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Spinal and bulbar muscular atrophy (SBMA) is a neuromuscular disease caused by the expansion of a CAG
repeat in the androgen receptor (AR) gene. Mutant AR has been postulated to alter the expression of genes im-
portant for mitochondrial function and induce mitochondrial dysfunction. Here, we show that the expression
levels of peroxisome proliferator-activated receptor-y (PPARY), a key regulator of mitochondrial biogenesis,
were decreased in mouse and cellular models of SBMA. Treatment with pioglitazone (PG), an activator of
PPARYy, improved the viability of the cellular model of SBMA. The oral administration of PG also improved the
behavioral and histopathological phenotypes of the transgenic mice. Furthermore, immunohistochemical
and biochemical analyses demonstrated that the administration of PG suppressed oxidative stress, nuclear
factor-xB (NFkB) signal activation and inflammation both in the spinal cords and skeletal muscles of the

SBMA mice. These findings suggest that PG is a promising candidate for the treatment of SBMA.

INTRODUCTION

Expansion of the trinucleotide CAG repeat in a coding region
causes a group of neurodegenerative disorders including Hun-
tington’s disease that share several molecular pathomechanisms
such as transcriptional dysregulation and mitochondrial dys-
function (1). Spinal and bulbar muscular atrophy (SBMA) is
an adult-onset motor neuron disease that exclusively affects
males and is caused by the expansion of a CAG repeat in the
androgen receptor (AR) gene. Spinal and bulbar muscular
atrophy is characterized by proximal muscle atrophy, weakness,
fasciculations and bulbar involvement (2—4). No specific treat-
ment for this disease has been identified. Previous studies
showed that polyglutamine-expanded ARs accumulate in the
nuclei of motor neurons in a testosterone-dependent manner
and that the pathogenic AR perturbs the transcription of

diverse genes that play important roles in the maintenance of
neuronal function, thereby leading to neuronal dysfunction and
the impairment of retrograde axonal transport in the mouse
model of SBMA (5-8).

Recent studies have shown that the pathogenesis of SBMA isa
result of both neurogenic and myopathic changes. Spinal and
bulbar muscular atrophy patients present with extensive motor
neuron loss together with signs of muscle degeneration, includ-
ing the presence of central nuclei and the degeneration of fibers
(3,9). The elevated levels of serum creatine kinase (CK) also
support a myopathic pathogenesis in SBMA (10,11). Histo-
pathological analyses of muscle tissues from the SBMA mice
revealed both neurogenic and myopathic features (5,12—-14).
In the knock-in mouse model of SBMA, muscle degeneration
occurs prior to the onset of spinal cord pathology (14). Further-
more, suppression of muscle pathology ameliorates motor
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neuron degeneration in mouse models of SBMA, supporting
the hypothesis that skeletal muscle is a primary target of
polyglutamine-expanded-AR toxicity (13,15,16).

In the cellular model of SBMA, the accumulation of
polyglutamine-expanded ARs in the presence of the relevant
ligand results in mitochondrial membrane depolarization and an in-
crease in the levels of reactive oxygen species that is blocked by
treatment with the antioxidants co-enzyme Q10 and idebenone
(17). Cytochrome ¢ oxidase subunit Vb has been shown to interact
with normal and mutant AR in a hormone-dependent manner,
which may provide a mechanism for mitochondrial dysfunction
in SBMA (18). Pathogenic ARs have also been shown to repress
the transcription of subunits of peroxisome proliferator-activated re-
ceptor gamma coactivator-1 (PGC-1), a transcriptional co-activator
that regulates mitochondrial biogenesis and function; this finding
suggests that polyglutamine-mediated transcriptional dysregulation
is associated with mitochondrial dysfunction (17). Mitochondrial
dysfunction is a common pathomechanism of polyglutamine-
mediated neurodegenerative disorders, and the transcriptional re-
pression of PGC-1 caused by mutant huntingtin is also reported in
Huntington’s disease (19).

Peroxisome proliferator-activated receptor-y (PPARY) is a
nuclear receptor and a ligand-activated transcription factor that
regulates the expression of genes linked to a variety of physio-
logical processes such as mitochondrial function, cell prolifer-
ation, atherosclerosis and immunity (20). Eicosanoids and
15-deoxy-prostaglandin J2 (15d-PGJ2) are naturally occurring
PPARY ligands, and thiazolidinediones, including pioglitazone
(PG) and rosiglitazone, are synthetic PPARy ligands. Thiazoli-
dinediones elevate the expression levels of PPAR+y in neuronal
and non-neuronal cells and have been used to treat type II
diabetes (21-23). Furthermore, transcript dysregulation of
PPARy has been shown in MN-1 cells that stably express
mutant AR (AR-65Q) (17).

In the present study, we aimed to clarify whether PPARYy is
involved in the pathogenesis of SBMA. Our results demon-
strated that PPARy is down-regulated in both the spinal cord
and skeletal muscle of mice with SBMA and that the oral admin-
istration of a PPARy agonist mitigates the neurodegeneration
induced by polyglutamine-expanded ARs.

RESULTS

The expression level of PPAR<y decreases in cellular
models of SBMA

To examine the alteration in the PPARy signaling pathway in
SBMA model cells, we performed immunoblotting using neuronal
cells (NSC34 cells) and muscular cells (C2C12 cells) transfected
with a truncated AR (tAR-24Q or tAR-97Q). Immunoblotting ana-
lyses revealed that the expression levels of PPAR<y were lower in
tAR-97Q-transfected neuronal and muscular cells (tAR-97Q
cells) than those in tAR-24Q-transfected cells (tAR-24Q cells),
suggesting that the pathogenic AR protein bearing an expanded
polyglutamine tract down-regulates the expression level of
PPARy (Fig. 1A—F). The expression levels of PPARy were
up-regulated by the administration of PG in NSC34 and C2C12
cells (Fig. 1A—F). On the other hand, the expression levels of
AR were not altered by PG (Fig. 1A—F). Quantitative real-time
polymerase chain reaction (RT-PCR) analyses showed that
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mRNA levels of PPARYy were lower in tAR-97Q cells of NSC34
and C2C12 cells than those in tAR-24Q cells; however, these
levels were increased in cells treated with PG (Fig. 1A-F).
Human neuroblastoma SH-SYSY cells transfected with
tAR-97Q had a lower luciferase activity under control of the
PPARy promoter compared with the cells transfected with
tAR-24Q), indicating that the pathogenic AR inhibits the activity
of the PPARy promoter (Supplementary Material, Fig. S1A).
SH-SYSY cells, which stably express full-length AR-97Q also
attenuated the activity of PPARy promoter compared with
the cells with full-length AR-24Q, and dihydrotestosterone
(DHT) treatment intensifies this effect (Supplementary Material,
Fig. S1B). These findings suggest that the decrease of PPARYy is
associated with the nuclear accumulation of the pathogenic AR
and that the transcriptional down-regulation of PPARy by AR is,
at least partially, hormone dependent. The expression levels of
PPARy in the spinal cords and skeletal muscles of autopsied speci-
mens of SBMA patients had lower immunoreactivities to PPAR'y
than samples from control patients (Supplementary Material,
Fig. S2A, B). We next investigated the effect of the increased
expression of PPAR+y on the cellular viability of tAR-97Q cells
(Fig. 1G—L). The transient overexpression of PPARy improved
cellular viability and mitochondrial activity and attenuated cellular
damage according to results of the lactate dehydrogenase (LDH)
assay in both the NSC34 and C2CI12 cells transfected with
tAR-97Q. These findings led us to believe that the PPAR‘y
agonist PG is a possible candidate for the treatment of SBMA.

Next, we analyzed the effects of PG on polyglutamine-
mediated cytotoxicity in NSC34 and C2C12 cells by measuring
cellular viability, cell death, Annexin V-positive cells, and LDH
release. The transient overexpression of tAR-97Q resulted in
diminished cellular viability and increased cell death, apoptotic
cells and LDH release in NSC34 and C2C12 cells (Fig. IM-T).
Treatment with PG at a dose of 0.1 wm improved cellular
viability of both cell lines (Fig. 1M, Q). Cell death, apoptotic
cells and LDH release were also reduced by treatment with
0.1 uMm PG (Fig. IN-P, R—T). Cellular viability and cytotoxicity
assays using primary cortical neurons showed similar findings
(Supplementary Material, Fig. S3A, B). We further confirmed
the beneficial effects of PG on hormone-dependent pathogenesis
in SBMA. Pioglitazone improved the cell viability and attenuates
apoptosis of a cellular model of SBMA, which stably expresses
full-length AR-97Q and was treated with DHT (Supplementary
Material, Fig. S4A, B). In contrast, the knock-down of PPARYy
via RNAI increased LDH release and decreased mitochondrial
activity in the NSC34 and C2C12 cells (Supplementary Material,
Fig. SSA—C). Moreover, the effect of PG treatment was not seen
when PPARy was knocked-down, indicating that the neuropro-
tection by PG is dependent on PPARy. To confirm the beneficial
effects of PG on neural function, we measured the length of the
axons of treated and untreated NSC34 cells (Supplementary
Material, Fig. S6A, B). The axons of tAR-97Q cells were
shorter than those of tAR-24Q cells, and this phenotype was
improved by treatment with 0.1 pm PG.

Pioglitazone improves the histopathological findings
of the spinal cord and skeletal muscle of SBMA

To test the effects of PPARy activation in vivo, PG was adminis-
tered to 6-week-old SBMA (AR-97Q) transgenic mice at
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Figure 1. Pioglitazone (PG) improves the viability of cellular models of SBMA. (A—F) The protein and mRNA levels of PPARy in NSC34 cells (A—-C) and C2C12
cells (D—F) transfected with tAR-24Q or tAR-97Q and treated with or without PG. The ratio of PPARy levels to monomeric and oligomeric AR levels (B, E). Quan-
titative analysis of PPARy and AR was performed using densitometry. The PPARymRNA levels were measured using RT-PCR (C, F) (n = 3 per group). (G—L) The
viability, LDH release and mitochondrial activity of NSC34 (G-1I) and C2C12 cells (J—L) co-transfected with tAR-97Q and a mock or PPARy vector (n = 3 per
group). (M—-T) The viability, cell death, Annexin V-positive cells and LDH release of NSC34 cells (M—P) and C2C12 cells (Q—T) transfected with tAR-24Q or
tAR-97Q and treated with or without PG (n = 6 per group). Error bars indicate s.e.m. * P < 0.05and ** P < 0.01 by unpaired ¢-test (G—L) or ANOVA with Dunnett’s

test (B, C, E, F, M-T).

concentrations of 0.01 and 0.02% in the feed until the end of
analysis. No differences in feed intake were observed among
the untreated, 0.01% PG-treated and 0.02% PG-treated mice at
8 weeks (data not shown). The AR-97Q mice fed the 0.02%
PG-treated diet consumed 26.5 + 1.04 mg/kg/day of PG at
8 weeks and 24.3 + 4.44 mg/kg/day at 12 weeks. The oral

administration of 0.02% PG from 6 weeks of age onward
improved the body weight, performance on the rotarod task,
grip power and lifespan of AR-97Q mice, although PG adminis-
tered at a 0.01% dose did not improve the AR-97Q phenotype
(Fig. 2A-D). Pioglitazone at 0.02% also limited the muscle
atrophy and improved the stride length of the AR-97Q mice
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Figure 2. Pioglitazone alleviates neuromuscular phenotypes of SBMA mice. (A—D) Body weight (A), rotarod performance (B), grip power (C) and survival rate (D) of
PG-treated AR-97Q mice (n = 22 for0.01% PG and n = 20 for 0.02% PG) and untreated AR-97Q mice (n = 21). All parameters improved after treatment with PG ata
dose of 0.02% (P < 0.05 at 13 weeks by ANOVA with Dunnett’s test for body weight, rotarod performance and grip power; and P < 0.005 by log-rank test). (E)

Muscle atrophy of 13-week-old AR-97Q mice treated with or without PG. (F)
hind paws are shown in blue. (G) Quantification of the footprints (13 weeks old) (

Footprints of 13-week-old AR-97Q mice. Front paws are shown in red, and
n = 3 per group). (H—Q) Immunoblots for AR and PPAR of the spinal cords

(H-K) and skeletal muscles (L—O) of 13-week-old mice. Quantitative analysis was performed using densitometry (n = 3 per group). (P, Q) The mRNA levels of
PPARy in the spinal cord (P) and skeletal muscle (Q) of 13-week-old mice were measured using RT-PCR (n = 3 per group). Error bars indicate s.e.m. *P < 0.05
and **P < 0.01 by unpaired ¢-test (G, J, K, N, O) or ANOVA with Dunnett’s test (I, M, P, Q). N.S., not significant.

(Fig. 2E—G). On the other hand, the administration 0of 0.02% PG
had no detectable effects on the phenotypes of wild-type mice
(Supplementary Material, Fig. STA-D). There was a tendency
that wild-type mice treated with PG gained weight compared
with untreated wild-type mice, although the difference was not
statistically significant (Supplementary Material, Fig. STA-D).
On the other hand, PG treatment increased the amount of food
intake of the wild-type mice at the beginning of the treatment,
but this effect faded with aging: 132.6 + 2.5 mg/g/day of the diet
without PG, and 148.5 + 2.3 mg/g/day of the 0.02% PG-treated
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diet at 8 weeks (P < 0.05 by unpaired #test); 118.2 + 5.0 mg/g/
day of the diet without PG, and 108.8 + 10.4 mg/g/day of the
0.02% PG-treated diet at 12 weeks (P > 0.05).

We also examined the effects of PG when the administration
was initiated after the onset of neurological symptoms. The oral
administration of 0.02% PG from 8 weeks of age onward
improved the body weight, performance on the rotarod task,
grip power and lifespan of AR-97Q mice; however, its effects
on survival were weaker than those observed when the treatment
was initiated at 6 weeks of age. Specifically, the lifespan of the
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mice treated at 6 and 8 weeks was 52.9 and 31.5% longer, re-
spectively, than that of the untreated AR-97Q mice (Supplemen-
tary Material, Fig. SSA-D).

Next, we examined the biological effects of PPAR~y-targeted
therapy on AR-97Q mice. In agreement with the results of the
cellular experiments, quantitative analyses using densitometry
revealed that the expression levels of PPARy were lower in
spinal cords of untreated AR-97Q mice than those of wild-type
mice; however, these levels were increased by PG treatment
(Fig. 2H, I). Little difference was observed in the expression
levels of AR in spinal cords of untreated and PG-treated
AR-97Q mice (Fig. 2J, K). Similar findings were also observed
in the skeletal muscle of AR-97Q mice (Fig. 2L—0). PPARYy
mRNA levels were also lower in the spinal cords and skeletal
muscles of untreated AR-97Q mice than in those of wild-type
mice; these levels were also up-regulated in PG-treated AR-97Q
mice (Fig. 2P, Q). The mRNA levels of PGCl« in the spinal
cord were lower inuntreated AR-97Q mice than those in wild-type
mice. Although notsignificant, there was a trend that PG treatment
increases the mRNA level of PGCI «in the spinal cord of AR-97Q
mice (Supplementary Material, Fig. S9).

To investigate the pathological changes underlying the change
in phenotype induced by PG, we performed immunohistochemis-
try on the spinal cords and skeletal muscles of wild-type, untreated
AR-97Q and PG-treated AR-97Q mice. The number of
1C2-positive cells in the spinal cords and skeletal muscles was
not significantly different between untreated and PG-treated
AR-97Q mice (Fig. 3A—-D). Immunohistochemistry for choline
acetyltransferase (ChAT) in the anterior horn of the spinal cord
revealed that motor neurons were atrophied in untreated
AR-97Q mice but not in wild-type mice; however, the neurons
were larger in PG-treated AR-97Q mice (Fig. 3E, F). Immunor-
eactivity to ChAT was also restored by PG treatment. Hematoxy-
lin and eosin staining demonstrated that skeletal muscle fibers
were atrophied in untreated AR-97Q mice and that PG treatment
mitigated the amyotrophy in AR-97Q mice (Fig. 3G, H). Immuno-
histochemistry analyses using an antibody against glial fibrillary
acid protein (GFAP—a marker of reactive astrogliosis) detected
increased immunoreactivity in the anterior horn of the spinal
cord of untreated AR-97Q mice; however, astrogliosis was
attenuated by PG treatment (Fig. 31, J). PPARy immunohisto-
chemistry in the spinal cord and skeletal muscle revealed that
the signal intensity of PPARYy in the motor neurons and skeletal
muscles was down-regulated in untreated AR-97Q mice and
up-regulated by PG treatment (Supplementary Material,
Fig. SI0A-D). To evaluate the side effects of PG, blood was
collected from the mice at 13 weeks to measure CK, aspartate ami-
notransferase, alanine aminotransferase and LDH serum levels.
No abnormal values were observed in PG-treated AR-97Q
mice, indicating that the oral administration of 0.02% PG did
not induce systemic adverse effects (Supplementary Material,
Fig. S11A-D). Fasting blood glucose levels were not significantly
different among wild-type, untreated AR-97Q and PG-treated
AR-97Q mice (Supplementary Material, Fig. S11E).

Pioglitazone suppresses oxidative stress in SBMA mice

Rosiglitazone, another PPAR<y agonist, has been reported to
prevent mitochondrial dysfunction and oxidative stress in
mutant huntingtin-expressing cells (24). We therefore

investigated the effects of PG on oxidative stress to understand
the molecular basis of neuronal and muscular protection con-
ferred by PG. We measured the mitochondrial activity of
NSC34 cells and C2C12 cells that were transfected with
tAR-24Q or tAR-97Q and treated with or without PG (Fig. 4A,
B). The mitochondrial activity of tAR-97Q cells was lower
than that of tAR-24Q cells and was improved by treatment
with 0.1 pm PG.

We next measured the activity of cytochrome ¢ oxidase (CCO—
a marker of mitochondrial function) in the skeletal muscles of
AR-97Q mice (Fig. 4C). Intotal, 1.5—3.0% of fibers were negative
for CCO in untreated AR-97Q mice; in contrast, almost no CCO-
negative fibers were found in wild-type or PG-treated AR-97Q
mice (P < 0.05 by ANOVA with Dunnett’s test for CCO-negative
fibers in untreated AR-97Q mice compared with wild-type or
PG-treated AR-97Q mice). To examine the expression levels of
proteins related to oxidative stress, we performed immunohisto-
chemistry using antibodies against nitrotyrosine and 8-hydroxy-
2/-deoxyguanosine (8-OHdG) in the spinal cords and skeletal
muscles of 13-week-old mice (Fig. 4D—G). The immunoreactivity
to nitrotyrosine (a marker of oxidated protein) in the motor neurons
and skeletal muscles was higher in untreated AR-97Q mice than
that in wild-type mice; however, the intensity was lowered after
PG treatment (Fig. 4D, E). Similar effects were also observed for
8-OHdG, a marker of oxidative stress in nucleic acids (Fig. 4F,
G). Specifically, PG limited the levels of nuclear 8-OHdG, particu-
larly in motor neurons (Fig. 4F, G). We next examined the daily
urinary 8-OHdG excretion of 13-week-old mice (Fig. 4H) and
found that 8-OHdG excretion was higher in untreated AR-97Q
mice than that in wild-type mice and was lowered by PG treatment.
In a similar manner, the urinary 8-OHdG levels of SBMA patients
were reported to be significantly higher than those of control
patients and strongly correlated with motor function scores (25).
Furthermore, immunoblot analyses using anti-4-hydroxy-2-
nonenal (HNE) antibodies in the spinal cords and skeletal
muscles of 13-week-old mice revealed that the expression levels
of HNE, a marker of lipid peroxidation chain reactions, in the
spinal cord and skeletal muscle of untreated AR-97Q mice were
up-regulated and suppressed by PG treatment (Fig. 4I-K). These
results suggest that PG alleviates the oxidative stress that appears
to underlie the pathogenesis of SBMA.

Pioglitazone suppresses the activation of nuclear factor-«B
(NFkB) pathway in SBMA mice

Nuclear factor-kB is a nuclear transcription factor that regulates
the expression of a large number of genes that are critical for the
regulation of apoptosis, viral replication, tumorigenesis, inflam-
mation and various autoimmune disorders. Previous studies
have demonstrated that PG exerts anti-inflammatory effects
via the attenuation of NFkB activation in the central nervous
system (26,27). The augmented expression of NFkBp50 and
NFkBp65 in NSC34 cells and C2C12 cells decreased cellular
viability and mitochondrial activity and increased cellular
damage (Supplementary Material, Fig. SI2A—D). The nuclei
of spinal motor neurons and skeletal muscles in autopsied speci-
mens of SBMA patients showed increased levels of immunor-
eactivity to NFkB relative to control patients (Supplementary
Material, Fig. S13A, B). To evaluate the activity of the NFkB
pathway in cellular and mouse models of SBMA, we performed
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Figure 3. Effect of PG on the histopathology of SBMA mice. (A—D) Immunohistochemistry with quantitative analyses for 1C2 (an anti-polyglutamine antibody) in
13-week-old mice. (E, F) Anti-ChAT immunostaining of 13-week-old mice. (G, H) Hematoxylin and eosin staining of the skeletal muscles (G) and quantitation of
muscle fiber size (H) in 13-week-old mice. (I, J) Imnmunohistochemistry with quantitative analysis for GFAP (a marker of reactive astrogliosis) in 13-week-old mice.
Quantitative analyses were performed with n = 3 per group. Error bars indicate s.e.m. Statistical analyses were performed using the unpaired ¢-test (B, D). *P < 0.01
by ANOVA with Dunnett’s test (F, H, J). N.S., not significant. Scale bars: 25 um (A, C, E, G, I).

immunoblotting for nuclear NFkBp6S5, cytoplasmic inhibitory
protein-k-Ba (IkBa) and phosphorylated IkBa (pIkBa) in
NSC34 and C2C12 cells that were transfected with tAR-24Q or
tAR-97Q and treated with or without PG. The expression levels
of nuclear NFkBp65 and cytoplasmic plkBa were up-regulated
in untreated tAR-97Q cells compared with tAR-24Q cells but
were down-regulated by PG treatment (Fig. 5A—H). The expres-
sion level of cytoplasmic IkBa was not significantly different
among tAR-24Q, untreated tAR-97Q and PG-treated tAR-97Q
cells. Anti-NFkBp65 and plkBa immunohistochemistry also

showed that the immunoreactivities of the spinal motor neurons
and skeletal muscles were higher in untreated AR-97Q mice
than those in wild-type mice and lower in the PG-treated
AR-97Q mice (Fig. 6A—D). The alteration of NFkB signaling
shown in cellular models was also observed in immunoblot
analyses of spinal cords and skeletal muscles in 13-week-old
wild-type untreated AR-97Q and PG-treated AR-97Q mice
(Fig. 6E—L). These findings suggest that PG inhibits the activity
of the NFkB pathway in both the spinal cord and skeletal
muscle of AR-97Q mice.
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Figure 4. Effect of PG on oxidative stress in cellular and mouse models of SBMA. (A, B) Mitochondrial activity of the NSC34 (A) and C2C12 cells (B) transfected with
tAR-24Q or tAR-97Q and treated with or without PG. (C) CCO (cytochrome ¢ oxidase) staining of the skeletal muscles. Asterisks indicate CCO-negative muscle
fibers. (D—G) Immunohistochemistry for nitrotyrosine and 8-OHdG in 13-week mice. (H) Quantitative analysis of the 24-h urinary 8-OHdG excretion of
13-week-old mice (7 = 3 per group). Data are shown as ratio to urinary creatinine. (I) Immunoblots for 4-hydroxy-2-nonenal (HNE) in the spinal cords and skeletal
muscles of 13-week-old mice. (J, K) Quantitative analysis of HNE in the spinal cords (J) and skeletal muscles (K) (7 = 3 per group) using densitometry. Error bars
indicate s.e.m. *P < 0.05 and **P < 0.01 by ANOVA with Dunnett’s test (A, B, H, J, K). Scale bars: 25 pm (D-G).

Effects of PG on microglia activation states that suppress inflammation and promote phago-

cytosis and tissue repair (28,29). In contrast, microgliain ‘M1’ or
PPARs also act as master regulators governing the polarization  “classical’ activation states promote the formation of the ex-
of macrophages and microglia into ‘M2’ or ‘alternative’ tremely toxic compound peroxynitrite, which causes damage
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