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Huntington’s disease (HD) is a neurodegenerative disease caused by the expansion of a CAG trinucleotide
repeat in exon 1 of the huntingtin (HTT) gene. Here, we report that the transcript of the peroxisome prolifera-
tor-activated receptor-g (PPARg), a transcription factor that is critical for energy homeostasis, was markedly
downregulated in multiple tissues of a mouse model (R6/2) of HD and in lymphocytes of HD patients.
Therefore, downregulation of PPARg seems to be a pathomechanism of HD. Chronic treatment of R6/2
mice with an agonist of PPARg (thiazolidinedione, TZD) rescued progressive weight loss, motor deterio-
ration, formation of mutant Htt aggregates, jeopardized global ubiquitination profiles, reduced expression
of two neuroprotective proteins (brain-derived neurotrophic factor and Bcl-2) and shortened life span exhib-
ited by these mice. By reducing HTT aggregates and, thus, ameliorating the recruitment of PPARg into HTT
aggregates, chronic TZD treatment also elevated the availability of the PPARg protein and subsequently nor-
malized the expression of two of its downstream genes (the glucose transporter type 4 and PPARg coactiva-
tor-1 alpha genes). The protective effects described above appear to have been exerted, at least partially, via
direct activation of PPARg in the brain, as TZD was detected in the brains of mice treated with TZD and
because a PPARg agonist (rosiglitazone) protected striatal cells from mHTT-evoked energy deficiency and
toxicity. We demonstrated that the systematic downregulation of PPARg seems to play a critical role in the
dysregulation of energy homeostasis observed in HD, and that PPARg is a potential therapeutic target for
this disease.

INTRODUCTION

Huntington’s disease (HD) is an autosomal-dominant neurode-
generative disease characterized by chorea, dementia and psy-
chiatric symptoms. The causative mutation is the expansion of
a CAG trinucleotide repeat in exon 1 of the huntingtin (HTT)
gene (1). The major characteristic of HD is the region-specific
degeneration of neurons in the striatum and cortex, which

leads to a movement disorder and dementia (2). The hallmark
of HD is the formation of HTT aggregates in the nucleus of
affected neurons of human patients and HD mice because of
insufficient protein degradation (3,4). Accumulation of HTT
aggregates jeopardizes the functions of many proteins,
including components of protein-folding and proteolytic
machineries, by recruiting these proteins into HTT
aggregates, and thus reducing their normal availability (5,6).
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Aberrant transcriptional regulation is one of the major patho-
genic mechanisms underlying the toxicity induced by mutant
HTT (mHTT), as cleaved mHTT binds to various transcription
factors and/or coactivators (such as p53, Sp1, TAFII130, and
the CREB-binding protein) and interferes with their functions
(7–10).

Deficits in energy metabolism are also important clinical
presentations of HD. Abnormal metabolic profiles (such as
hyperglycemia, deficient urea-cycle activity and disturbed
cholesterol biosynthesis) were reported in several HD mouse
models and in HD patients (10–14). We showed previously
that the expression of mHTT suppresses the function of
C/EBPa (10), a transcription factor that is critical for energy
homeostasis (15). Among the downstream target genes of
C/EBPa, the peroxisome proliferator-activated receptor-g
(PPARg) attracted our attention because of its implication in
energy metabolism. Given the importance of PPARg, altera-
tion of its expression may contribute to the dysregulation of
the energy metabolism and low body weight observed in
HD. An earlier study showed that the expression of mHTT
suppresses the transcriptional activity of PPARg and results
in mitochondrial dysfunction in a striatal cell line (16).
Thus, we set out to evaluate the expression and activity of
PPARg systematically in a transgenic mouse model of HD
[R6/2 (17)] and in lymphocytes of HD patients. To assess
the functional importance of the altered expression of
PPARg in HD, we treated R6/2 mice with a well-characterized
agonist of PPARg (thiazolidinedione, TZD) and assessed its
potential beneficial effects on the progression of HD. The
results presented here show that the expression of PPARg
was attenuated in the brain and in two peripheral tissues (the
liver and adipocytes) of these animals via the use of at least
two different pathways. The level of PPARg was also
decreased in lymphocytes of HD patients, which suggests its
clinical relevance in HD. Treatment with TZD, which acti-
vates PPARg-mediated pathways, resulted in beneficial
effects on the energy deficiency exhibited by, and on several
major phenotypes of, R6/2 mice. Our study showed
clearly that PPARg deficiency in the entire body may be an
authentic contributor to HD pathogenesis and represents a
potential drug target that is worthy of further evaluation in
this disease.

RESULTS

To evaluate whether the expression and function of PPARg
are jeopardized in HD, we first assessed the level of the
PPARg transcript in several tissues known to be affected in
R6/2 mice. Using a quantitative polymerase chain reaction
(qPCR) method, we demonstrated that the levels of the
PPARg transcript in the striatum, the liver, subcutaneous
white adipocytes (WATs), and abdominal WATs of R6/2
mice were significantly lower than those observed in wild-type
(WT) mice (Fig. 1A–D).To determine whether lower PPARg
expression also occurs in human HD patients, we performed a
pilot study to assess the levels of the PPARg transcript in lym-
phocytes of 17 HD patients and 18 age-matched healthy vol-
unteers (Table 1). In accordance with the findings from R6/2
mice, the level of the PPARg transcript in lymphocytes of

HD patients was lower than that detected in age-matched con-
trols (Fig. 1E). Next, we investigated whether the function of
PPARg was also affected by mHTT using a PPRE-Luc repor-
ter gene, which contains a PPAR response element [PPRE
(18)]. Binding of PPARg to the PPRE element leads to the
expression of the LUC reporter protein. Compared with
what was observed in cells transfected with a control construct
(Q25-HTT), expression of polyQ-expanded mHTT (Q158-HTT)
in a striatal cell line (ST14A) inhibited the expression of the
LUC reporter markedly, which indicates that mHTT inhibited
the function of PPARg (Fig. 1F). Activation of PPARg using
an agonist (rosiglitazone, Rosi) increased the expression of the
LUC reporter, which was repressed by mHTT. This rescue
effect of Rosi was blocked effectively by an antagonist of
PPARg (GW9662), demonstrating that the action of Rosi
was mediated by PPARg (Fig. 1F). Together, these data
suggest that inhibition of PPARg by mHTT occurs in the
central nervous system (CNS) and in several peripheral
tissues, and that it is an important pathogenic feature of HD.

To rescue the downregulation of PPARg in HD, we treated
R6/2 mice with a well-characterized PPARg agonist (TZD) to
activate its function, and evaluated disease progression. Start-
ing at 4 weeks of age, R6/2 mice were fed a diet supplemented
with four different TZD dosages (0.001, 0.05, 0.01 and 0.02%)
for 8 weeks. Data analyses of body weight and rotarod per-
formance indicated that the 0.01% TZD dietary supplement
was most effective (Supplementary Material, Fig. S1). There-
fore, we chose to treat R6/2 mice with a dietary supplement of
0.01% TZD in all further analyses. Because PPARg regulates
its own expression at the transcriptional level (19), R6/2 mice
that were fed a TZD-supplemented diet exhibited elevated
levels of the PPARg transcript in all tissues tested
(Fig. 1A–D). In addition, R6/2 mice that were fed a
TZD-supplemented diet had a higher body weight compared
with animals that were fed the control diet (Fig. 2A). With
the exception of the first 2 weeks of this diet, during which
TZD increased the food intake by �20%, chronic TZD treat-
ment did not affect the daily food intake (data not shown).
Thus, the increase in body weight after TZD treatment is
likely to have resulted from an ameliorated energy homeosta-
sis and not from a change in appetite. In addition to the
increase in body weight, chronic TZD administration also
markedly rescued the dysregulated energy storage in the
brown adipose tissue mass and alterations in the lipogenesis
of WATs, which confirmed the efficacy of TZD administration
(Table 2).

Studies from various laboratories, including our own,
demonstrated that a subpopulation of HD patients and
several HD mouse models exhibit hyperglycemia and insulin
resistance (12,20–22). Importantly, amelioration of hypergly-
cemia is associated with improvement of the neurological def-
icits of HD (21). As TZD is a well-known insulin sensitizer
(23), we performed experiments aimed at examining whether
chronic TZD supplementation normalized the blood glucose
levels of R6/2 mice. Consistent with earlier reports (24,25),
an increase of �1-fold in the levels of blood glucose was
found in R6/2 mice at the age of 8 weeks compared with
WT mice. Chronic treatment with TZD greatly reduced the
elevated level of blood glucose in R6/2 mice, without
affecting the plasma level of insulin (Fig. 2B, Table 3),
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which demonstrated the effect of TZD on glucose regulation.
We did not detect a significant effect of TZD on the
steady-state levels of two plasma lipid parameters (triglycer-
ides and free fatty acids) in R6/2 mice (Table 3). Most impor-
tantly, R6/2 mice that were fed the TZD diet exhibited a
significant improvement of motor coordination, as assessed
by rotarod performance (Fig. 2C). In addition, R6/2 mice
that were fed TZD diet showed reduced hind-limb clasping,

which is a sign of motor impairment in HD mice (26), com-
pared with animals that were fed the control diet (Fig. 2D).
Motor functions were also assessed using a CatWalk gait auto-
matic analyzer (Fig. 2E). Compared with WT mice, R6/2 mice
at the age of 12 weeks showed gait disturbances that mani-
fested as a shorter stride. Chronic TZD supplementation nor-
malized the shortened stride length of R6/2 mice (Fig. 2E).
Moreover, the life span of R6/2 mice treated with 0.01%

Figure 1. Chronic TZD elevated the reduced PPARg expression in multiple tissues expressing mHtt, and enhanced the transcriptional function of PPARg. Mice
were fed the control or 0.01% TZD-supplemented diet from the age of 4 weeks. For the indicated mice, striatal (A; 12 weeks old), liver (B; 12 weeks old),
subcutaneous white adipose tissue (WAT) (C; 10.5 weeks old) and abdominal WAT (D; 10.5 weeks old) were collected to determine the transcript levels of
PPARg using a quantitative RT–PCR technique. Expression levels of PPARg were normalized to that of GAPDH or HPRT. Data are presented as the
mean+SEM from three independent experiments. aSpecific comparison to HD mice fed the control diet (P , 0.05; one-way ANOVA). (E) Leukocyte
samples were collected from 18 control subjects (CON) and 17 HD patients (HD) to measure PPARg expression by a quantitative RT–PCR technique. The
expression levels of PPARg were normalized to that of GAPDH. aThe specific comparison with control subjects (CON) (P , 0.05; one-way ANOVA). (F)
The indicated Htt construct was cotransfected with a PPAR response element (PPRE) promoter construct into ST14A cells for 24 h, and then treated with
the indicated reagents (10 mM Rosi or 20 mM GW9662) for another 48 h. The luciferase activity of each construct was measured and normalized to the
protein content. Values are expressed as percentages of the promoter activity of the PPRE construct in the presence of pcDNA3-(Htt-(Q)25) under control con-
ditions (no treatment) and represent the mean+SEM of at least three determinations. aSpecific comparison between the indicated group and that transfected with
pcDNA3.1-(Q)158-Htt with no treatment (P , 0.05; one-way ANOVA).
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TZD was longer compared with animals that were fed the
control diet (Fig. 2F).

Next, we dissected the molecular mechanisms underlying the
beneficial effects of TZD in R6/2 mice. First, we assessed the
actions of chronic TZD administration in adipocytes of R6/2
mice, as TZD effectively ameliorated lipogenesis in these
mice (Table 2). The mechanism underlying this phenomenon
is of great interest because reduced PPARg activity in
adipose tissues causes progressive loss of fat (27), which is
very similar to the adipose tissue dysfunction found in HD
(28–30). As predicted, the expression of two downstream
target genes of PPARg [the PPAR coactivator-1a (PGC-1a)
(31) and glucose transporter 4 (Glut4) (32) genes] was signifi-
cantly altered in the subcutaneous and abdominal WATs of
R6/2 mice. Chronic treatment with TZD normalized these
changes (Fig. 3A–D). PPARg and PGC-1a are involved in
the control of energy homeostasis and glucose metabolism
(33,34). In addition, the level of expression of GLUT4 in adipo-
cytes is implicated in the control of plasma glucose concen-
trations (35). Therefore, the TZD-mediated upregulation of
PPARg, PGC1-a and GLUT4 in adipocytes of R6/2 mice
may contribute greatly to the improved lipogenesis and blood
glucose homeostasis observed in these animals (Table 2,
Fig. 2B). The observation that TZD treatment also reduced
HTT aggregates, as assessed using a filter-retardation assay,
in both subcutaneous and abdominal WATs was a somewhat
surprising finding (Fig. 3E and F). Most importantly, PPARg
was recruited into HTT aggregates in adipocytes of R6/2
mice, which lowered the availability of PPARg further. By
reducing HTT aggregation, TZD treatment partially prevented
the trapping of PPARg in HTT aggregates, and thus led to
the elevation of the levels of functional PPARg in adipocytes.

To determine whether chronic TZD treatment affected the
pathogenesis of HD in the brain, we investigated whether
TZD reached the brain using liquid chromatography/tandem
mass spectrometry (LC/MS/MS). As shown in Figure 4 and
Table 4, TZD was detected in brain lysates harvested from
R6/2 mice that were fed the TZD-supplemented diet, but not
in animals that were fed the control diet. The TZD adminis-
tration protocol employed in the present study allowed entry
of the drug into the brain, where it exerted its beneficial
effects. Similar to what was observed in adipocytes (Fig. 3),

the level of the transcript of the downstream target gene of
PPARg, PGC-1a, was lower in the striatum of R6/2 mice
compared with the striatum of WT mice (Fig. 5A). Chronic
TZD treatment, which rescued the downregulation of
PPARg (Fig. 1A), also enhanced the striatal levels of the
PGC-1a transcript significantly (Fig. 5A). This regulation of
PGC1-a by mHTT was mediated by the suppression of
PPARg, as the expression of polyQ-expanded HTT in a striatal
cell line also reduced the levels of the PGC-1a transcript; this
effect was reversed by an agonist (Rosi) of PPARg, in a
GW9662-sensitive manner (Fig. 5B).

Stimulation of PPARg promotes mitochondrial biogenesis
and the remodeling of several peripheral tissues, via the induc-
tion of PGC-1a (33,36,37). Therefore, we evaluated whether
mHTT compromised mitochondrial biogenesis via a PPARg-
dependent pathway in striatal cells expressing mHTT. The
mitochondrial activity of ST14A cells was assessed using
MitoGreen, which was used to determine mitochondrial
mass (16,38). As shown in Figure 5C, the mitochondrial
mass in Q158-HTT-expressing cells was markedly lower than
that observed in Q25-HTT-expressing cells (Fig. 5C and D,
and Supplementary Material, Fig. S2). Treatment with a
PPARg agonist (Rosi) enhanced the mitochondrial mass
significantly, which was blocked by an antagonist of
PPARg (GW9662). This suggests that Rosi regulates the
mitochondrial mass via a PPARg-dependent pathway
(Fig. 5C and D). The lower levels of PPARg observed in stria-
tal cells expressing mHTT may have resulted in insufficient
expression of PGC1-a and subsequent poorer mitochondrial
biogenesis. Consistent with the beneficial effects of TZD on
mitochondrial biogenesis (31,39), our results suggest that the
activation of PPARg using agonists (TZD or Rosi) may
rescue the lower density of mitochondria observed in HD
via a PPARg-dependent pathway.

Similar to what was observed in adipocytes (Fig. 3), we
found that chronic TZD treatment reduced the number of
HTT aggregates in the striatum of R6/2 mice (Fig. 6A and
B). In addition, striatal PPARg was also recruited into
mHTT aggregates (Fig. 6C). TZD treatment may have
enhanced the availability of functional PPARg in the striatum,
as assessed using western blot analysis (Fig. 6D), by reducing
aggregate formation and, thus, preventing the sequestration of
PPARg in HTT aggregates.

Next, we investigated the potential mechanism through
which TZD reduced the number of mHTT aggregates. For
this, we assessed the involvement of the ubiquitin–proteasome
system (UPS), as it mediates the degradation of misfolded pro-
teins in an ATP-dependent manner and is markedly suppressed
in HD (11,40–42). In addition, damaged mitochondria lead to
inferior UPS activity, thus exacerbating aggregate formation
in neurodegenerative diseases (40,43). We hypothesized that
the deficiency in PGC1-a and the poor mitochondrial biogen-
esis observed in the presence of mHTT (Fig. 5) may have
attributed to lower UPS activity. Using an anti-ubiquitin anti-
body and western blotting, we detected a marked increase in
the amount of high-molecular-weight ubiquitin protein conju-
gates in the striatum of R6/2 mice (Fig. 7A), which suggests a
defect in the UPS. Consistent with the hypothesis that
improved energy homeostasis elevates UPS activity, chronic
TZD treatment normalized the global ubiquitination profile,

Table 1. Clinical characteristics of the Huntington’s disease patients and
healthy volunteers

Parameters Controls (n ¼ 18) HD patients (n ¼ 17)

Gender (male/female) 11/7 11/6
Age (years) 51.00+2.94 50.41+3.12
Age at symptom onset (years) 43.07+2.98
Disease duration (years) 5.00+1.13
Expanded CAG repeat No. 44.18+1.49
UHDRS

Motor score 26.35+5.40
Independence scale 79.41+5.39
Total functional capacity 10.00+0.85

Values are expressed as the mean+SEM. UHDRS denotes the Unified
Huntington’s Disease Rating Scale. Scale ranges (normal to most severe)
include a total motor score (0 � 124), independence score (100 � 10), and total
functional capacity (13 � 0).
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at both the mid- and late-symptomatic stages of R6/2 mice
(10.5 and 12 weeks of age, respectively). A more efficient
UPS may degrade more mHTT and lead to a decrease in the
formation of HTT aggregates. Filter-retardation assays
revealed that the amount of HTT aggregates was lower in
the striatum of R6/2 mice that were fed the TZD diet com-
pared with animals that were fed the control diet (Fig. 6A).
Mice that were fed the TZD diet also exhibited a reduced
number of striatal cells containing HTT aggregates
(Fig. 6B), which supports the notion that TZD treatment
reduces the formation of HTT aggregates in the striatum of
R6/2 mice. To validate this hypothesis, we expressed

Q158-HTT or Q25-HTT in a striatal cell line and assessed
UPS activity. As shown in Figure 7B, expression of
Q158-HTT decreased chymotrypsin-like activities, which was
reversed by Rosi treatment. The effect of Rosi was blocked
by GW9662, further demonstrating the involvement of
PPARg in the regulation of UPS activity.

To evaluate whether activation of PPARg in the brain of
R6/2 mice exerted a neuroprotective effect, we evaluated the
expression levels of an important survival factor (Bcl-2) that
is implicated in HD (44,45). This is of particular interest
because Bcl-2 is a downstream target of PPARg (46). We
found that the level of the Bcl-2 protein was markedly

Figure 2. Chronic treatment with TZD produced beneficial effects in R6/2 mice. Mice were fed the control or 0.01% TZD-supplemented diet from the age of 4
weeks. Body weight (A), blood glucose (B), rotarod performance (C), clasping phenotype (D), gait status of mice at the age of 12 weeks (E) and survival (F)
were assessed. Data are presented as the mean+SEM. (A–E) aSpecific comparison to HD mice fed control diet (P , 0.05; one-way ANOVA). (F) Specific
comparison to HD mice fed the control diet (P ¼ 0.0166; log-rank test).
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decreased in the striatum of R6/2 mice compared with the stria-
tum of WT animals (Fig. 8A). Consistent with its beneficial
effects, TZD upregulated the striatal Bcl-2 protein significantly
(Fig. 8A). In addition, expression of Q158-HTT in ST14A cells
led to the downregulation of the Bcl-2 protein compared with
cells expressing the control Q25-HTT protein (Fig. 8B).
Similar to what was observed in R6/2 mice, Rosi-mediated acti-
vation of PPARg in ST14 cells upregulated the Bcl-2 protein,
which was blocked by an antagonist (GW9662) of PPARg.

To assess the neuroprotective effect of PPARg activation in
HD, we examined the effect of TZD on the levels of
expression of the brain-derived neurotrophic factor (BDNF)
in R6/2 mice. BDNF is critical for the survival of striatal
neurons and is greatly suppressed during HD progression
(21,47). qPCR analyses revealed that the levels of the BDNF
transcript in the cortex and striatum of R6/2 mice were mark-
edly reduced compared with those observed in WT mice
(Fig. 9). Chronic TZD treatment enhanced the expression of
BDNF transcripts in both the cortex and striatum of R6/2
mice, which suggests a general beneficial effect of TZD in
the brain.

DISCUSSION

PPARg is a ligand-activated nuclear receptor that has been
implicated in diabetes and several major CNS diseases (48–
51). In the present study, we determined the role of PPARg
in HD brain and peripheral tissues. Our findings led to the con-
clusion that deficient expression of PPARg is an authentic
manifestation that occurs in mice and patients with HD. We
also analyzed the beneficial role of PPARg agonists in the
pathogenesis of HD. We found that the reduction of the
levels of the PPARg transcript (Fig. 1) and the recruitment
of the PPARg protein into mHTT aggregates (Fig. 6C) led
to marked suppression of the activity of PPARg by mHTT
in multiple HD tissues, which may contribute to the energy
deficiency observed in this devastating disease (Fig. 10). The
poor PPARg activity observed in HD led to the inevitable
downregulation of many important downstream genes of
PPARg (e.g. PGC-1a, Glut4 and Bcl2) in multiple tissues.
For example, reduced PGC-1a expression was found in the
striatum and adipocytes of HD (Figs 3 and 5), which may
result in a decrease in the mitochondrial mass and in the pro-
duction of ATP, thus subsequently altering a wide variety of
ATP-dependent mechanisms, including the UPS (Fig. 7).
Weakened UPS activity is expected to exacerbate aggregate
formation and to worsen HD progression. In addition,
lowered expression of GLUT4 (Fig. 3) in adipocytes is
likely to be associated with the development of hyperglycemia
(Fig. 2B) observed in HD (32). Downregulation of the neuro-
protective gene Bcl2, as found in HD striatal cells (Fig. 8),
may contribute to the neuronal dysfunction observed in HD
brains (20). It is noteworthy that the levels of PPARg in lym-
phocytes of HD patients were also lower than the levels
detected in healthy volunteers (Fig. 1E), which suggests that
downregulation of PPARg may be a pathomechanism of
HD. The clinical consequences of these findings are currently

Table 3. Metabolic parameters of R6/2 mice chronically fed a TZD diet

Age (weeks) 10.5 weeks 12 weeks
Genotype WT HD WT HD
Diet Control Control TZD Control Control TZD

Insulin (mg/l) 1.82+0.38a 0.78+0.12 0.56+0.03 1.79+0.52a 0.55+0.03 0.51+0.02
Triglycerides (mg/dl) 35.20+2.26 28.86+2.60 23.71+2.81 34.42+3.73 28.52+1.86 22.03+2.48
FFA (mmol/l) 2.26+0.16 2.16+0.08 1.68+0.30 2.11+0.17 1.62+0.22 1.48+0.26

Mice (n ¼ 4 � 6) were fed the control or TZD (0.01%)-supplemented diet from the age of 4 weeks. Values are expressed as the mean+SEM.
FFA, free fatty acid.
aSpecific comparison between animals fed the control diet (P , 0.05; one-way ANOVA).

Table 4. Concentrations of TZD in the cortex of wild-type (WT) and R6/2
mice

Mice Treatment Rosiglitazone (ng/g)

WT CON n.d
R6/2 CON n.d
R6/2 TZD 0.64+0.14

Mice (n ¼ 6) were fed the control or TZD (0.01%)-supplemented diet from the
age of 4 weeks. Cortex lysates collected from 12-week-old animals were
subjected to analyses. Values are expressed as the mean+SEM.
CON, control diet; n.d., not detectable at the detection threshold of 1 pg/g brain
lysate.

Table 2. Alterations in lipogenesis by chronic TZD treatment

Age (weeks) 10.5 weeks 12 weeks
Genotype WT HD WT HD
Diet Control Control TZD Control Control TZD

S/A fat ratio 55.3+3.9 46.7+5.7 68.1+5.4a 39.5+3.8 34.8+5.8 88.2+7.3a

BAT/A fat ratio 12.5+1.2a 6.9+0.9 16.8+3.0a 9.6+1.1a 5.9+0.8 12.6+2.7a

Animals (n ¼ 4 � 20) were fed the control or TZD (0.01%)-supplemented diet from the age of 4 weeks. Values are expressed as the mean+SEM.
S, subcutaneous white adipose tissue; A, abdominal white adipose tissue; BAT, brown adipose tissue.
aSpecific comparison to HD mice fed the control diet (P , 0.05; one-way ANOVA).
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unknown. Our study demonstrated that mHTT-mediated
deficiency in PPARg expression occurred in multiple organs
and may contribute to the systematic dysregulation of
energy homeostasis observed in HD.

Most importantly, activation of residual PPARg using a
well-characterized agonist (TZD) produced beneficial effects
in both the CNS and peripheral HD tissues (Figs 2, 3 and
7–9), which suggests that, although PPARg was downregu-
lated in HD tissues, PPARg represents a worthwhile drug
target for this disease. Our findings are consistent with a
recent study demonstrating that activation of PPARg by Rosi

rescued the mitochondrial dysfunction caused by mHTT in a
mouse striatal cell line (16). In the present study, we extended
the demonstration of this rescue effect of PPARg to the brain
of HD mice. Chronic treatment with TZD significantly
improved the reduced levels of two neuroprotective factors
(Bcl-2 and BDNF) in the striatum of R6/2 mice and in
mHTT-expressing ST14A cells (Figs 8 and 9). Together
with the observation that TZD was detected in the brain of
R6/2 mice that were fed a TZD-supplemented diet (Fig. 4C),
our findings suggest that TZD exerts an important neuropro-
tective effect against the toxicity caused by mHTT in vivo.

Figure 3. Chronic TZD treatment ameliorated recruitment of PPARg into Htt aggregates, enhanced the reduced PGC-1a expression and elevated the reduced
expression of Glut4 in WAT of R6/2 mice. Mice were fed the control or 0.01% TZD-supplemented diet from the age of 4 weeks. In the indicated 10.5-week-old
mice, subcutaneous WAT (A) and abdominal WAT (B) were collected to determine the transcript level of PGC-1a using a quantitative RT–PCR technique.
Expression levels of PGC-1a were normalized to that of HPRT. Subcutaneous WAT (C) and abdominal WAT (D) lysates (25 mg) were collected from the indi-
cated 10.5-week-old mice, and subjected to a western blot analysis. Levels of the indicated protein were normalized with the corresponding internal control
(actin), compared with those in wild-type mice, and then shown at the bottom of the corresponding lane. For the filter-retardation assays, subcutaneous
WAT (E) and abdominal WAT (F) lysates (100 mg per slot) collected from the indicated 10.5-week-old mice were analyzed. The insoluble aggregates retained
on the filters were detected using an anti-Htt or anti-PPARg antibody. The level of actin in the WAT lysate was assessed using a western blot analysis and was
used as the internal control. A representative image of three independent experiments is shown. Data are presented as the mean+SEM from three independent
experiments. aSpecific comparison to HD mice fed the control diet (P , 0.05; one-way ANOVA).
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The neuroprotective effect of PPARg may be mediated by
Bcl-2, which is a downstream target of PPARg (46). A
similar upregulation of Bcl-2 after PPARg activation was
reported in Neuro-2a and PC12 cells, in which PPARg acti-
vation exerts a protective action against oxygen/glucose depri-
vation and amyloid b-mediated apoptosis, respectively
(52,53).

Consistent with the protective effect of TZD in the brain,
reduced UPS activity in the striatum of R6/2 mice was also
enhanced by TZD (Fig. 7), which may contribute to the lower
amount of neuronal intranuclear inclusions (Fig. 6) observed
in the striatum of TZD-treated R6/2 mice compared with
animals on the control diet (Fig. 6). Surprisingly, chronic
TZD treatment did not produce a significant improvement in
the brain atrophy of R6/2 mice. One major characteristic of
HD mice is enlargement of ventricles accompanied by a pro-
gressive reduction in the brain weight (54). TZD did not ame-
liorate the increased ventricle-to-brain ratio of R6/2 mice, as
assessed by in vivo 3D MRI imaging, or the reduced brain
weight of R6/2 mice (Supplementary Material, Fig. S3). In
addition, TZD did not enlarge the reduced size of neurons in
the striatum of R6/2 mice, as assessed by Nissl staining (Sup-
plementary Material, Fig. S4). Although chronic treatment
with TZD normalized several prominent deficiencies in the
brain of R6/2 mice and, thus, ameliorated the functions that
were jeopardized by mHTT, these events may be insufficient
to prevent neuronal atrophy effectively. It is important to note
that food intake in HD mice is greatly reduced during disease
progression. Thus, the amount of TZD intake via dietary
supplement employed in the present study was gradually
reduced in HD mice during disease progression, which may

hinder the therapeutic effect of TZD. This may also contribute
to the fact that the increase in survival time after chronic admin-
istration of the TZD dietary supplement was modest (Fig. 2F).
Whether a more controlled administration of TZD (e.g. via
osmotic minipumps), in conjunction with an additional means
to enhance the PPARg-mediated pathway (e.g. intrastriatal
delivery of the PPARg gene), would lead to more significant
beneficial effects on striatal atrophy and life span warrants
further investigation. Regardless of its apparent ineffectiveness
in reducing brain atrophy, chronic TZD treatment clearly
improved the motor dysfunction of R6/2 mice, as assessed
using three different behavioral tests (rotarod performance,
hind-limb clasping phenotype and gait analysis; Fig. 2C–E).
This is not the first report on the failure of a beneficial agent
for HD in preventing neuronal atrophy in HD mice (55,56).
For example, an inhibitor of the Rho-associated kinase
(Y-27632), which markedly improves rotarod performance
and reduces the level of soluble mHTT protein in the brain of
R6/2 mice, does not attenuate brain atrophy (55). A few other
studies also indicate that improvements in motor function of
HD mice are not always associated with prevention of striatal
degeneration (56,57). Therefore, it cannot be excluded comple-
tely that neuronal dysfunction, which causes motor dysregula-
tion, and neuronal atrophy are regulated by separate pathways
(56). The protective functions of TZD in the brain of HD
mice, regarding disease stage and neuronal activity/circuitry,
are of great interest and require further investigation.

It is important to observe that chronic TZD treatment
improved the body weight loss observed in the HD mice
(Fig. 2A), because weight loss has long been recognized as
an important symptom of HD patients (28,58). A higher

Figure 4. Liquid chromatographic tandem mass spectrometric chromatograms of cortical tissues of mice fed TZD. Mice were fed the control or 0.01%
TZD-supplemented diet from the age of 4 weeks. Chromatograms of the cortical tissues harvested from the 12-week-old indicated mice were analyzed using
the selected reaction monitoring mode. Representative chromatograms are shown.
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body mass index is associated with a slower rate of disease
progression (59). Part of the weight loss observed in HD
may be associated with adipocyte dysfunction, as reported
earlier (29,30) and in the present study (Table 2, Fig. 3).

WAT is a major endocrine system that releases important
factors and signaling molecules (such as adipokines, lipid moi-
eties and fatty acids) to control body weight and energy
homeostasis (60). The levels of adipokine hormones are
altered in two different mouse models of HD (R6/2 mice
and CAG140 knock-in mice) (29,30). In addition, expression

Figure 5. Activation of PPARg enhanced the reduced PGC-1a and mitochon-
drial mass. Mice were fed the control or 0.01% thiazolidinedione
(TZD)-supplemented diet from the age of 4 weeks. (A) From the indicated
10.5- and 12-week-old mice, striatal tissues were collected to determine the
transcript level of PGC-1a using a quantitative RT–PCR technique. The
expression levels of PGC-1a were normalized to that of GAPDH. Data are
presented as the mean+SEM from three independent experiments. The
specific comparison with R6/2 mice fed the control diet is denoted ‘a’ (P ,

0.05; one-way ANOVA). (B) ST14A cells were transfected with
pcDNA3-(Htt-(Q)25) or pcDNA3-(Htt-(Q)158) for 24 h, and then treated with
the indicated reagents (10 mM Rosi or 20 mM GW9662) for another 48 h. At
the indicated conditions, cells were collected to determine the transcript
level of PGC-1a using a quantitative RT–PCR technique. Expression levels
of PGC-1a were normalized to that of GAPDH. Data are presented as the
mean+SEM from three independent experiments. aSpecific comparison
between the indicated group and that transfected with pcDNA3.1-(Q)158-Htt
with no treatment (P , 0.05; one-way ANOVA). (C) Cells were cotransfected
with pcDNA3-(Htt-(Q)25/158) and dsRFP DNA at a molar ratio of 4: 1 for 24 h,
and then treated with the desired reagent(s) for another 48 h. Cells were col-
lected to determine the mitochondrial mass using confocal microscopy.
Expression of dsRFP is shown in red and the mitochondrial mass is shown
in green. Scale bars, 50 mm. (D) Expression levels of the mitochondrial
mass were normalized to that of dsRFP. Data are presented as the mean+
SEM from three independent experiments. aSpecific comparison between the
indicated group and that transfected with pcDNA3.1-(Q)158-Htt with no treat-
ment (P , 0.05; one-way ANOVA).

Figure 6. TZD reduced mHtt aggregate and ameliorated the recruitment of
PPARg by mHtt aggregates. Mice were fed the control or 0.01%
TZD-supplemented diet from the age of 4 weeks. (A) Tissue lysates (50 mg)
collected from 12-week-old mice were subjected to a filter-retardation assay.
The insoluble Htt aggregates retained on the filter were detected using an
anti-Htt or anti-ubiquitin antibody. (B) Representative images of the striatum
of 12-week-old wild-type and R6/2 mice fed the indicated diet are shown. Htt
aggregates were visualized with an antibody against ubiquitin. The percen-
tages of striatal cells expressing NII were quantified (the right panel). aSpecific
comparison with R6/2 mice fed the control diet (P , 0.05; one-way ANOVA).
Scale bars, 20 mm. (C) Tissue lysates (50 mg) collected from the indicated
12-week-old mice were subjected to a filter-retardation assay. Insoluble Htt
aggregates retained on the filter were detected using an anti-PPARg antibody,
and normalized to actin. Data are presented as the mean+SEM from three
independent experiments. aSpecific comparison with HD mice fed the
control diet (P , 0.05; one-way ANOVA). (D) Nuclear extracts (100 mg) col-
lected from the striatum of the indicated 12-week-old mice were analyzed for
the expressions of PPARg, and normalized to a nuclear marker (lamin). Data
are presented as the mean+SEM from three independent experiments.
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of mHTT in 3T3-L1 adipocytes greatly reduces triglyceride
storage (30). Thus, the expression of mHTT in adipocytes is
believed to jeopardize the functions of adipokine hormones
and to contribute to the weight loss that is characteristic of
patients with HD. The action of mHTT in adipocytes may
be mediated partly by its ability to suppress the expression
and availability of PPARg (Figs 1C and D, 3E and F).
PPARg is a transcription factor that is crucial for lipogenesis,

adipocyte differentiation and body-fat distribution (34,51,61–
63). Studies performed in mice with reduced levels of PPARg
showed that PPARg is essential for the maintenance of the sur-
vival of mature adipocytes (64). Therefore, the low levels of
PPARg found in HD adipocytes (Fig. 1C and D) may cause
a dysregulation in lipogenesis and adipocyte functions. More-
over, the detection of lower levels of GLUT4 in HD adipo-
cytes compared with WT adipocytes (Fig. 3C and D) is of
great interest, as Glut4 is also a downstream target gene of
PPARg (32) and, when downregulated, is associated with
hyperglycemia (65,66). Consistent with the concept that the
impairment of PPARg affects the functions of adipocytes cri-
tically, chronic treatment of R6/2 mice with TZD improved
lipogenesis, elevated the reduced levels of GLUT4 and nor-
malized hyperglycemia (Table 2, Figs 2B and 3). Our findings
are consistent with an earlier study showing that Rosi
enhances the levels of several key metabolic factors in subcu-
taneous and abdominal WATs (19). Interestingly, TZD treat-
ment did not affect the reduced levels of insulin (Table 3).
This was not surprising, as TZD improves insulin resistance
without affecting its release (67). Our findings regarding adi-
pocyte dysfunction are very important because, as suggested
recently by Phan et al. (30), the treatment of dysregulated
adipose tissues may improve the quality of life of HD patients.
To the best of our knowledge, this is the first report

Figure 7. Activation of PPARg enhanced the activities of the ubiquitin protea-
some system compromised by mHtt. Mice were fed the control or 0.01% thia-
zolidinedione (TZD)-supplemented diet from the age of 4 weeks. (A) Striatal
lysates (25 mg) collected from 10.5- and 12-week-old mice were subjected to
Western blot analyses using an anti-ubiquitin antibody (upper panel) or an
anti-actin antibody (lower panel). Representative pictures of three independent
experiments are shown. (B) ST14A cells were transfected with
pcDNA3-(Htt-(Q)25) or pcDNA3-(Htt-(Q)158) for 24 h, and then treated with
the indicated reagents (10 mM Rosi or 20 mM GW9662) for another 48 h. At
the indicated conditions, cells were collected to determine the chymotrypsin-
like activity of proteasomes in the cellular lysates. Data are presented as the
mean+SEM from three independent experiments. aSpecific comparison
between the indicated group and that transfected with pcDNA3.1-(Q)158-Htt
with no treatment (P , 0.05; one-way ANOVA).

Figure 8. Activation of PPARg enhanced the reduced Bcl-2 expression in
striatal cells expressing mHtt. (A) Mice were fed the control or 0.01%
TZD-supplemented diet from the age of 4 weeks. Striatal lysates (25 mg) col-
lected from 10.5- and 12-week-old mice were subjected to Western blot ana-
lyses using an anti-Bcl-2 antibody (upper panel) or an anti-actin antibody
(lower panel). Representative pictures of three independent experiments are
shown. aSpecific comparison to HD mice fed the control diet (P , 0.05;
one-way ANOVA). (B) ST14A cells were transfected with
pcDNA3-(Htt-(Q)25) or pcDNA3-(Htt-(Q)158) for 24 h, and then treated with
the indicated reagents (10 mM Rosi or 20 mM GW9662) for another 48 h.
Lysates (50 mg) harvested at the indicated conditions were subjected to a
western blot analysis using an anti-Bcl-2 antibody (upper panel) or an anti-
actin antibody (lower panel). Representative images of three independent
experiments are shown. Data are presented as the mean+SEM from three
independent experiments. aSpecific comparison between the indicated group
and that transfected with pcDNA3.1-(Q)158-Htt with no treatment (P , 0.05;
one-way ANOVA).
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demonstrating that the deficient lipogenesis and weight loss
observed in HD can be improved by activation of PPARg.

Another critical downstream target of PPARg is PGC-1a,
which plays a critical role in mitochondrial biogenesis and
energy homeostasis (33,68,69) and acts as a modifier of the
age of onset of HD (70). Consistent with our observations that
PPARg was impaired in HD (Fig. 1), expression of PGC-1a
is downregulated in several tissues of patients and mice with
HD (namely, the brain, muscles and fatty tissues), as shown
in several previous reports (30,68,69,71) and in the present
study (Figs 3 and 5). This deficiency in PGC-1a is believed to
cause mitochondrial dysfunction in the brains of patients and
mice with HD (68). Genetic removal of PGC-1a enhances the
progression of HD, as assessed by the monitoring of motor
coordination and striatal neurodegeneration (68), which pin-
points the critical involvement of PGC-1a in HD. Our study
also demonstrated that activation of PPARg using its agonists

enhanced the expression of PGC-1a in HD adipocytes, striatum
and striatal cells (Figs 3 and 5). This upregulation of PGC-1a
led to a subsequent increase in mitochondrial mass (Fig. 5C
and D) and likely rescued a wide variety of machineries that suf-
fered from energy deficiency in HD. In particular, the impair-
ment of the energy-dependent UPS is critical, as it is
responsible for the degradation of misfolded mutant proteins,
which, if not cleaved efficiently, accumulate and form aberrant
aggregates (41,72). Deficient mitochondrial activity impairs
UPS activity in the brain of other degenerative diseases [Alzhei-
mer’s disease and Parkinson’s disease (73,74)]. In HD, wea-
kened UPS activity not only exacerbates aggregate formation
but also damages the critical proofreading of misfolded pro-
teins. By upregulating PGC-1a, chronic TZD treatment normal-
ized the activity of the UPS, which was damaged by mHTT
(Fig. 7), and delayed the progression of HD.

To date, there is no effective treatment for HD. None of the
pharmacological interventions tested in eight clinical trials
(1366 HD patients) were effective in delaying the progression
of HD (75). As functional deficiencies were found in multiple
tissues with HD, the simultaneous improvement of the PPARg
deficiency in both the CNS and peripheral tissues after TZD
administration, as demonstrated in the present study, appears
to be an effective therapeutic strategy. It is worth noting that
an earlier study (76) reported that chronic treatment of R6/2
mice with Rosi (which is a form of TZD) at 3 mg/kg via
daily intraperitoneal injection did not produce beneficial
effects; those authors claimed that chronic treatment with

Figure 9. Chronic TZD treatment enhanced the reduced BDNF expression in
the cortex and striatum of R6/2 mice. Mice were fed the control or 0.01%
TZD-supplemented diet from the age of 4 weeks. At the indicated age, cortical
(A) and striatal (B) tissues were collected to determine the transcript level of
BDNF using a quantitative RT–PCR technique. The expression levels of
BDNF were normalized to that of GAPDH. Data are presented as the
mean+SEM from three independent experiments. aSpecific comparison
with HD mice fed the control diet (P , 0.05; one-way ANOVA).

Figure 10. Schematic representation of the action of PPARg in multiple
tissues of HD. Expression of mHtt leads to formation of aggregates which
inhibits the availability of PPARg by reducing its transcript level and by
recruiting its protein into aggregates. The poor PPARg level and activity in
multiple tissues of HD subsequently cause lower expressions of downstream
target genes (e.g. PGC-1a in striatal cells and adipocytes, Glut4 in adipocytes,
and Bcl2 in striatal cells) of PPARg than those in wild-type mice. The
deficiency in PGC-1a causes a reduced mitochondrial mass in HD, and thus
compromises the functions of cellular machineries (e.g. the UPS) that
require ATP. The weakened UPS activity further exacerbates aggregate for-
mation and worsens the HD progression.
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hypoglycemic agents does not alter the progression of HD.
Nevertheless, no changes in blood glucose or body weight
were found in those Rosi-treated R6/2 mice (76). Therefore,
the dosage, treatment period and/or the protocol may not
have been sufficient to sustain the effective activation of
PPARg-mediated pathways. In our study, TZD was adminis-
tered as a dietary supplement, so that a constant low-level
TZD was delivered to the animals. In addition, our daily
dosage (�16.7 mg/kg) was �4.5-fold higher than the one
used in the study mentioned above (76). The reduced hyper-
glycemia, elevated body weight and increased expression of
several downstream targets of PPARg observed in R6/2
mice that were fed the TZD diet clearly demonstrate the effec-
tiveness of the TZD treatment. Thus, the dosage and route of
drug delivery seem to be critical for assessing whether TZD is
a beneficial agent for HD. Moreover, TZD has been used for
years to treat patients with type II diabetes; therefore, its possible
side effects and toxicity have been explored extensively and are
well understood. The potential novel application of TZD treat-
ment to HD patients may require a much shorter period of trial
compared with other new chemical entities. Given that multiple
cellular machineries are damaged by mHTT in HD, strategies
that combine TZD and other beneficial agents that affect
aspects other than energy homeostasis have great therapeutic
potential and deserve further investigation.

MATERIALS AND METHODS

Reagents

All reagents were purchased from Sigma (St. Louis, MO,
USA) except where otherwise specified. Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
purchased from Invitrogen (Carlsbad, CA, USA). Rosiglita-
zone and GW9662 were from Cayman Chemicals (Ann
Arbor, MI, USA).

Animals and drug administration

Male R6/2 mice and littermate controls were originally
obtained from Jackson Laboratories (Bar Harbor, ME, USA),
and maintained as previously described (20). TZD (Avandia)
was purchased from Smith Klein Beecham (GSK, King of
Prussia, PA, USA). Diets used in the present study were all
prepared and purchased from LabDietw (Richmond, VA,
USA). Animal experiments were performed under protocols
approved by the Academia Sinica Institutional Animal Care
and Utilization Committee, Taipei, Taiwan.

Rotarod performance

Motor coordination was assessed using a rotarod apparatus
(UGO BASILE, Comerio, Italy) at a constant speed (12 rpm)
over the period of 2 min as described earlier (20).

Paw clasping

The clasping phenotype of R6/2 was evaluated as described
previously (17), with slight modifications. Briefly, mice were
suspended by the distal third of their tails for 30 s. Touch of

the hind limbs were scored as follows: 0, no clasping; 1,
clasping for 1–5 s and 2, clasping for longer than 5 s.

Gait analysis

The gait of WT and R6/2 mice was assessed using a CatWalk
gait automatic analyzer (Noldus Information Technology,
Leesburg, VA, USA), as described elsewhere (77). The pos-
ition, timing and dimensions of each footfall were recorded
by a video camera positioned underneath a glass plate. The
stride distance and position of each paw from the midline
were recorded and analyzed using ImageJ software (Research
Services Branch of the National Institute of Mental Health,
Bethesda, MD, USA) (78).

Measurements of blood glucose level

Blood glucose concentrations were measured using an
ABBOTT Alcyon 300i analyzer (ABBOTT Labs, Abbott
Park, IL, USA).

RNA isolation and qPCR

Total RNA was isolated and reverse-transcribed as detailed
elsewhere (9). A real-time qPCR was performed using a
TaqMan kit (PE Applied Biosystems, Foster City, CA, USA)
on a TaqMan ABI 7500 Sequence Detection System (PE
Applied Biosystems) using heat-activated TaqDNA polymer-
ase (Amplitaq Gold; PE Applied Biosystems). The sequences
of primers are listed in Supplementary Material, Table S2.
Independent reverse-transcription PCRs were performed as
described elsewhere (9). The relative transcript amount of
the target gene, which was calculated using standard curves
of serial RNA dilutions, was normalized to that of GAPDH
or HPRT of the same RNA.

Western blot assays

Equal amounts of protein were separated by sodium
dodecylsulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) using 10% polyacrylamide gels according to the
method of Laemmli (79). The resolved proteins were electro-
blotted onto Immobilon polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA) for the western blot analyses
as described elsewhere (80). Primary antibodies of Bcl-2
(1:1000 dilution; Cell Signaling Technology, Danvers, MA,
USA), PPARg (1:1000; Cell Signaling Technology), Htt
(1:500; Chemicon International, Temecula, CA, USA), Glut4
(1:3000; Abcam, Cambridge, MA, USA), ubiquitin (1:2000;
DakoCytomation Denmark A/S, Glostrup, Denmark), actin
(1:3000; Chemicon International) and lamin (1:2000; Santa
Cruz Biotech, Santa Cruz, CA, USA) were utilized as rec-
ommended by the corresponding manufacturers.

Filter-retardation assay

The SDS-insoluble mutant Htt aggregates from the indicated
tissues were retained on OE66 membrane filters (0.2 mm
pore size, Whatman Schleicher and Schuell, Middlesex, UK)
through a slot-blot manifold (Bio-Rad, Irvine, CA, USA),
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and detected using the desired antibody (Htt, 1:1000; Chemi-
con International; ubiquitin, 1:2000; DakoCytomation
Denmark A/S, Glostrup, Denmark; and PPARg, 1:2000;
Santa Cruz Biotechnology) as detailed elsewhere (10,81).

Immunohistochemistry and quantitation

Brain sections (20 mm) were used in the immunohistochemical
analyses as described earlier (20). Cells harboring aggregates of
mHtt were quantified in a blinded fashion. Single-antigen
immunostaining was carried out using the avidin–biotin per-
oxidase complex method as previously described (82). In
general, we used a 1:2000 dilution for the polyclonal anti-
ubiquitin antiserum (DakoCytomation Denmark A/S). In
total, four or five 12-week-old mice for each treatment were
analyzed. Three different sections labeled with the anti-
ubiquitin antiserum and counterstained with methyl green
(Vector) from one tissue sample were quantified. The number
of aggregate-containing cells was normalized with the
number of total cells in each section and designated as the
percent (%) of Htt aggregate-containing cells. At least 2800
cells from each brain section were quantified. Frozen serial sec-
tions were cut at 20 mm, stored in six-well plates and stained for
Nissl substance by using cresyl violet as described earlier (77).

Cell culture

The striatal progenitor cell line (ST14A) was a generous gift
from Dr E. Cattaneo (University of Milano, Milano, Italy)
and was maintained in an incubation chamber gassed with
10% CO2 and 90% air at 338C as previously described (83).
The day before transfection, cells were seeded onto a 35 mm
dish at a density of 1 × 105 cells per well. Cells were trans-
fected with pcDNA3-(Htt-(Q)25) or pcDNA3-(Htt-(Q)158)
using Lipofectamine 2000 (LF2000, Invitrogen) for 24 h,
and then treated with the desired reagent(s) for another 48 h.

Mitochondrial mass

The fluorescent probe Mitotracker GreenTM dye (MitoGreen,
Invitrogen) binds to mitochondrial membrane lipids regardless
of the mitochondrial membrane potential or oxidant status
(84). To determine the levels of mitochondria, cells were
loaded with 0.2 mM/ml Mitotracker GreenTM dye medium
for 30 min at 378C. Fluorescence measurements were made
with excitation at 490 nm and emission at 516 nm using an
Axiovert 200 live cell observation system (Carl Ziess, Göttin-
gen G). Amounts were determined by comparing the means of
the fluorescent signal.

Sample preparation and LC/MS/MS method

Cortical tissues (20–40 mg) were dissected and weighed.
Samples were transferred to a high-clarity polypropylene
tube in an ice bath containing 400 ml of methanol and 4 ml
of formic acid. The tissue in the tube was homogenized
using a pro 200 hand-held homogenizer with a 7 mm sawtooth
bottom generator (PRO Scientific, Oxford, CT, USA). The
homogenate was then centrifuged at 14 000 rpm for 10 min
at 08C. The supernatant was further diluted with 10 mM

ammonium acetate buffer (pH 8.0) to 2 ml. The diluted
sample (0.5 ml) was loaded on an Oasis HLB mElution plate
(Waters, Miford, MA, USA), which was preconditioned with
0.5 ml of methanol, 0.5 ml of water and 0.5 ml of 10 mM

ammonium acetate buffer (pH 8.0). After sample loading,
the cartridge was washed with 0.5 ml of water and eluted
with 0.1 ml of acetonitrile. The eluent was collected for the
LC/MS/MS analysis. Briefly, the LC system used was a Sur-
veyor MS pump plus HPLC coupled with a Surveyor autosam-
pler plus. Chromatographic separation was achieved using an
XBridge C18 column (2.1 × 150 mm with a 5 mm particle
size) (Waters). The LC operating conditions were isocratic
separation, which was previously described (25). Solvents
were degassed online, and the flow rate was 0.3 ml/min. The
autosampler was set to 08C and the column temperature was
maintained at 258C. The sample injection volume was 5 ml.
The MS analysis was carried out on a TSQ Quantum Ultra
EMR triple quadrupole MS (ThermoFisher, San Jose, CA,
USA). Samples were analyzed by atmospheric pressure chemi-
cal ionization with positive polarity, using highly selected
reaction monitoring (H-SRM) for quantification. The MS/MS
conditions were as follows: the SRM transition was m/z
358 . 135; and argon gas was used as the collisional gas at
1.5 mTorr pressure and 25 eV energy. Xcalibur vers. 2.0 soft-
ware was used for data acquisition and processing.

Luciferase assays

Luciferase activities of Htt-expressing ST14A cells were
determined using the Dual-Luciferase Reporter Assay
System (Promega) as described elsewhere (9). The protein
concentrations of lysates were determined by the Bradford
analysis, and the luciferase activities were normalized to the
amount of proteins in the lysate. At least three independent
transfections were performed for each experiment.

Proteasome activity assay

Proteasome activities of Htt-expressing ST14A cells were
determined using a specific proteasome substrate [succinyl-
Leu-Leu-Val-Tyr-7-amino-4-methyl coumarin (AMC) (Sigma-
Aldrich)] as described elsewhere (11). Total lysate (10 mg) was
prepared by resuspending cells, and the fluorescence of the
released AMC was detected using a Fluorescence Microplate
Reader System (Device, Sunnyvale, CA, USA) at 380 nm
excitation and 460 nm emission wavelengths. At least three inde-
pendent transfections were performed for each experiment.

Subjects

Seventeen genetically confirmed HD patients and 18 age- and
gender-matched healthy controls with no neurological disease
were recruited (Table 1). The Unified Huntington’s Disease
Rating Scale (UHDRS) (85) was recorded for each patient.

PPARg of leukocytes of study subjects

Seventeen patients with HD (6 women and 11 men, 50.41+
3.12 years old, with 44.18+ 1.49 CAG repeats) and 18 age-
and gender-matched controls with no known neurological
disease (7 women and 11 men, 51.00+ 2.94 years old) were
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studied. Diagnosis of HD was established by a neurological
examination and genetic assessment of CAG expansion in
the Htt gene. A leukocyte sample was drawn from the vein
of each overnight-fasting subject after obtaining informed
consent. The protocol was in compliance with guidelines of
the Institutional Review Boards of Chang Gung Memorial
Hospital, Taipei Veterans General Hospital, and Academia
Sinica (Taipei, Taiwan). Leukocyte samples were collected
from 18 control subjects (CON) and 17 HD patients (HD)
for PPARg expression measurement by a quantitative RT–
PCR technique. The expression levels of PPARg were normal-
ized to that of GAPDH. Relative gene expressions were calcu-
lated using the 2DCT method, DCT ¼ CT(GAPDH) 2
CT(PPARg), in which CT indicates the cycle threshold (the
fractional cycle number where the fluorescent signal reaches
the detection threshold).
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