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We investigated the role of PPAR g coactivator 1a (PGC-1a) in muscle dysfunction in Huntington’s disease

(HD). We observed reduced PGC-1a and target genes expression in muscle of HD transgenic mice. We pro-

duced chronic energy deprivation in HD mice by administering the catabolic stressor b-guanidinopropionic

acid (GPA), a creatine analogue that reduces ATP levels, activates AMP-activated protein kinase (AMPK),

which in turn activates PGC-1a. Treatment with GPA resulted in increased expression of AMPK, PGC-1a

target genes, genes for oxidative phosphorylation, electron transport chain and mitochondrial biogenesis,

increased oxidative muscle fibers, numbers of mitochondria and motor performance in wild-type, but not

in HD mice. In muscle biopsies from HD patients, there was decreased PGC-1a, PGC-1b and oxidative

fibers. Oxygen consumption, PGC-1a, NRF1 and response to GPA were significantly reduced in myoblasts

from HD patients. Knockdown of mutant huntingtin resulted in increased PGC-1a expression in HD myoblast.

Lastly, adenoviral-mediated delivery of PGC-1a resulted increased expression of PGC-1a and markers for

oxidative muscle fibers and reversal of blunted response for GPA in HD mice. These findings show that

impaired function of PGC-1a plays a critical role in muscle dysfunction in HD, and that treatment with

agents to enhance PGC-1a function could exert therapeutic benefits. Furthermore, muscle may provide a

readily accessible tissue in which to monitor therapeutic interventions.

INTRODUCTION

A characteristic feature of Huntington’s disease (HD) is
weight loss despite sustained caloric intake, which occurs
early in the course of the illness (1–3). Using whole body
indirect calorimetry, early HD patients are in negative
energy balance. In transgenic mouse models of HD, similar
observations were made and the weight loss was shown to
be due to a loss of muscle bulk (4). This appears to be
due to a myopathy which may be due to metabolic dysfunc-
tion (5). Well-recognized metabolic deficits occur in the
brain, muscle and cellular models of HD. There is glucose
hypometabolism on positron emission tomography imaging,

even in presymptomatic gene carriers (6–9). NMR
spectroscopy reveals increased lactate in cortex and basal
ganglia (10) and impaired phosphocreatine (PCr) and ATP
production in muscle (11–13). Biochemical studies show
reduced activities of complex II–III and aconitase in
human HD brain (14–16).
In human lymphoblastoid cell lines, ATP/ADP ratios are

reduced, and decrease with increasing CAG repeat length
(17). In striatal cells from mutant huntingtin (Htt) knock-in
mouse embryos, mitochondrial respiration and ATP pro-
duction are significantly impaired (18). The mitochondrial
toxins 3-nitropropionic acid and malonate that selectively
inhibit succinate dehydrogenase (SDH) and complex II,
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induce in human, primates and rodents, a clinical and
pathological phenotype that very closely resembles HD
(19–22).
There are several mechanisms by which the mutation could

result in mitochondrial dysfunction and impair mitochondrial
trafficking (23). First, Htt may interact directly with mitochon-
dria. Lymphoblast mitochondria from HD patients and brain
mitochondria from HD transgenic mice depolarize at lower
calcium loads than control mitochondria, and localize
mutant Htt by electron microscopy (23–26).
Another mechanism through which mutant Htt may affect

mitochondrial function is by altering transcription (27,28).
Htt interacts with a number of transcription factors, includ-
ing p53, cAMP response element binding protein (CREB),
TAFII130 and SP1 (29–32). A link to the transcriptional
coactivator PGC-1a was first suggested by observations in
PGC-1a-deficient mice (33,34). Since the discovery of
PGC-1a, there has been an explosion of new information
regarding its biological role in energy homeostasis, adaptive
thermogenesis, a-oxidation of fatty acids and glucose
metabolism (35,36). Originally identified as a PPAR-g-
interacting protein in brown adipose tissue, PGC-1a and a
close homologue, PGC-1b are highly expressed in brown
adipose tissue, heart and slow-twitch skeletal muscle,
tissues known for their high mitochondrial content and
energy demand (36).
PGC-1a’s ability to activate a diverse set of metabolic pro-

grams in different tissues depends on its ability to form hetero-
meric complexes with a variety of transcription factors,
including nuclear respiratory factors, NRF-1 and NRF-2, and
the nuclear hormone receptors, PPARa, PPARd, estrogen
related receptor a (ERRa) and thyroid receptor (37). Of par-
ticular interest are NRF-1, NRF-2 and ERRa since they regu-
late the expression of many nuclear-encoded mitochondrial
genes, including those encoding cytochrome c (Cyt C),
complexes I–V and mitochondrial transcription factor A
(Tfam) (38).
PGC-1a knockout mice exhibit impaired mitochondrial

function, a hyperkinetic movement disorder and striatal
degeneration, all features also observed in HD (33,34). Fur-
thermore, impaired PGC-1a function and levels occur in stria-
tal cell lines, transgenic mouse models of HD and in
postmortem brain tissue from HD patients (39,40).
PGC-1a plays a critical role in muscle in inducing

mitochondrial biogenesis and in influencing whether muscle
contains slow-twitch oxidative or fast-twitch glycolytic
fibers (41). A myopathy occurs in both HD patients and trans-
genic mice (4,25,42–46). Furthermore, phosphorous NMR
spectroscopy showed impaired PCr and ATP production in
muscle of HD patients, including presymptomatic gene car-
riers (11–13). Specific cAMP reduction implicates energy def-
icits conditions in HD mice (47). We, therefore, investigated
whether impaired PGC-1a activity contributes to the myopa-
thy and muscle wasting that occurs in HD. In the present
studies, we provide evidence of impaired PGC-1a activity in
muscle of HD transgenic mice, myoblasts from HD patients
and muscle biopsies from HD patients, both at baseline and
following a metabolic challenge with b-guanidinopropionic
acid (GPA), which depletes PCr and ATP, leading to acti-
vation of AMPK and PGC-1a.

RESULTS

Decreased expression of PGC-1a and downstream target
genes in muscles of HD mouse

We examined the relative expression of PGC-1a and its down-
stream target genes such as PGC-1b, NRF-1 and Tfam in
different muscle types in 26-week-old (wild-type) WT and
NLS-N171-82Q HD mice. There was significantly decreased
expression of PGC-1a (56%) and Tfam (35%) in type-I
‘slow-twitch’ fiber enriched soleus muscle from HD mice, as
when compared with WT mice, whereas PGC-1b and
NRF-1 were non-significantly decreased 12 and 8%
(Fig. 1A). In gastrocnemius (GM), a mixed fiber type
muscle, Tfam mRNA expression was significantly decreased
by 28% (Fig. 1B). There was significantly decreased mRNA
expression of PGC-1a (34%), PGC-1b (32%) and Tfam
(44%) in the glycolytic ‘fast-twitch’ fiber enriched muscle
extensor digitorum longus (EDL) in HD mice when compared
with WT mice (Fig. 1C). Decreased PGC-1a mRNA
expression was confirmed by western blot, where reduced
PGC-1a protein levels were observed in soleus and EDL
(Fig. 1D). These results indicate impaired PGC-1a transcrip-
tion in muscle of HD transgenic mice.

Impaired AMP kinase pathway and energy metabolism
in HD mice under energy deprivation conditions

In muscle of symptomatic and presymptomatic HD patients,
there is a reduced ATP/PCr ratio, decreased PCr to inorganic
phosphate ratio and impaired complex-I activity, which
suggests abnormal skeletal muscle mitochondrial energy
metabolism (12,13). In the present study, we created artificial
chronic energy deprivation in NLS-N171-82Q HD mice by
injecting the creatine analogue GPA for 10 weeks. GPA is a
catabolic stressor which competes for creatine transport in
skeletal muscle, depletes intracellular PCr and creatine
levels and reduces creatine kinase activity (48,49). Chronic
GPA treatment creates a chronic energy stress condition in
skeletal muscle that resembles several muscle adaptations
which occur during endurance exercise training, such as
increased muscle oxidative capacity (50), increased GLUT-4
content (51), and hexokinase and citrate synthase activities
(50). We found no significant difference between food
intake in WTþNS (NS, normal saline) versus WTþGPA
groups and HDþNS versus HDþGPA groups (data not
shown). Interestingly, despite similar food intake, decreased
body weight was observed in the GPA-treated groups (Sup-
plementary Material, Fig. S1).

We measured the levels of muscle high-energy phosphate
metabolites such as ATP and PCr by HPLC in WT and HD
mice treated with either GPA or NS. We found significantly
decreased levels of ATP in skeletal muscle of HD mice
under basal conditions. GPA treatment caused a significant
decrease in ATP levels in WT and HD mice (Fig. 1G).
However, the reduction of ATP was more pronounced in the
HDþGPA group when compared with WTþGPA. No signifi-
cant changes were observed in levels of creatine, PCr, AMP
and ADP in HD mice under basal conditions when compared
with WT mice (Fig. 1E and F). Following GPA treatment, cre-
atine and PCr levels were significantly reduced, whereas AMP
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and ADP were unchanged in HD mice when compared with
WT mice (Fig. 1E and F).
During energy deprivation conditions (reduced ATP) such

as starvation, ischemia and chronic metabolic stress,
AMP-activated protein kinase (AMPK) serves as an energy
sensor for whole body energy regulation. AMPK is activated
by decreases in both the ATP/AMP ratio and PCr content.
After activation it increases glucose transport, fatty acid oxi-
dation and mitochondrial biogenesis (52). In skeletal muscle,
AMPK increases phosphorylation of PGC-1a (53). We
found a significant 20 and 32% decrease of AMPK mRNA
expression and protein levels, respectively, in skeletal
muscle isolated from untreated HD mice when compared
with WT mice (Fig. 1H–J). Following GPA treatment,
AMPK mRNA (20%) and protein levels (45%) were signifi-
cantly increased in WT mice, but unchanged in HD mice
(Fig. 1H–J). AMPK is mainly regulated allosterically by
AMP and by reversible phosphorylation. Phosphorylation of
AMPK at Thr172 on the activation loop of the catalytic
a-subunit by one or more upstream AMPK kinases
(AMPKK) leads to activation of AMPK (54). We examined
pAMPK protein expression using western blots. Thr172 phos-
phorylation was unchanged in HD mice under basal con-
ditions, compared with WT mice (Fig. 1I and J). Treatment
with GPA increased phosphorylation of AMPK in WT mice,
which was unchanged in GPA-treated HD mice. The content
of LKB1, a major upstream AMPKK in skeletal muscle, was
unchanged in HD mice under basal conditions. GPA treatment
in WT mice non-significantly increased LKB1 content
by (21%) and in HD mice by (10%) (Fig. 1I and J).
These results show an impaired ability to activate the
AMPK pathway in skeletal muscle of HD mice under
energy deprivation conditions.

Reduction in oxidative capacity of muscle in energy
deprivation conditions in HD mice

Mammalian skeletal muscle responds to chronically increased
energy demand such as during repeated mechanical overload
and endurance training, by converting glycolytic muscle
fibers (fast-twitch or fatigable fibers) into oxidative fibers
(slow-twitch or fatigue resistant fibers). Oxidative fibers
(type I; red fibers) contain large amounts of myoglobin, are
rich in mitochondria, generate ATP by the aerobic system,
split ATP at a slow rate and have slow contraction velocity,

whereas glycolytic fibers (type IIB; white fibers) contain low
myoglobin content, few mitochondria, generate ATP through
glycolysis and split ATP very quickly. We found that GM
and soleus muscles from WT mice showed the distinct red
color characteristics of oxidative muscles and are redder
than HD mice muscles, which have a paler appearance
(Fig. 2A). The GPA treatment caused a dark red appearance
of GM and soleus muscle of WT mice, which was unchanged
in HD mice muscles (Fig. 2A). These results show more oxi-
dative muscles fibers in WT mice under basal and GPA treat-
ment conditions, compared with HD mice.

We examined SDH activity in GM muscle of HD mice after
GPA treatment (Fig. 2B). Histochemical measurement of SDH
in GM muscle showed a decreased SDH staining in HD mice
when compared with WT (Fig. 2B). SDH activity increased
significantly in GPA-treated WT mice, while it was further
decreased in GPA-treated HD mice, consistent with a decrease
in the total number of mitochondria and/or mitochondrial
activity, whereas increased SDH staining in GPA-treated
WT mice suggests increased oxidative capacity.

PGC1-a/b plays an important role in mitochondrial biogen-
esis, respiration, oxidative phosphorylation and muscle fiber
type conversion from glycolytic to more oxidative fibers
(32,33,40,53). The reduced expression of PGC1-a/b in
soleus muscle (an oxidative fibers rich muscle) prompted us
to analyze different muscle fiber types in HD mice. The distri-
bution of muscle fibers can be classified on the basis of their
content of different myosin heavy chain (MHC) isoforms.
To investigate the effect of GPA treatment on muscle fiber
type composition, MHC staining was analyzed in soleus
muscle sections of WT and HD mice both at baseline and fol-
lowing GPA treatment (Fig. 2C). The relative proportions of
type I, IIA and IIB fibers in soleus muscles were determined
by immunostaining with specific MHC antisera. Type 1 oxi-
dative fibers being highly enriched with mitochondria
stained dark, whereas Type IIB glycolytic fibers are light
pink. Type IIA fibers being intermediate fibers stained light
brown (Fig. 2C). Immunohistochemical analysis of soleus
muscle sections revealed significantly decreased oxidative
type I fibers and significantly increased type IIB glycolytic
fibers in HD mice under basal conditions, whereas type IIA
fibers were unchanged (Fig. 2C and D). We observed a signifi-
cant up-regulation of type 1 fibers and significant down-
regulation of type IIB fibers following GPA treatment in
WT mice. On the other hand, following GPA treatment, HD

Figure 1. Huntington’s disease transgenic mice display transcriptional impairment of PGC-1a and its downstream target genes, AMP kinase pathway and
impaired energy metabolism in muscles. (A–C) Total RNA was isolated from the type I fibers enriched soleus, type II fibers enriched gastrocnemius (GM)
and extensor digitorum longus (EDL) muscles from wild-type (WT; black bar) and NLS-N171-82Q Huntington’s disease mice (HD; gray bar). Quantitative
real-time PCR analysis was performed for relative mRNA expression of PGC-1a, PGC-1b, NRF-1 and Tfam and normalized to b-actin. In this and all
other figures data are expressed as mean+SEM. �P , 0.05, ��P , 0.01 (n ¼ 5 in each group). (D) Analysis of PGC-1a protein levels by western blot in
LDE, GM and soleus muscle of WT and HD mice. b-actin was used as loading control. (E–G) ATP and PCr levels are decreased in NLS-N171-82Q HD
mice under chronic energy deprivation conditions. To create an artificial model of chronic energy deprivation conditions, WT and HD mice were treated for
10 weeks with the creatine analogue b-guanidinopropionic acid (GPA), which reduces the levels of high energy phosphate metabolites. After GPA treatment,
HPLC measurement of high energy phosphate metabolites such as PCr, AMP, ADP and ATP was carried out in soleus muscles from WT and HD mice. �P ,
0.05, ��P , 0.01, ���P, 0.001 (n ¼ 5 in each group). (H) Relative mRNA expression of AMP-activated protein kinase (AMPK) in soleus muscles fromWT and
NLS-N171-82Q HD mice treated with NS or GPA. AMPK mRNA levels were normalized to b-actin. �P, 0.05, ��P , 0.01 (n ¼ 5 in each group). (I and J)

Analysis of AMPK, phosphorylated AMPK (pAMPK) and LKB-1 protein levels by western blots in extracts of soleus muscles from WT and HD mice treated
with NS or GPA. Relative density expressed after normalization with b-actin. n ¼ 5 mice were used from each group for each protein, with the average value of
the WTþNS group set to 1. Representative blots showing 2–3 samples from each group. �P , 0.05.
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mice showed a significant up-regulation of only intermediate
type IIA fibers, while type I and type IIB were unchanged
(Fig. 2D).

We further measured the muscle fiber type-specific isoforms
of troponin mRNA expression in skeletal muscle. We found no
significant changes in mRNA expression of troponin 1 (slow; a

Figure 2. Decreased proportion of oxidative type I fibers and oxidative capacity in soleus and gastrocnemius (GM) muscles from NLS-N171-82Q HD mice under
chronic energy deprivation conditions. (A) Gross morphology of soleus and GM fromWT and HD mice treated with NS or GPA. Muscles from WT mice showed
a distinct red color characteristic of oxidative muscle, whereas HD muscles from HD mice are light red color under baseline conditions. GPA treatment caused a
redder appearance in WT mice, but not in HDþGPA mice. (B) Histochemical staining for succinate dehydrogenase (SDH) in muscle sections from WT and HD
mice treated with NS or GPA. Arrows indicate dark stained type I oxidative fibers, arrowheads mark to intermediate type IIA oxidative fibers and asterisks point
to type IIB glycolytic fibers (Scale bar ¼ 100 mm). (C) Analysis of myosin heavy chain (MHC) isoforms (type I, IIA and IIB) expression in soleus muscle from
WT and HD mice using a specific antibody for MHC. Arrows indicate dark stained oxidative type I fibers, arrowheads mark to intermediate oxidative type IIA
fibers and asterisks point to glycolytic type IIB fibers (Scale bar ¼ 100 mm). (D) Quantification of MHC isoforms (type I, IIA and IIB) in soleus muscle. Data are
expressed as mean+SEM. �P , 0.05, ��P , 0.01, ���P, 0.001 (n ¼ 5 mice in each group). (E–G) Quantitative real-time PCR analysis of fiber type markers
such as troponin 1 (fast), troponin 1 (slow) and myoglobin in soleus muscle of WT and HD mice treated with NS or GPA. Data are expressed as mean+SEM.
��P , 0.01, ���P, 0.001 (n ¼ 5 mice in each group).
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marker of oxidative muscle fibers) in soleus muscle of HD
mice compared with WT mice (Fig. 2E). GPA treatment sig-
nificantly increased troponin 1 (slow) mRNA expression by
2.3-fold in WT mice, while there was no change in HD
mice (Fig. 2E). The mRNA expression of troponin 1 (fast; a
marker of glycolytic muscle fibers) was significantly increased
in HD mice when compared with WT mice at baseline
(Fig. 2F). Following GPA treatment troponin 1 (fast),
mRNA expression decreased significantly in WT mice and
was unchanged in HD mice (Fig. 2F). The mRNA expression
of another gene myoglobin (enriched in oxidative muscle) was
unchanged in HD mice in basal conditions (Fig. 2G). GPA
treatment resulted in up-regulation of myoglobin mRNA
expression in WT mice, but not in HD mice.
To evaluate more specifically muscle fiber type compo-

sition, we measured the mRNA expressions of four different
isoforms of MHC in soleus muscle of WT and HD mice (Sup-
plementary Material, Fig. S2). MHC I was significantly down-
regulated and MHC-IIB was up-regulated in HD mice under
basal conditions, while MHCs-IIA and IIX were unchanged
(Supplementary Material, Fig. S2). GPA treatment caused a
significant increase of oxidative MHC-I fibers in WT mice
at the expense of intermediate MHC-IIA and MHC-IIX and
glyocolytic MHC-IIB fibers. In HD mice also GPA treatment
resulted in slightly increased MHC-I mRNA expression,
however, the degree of up-regulation was more pronounced
in WT mice (Supplementary Material, Fig. S2). The mRNA
transcript expression of MHC-IIA, MHC-IIX and MHC-IIB
fibers did not change significantly following GPA treatment
in HD mice. These results suggest muscle fiber type conver-
sion in HD mice with significantly decreased oxidative fibers
and increased glycolytic fibers in HD mice when compared
with WT mice under chronic energy deprivation conditions.

Altered mitochondrial morphology and number
and decreased rotarod performance in HD mice

In order to see ultrastructural morphology and arrangement of
skeletal muscle mitochondria in all treatment groups, we per-
formed electron microscopic analysis (Fig. 3A). Qualitative
photomicrographs show an altered morphology and alignment
of mitochondria along the Z-axis in HD mice under basal con-
ditions when compared with WT mice, where mitochondria
are well organized (Fig. 3A, upper). In GPA-treated WT and
HD mice, an altered orientation of mitochondria along the
Z-axis and varying size of mitochondria were observed.
GPA treatment in WT mice caused an increase in numbers
of mitochondria, which was absent in HD mice (Fig. 3A
upper). Higher magnification (19 000�) photomicrographs
depict normal shape and size of mitochondria and the presence
of well assembled cristae in mitochondria of soleus muscle of
WT mice (Fig. 3A, lower). Mitochondria in GPA-treated and
untreated HD mice are slightly larger in size with irregular
assembly of cristae. GPA treatment also caused an enlarge-
ment of mitochondria in WT mice. Quantitative analysis of
electron photomicrographs of the different groups revealed a
20% decrease in mitochondrial number and 10% decrease in
mitochondrial area in HD mice when compared with WT
mice (Fig. 3B and C). Following GPA treatment in WT
mice, the mitochondria number and mitochondrial area

significantly increased by 25 and 81%, respectively, whereas
there was no effect in HD mice (Fig. 3B and C).

To investigate the effect of reduced muscle oxidative
capacity and altered mitochondrial number and morphology
on behavior, we measured motor performance in GPA-treated
mice (Fig. 3D). Latency of fall on rotarod was measured at the
10th week of GPA treatment (Supplementary Material,
Fig. S7). At basal level, there was a significant decrease in
motor performance in HD mice when compared with WT
mice. GPA treatment in WT mice caused a significantly
improved rotarod performance, whereas there were no signifi-
cant changes in HD mice following GPA administration
(Fig. 3D).

Altered muscle gene expression and metabolic pathways
in HD muscle

We performed Affymetrix microarray expression profiling of
�45 037 genes on RNA isolated from soleus muscle of WT
and HD mice. A total number of 1974 (100%) probe sets
were significantly (P , 0.05) altered in HD mice when com-
pared with WT mice, of which 1020 (51.7%) were down-
regulated and 954 (48.3%) up-regulated. After GPA treatment,
the number of significantly altered probe sets was increased to
2517 (100%) in HD mice when compared with WT mice, out
of which 1092 (43.4%) were up-regulated and 1425 (56.6%)
down-regulated.

In order to see the coordinated expression of genes involved
in muscle function, metabolism and plasticity in the treated
and non-treated groups, we carried out a gene-set enrichment
analysis (GSEA) of a priori-defined groups of genes (55,56).
The size of the gene sets was determined on the basis of the
number of genes present in each gene set after filtering out
those genes not in the expression dataset. The genes were
ranked, position of each gene set was identified and
maximum enrichment score and nominal P-value were calcu-
lated. Gene sets for electron transport chain, oxidative phos-
phorylation, striated muscle contraction, gluconeogenesis,
glycolysis and muscle, fat and connective tissue-specific
genes were significantly enriched (increased) in soleus
muscle of GPA-treated WT mice, but not in HD mice (Sup-
plementary Material, Table S1). GPA treatment in HD mice
caused a significant increase in gene set expression of
several metabolic pathways, including the cellto-cell adhesion
signaling pathway, ADP-ribosylation factor pathway, apopto-
sis modulation by HSP-70, GAP junction, cell cycle and ino-
sitol phosphate metabolism (Supplementary Material,
Table S1). The gene pathways significantly enriched in differ-
ent treatment groups are shown in Supplementary Material,
Table S1. Four representative enrichment score plots of
GSEA and their corresponding heat maps for WTþGPA and
HDþGPA are presented in Figure 4A. Significantly increased
expression of oxidative phosphorylation, electron transport
chain and muscle function genes is evident from the enrich-
ment plot and heat map in WTþGPA when compared with
HDþGPA (Fig. 4A and B). These results show enrichment
of gene expression involved in enhanced muscle oxidative
capacity and mitochondrial biogenesis in WT mice following
GPA treatment, but not in HD mice.
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Inspection of the PGC-1a pathway shows a significantly
decreased expression of downstream PGC-1a target genes in
muscle of HD mice under basal conditions (Table 1). GPA
treatment caused an increase in expression of oxidative

phosphorylation and PGC-1a target genes in WT mice, but
not in HD mice (Table 1). Further, analysis of genes involved
in TCA cycle, glycolysis, fatty acid metabolism, fatty acid bio-
synthesis, muscle function, muscle fiber conversion, myogenic

Figure 3. Decreased mitochondrial area/number and rotarod performance in NLS-N171-82Q HD mice under energy deprivation conditions. (A) Transmission
electron microscopic analysis of soleus muscle from WT and HD mice treated with NS or GPA. Upper panel shows the mitochondria on lower magnification
(4800�) and lower panel shows mitochondria on higher magnification (19 000�). Arrow indicates mitochondria along Z-axis. M, mitochondria; Z, Z-axis; I, I
band; A, A band. Inset depicts schematic diagram of muscle fiber anatomy. An altered morphology and alignment of mitochondria along the Z-axis was observed
in HD mice under basal conditions when compared with WT mice, where mitochondria are well organized (Fig. 3A, upper). GPA treatment in WT and HD mice
caused an altered orientation of mitochondria along the Z-axis, and varying size of mitochondria, while an increase in numbers of mitochondria was observed
only in WT mice (Fig. 3A, upper). Higher magnification depicts normal shape and size of mitochondria and the presence of well assembled cristae in mitochon-
dria of soleus muscle of WT mice (Fig. 3A, lower). Mitochondria in GPA-treated and untreated HD mice are slightly larger in size with irregular assembly of
cristae. GPA treatment also caused an enlargement of mitochondria in WT mice (Scale bars ¼ 0.2 mm for upper panel and 2 mm for lower panel). (B and C)
Corresponding quantification of percentage mitochondria area fraction and mitochondria number from the transmission electron microscopic images of soleus
muscles from WT and HD mice. Data are expressed as mean+SEM. �P, 0.05, ��P, 0.01 (n ¼ 8). (D) Rotarod performance was measured in GPA-treated
WT and HD mice at the 10th week of GPA treatment. Mice were tested for latency to fall on accelerated rotarod in thrid consecutive trials per day for 4 days.
Data are expressed as mean+SEM. ns ¼ non-significant versus HD þ NS. �P , 0.05, ��P, 0.01, ���P , 0.001 (n ¼ 10 mice per group).
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differentiation and muscle contractile function showed
increased numbers of significantly altered expression of
genes in GPA-treated WT mice when compared with GPA-
treated HD mice (Supplementary Material, Tables S2–S7).
To further evaluate mitochondrial activity in HD and to

validate the microarray data, we analyzed the expression of
PGC-1a and its downstream target genes and genes involved
in mitochondrial biogenesis in soleus muscle by quantitative
RT–PCR (Fig. 5A and B). We found significantly reduced
PGC-1a expression in HD mice when compared with WT
mice. PGC-1b, another transcription factor with homology
to PGC-1a, co-activates another set of transcription factors,
including nuclear transcription factors and drives the for-
mation of oxidative fibers in muscle (57). PGC-1b was
unchanged in HD mice under basal conditions. GPA adminis-
tration in WT mice resulted in significantly increased PGC-1a
and PGC-1b mRNA expression in WT mice, which was abro-
gated in HD mice (Fig. 5A). GPA treatment in HD mice
caused further significant down-regulation of PGC-1b in HD

mice when compared with untreated HD mice. PGC-1a
plays a prominent role in regulating mitochondrial biogenesis
and cellular respiration by modulating the expression of tran-
scription factors such as NRF-1, NRF-2 and estrogen-related
receptor-a (ERR-a) (58–68). NRF-2 mRNA expression was
significantly decreased in HD mice when compared with
WT mice, whereas NRF-1 and ERR-a were not changed sig-
nificantly (Fig. 5A and B). Following GPA treatment, NRF-1
expression significantly increased in WT mice, whereas
NRF-2 was not changed in either group. Interestingly, follow-
ing GPA administration, HD mice displayed a significantly
reduced NRF-1 and ERR-a mRNA expression compared
with untreated HD mice.

We analyzed the expression of PPAR-a and PPAR-d, which
co-act with PGC-1a in a positive feedback loop and regulate
several metabolic pathways, including glucose metabolism,
fatty acid oxidation, mitochondrial biogenesis and muscle
function (58,61). As shown in Figure 5, the expression of
PPAR-a and PPAR-d is significantly reduced in muscle of

Figure 4. Affymetrix microarray gene expression profile and metabolic studies in soleus muscle revealed enrichment of pathways involved in mitochondrial
biogenesis and muscle function in WT mice under chronic energy deprivation conditions. (A) We performed gene set enrichment analysis (GSEA) of gene
expression profile in soleus muscles obtained from GPA-treated WT and HD mice. Four representatives gene set enrichment plots for pathways involved in
the electron transport chain, glycolysis and gluconeogenesis, muscle fat and connective tissue-specific genes, and striated muscle contraction pathway are
shown. These pathways are significantly enriched in WT mice treated with GPA when compared with HDþGPA mice. Upper part of the enrichment plot indi-
cates the enrichment score on the y-axis and corresponding maximum peak. Middle part shows the location of genes in gene set as hits in a ranked list of genes.
Middle left part indicates positively correlated genes in WTþGPA group when compared with negatively correlated genes in HDþGPA group. Lower part
shows the histogram for the rank of genes in a 45 000 genes rank ordered dataset (n ¼ 4 mice/group). (B) Cluster analysis of genes and corresponding heat
map from enrichment plots show the expression levels of a subset of genes in metabolic pathways as described above (red, increased gene expression; blue,
reduced gene expression).
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HD mice. GPA treatment resulted in significantly increased
PPAR-a and PPAR-d expression in WT as well as in HD
mice, however, the degree of PPAR-a increase was more pro-
nounced in WT mice. CREB enhances the expression of
PGC-1a by binding to cAMP response element (CRE) site

in the PGC-1a promoter. We found a significant decrease in
CREB mRNA expression in HD mice in basal conditions
when compared with WT mice. Following GPA treatment,
CREB went up in WT mice, while up-regulation of CREB
was abrogated in HD mice (Fig. 5).

Table 1. Affymetrix microarray analysis of oxidative phosphorylation and PGC-1a target genes expression in mouse skeletal muscle

Gene symbol Probe set ID Gene name HDþNS versus
WTþNS

HDþGPA versus
WTþGPA

Fold change P-value Fold change P-value

Ndufa1 1422241_a_at NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1 1.06 0.671 21.19 0.0114
Ndufa3 1428464_at NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 1.17 0.265 21.18 0.0496

1452790_x_at 1.14 0.351 21.23 0.0339
Ndufa5 1417286_at NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 21.04 0.721 21.13 0.0766
Ndufa7 1422976_x_at NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 1.12 0.445 21.25 0.0246
Ndufa11 1444154_at NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 11 21.65 0.413 1.35 0.453
Ndufa12 1433513_x_at NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 12 1.03 0.807 21.23 0.0441
Ndufb2 1442658_at NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2 1.33 0.403 21.49 0.05
Ndufb4 1428076_s_at NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4 1.04 0.799 21.23 0.013
Ndufb8 1458404_at NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8 1.01 0.983 22.38 0.103
Ndufs7 1451312_at NADH dehydrogenase (ubiquinone) Fe-S protein 7 1.03 0.823 21.21 0.0489
Ndufs4 1444464_at NADH dehydrogenase (ubiquinone) Fe-S protein 4 2.44 0.038 21.8 0.0265
Sdha 1445317_at Succinate dehydrogenase complex, subunit A 21.15 0.353 21.1 0.742

1426688_at 21.04 0.68 21.07 0.508
Sdhb 1418005_at Succinate dehydrogenase complex, subunit B, iron sulfur (Ip) 1.11 0.454 21.22 0.0449
Uqcrb 1455997_a_at Ubiquinol-cytochrome c reductase binding protein 1.11 0.457 21.2 0.0467
Cox4i2 1421373_at Cytochrome c oxidase subunit IV isoform 2 21.13 0.05 21.21 0.0184
Cox8b 1449218_at Cytochrome c oxidase, subunit VIIIb 1.1 0.487 21.26 0.0301
Cox6a2 1417607_at Cytochrome c oxidase, subunit VI a, polypeptide 2 1.15 0.311 21.27 0.0229
Cox6b2 1435275_at Cytochrome c oxidase subunit VIb polypeptide 2 22.46 0.01 23.06 0.0329
Cox15 1426693_x_at COX15 homologue, cytochrome c oxidase assembly 21.26 0.0739 21.22 0.0441
Cox8c 1455167_at Cytochrome c oxidase, subunit VIIIc 21.34 0.006 21.21 0.237

1443789_x_at 3.7 0.012 1.51 0.05
Cyc1 1416604_at Cytochrome c-1 1.03 0.795 21.13 0.211
Cycs 1445484_at Cytochrome c, somatic 21.25 0.0128 21.76 0.0106
Atp2b3 1445679_at ATPase, Caþþ transporting, plasma membrane 3 21.19 0.0324 1.17 0.374
Atp2c1 1442742_at ATPase, Caþþ-sequestering 21.51 0.073 22.41 0.036
Atp8a1 1433965_at ATPase, class I, type 8A, member 1 21.52 0.0364 21.3 0.0182

1454728_s_at 21.29 0.115 21.3 0.0246
Abcc10 1428009_a_at ATP-binding cassette, sub-family C, member 10 1.54 0.375 22.27 0.0018
Atp5g1 1416020_a_at ATP synthase, Hþ transporting, mitochondrial F0 complex, subunit c 1.08 0.656 21.21 0.0383

1444874_at 1.3 0.472 21.63 0.148
Atpaf1 1436358_at ATP synthase mitochondrial F1 complex assembly factor 1 21.41 0.05 21.12 0.286
Atpaf2 1426474_at ATP synthase mitochondrial F1 complex assembly factor 2 21.02 0.864 21.17 0.0147
Atp5o 1416278_a_at ATP synthase, Hþ transporting, mitochondrial F1 complex, O subunit 1.12 0.366 21.2 0.0395
Atp5s 1459949_at ATP synthase, Hþ transporting, mitochondrial F0 complex, subunits 21.64 0.05 21.46 0.034
PGC-1a target genes
Ppargc1a 1460336_at PEroxisome proliferative activated receptor, gamma, coactivator 1a 21.26 0.032 21.4 0.0113
Ppargc1b 1449945_at Peroxisome proliferative activated receptor, gamma, coactivator 1b 21.13 0.634 21.17 0.0496
Pparg 1420715_a_at Peroxisome proliferator activated receptor gamma 1.68 0.0328 2.79 0.0013
Ppara 1449051_at Peroxisome proliferator activated receptor alpha 21.33 0.257 21.41 0.396
Ppard 1439797_at Peroxisome proliferator activator receptor delta 21.02 0.923 21.17 0.236
Nrf1 1424787_a_at Nuclear respiratory factor 1 21.24 0.614 21.24 0.05
Pparbp 1450402_at Peroxisome proliferator activated receptor binding protein 21.51 0.225 21.47 0.374

1448708_at 21.31 0.05 1.02 0.876
Esrra 1460652_at Estrogen related receptor, alpha 1.17 0.422 21.19 0.0283
Esrrb 1422986_at Estrogen related receptor, beta 1.67 0.281 21.27 0.353
Pprc1 1426381_at Peroxisome proliferative activated receptor, g coactivator-related 1 21.08 0.467 1.31 0.0171
Tfam 1456215_at Transcription factor A, mitochondrial 21.05 0.749 21.1 0.562
Transcriptional factors upstream to PGC-1a
Taf6 1418593_at TAF6 RNA polymerase II, TATA box binding protein (TBP) factor 21.09 0.401 21.11 0.0116
Taf2 1434238_at TAF2 RNA polymerase II, TATA box binding protein (TBP) factor 1.01 0.922 1.24 0.0296
Taf15 1419846_at TAF15 RNA polymerase II, TATA box binding protein (TBP) factor 1.81 0.269 24.2 0.05
Creb1 1423402_at cAMP responsive element binding protein 1 21.81 0.0012 21.19 0.385
Crtc1 1434476_at CREB regulated transcription coactivator 1 21.54 0.0221 1.11 0.443
Btaf1 1435953s_at BTAF1 RNA polymerase II, B-TFIID transcription factor-associated 1.12 0.696 1.38 0.0418

P, 0.05 considered significant.
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PGC-1a increases the expression of the transcription factor
Tfam, a nuclear encoded mitochondrial transcription factor
and a target of NRF-1, which after translocation to mitochon-
dria increases the transcription and replication of the mito-
chondrial genome leading to mitochondrial biogenesis
(38,60,62). Tfam mRNA expression was decreased signifi-
cantly in HD mice. In WT mice, Tfam significantly increased
following GPA treatment, but significantly decreased further
in HD mice (Fig. 5A). These results are consistent with the
reduced numbers of mitochondria and mitochondrial area
observed by electron microscopy in GPA-treated HD mice
when compared with WT mice (Fig. 3). Further, we assessed
the mRNA expression of genes necessary for mitochondrial
function such as cytochrome c oxidase subunits (e.g. COX-II
and COX-IV) and Cyt C (Fig. 5A and B). Cyt C mRNA
expression was significantly decreased in HD mice under
basal conditions, it was up-regulated significantly in both
WT and HD mice following GPA treatment. COX-II and
COX-IV mRNA expression were unchanged in HD mice.
There were no significant decrease in COX-II and COX-IV
mRNA expression in WTþGPA mice, but they were signifi-
cantly decreased in HDþGPA mice (Fig. 5).

Adenoviral-mediated delivery of PGC-1a in the muscle
increases muscle oxidative capacity and reverses blunted
response for GPA in HD mice

To further evaluate whether PGC-1a may be protective in HD,
we have injected PGC-1a overexpressing adenoviral vector
directly into the skeletal muscle of WT and transgenic HD
mice. We have observed bright green fluorescence in the
green fluorescent protein (GFP) adenoviral-transduced
muscle fibers of HD mice (Fig. 6A). Following injection of
PGC-1a overexpressing adenovirus, we have observed the
expression of PGC-1a and MHC-I gene in muscle fibers of
GPA-treated and untreated WT and HD mice (Fig. 6B).
PGC-1a and MHC-I mRNA expression was significantly
decreased in muscle of HD mice when compared with WT
mice (Fig. 6B). We observed that PGC-1a overexpression
caused a significant increase in PGC-1a and MHC-I mRNA
expression in WT and HD mice following GPA treatment.
PGC-1a overexpression also reversed the blunted response
against GPA in HD mice.

Histochemical staining of SDH in muscle tissue showed
decreased SDH expression in HD mice when compared with
WT (Fig. 6C). SDH activity increased significantly in GPA-
treated WT mice, while it was further decreased in GPA-
treated HD mice. Overexpression of PGC-1a resulted in
increased number of dark stained type I oxidative fibers in
muscle of WT and HD mice following GPA treatment
(Fig. 6C).

Impaired PGC-1a transcription and function in muscle
of HD patients

Impairment in transcription of PGC-1a and downstream target
genes and abnormal muscle function in NLS-N171-82Q mice
prompted us to ask, whether muscle tissue from HD patients
also display these abnormalities. We examined mRNA
expression of PGC-1a and target genes in muscle biopsies
from symptomatic HD patients. We found a significant
decrease of PGC-1a (32%) and PGC-1b (50%) but unchanged
NRF-1 and Tfam mRNA expression in HD patients when
compared with control subjects (Fig. 7A). We also analyzed
mRNA expression of oxidative muscle markers such as tropo-
nin 1 (slow) and myoglobin. We found significantly decreased
troponin 1 (slow) (24%) and myoglobin (35%) in muscle of
HD patients (Fig. 7A). Interestingly, PPAR-a mRNA
expression was significantly up-regulated in HD patients,
while PPAR-d, PPAR-g and COX-IV were unchanged (Sup-
plementary Material, Fig. S3). These results suggest impaired
PGC-1a transcription and reduced oxidative capacity in
muscles of HD patients.

We established primary muscle cell (myoblast) cultures
from muscle biopsies of control subjects (n ¼ 3) and sympto-
matic HD patients (n ¼ 5). Both the control subject myoblasts
and HD myoblasts showed immunostaining for the muscle-
specific marker Desmin (Supplementary Material, Fig. S4).
Desmin immunostaining revealed the presence of apoptotic
vacuoles in HD myoblasts when compared with control myo-
blasts (Supplementary Material, Fig. S4). Phase contrast
microscopy of myoblast cultures showed that myoblasts
from control subjects showed fine morphology and grew in

Figure 5. PGC-1a and its downstream target genes transcription in
NLS-N171-82Q HD mice under chronic energy deprivation conditions. (A
and B) We confirmed microarray gene expression data by quantitative real-
time PCR. Relative mRNA expression levels of PGC-1a and its downstream
target genes (PGC-1b, NRF-1, NRF-2, PPAR-a, PPAR-d, CREB and ERR-a),
genes involved in mitochondrial function (COX-II, COX-IV and CYTC) and
mitochondrial biogenesis (Tfam) was measured in soleus muscles from GPA-
treated and untreated WT and HD mice. Relative mRNA expression was nor-
malized to b-actin. Data are expressed as means+SEM. �P , 0.05, ��P ,
0.01, ���P , 0.001 (n ¼ 5 mice/group).
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a regular pattern, whereas HD myoblasts showed abnormal
morphology and grew in an irregular pattern (Supplementary
Material, Fig. S5). Similarly, myotubes differentiated from
HD myoblasts also showed an irregular pattern of growth
when compared with control myotubes (Supplementary
Material, Fig. S6).
To investigate the effect of chronic energy deprivation con-

ditions on PGC-1a transcription and function in myoblasts of
control and HD subjects, we chronically treated myoblasts
with GPA. Using immunocytochemistry, we observed
reduced co-localization of PGC-1a (green) and myoglobin
(red) (a protein highly expressed in oxidative muscle fibers)
in HD myoblasts when compared with myoblasts of control
subjects (Fig. 7B). Treatment with GPA caused a minimal
increase in PGC-a and myoglobin immunostaining in HD
myoblasts, whereas in control myoblasts pronounced immu-
nostaining of PGC-1a and myoglobin was observed
(Fig. 7B). These results show PGC-1a transcriptional interfer-
ence and reduced oxidative capacity in myoblasts of HD
patients under basal as well as energy stressed conditions.
We studied the mRNA expression of PGC-1a and down-

stream target genes both at baseline and following treatment
with GPA in HD myoblasts. At baseline, there was a

significant down-regulation of PGC-1a and NRF-1 and signifi-
cant up-regulation of PRC (PGC-1a-related co-activator),
PPAR-a, PPAR-g and aminolevulinate synthase (ALAS)
gene expression in HD myoblasts (Fig. 7C–E). Following
treatment of control myoblasts with GPA, there were signifi-
cant increases in PGC-1a, PGC-1b, PRC, NRF-1, Tfam,
PPAR-a, Cyt C, COX IV and ALAS which were absent in
the myoblasts from HD subjects. Only PPAR-g was
unchanged in WT mice after GPA treatment, but increased
significantly in HD mice. At baseline there was no significant
difference in oxygen consumption between control and HD
myoblast (data not shown). Following GPA treatment, HD
myoblasts showed reduced oxygen consumption at rest, with
pyruvate and with the uncoupling compound dinitrophenol
(Fig. 7F).
As mutant Htt inhibits PGC-1a transcriptional activity (38),

we knocked down mutant Htt expression in cultured myoblasts
using a specific target ShRNA sequence against mutant Htt
(Fig. 7G). At baseline PGC-1a mRNA expression was signifi-
cantly decreased in scrambled ShRNA transfected HD myo-
blasts when compared with control myoblasts (Fig. 7G). We
found that knockdown of mutant Htt with ShRNAs A and D
in HD myoblast resulted in a 20–25% increase of PGC-1a

Figure 6. Adenoviral vector-mediated delivery of PGC-1a increases the muscle oxidative capacity and reverses the blunted response for GPA in transgenic HD
mice. (A) Expression of GFP labeled PGC-1a adenoviral vectors in the muscle of HD transgenic mice 4 weeks after injection. A vast majority of adenoviral
transduced muscle fibers exhibiting green fluorescence of GFP. (B) Relative mRNA expression of PGC-1a and oxidative muscle fiber marker MHC-I in the
muscles from PGC-1a adenoviral injected WT and HD mice. mRNA levels were normalized to b-actin. P , 0.05, �

¼ versus control, # ¼ versus AAV/
GFP. (C) Histochemical staining for succinate dehydrogenase (SDH) in muscle sections from PGC-1a adenoviral injected WT and HD mice treated with
NS or GPA. Overexpression of PGC-1a resulted in increased number of dark stained type I oxidative fibers in muscle of WT and HD mice. Arrows indicate
dark stained type I oxidative fibers, arrowheads mark to intermediate type IIA oxidative fibers and asterisks point to type IIB glycolytic fibers (Scale bar ¼
100 mm).
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Figure 7. Impaired PGC-1a and target genes transcription, decreased oxidative capacity and cellular respiration in muscle biopsies and myoblasts from HD
patients. (A) Quantitative real-time PCR analysis was performed in RNA isolated from muscle biopsies from symptomatic human HD patients and matched
control subjects. Relative mRNA expression of PGC-1a and target genes and oxidative muscle markers (myoglobin and troponin I slow) was measured by nor-
malizing values to b-actin. Data are expressed as the mean+SEM. �P , 0.05, ��P , 0.01 (n ¼ 9 control subjects and n ¼ 13 HD patients). (B) We established
muscle cell (myoblast) culture from HD patients and control subjects. To create chronic energy deprivation conditions, myoblast cultures were treated with GPA
for 7 days. Immunofluorescence analysis of PGC-1a (green fluorescence), oxidative muscle marker myoglobin (red fluorescence) and DAPI (blue fluorescence)
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mRNA expression. GPA treatment further significantly
induced PGC-1a mRNA expression up to �1.4-fold in
mutant Htt knockdown HD myoblasts when compared with
scramble sequence transfected HD myoblasts (Fig. 7G).
PGC-1a transcript expression was comparable in control myo-
blasts following GPA treatment in all the conditions. Both
ShRNAs targeting sequence A and D showed similar knock-
down efficiency.

DISCUSSION

Recent studies showed that impaired functioning of PGC-1a
contributes to mitochondrial dysfunction and appears to play
an important role in HD pathogenesis (39,40). In striata
from postmortem HD patient brains, striata from an HD
knock-in mouse model and the STHdhQ111 cultured HD stria-
tal cell line, there was a marked reduction in the expression of
PGC-1a mRNA (39). It was suggested that mutant Htt inter-
feres with formation of the CREB/TAF4 complex that regu-
lates transcription of the gene encoding PGC-1a. The
STHdhQ111 striatal neuronal line exhibited reduced expression
of known mitochondrial gene targets of PGC-1a, including
Cyt C and cytochrome oxidase IV. In knock-in HD mice
(with 140 CAG repeats inserted into the murine Htt gene),
the expression of PGC-1a was reduced several fold in
medium spiny neurons, but increased almost 50-fold in
nNOS interneurons, consistent with a role of PGC-1a in the
selective vulnerability of medium spiny neurons and the resist-
ance of interneurons (which are spared in HD).
Expression of PGC-1a is rapidly induced in response to

cold, and the coactivator regulates expression of key com-
ponents of adaptive thermogenesis including UCP-1, which
uncouples respiration resulting in heat production in brown
adipose tissue (36). There was marked hypothermia at baseline
and following cold exposure in several HD mouse models
(40). Following cold exposure, UCP-1 expression did not
increase in brown adipose tissue from N171-82Q HD mice
relative to WT animals, implicating impaired ability of
PGC-1a to induce UCP-1 and activate thermogenesis in
these mice. In primary brown adipocytes of N171-82 HD
mice, a reduced ATP/ADP ratio and reduced numbers of mito-
chondria, as well as vacuolated brown adipose tissue, occur
similar to the findings in PGC-1a-deficient mice (34). Using
microarray expression data from the caudate nucleus of HD
patient postmortem brain tissue, the authors reported reduced
expression of 24 out of 26 PGC-1a target genes (40).
Other findings are consistent with impaired PGC-1a

function in HD. There is substantial evidence for oxidative

stress in HD plasma, HD postmortem brain tissue and trans-
genic mice (63,64). The increase in oxidative damage may
be a consequence of a deficiency in PGC-1a and PGC-1b
since they are required for induction of many reactive
oxygen species detoxifying enzymes such as Cu/Zn superox-
ide dismutase, manganese superoxide dismutase, glutathione
peroxidase and glutathione synthesis (59,65).
There is strong evidence that myopathy may play a role in

HD. Polyglutamine inclusions as well as changes in gene
expression and calcium regulation are observed in muscle
from both HD mice and HD patients (4,25,42,45,46). Myopa-
thy was reported as a first symptom of HD in a marathon
runner (43). Cardiac dysfunction with abnormal mitochondria
occurs in R6/2 HD transgenic mice, consistent with findings
in PGC-1a-deficient mice (33,44,66). In R6/2 HD transgenic
mice, the quadriceps and soleus muscles develop normally
until 6weeks of age, after which they severely atrophy (4).
In another study of muscle in R6/2 mice, there was progress-
ive atrophy and supersensitivity to acetylcholine, as well as
morphological abnormalities of neuromuscular junctions
(5). This is of interest, since PGC-1a controls the develop-
ment of neuromuscular junctions (67). The progressive
muscle atrophy, which occurs in HD transgenic mice and
patients, may be a consequence of impaired PGC-1a func-
tion, since it protects skeletal muscle from atrophy by sup-
pressing FoxO3 action and atrophy-specific gene
transcription (68).
In the present studies, we investigated whether PGC-1a

dysfunction plays a role in muscle abnormalities in HD, by
examining changes in an HD transgenic mouse model, myo-
blast cultures from HD patients and muscle biopsies from
HD patients. We utilized the NLS-N171-82Q transgenic
mouse model of HD in which the N171-82Q fragment is
fused to a nuclear localization signal (69). In these mice,
NLS-N171-82Q fragments accumulate in the nucleus and the
mice develop progressive loss of weight, decreased motor per-
formance, and loss of spontaneous activity, nuclear aggregates
and premature death.
We found significant reductions of PGC-1a and Tfam in

soleus muscle (type I fiber-enriched) and of PGC-1a,
PGC-1b and Tfam in type IIB fiber-enriched EDL and
smaller reductions of PGC-1a and Tfam in GM in which
fiber types are mixed. We confirmed the reduced concentration
of PGC-1a using western blots in both the soleus and EDL
muscles. These results suggest that progressive muscle
atrophy and morphological abnormalities of neuromuscular
junctions observed in earlier studies could be a consequence
of impaired PGC-1a and target gene expression (4,5).

in myoblast cultures from HD patients and control subjects. Co-localization of PGC-1a and myoglobin is shown in merged images (yellow fluorescence). Arrow-
heads indicate immunoreactivity for PGC-1a and myoglobin. In HD myoblasts, decreased immunostaining and co-localization of PGC-1a and myoglobin is
observed. Following GPA treatment, PGC-1a and myoglobin expression are increased in control myoblasts, but not in HD myoblasts. Scale bars ¼ 50 mm.
(C–E) Quantitative real-time PCR analysis was performed in RNA isolated from GPA-treated myoblast cultures from HD patients and control subjects. Relative
mRNA expression of PGC-1a and target genes and mitochondrial function genes was measured by normalizing values to b-actin. Data are expressed as mean+
SEM. � and x

¼ versus WTþNS, # ¼ versus WTþGPA, �P , 0.05, ��P , 0.01, ���P , 0.001 (n ¼ 3 control subjects and n ¼ 5 HD patients). (F)Measurement
of cellular oxygen consumption in GPA-treated myoblast cultures from HD patients and control subjects. Oxygen consumption was recorded under basal
conditions and after addition of pyruvate and the mitochondrial uncoupler dinitrophenol (DNP). Data are expressed as mean+SEM. �P, 0.05 (n ¼ 3
control subjects and n ¼ 5 HD patients). (G) Increased PGC-1a mRNA expression in HD myoblasts by knockdown of mutant huntingtin. Control and HD myo-
blasts were transiently transfected with plasmid vector containing scramble and ShRNA target sequences A and D against mutant huntingtin. Knockdown of
mutant huntingtin followed by GPA treatment caused a significant increase of PGC-1a mRNA expression in HD myoblasts. Data are expressed as mean+
SEM of two experiments. �

¼ versus Control, x ¼ versus scramble ShRNA. �, xP , 0.05.
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To examine muscle function in HD mice under energy
deprivation conditions, we treated HD mice with the creatine
analogue GPA for 10 weeks. GPA treatment being a metabolic
challenge, in many respects mimics the effects of endurance
exercise leading to increased muscle oxidative capacity,
increased glutamate transporter content and citrate synthase
activities (49,51). Administration of GPA causes energy
stressed conditions, depletes intramuscular ATP/AMP ratios
leading to activation of muscle AMPK and muscle mitochon-
drial biogenesis (52). Inactivation of AMPK blocks this, as
well as increased expression of PGC-1a. AMPK directly phos-
phorylates PGC-1a and increases its expression through a
feedback loop (53). Thus, GPA treatment induces PGC-1a
expression and mitochondrial biogenesis through activation
of AMPK in muscle cells.
Following administration of GPA, there was a depletion of

ATP and PCr in both WT and HD transgenic mice, which was
greater in the HD mice. At baseline, there were reduced
AMPK mRNA and protein levels in the muscle of HD mice.
Following treatment with GPA, both AMPK mRNA and
protein levels and PGC-1a mRNA significantly increased in
WT mice, but there was no effect in the HD mice.
Skeletal muscle responds to increased energy demand such

as during endurance exercise training, calcium fluxes and elec-
trical stimulation by converting type II glycolytic muscle
fibers (fast-twitch or fatigable fibers) into oxidative fibers
(slow-twitch or fatigue resistant fibers). Muscle fibers can be
classified as ‘slow-twitch’ fatigue resistant fibers which
contain numerous mitochondria and use oxidative phosphoryl-
ation. These type I and IIA fibers allow for continuous activity
with less fatigue. The type I and IIA fibers contain large
amounts of myoglobin, are rich in mitochondria and generate
ATP oxidatively. In contrast, type IIX and IIB fibers are
‘fast-twitch fatiguable’ fibers which have few mitochondria
and which utilize glycolysis to generate ATP (41). PGC-1a
plays a key role in the formation of slow-twitch (type 1)
muscle fibers. PGC-1a expresses highly in type I fibers
enriched muscle such as the soleus muscle and very low
expression in type II fibers rich muscle such as EDL and
GM (41). Interestingly, overexpression of PGC-1a in type II
fibers enriched muscles causes fiber type conversion and
increased expression of genes characteristic of type I fibers
(41). In cultured muscle cells, PGC-1a activates transcription
in cooperation with Mef2 proteins and serves as a target for
calcineurin signaling, which has been implicated in slow
fiber gene expression (41). In PGC-1a knockout mice, there
is a shift from type I and type IIA towards type IIX and IIB
muscle fibers which is accompanied by myopathy and exercise
intolerance (70).
We, therefore, examined our HD transgenic mice for fiber

typing using SDH histochemistry, immunohistochemistry to
MHC isoforms and type I fiber-specific genes expression
such as troponin and myoglobin. Examination of the soleus
and GM showed that the muscle of WT mice were redder
(consistent with more type I fibers) than those of the HD
mice, and these differences were much more marked follow-
ing GPA treatment. These observations are therefore consist-
ent with an earlier study, where forced expression of
PGC-1a resulted in an increased proportion of type I fibers
and increased expression of mitochondrial markers and

type I fibers specific contractile proteins, leading to red
muscle coloration (41). SDH histochemistry confirmed that
type I fibers increased following GPA treatment in WT
mice, but they appeared to decrease further in the HD mice.
The proportions of type I, type IIA and type IIB fibers were
determined quantitatively using immunocytochemistry to
MHC isoforms. There was a significant reduction in type I
fibers and increase in type IIB fibers in the HD mice. Levels
of troponin mRNA and myoglobin mRNA were consistent
with these histological observations. These findings are also
consistent with changes that occur in mice, which have a
muscle-specific knockout of PGC-1a (70).

We carried out further studies to determine effects on mito-
chondrial area and mitochondrial number using electron
microscopy. In WT mice, mitochondria are uniform in size
and align regularly along the Z lines, whereas in the HD
mice, the mitochondria were irregular and poorly aligned. Fol-
lowing treatment with GPA, there was a significant increase in
mitochondrial area and number in WT mice, but no change in
the HD mice. Similarly, PGC-1a-deficient mice show fewer
and smaller mitochondria in soleus muscle (33).

We also examined Affymetrix gene expression profiling in
GPA-treated HD mice (56). Predefined sets of genes were ana-
lyzed using GSEA. This analysis showed increased expression
of genes involved in oxidative phosphorylation, electron trans-
port chain and muscle function in the GPA-treated WT mice
when compared with GPA-treated HD mice. The changes in
PGC-1a, PGC-1b, as well as the downstream genes were con-
firmed using quantitative RT–PCR. In soleus muscle of HD
mice, mRNA for PGC-1a, NRF-2, Tfam, PPARa, Cyt C
and CREB were all reduced at baseline. Following treatment
of WT mice, there were significant increases in PGC-1a,
PGC-1b, Tfam, COX IV, PPARa, PPARd, Cyt C and
CREB, whereas there were no alterations of these genes fol-
lowing treatment of HD mice with GPA. Adenoviral-mediated
PGC-1a overexpression resulted in increased muscle oxi-
dative capacity and reversal of blunted response for GPA.
These results corroborate with earlier studies, where
PGC-1a overexpression was found to increase oxidative
muscle fibers. (41).

In cultures of myoblasts from HD subjects, there is
increased apoptosis, defective cell differentiation and for-
mation of Htt inclusions (71). We studied HD myoblasts for
mRNA levels both at baseline and following treatment with
GPA. We found reduced levels of PGC-1a and NRF-1 at base-
line. Following treatment of control myoblasts with GPA,
there were increases in PGC-1a, PGC-1b, NRF-1, Tfam,
PPAR-a, Cyt C and COX IV, which were absent in the myo-
blasts from HD subjects. Induction of NRF-1 and Tfam fol-
lowing GPA treatment is consistent with a previous study,
where ectopic expression of PGC-1a in myotubes induced
the expression of downstream transcription factors such as
NRF-1 and Tfam (60). Immunocytochemical staining
showed reduced expression of PGC-1a in HD myoblasts
both at baseline and following treatment with GPA. The HD
myoblasts showed reduced oxygen consumption at rest, as
well as with pyruvate and following treatment with the uncou-
pling compound dinitrophenol. In muscle biopsies from HD
patients and controls, we found significant decreases in
PGC-1a and PGC-1b. There were also significant reductions
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in troponin 1 (slow) and myoglobin, markers of slow oxidative
type 1 fibers.
In concert, the present findings, therefore, show that there is

both reduced PGC-1a and its downstream genes controlling
oxidative metabolism in muscle of HD transgenic mice in
myoblasts from HD patients, and in muscle biopsies from
HD patients. Both type I fibers and numbers of mitochondria
were reduced in HD mice as compared with WT following
GPA treatment. Furthermore, the ability to up-regulate
PGC-1a and mitochondrial biogenesis in response to an ener-
getic stress was blocked in HD transgenic mice and myoblasts
from HD patients.
The finding that PGC-1a expression is impaired in muscle

and brain of HD transgenic mice and patients raises the possi-
bility that molecules that activate PGC-1a may be therapeuti-
cally useful. Such molecules are in development because
reduced PGC-1a expression has been strongly implicated in
obesity and type II diabetes (35). The present findings
showing impaired PGC-1a function in muscle in HD, as
well as in brain of both HD transgenic mice and patients
suggest that PGC-1a is a therapeutic target and may play a
critical role in HD disease pathogenesis. Furthermore,
muscle may provide a readily accessible tissue in which to
monitor therapeutic interventions.

MATERIALS AND METHODS

Transgenic animals and treatments

The NLS-N171-82Q mice were obtained from Dr. David
Borchett and have the mouse prion promoter driving
expression of 82-CAG repeat. In NLS-N171-82Q HD mice,
a nuclear localization signal (NLS) derived from atrophin-1
was fused to the N-terminus of an N171-82Q construct (69).
These mice develop phenotypes identical to N171-82Q mice.
HD offspring were genotyped by PCR assay of DNA obtained
from tail tissue. The animals were housed at Weill Medical
College animal house and were kept on a 12-h light/dark
cycle, with food and water continuously available. Exper-
iments were carried out using procedures that minimized
pain and discomfort. All experiments were conducted within
National Institutes of Health guidelines for animal research
and were approved by the Weill Cornell Medical College
Animal Care and Use Committee.
WT littermates and HD male and female mice were divided

equally in different treatment groups. WT and HD mice were
treated with GPA, which is a creatine analogue that competes
for the transport of creatine in the skeletal muscle and inhibit
creatine kinase activity. Chronic GPA treatment causes
chronic energy depletion by depleting intracellular PCr and
ATP concentrations and mimics endurance exercise training
conditions. Thus, chronic GPA treatment is a method to
pharmacologically create chronic energy deprivation con-
ditions. WT and HD mice at the age of 16 weeks received
GPA by single i.p. injection daily for 10 weeks (0.2 ml/
mouse; 0.5 M). WT and HD mice which received a daily
single injection of saline (0.2 ml/mouse) for the same duration,
served as a control as described earlier (52).

Transmission electron microscopy

Transmission electron microscopy was carried out in soleus
muscle from different groups. See supplemental experimental
procedures for a brief description.

Histochemical staining for SDH

For detail see Supplementary Material, Experimental
procedure.

MHC immunohistochemistry

Immunohistochemical staining of different isoforms of muscle
was performed in soleus muscle of WT and HD mice follow-
ing earlier published method (72). For detail see supplemental
experimental procedure.

Western blot

Tissue samples from the skeletal muscle of WT and HD mouse
and myoblast cultures were homogenized. The membranes
were incubated overnight at 48C for PGC-1a (1:2000, kind
gift of Dr B.M. Spiegelman), AMPK (1:500, Santa Cruz,
CA), pAMPK Thr 172 (1:500, Santa Cruz) and b-actin (1:10
000, Chemicon). For detail see supplemental experimental
procedure.

HPLC assay for ATP, PCR and their metabolites

We have reported the method in our previous publications
(73,74). Detailed methods are described in the Supplementary
Material, Experimental procedure.

Myoblast cell culture and GPA treatment

Myoblasts derived from muscle biopsies were obtained from
control subjects and HD patients with informed consent
(71). The myoblasts were cultured as previously described
(75). Myoblasts were grown in HAM’s F10 medium
(GIBCO, Invitrogen, San Diego, CA) supplemented with
15% fetal bovine serum (FBS) (Invitrogen), 0.5 mg/ml
bovine serum albumin, 4 ng/ml insulin, 10 ng/ml epidermal
growth factor, 0.39 mg/ml dexamethasone, 0.1 mg/ml strepto-
mycin and 100 U/ml penicillin. To create chronic energy
deprivation conditions, myoblast cultures were treated with
20 mM GPA dissolved in F-10 medium for 7 days.

Myoblast culture transient transfection

For transient transfection myoblasts from control subjects and
HD patients were maintained in HAM’s F10 medium with
15% FBS in 6-well plate. Transient transfection was per-
formed with 4 mg plasmids per well, at a confluence of
�65–70% using LipofectamineTM 2000 as per manufacturer’s
protocol. For RNA interference of Htt, two different Htt
shRNA target sequences (Htt ShRNA A and D) were inserted
separately in pSUPER.retro.neoþGFP (8.37 kb) plasmids.
pSUPER-control vector was constructed using a nucleotide
sequence with no significant homology to any mammalian
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gene sequence and served as a scramble non-silencing control.
HindIII and BglII restriction sites in pSUPER vector were used
for insertion of shRNA target sequences. ShRNA target
sequences are available upon request.

Measurement of myoblast oxygen consumption

See supplemental experimental procedure.

Gene expression analysis by RT–PCR

Total RNA was isolated from frozen WT and HD mouse
skeletal muscle and from cultured myoblast using TriZol
Reagent as per manufacture’s protocol. Primer sequences
used for RT–PCR experiments are listed in Supplementary
Material, Table S8. For detail see Supplementary Material,
Experimental procedure.

Affymetrix gene expression profiling

Total RNA was isolated from muscle using QiaZen RNeasy
RNA extraction kit according to the manufacturer’s rec-
ommended protocol (Valencia, CA). Affymetrix microarray
gene expression was carried out by NIH microarray consor-
tium at Yale University, CT. The RNA samples were analyzed
for integrity, using RNA 6000 Nano LabChip Kit and 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). The
RNA was processed according to the standard Affymetrix pro-
tocol and analyzed using the Mouse Genome 430 2.0 Gene
Chips. Data analysis was carried out using GeneSpring GX
7.3 software (Agilent Technologies). To test the differential
expression of predefined sets of related genes between differ-
ent treatment groups, GSEA was carried out (56).

Adenoviral injection

PGC-1a adenovirus was a kind gift of Bruce M. Spiegelman
(Dana Farber Cancer Research Center, Harvard University).
The PGC-1a adenovirus contained the gene for GFP in
tandem with the PGC-1a gene. PGC-1a adenovirus were
injected into the muscle of WT and HD mice following
earlier published method (76).

Statistical analysis

Statistical analysis was performed using GraphPad InStat stat-
istical analysis software version 3.05 for Windows (San
Diego, CA). The mean significant difference in the experimen-
tal groups was determined using one-way analysis of variance
followed by Tukey–Kramer post hoc multiple comparisons
test. Values of P , 0.05 were considered to be statistically
significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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