nuclear
translocation of the pathogenic AR in the same way as
castration.

Given its minimal invasiveness and established safe-
ty, leuprorelin appears to be a promising therapeutic
agent for SBMA. In a preliminary open trial, 6-month
treatment with leuprorelin significantly diminished nuclear
accumulation of pathogenic AR in the scrotal skin of
patients, suggesting that androgen deprivation intervenes
in the pathogenic process of human SBMA, as demon-
strated in animal studies (26). A multicenter trial of
leuprorelin acetate is currently under way to verify the
clinical benefits of androgen deprivation for SBMA
patients.

In contrast, the AR antagonist flutamide does not
ameliorate symptoms, pathological features or nuclear
localization of the pathogenic AR in male AR-97Q mice,
although there is no significant difference in the andro-
gen-blocking effects between flutamide and leuprorelin.
Flutamide does not inhibit, and may even facilitate, the
nuclear translocation of AR. Consistent with the mouse
study, this AR antagonist also promotes nuclear translo-
cation of the pathogenic AR containing an expanded
polyglutamine in cellular and fly models of SBMA (36, 50).
Therefore, flutamide is not likely to be a useful therapeu-
tic agent for SBMA.

Castrated or leuprorelin-treated AR-97Q mice show
phenotypes similar to those seen in female AR-97Q mice,
implying that motor impairment of SBMA patients can be
reduced to the level in females. SBMA is considered an
X-linked disease, whereas other polyglutamine diseases
show autosomal dominant inheritance. In fact, female
SBMA patients hardly manifest clinical phenotypes,
although they possess a similar number of CAG repeats
in the disease allele of the AR gene as their siblings with
SBMA (14, 51). Reduction in the mutant AR expression
due to X inactivation may prevent females from manifest-
ing the disease, but hormonal intervention studies using
mouse and fly models clearly suggest that low levels of
testosterone prevent nuclear accumulation of pathogenic
AR protein, resulting in a lack of neurological phenotypes
in females. This view is strongly supported by the obser-
vation that manifestation of symptoms is minimal even in
homozygous SBMA females (52). Therefore, it seems
inappropriate to regard SBMA as an X-recessive inherit-
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Fig. 1. Effects of leuprorelin on mutant androgen receptor (AR) expression and neuropathology in male AR-97Q mice. A. Serum testos-
terone levels in AR-97Q mice. Leuprorelin initially increased serum testosterone levels but subsequently reduced them to undetectable
levels. B and C. Rotarod task (B) and survival rate (C) of AR-97Q mice. Leuprorelin markedly improved motor function of the mice at
the dose administered. D. Leuprorelin prevented muscle atrophy in AR-97Q mice. E. Walking pattern and strides were also improved by
androgen deprivation. F. Immunohistochemistry using 1C2 showed marked differences in diffuse nuclear staining and nuclear inclusions
between leuprorelin-treated and vehicle-treated AR-97Q male mice in the spinal anterior horn.

ed disease, but rather its neurological phenotype is likely
to depend on testosterone concentration.

AR co-regulators, such as ARA70, are alternative
therapeutic targets because they control the function and
cellular distribution of AR. It has been shown that
5-hydroxy-1,7-bis(3,4-dimethoxyphenyl)-1,4,6-heptatrien-
3-one (ASC-J9) dissociates AR and ARA70, resulting in
suppression of pathogenic AR aggregation, as well as
amelioration of neuromuscular symptoms in a mouse
model of SBMA, without severely depleting serum levels
of testosterone. The treatment was also effective even
after the onset of muscle weakness in mice (53).

Manipulation of heat shock proteins

Many components of the ubiquitin-proteasome path-
way and molecular chaperones are known to co-localize
with polyglutamine-containing Nls, implying that failure of
cellular defense mechanisms underlies neurodegenera-
tion in polyglutamine diseases. Heat shock proteins
(HSPs), stress-inducible molecular chaperones, are
another key to elucidation of the pathogenesis of SBMA.
HSPs are classified into different families according to
molecular size: HSP100, HSP90, HSP70, HSP60,
HSP40 and small HSPs (54). These HSPs are either con-
stitutively expressed or inducibly synthesized after cellu-
lar stress. HSPs play a crucial role in maintaining correct
folding, assembly and intracellular transport of proteins.

For example, HSP70 and HSP90, essential components
of the AR-chaperone complex in the cell cytoplasm, reg-
ulate the function, nuclear translocation and degradation
of the AR (55). Under toxic conditions, HSP synthesis is
rapidly upregulated and non-native proteins are refolded
as a consequence. Therefore, HSPs have attracted a
great deal of attention as cytoprotective agents for condi-
tions such as ischemia and malignancy.

Several studies suggest that polyglutamine elongation
interferes with the protective cellular response against
cytotoxic stress (28). Truncated ARs with an expanded
polyglutamine tract delay the induction of HSP70 after
heat shock (56). The threshold of HSP induction is known
to be relatively high in spinal motor neurons (57).
Expression levels of HSPs are decreased in brain lesions
in an animal model of Huntington’s disease and in the
SBMA mouse (58, 59). Therefore, impairment of the HSP
induction capability is implicated in the pathogenesis of
motor neuron degeneration in SBMA.

Not only are HSPs implicated in the pathogenesis of
neurodegeneration, they are also potent suppressors of
polyglutamine toxicity. There is increasing evidence that
HSPs abrogate polyglutamine-mediated cytotoxicity by
refolding and solubilizing the pathogenic proteins (28,
29). HSP70 cooperates with HSP40 in functioning as a
molecular chaperone. These HSPs are proposed to pre-
vent the initial conformation conversion of abnormal
polyglutamine-containing protein from a random coil to a
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B-sheet, leading to attenuation of toxic oligomer formation
(28). Overexpression of HSP70, together with HSP40,
inhibits toxic accumulation of abnormal polyglutamine-
containing protein and suppresses cell death in a variety
of cellular models of polyglutamine diseases, including
SBMA (60). HSP70 has also been shown to facilitate pro-
teasomal degradation of abnormal AR protein in a cell
culture model of SBMA (61).

The favorable effects of HSP70 have been verified in
studies using mouse models of polyglutamine diseases.
Overexpression of the inducible form of human HSP70
markedly ameliorated symptomatic and histopathological
phenotypes in our transgenic mouse model of SBMA
(62). These beneficial effects are dependent on HSP70
gene dose and correlate with the reduction in the amount
of nuclear-localized AR protein. It should be noted that
the amount of the soluble form of pathogenic AR was also
significantly decreased by HSP70 overexpression, sug-
gesting that degradation of pathogenic AR may have
been accelerated by overexpression of this molecular
chaperone. Overexpression of CHIP, or C-terminus of
Hsc70 (heat shock cognate protein 70)-interacting pro-
tein, has also been shown to prevent nuclear accumula-
tion of pathogenic AR and thereby ameliorate motor
symptoms in a transgenic mouse model of SBMA (63).

Favorable effects obtained by genetic modulation of
HSP suggest that pharmacological induction of molecular
chaperones might be a promising approach to SBMA and
other polyglutamine diseases. Geranylgeranylacetone
(GGA), an acyclic isoprenoid compound with a retinoid
skeleton, has been shown to strongly induce HSP
expression in various tissues (64). Oral administration of
GGA upregulates the levels of HSP70, HSP90 and
HSP105 via activation of heat shock factor 1 (Hsf1) in the
CNS and inhibits nuclear accumulation of the pathogenic
AR protein, resulting in amelioration of polyglutamine-
dependent neuromuscular phenotypes of SBMA trans-
genic mice (59). Given its extremely low toxicity, this com-
pound has been used as an oral antiulcer drug. Although
a high dose appears to be needed for clinical effects,
GGA appears to be a safe and promising therapeutic can-
didate for polyglutamine-mediated neurodegenerative
diseases, including SBMA.

Inhibition of HSP90 has also been demonstrated to
arrest neurodegeneration in the SBMA mouse (65).
HSP90 functions in a multichaperone complex, assisting
proper folding, stabilization and assembly of so-called
client proteins, including various oncoproteins and the AR
(66). The HSP90-client protein complex is stabilized when
it is associated with p23, a co-chaperone interacting with
HSP90. Treatment with 17-allylaminogeldanamycin (17-
AAG), a potent HSP9O0 inhibitor, dissociated p23 from the
HSP90-AR complex, and thus facilitated proteasomal
degradation of pathogenic AR in cellular and mouse mod-
els of SBMA. 17-AAG thereby inhibits nuclear accumula-
tion of this protein, leading to marked amelioration of
motor phenotypes in the SBMA mouse model, without
detectable toxicity. Of interest is the finding that the path-
ogenic AR is preferentially targeted to proteasomal degra-
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dation in the presence of 17-AAG compared with wild-type
AR. Given a high association between p23 and the AR
containing an expanded polyglutamine, it appears logical
that pathogenic AR is more dependent on HSP90 to main-
tain folding and function than wild-type AR, and thus is
particularly susceptible to HSP90 inhibition. 17-AAG is
also capable of inducing HSP70 in cellular and mouse
models of SBMA. Thus, 17-AAG, which is now undergoing
clinical trials for a wide range of malignancies, may be a
good candidate for the treatment of SBMA (67, 68).

Restoration of transcriptional activity

The histone acetylation level is determined by an
interplay between histone acetyltransferase and histone
deacetylase (HDAC). The recruitment of HDAC to target
genes represses transcription, leading to aberrant cellular
function. Since suppression of HDAC activity results in
augmentation of histone acetylation and subsequent
restoration of gene transcription, HDAC inhibitors have
been considered to be of therapeutic benefit in polygluta-
mine diseases (40, 69, 70). Butyrate was the first HDAC
inhibitor to be discovered, and the related compound,
phenylbutyrate, has been successfully employed in
experimental cancer therapy. Oral administration of sodi-
um butyrate ameliorates symptomatic and histopatholog-
ical phenotypes of our mouse model of SBMA through
upregulation of histone acetylation in nervous tissues
(41). This compound has also been shown to alleviate
neurodegeneration in a mouse model of DRPLA (71).
Although sodium butyrate is likely to be a promising treat-
ment for SBMA, this compound yielded beneficial effects
only within a narrow therapeutic range of doses in the
mouse model. Careful dose determination is therefore
necessary when using HDAC inhibitors for the treatment
of polyglutamine diseases.

It should be borne in mind that there are several
HDACs with different biological properties (72). The
HDACs have been classified into three classes: class |
(HDAC1, HDAC2, HDAC3 and HDACS), class Il (HDAC4,
HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10) and
class lll (SIRT members). In particular, HDAC6 induces
compensatory autophagy under conditions of ubiquitin-
proteasome system impairment in a fly model of SBMA
(73). Furthermore, the expression of HDAC6 was suffi-
cient to rescue degeneration associated with ubiquitin-
proteasome system dysfunction in vivo in an autophagy-
dependent manner. Additionally, activation of class Il
HDACs by resveratrol has been shown to alleviate poly-
glutamine toxicity in a Caenorhabditis elegans model of
Huntington’s disease (74). These studies suggest the
need for the development of selective HDAC inhibitors
which mitigate polyglutamine toxicity without deleterious
effects on normal cellular function.

Potential agents not fully characterized in animal models

Several compounds have been shown to suppress
polyglutamine cytotoxicity in cellular models (75). These
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Fig. 2. Therapeutic approaches to SBMA. Ligand-dependent nuclear accumulation of mutant AR has been construed as the culprit in
causing neurodegeneration in SBMA. Several therapeutic strategies have emerged from animal studies, including: 1) inhibitors of accu-
mulation (e.g., leuprorelin, ASC-J9, geranylgeranylacetone [GGA]); 2) facilitators of proteasomal degradation (e.g., 17-allylaminogel-
danamycin [17-AAG]); and 3) activators of transcription (e.g., histone deacetylase [HDAC] inhibitors). Downstream events such as dis-

rupted axonal transport may also be therapeutic targets.

agents are potentially applicable for SBMA, although they
have not been thoroughly characterized in animal mod-
els. In addition to pharmacological approaches, RNA
interference, peptide inhibitors, cell transplantation and
trophic factor supplementation are potential strategies if
safety and delivery problems are solved (76, 77).

Clinical perspectives

Analysis of cellular and animal models has provided
rational therapeutic approaches to SBMA (Fig. 2). We
may need to combine these strategies, because each
agent has potential adverse effects when used over the
long term (78). Given that various therapeutic strategies
for SBMA have emerged thanks to the use of animal
models mimicking human diseases, it is of utmost impor-
tance to pursue intensive clinical studies to verify the
results from animal studies. When we apply candidate
agents to patients, it should be taken into account that the
majority of therapeutics emerging from animal studies are
disease-modifying therapies, but not agents for sympto-
matic relief. Given that SBMA is a slowly progressive dis-
ease, long-term clinical trials are likely to be necessary to
verify clinical benefits of disease-modifying therapies by
targeting clinical endpoints such as occurrence of aspira-
tion pneumonia or becoming wheelchair-bound. Suitable
surrogate endpoints, which reflect the pathogenesis and
severity of SBMA, are thus needed to assess the thera-
peutic efficacy in drug trials. To this end, appropriate bio-

markers should be identified and validated. We may need
to combine several parameters to appropriately use bio-
markers in the development of therapeutics (26, 79).
Quantitative analysis of natural history, including genetic,
biological and anthropological data, is also necessary for
long-term evaluation of therapeutic agents for SBMA.
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