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Peroxisome proliferator-activated receptor-� (PPAR�) is a
member of the PPAR family of transcription factors. Synthetic
PPAR� agonists are used as oral anti-hyperglycemic drugs for
the treatment of non-insulin-dependent diabetes. However,
emerging evidence indicates that PPAR� activators can also
prevent or attenuate neurodegeneration. Given these previous
findings, the focus of this report is on the potential neuropro-
tective role of PPAR� activation in preventing the loss of mito-
chondrial function in Huntington disease (HD). For these stud-
ies we used striatal cells that express wild-type (STHdhQ7/Q7) or
mutant (STHdhQ111/Q111) huntingtin protein at physiological
levels. Treatment ofmutant cells with thapsigargin resulted in a
significant decrease in mitochondrial calcium uptake, an
increase in reactive oxygen species production, and a significant
decrease in mitochondrial membrane potential. PPAR� activa-
tion by rosiglitazone prevented the mitochondrial dysfunction
and oxidative stress that occurred when mutant striatal cells
were challenged with pathological increases in calcium. The
beneficial effects of rosiglitazone were likely mediated by acti-
vation of PPAR�, as all protective effects were prevented by the
PPAR� antagonist GW9662. Additionally, the PPAR� signaling
pathway was significantly impaired in the mutant striatal cells
with decreases in PPAR� expression and reduced PPAR� tran-
scriptional activity. Treatment with rosiglitazone increased
mitochondrial mass levels, suggesting a role for the PPAR�

pathway in mitochondrial function in striatal cells. Altogether,
this evidence indicates that PPAR� activation by rosiglitazone
attenuatesmitochondrial dysfunction inmutant huntingtin-ex-
pressing striatal cells, and this could be an important therapeu-
tic avenue to ameliorate the mitochondrial dysfunction that
occurs in HD.

Huntington disease (HD)2 is a neurodegenerative disease
that is inherited in an autosomal dominant manner, and is
caused by the pathological elongation of the CAG repeats in
exon one of the huntingtin gene (1). The pathogenesis of HD is
manifested by dysfunction and severe loss of striatal neurons in
the initial stages, and subsequently involves the cortex and
other brain regions in the later stages of the disease (2). Tran-
scriptional deregulation (3) and proteasome dysfunction (4)
have been suggested to be significant contributors to the path-
ogenic processes in HD. Additionally, calcium homeostasis
deregulation (5) andmitochondrial dysfunction (5, 6) also have
been strongly implicated in the pathogenesis of HD.
Abnormalities in mitochondrial function have been

observed in postmortemHDbrains (7–9).More recent findings
have provided compelling evidence that mitochondrial dys-
function is central to the pathogenesis of HD. Lymphoblasts
derived from HD patients exhibit alterations in mitochondrial
membrane potential in response to mitochondrial toxins and
lower calcium loads in comparison to control lymphoblasts (5,
10). In addition, mitochondrial respiration and ATP produc-
tion are significantly impaired in striatal cells expressing
mutant huntingtin (6).
Peroxisome proliferator-activated receptors (PPARs) are

members of the nuclear hormone receptor family of ligand-
activated transcription factors (11). To date, three mammalian
PPAR subtypes have been isolated and termed PPAR�, PPAR�,
and PPAR�. PPAR� is highly expressed in several tissues and
PPAR� is an APC-regulated target of non-steroidal anti-in-
flammatory drugs (12). PPAR� is a ligand-activated nuclear
receptor implicated in several significant human pathologies,
including cancer, atherosclerosis, and inflammation (13).
PPAR� is the target of the insulin-sensitizing thiazolidinedio-
nes (TZDs) drugs, used to treat type II diabetes. Recent studies
suggest that treatment of insulin resistance with a PPAR� ago-
nist retards the development of Alzheimer disease (AD) (14,
15), and TZDs extend survival in a transgenic mouse model of
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amyotrophic lateral sclerosis (16). TZDs have been proposed as
potential therapeutic agents for both AD andmultiple sclerosis
(17), and most of their neuroprotective effects are ascribed to
either improved insulin sensitivity, or to their anti-inflamma-
tory action through PPAR� activation in glial cells (18, 19).
However, activation of PPAR� by three different TZDs pro-
tected rat hippocampal neurons against �-amyloid (A�)-in-
duced damage (20), and the TZD rosiglitazone protects human
neuroblastoma SH-SY5Y cells against acetaldehyde-induced
cytotoxicity (21). In addition, PPAR� activation by rosiglita-
zone up-regulates the Bcl-2 protective pathway and prevents
neuronal degeneration induced by both oxidative stress and
treatment with A� fibrils, with a concomitant increase inmito-
chondrial viability (22). Recent studies have also provided evi-
dence that the expression of PGC-1�, a potent co-activator of
PPAR�, is repressed by mutant huntingtin expression, and
when PGC-1� knock-out (KO) mice are crossed with HD
knockin mice, this resulted in increased neurodegeneration of
striatal neurons andmotor abnormalities in theHDmice (2). At
the same time, there is evidence suggesting that PPAR� ago-
nists are neuroprotective and increase mitochondrial function
(23, 24). It was also demonstrated that oral treatment with ros-
iglitazone induced mitochondrial biogenesis in mouse brain
(25). Therefore, in this study, we explored the possibility of
using PPAR� activation to ameliorate mutant huntingtin-in-
ducedmitochondrial dysfunction (5, 6, 26). Our results indicate
that there are significant defects in the PPAR� signaling path-
way in mutant huntingtin-expressing cells in comparison with
cells that expresswild-type huntingtin protein. In addition, pre-
treatment of mutant huntingtin-expressing cells with the
PPAR� agonist rosiglitazone prevented the loss of mitochon-
drial potential, mitochondrial calcium deregulation, and oxida-
tive stress overproduction in response to intracellular calcium
overload. These findings suggest that activation of the PPAR�
signaling pathway could ameliorate themitochondrial function
deficits that occur in HD.

EXPERIMENTAL PROCEDURES

Reagents—Chemicals, culture media, and serum were
obtained from Sigma-Aldrich, Roche Applied Sciences, Alexis
Biochemical, and Invitrogen. Fluo-3 AM, Rhod-2 AM,
4-BrA23187, Calsein AM, Mitotracker GreenTM (MitoGreen),
tetramethyl rhodamine methyl ester (TMRM), Mitotracker
Red� CM-H2XRos (MitoRed), 4�,6-diamidino-2-phenylindole
(DAPI), and 5-(and-6)-chloromethyl-2�,7�-dichlorodihydrofluo-
rescein diacetate, acetyl ester (2,7-DCF) were obtained from
Molecular Probes (Eugene, OR).
Cell Culture—In this study, conditionally immortalized stri-

atal progenitor cell lines STHdhQ7/Q7 (referred to in the text as
wild-type cells) expressing endogenous wild-type huntingtin,
and STHdhQ111/Q111 (referred to in the text as mutant cells)
expressing comparable levels of mutant huntingtin with 111
glutamines were used (27). These cell lines were a generous gift
from Dr. M. E. MacDonald and were prepared from wild-type
mice andhomozygousHdhQ111/Q111 knockinmice as described
previously (27). Culturing conditions were the same as
described in our previous studies (28).

Intracellular ROS Measurements—Clonal striatal cells were
grow on polylysine-coated coverslips (30,000 cells/coverslip)
and treatedwith 1�M thapsigargin, 20�M rosiglitazone, and/or
40 �M GW9662, as indicated. After treatment, the cells were
incubated with the fluorescent probe 2,7-DCF at 10 �M for 30
min in Krebs-Ringer-Hepes (KRH) buffer supplemented with 5
mM glucose (29). The coverslips were washed two times with
PBS and fixed with 4% p-formaldehyde for 5 min. Cells were
photographed using a Nikon fluorescence microscope inte-
grated with a Spot digital camera (Diagnostic Instruments). All
photographs were taken using the same exposure time and gain
to minimize the photobleaching of 2,7-DCF. Images were
quantified using Image-Pro Plus 6 software. Results in intensity
unitswere expressed as average of fluorescence signal (F)minus
background fluorescence (F0) in every image (29, 30).
Mitochondrial Potential Determination in Live Cells—

Mitochondria membrane potential was determined using
Mitotracker� Red CM-H2XRos (MitoRed) or TMRM (22, 28,
30). Striatal cells were grown on poly-L-lysine-coated plates and
cultured for 4 days. The cells were then loaded for 30 min with
MitoRed or TMRM (100 nM) in KRHbuffer supplementedwith
5mM glucose and containing 0.02% pluronic acid, thenwashed,
and allowed to equilibrate for 20 min. Cells cultured in 35-mm
dishes were thenmounted on the stage of a confocal laser scan-
ning microscope (Leica SP2, Germany), and the fluorescence
changes were determined using a 40� water immersion objec-
tive. MitoRed and TMRM fluorescence were detected exciting
with a 563-nm He-Ne laser very heavily attenuated (30% laser
power), and the emission was collected at �570 nm for every
dye per separate measure. Signal from control cells and cells
treated with different stimuli were compared using identical
settings for laser power, and detector sensitivity for each sepa-
rate experiment. The images were analyzed with LCS Leica
confocal software and recorded as mean MitoRed or TMRM
fluorescence signal per live cell. Estimation of fluorescence
intensities were presented as the pseudoratio (�F/Fo), which
was calculated using the following formula: �F/Fo � (F �
Fbase)/(Fbase � B), where F is the measured fluorescence inten-
sity of the indicator, Fbase is the fluorescence intensity before
the stimulation, and B is the background signal determined
from the average of areas adjacent to the cells (22, 28, 30).
Cytosolic and Mitochondrial Calcium Measurements—Cells

grown on poly-L-lysine-coated 35-mm dishes were loaded for
30min (37 °C) with 5 �M Fluo-3 AM, and 10 �M Rhod-2 AM in
KRH-glucose containing 0.02% pluronic acid. The fluorescence
changes determined by Fluo-3 represent the cytoplasmic cal-
cium changes (30, 31), and Rhod-2 fluorescence indicate cal-
cium changes in the mitochondria (32, 33, 34). To estimate
Rhod-2 fluorescence pattern in live mitochondria, we used
Mitotracker GreenTM dye (MitoGreen) (33). MitoGreen accu-
mulates in the lipophilic environment of livemitochondria, and
the signal is independent of the mitochondrial potential (33,
35). Cells were washed three times and left in KRH-glucose for
10 min until cell fluorescence had equilibrated. Fluorescence
was imaged with a confocal laser scanning microscope (Leica
TCS SP2) using a 40� water immersion lens, as described pre-
viously (28). Images were acquired using a 488-nm Argon laser
to excite Fluo-3 fluorescence and a 563 nm He-Ne laser to
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excite Rhod-2 fluorescence. The signals were collected at 505–
530 nm (Fluo-3) and at 590 nm (Rhod-2). The fluorescence
background signal was subtracted from cell fluorescencemeas-
urements in every experiment. The fluorescence intensity var-
iation was recorded from 10–20 cells on average per experi-
ment. Estimation of fluorescence intensities of Fluo-3 and
Rhod-2 were presented as a pseudoratio (�F/Fo), as described
previously (30, 31).
Immunofluorescence Staining—Striatal cells plated on polyl-

ysine-coated coverslips (25,000 cells/coverslip) were double
immunostained using the rabbit polyclonal anti-PPAR� anti-
body (Cell Signaling, Boston, MA) (1:500), and a mouse mono-
clonal anti-actin antibody (Sigma). The secondary antibodies
used were 488 Alexa anti-mouse (Molecular Probes), for detec-
tion of actin and 593 Alexa anti-rabbit (Molecular Probes) for
PPAR�. Coverslips were mounted and analyzed using a Zeiss
fluorescence microscope (Carl Zeiss, Thornwood, NY) inte-
grated with an Axiocam CCD camera (Carl Zeiss).
Reverse Transcription and Real-time PCR—Total RNA was

extracted from wild-type or mutant striatal cells using TRIzol
(Invitrogen) as described in the manufacturer’s protocol.
Extracted total RNA was treated with RNase free-DNase I,
Amplification Grade, (Invitrogen) to remove contaminating
DNA, heat-treated to inactivate DNase I, and precipitated with
ethanol to clean up the reaction. 2 �g of total RNA was sub-
jected to reverse transcription using SuperScriptIII reverse
transcriptase (Invitrogen) following the manufacturer’s proto-
col. The real-time PCR reactionwas performed in triplicate in a
real-time PCR system (Bio-Rad) using SYBR GreenER qPCR
SuperMix (Invitrogen) in a final volume of 25 �l. Amplification
conditions consisted of an initial hot start at 95 °C for 10 min
followed by amplification of 45 cycles (95 °C for 15 s, 60 °C for
20 s, and 72 °C for 40 s). Melting curve analysis was performed
immediately after amplification from55 to 95 °C.The threshold
cycle (CT) of PPAR� was normalized to the CT value of TBP,
and the relative amounts of mRNA are shown.
Western Blotting—Cells were washed with ice-cold PBS and

lysed in a modified radioimmune precipitation assay buffer (50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.4%
SDS, 0.2% sodium deoxycholate, 5% glycerol, 1 mM EDTA, 20
mM NaF, 2 mM Na3VO4) containing protease inhibitors (1 mM
phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 10 �g/ml
aprotinin, 10 �g/ml pepstatin). The lysates were sonicated,
cleared from cellular debris by centrifugation, and assayed to
determine protein concentration using the BCA assay (Pierce).
Proteins (10–100 �g) were separated by 10% SDS-PAGE and
transferred to the nitrocellulose membrane. The membrane
was blocked with 5% skimmilk in Tris-buffered saline contain-
ing 0.05% Tween 20 (TBST) and incubated with the primary
rabbit antibody against PPAR� (1:500 dilution, Cell Signaling)
in TBST containing 2% bovine serum albumin at 4 °C over-
night. After washing three times, horseradish peroxidase-con-
jugated secondary antibody against rabbit (1:3000 dilution) in
TBST containing 5% skimmilk was added, followed by incuba-
tion, rinsing, and detection of the immunoreactive bands, by
chemiluminescence.
Luciferase Assays—4 � 104 wild-type striatal cells or 8 � 104

mutant striatal cells were plated into each well of a 24-well

plate. The following day, a reporter plasmid ((PPRE) X3-TK-
Luc) (Addgene, Cambridge, MA)) (36) was transiently cotrans-
fected with the other constructs as indicated (such as
mPPAR�1 and/or dominant negative (DN)-mPPAR�1 (22)),
using Lipofectamine 2000 (Invitrogen). phRL-TK (Promega,
Madison, WI) was cotransfected to normalize the transfection
efficiency for all experiments. 12–16 h after transfection, cells
were given fresh medium and treated as indicated. 24 h after
treatment, cells were washed with cold PBS, lysed with Passive
lysis buffer (Promega), and collected. Cell lysates were put
through one cycle of freeze-thaw and centrifuged. Luciferase
activity was then measured using the Dual-Luciferase Reporter
Assay System (Promega).
Statistical Analysis—Results were expressed as mean � S.E.,

and were analyzed using Student’s t test, an unpaired Student’s
t test, or one-way ANOVA followed by Student-Newman-
Keuls multiple comparisons test as indicated. Differences were
considered significant when p � 0.05.

RESULTS

Mutant Huntingtin Expression Significantly Affects the
PPAR� Signaling Pathway in Striatal Cells—We previously
have shown that PPAR� activation protects against A� and
oxidative stress damage in hippocampal neurons (20, 22). Addi-
tionally, one of themost interesting things thatwe observedwas
that the PPAR�-induced protection correlated with improved
mitochondrial function (22). PPAR� activation has been pro-
posed to increase mitochondrial biogenesis in vivo (25), and
treatment with PPAR� agonists has been proven successful in
ameliorating neurodegenerative damage in ischemia and ALS
(16, 37). Therefore, our aim was to determine if PPAR� activa-
tion could ameliorate the mutant huntingtin-induced mito-
chondrial dysfunction observed by our group (6, 28) and others
(5, 26, 38). Under basal conditions, mutant cells present with
low levels of PPAR� expression, in comparison with wild-type
cells (Fig. 1). Immunofluorescence studies (Fig. 1A), Western
blotting (Fig. 1B), andRNAanalysis (Fig. 1C) demonstrated that
expression of PPAR� was significantly reduced in mutant cells.
The transcriptional activity of PPAR� was also evaluated in the
striatal cells using a PPRE luciferase reporter assay. Fig. 1D
shows PPRE activity in striatal cells (wild type and mutant)
treated with rosiglitazone, a well known PPAR� agonist (20, 22,
37), 15-d-PGJ2 a physiological PPAR� activator (19), or nitro-
linoleic acid (LNO2) (a kind gift from Dr. Paul Brookes), which
also activates the PPAR� signaling pathway (39). Rosiglitazone,
15-d-PGJ2, and LNO2 increased PPAR�-dependent activity in
both cell types, but in mutant cells this increase was signifi-
cantly lower in comparisonwithwild-type cells (Fig. 1D). These
results suggest that PPAR� pathway is impaired inmutant hun-
tingtin-expressing cells; however, treatment with PPAR� acti-
vators can still result in increased transcriptional activity in the
mutant cells.
Pathological Calcium Increases Induce a Severe Mitochon-

drial Potential Loss in Mutant Huntingtin-expressing Cells—It
has been suggested that mutant huntingtin expression results
in calcium deregulation in different models (40). Therefore, we
evaluated mitochondrial calcium changes in striatal cells
treated with thapsigargin. Thapsigargin inhibits calcium
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uptake by endoplasmic reticulum and thus results in patho-
genic increases in intracellular calcium levels (33). Fig. 2A
shows that cytosolic calcium in wild-type and mutant striatal
cells exhibit similar profiles and levels in response to treatment
with 1 �M thapsigargin over 30 min. However, thapsigargin
treatment in the mutant cells resulted in a significant decrease
in mitochondrial calcium uptake, in contrast with wild-type
cells that show an increase inmitochondrial calcium levels (Fig.
2B). Recently, Lim et al. (38) reported that mitochondria from
mutant striatal cells are unable to manage large calcium loads,
and this effect appears to be due to increased sensitivity to cal-
cium-induced permeability transition pore (PTP) opening.
Therefore, we next measuredmitochondrial membrane poten-
tial changes in striatal cells exposed to thapsigargin (Fig. 2C). As
in our previous studies, mitochondrial potential changes were
evaluated usingMitoRed and TMRMdyes (28). These two dyes

show the same mitochondrial potential changes in striatal cells
depolarized with 10 �M FCCP and in response to calcium over-
load in the presence of 1 nM 4-BrA23187 (28). Fig. 2C shows a
representative graph from three independent experiments
from striatal cells loaded with TMRM and exposed to 1 �M
thapsigargin. Treatment of mutant cells with thapsigargin
results in a loss of mitochondrial membrane potential, in com-
parison with wild-type cells (Fig. 2C). Identical results were
obtained withMitoRed (data not shown). These results suggest
that uncontrolled calcium increases induce mitochondrial dys-
function in mutant huntingtin-expressing cells.
PPAR� Activation Prevents Mitochondrial Dysfunction

Induced by Pathological Calcium Increases in Mutant Striatal
Cells—To determine if PPAR� activation prevents mitochon-
drial dysfunction induced by thapsigargin in mutant cells, the
cells were pretreated for 24 h with 20 �M rosiglitazone, before

FIGURE 1. PPAR� signaling pathway is severely compromised in mutant huntingtin-expressing cells. A, untreated striatal cells were double-labeled with
an anti-actin antibody (green), and an anti-PPAR� antibody (red), and fluorescence images were captured. Representative images indicate that PPAR� expres-
sion is significantly decreased in mutant huntingtin-expressing cells in comparison with wild-type cells. B, top panel, representation Western blots for PPAR�
and �-actin as a loading control; bottom panel, quantified data showing that the protein expression of PPAR� is significantly decreased in mutant huntingtin-
expressing cells (45.1 � 14.1, n � 9) compared with wild-type cells. C, PPAR� mRNA levels in mutant cells are significantly decreased compared with wild-type
cells (0.367 � 0.058, n � 6). D, mutant cells show significantly reduced PPAR� transcriptional activity in response to the PPAR� agonists rosiglitazone,
15-d-PGJ2, and LNO2. PPAR� activity was measured using a luciferase assay with a PPRE-Luc reporter (n � 6 – 8). All three agonists induced greater activation
of PPAR� in wild-type cells (RSG, 2.04 � 0.25; 15-d-PGJ2, 2.162 � 0.13; LNO2, 2.46 � 0.34) than mutant cells (RSG, 1.412 � 0.10; 15-d-PGJ2, 1.70 � 0.16; LNO2,
1.56 � 0.11). Data are given as means � S.E. *, #p � 0.05; **, p � 0.01; ***, p � 0.001; p values with asterisk versus control condition in each cell type. #p is
comparison between wild-type and mutant cells treated with the same agonist. Statistical significance was determined by Student’s t test (A and B) and
one-way ANOVA followed by Student-Newman-Keuls multiple comparisons test (C).
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being exposed to 1 �M thapsigargin for a 30-min period. Wild-
type and mutant cells were loaded with MitoRed, to determine
mitochondrial potential changes using confocal microscopy.
Treatment with 1 �M thapsigargin did not result in any signif-
icant changes in the mitochondrial membrane potential in
wild-type cells (Figs. 2C and 3B) and treatment with rosiglita-
zone was without effect (Fig. 3A). Thapsigargin treatment of

mutant cells resulted in a significant
loss of mitochondrial membrane
potential (Fig. 2C), whichwas inhib-
ited by pretreatment with rosiglita-
zone (Fig. 3A). Additionally, short
time incubations with rosiglitazone
(2, 4, and 8 h), did not protect
mutant cells against thapsigargin-
induced mitochondrial potential
loss (data not shown). Rosiglitazone
pretreatment significantly attenu-
ated the mitochondrial potential
loss that occurred in response to
thapsigargin treatment in mutant
cells (Fig. 3B). These results indicate
that PPAR� activation protects
against the thapsigargin-induced
mitochondrial potential loss in
mutant huntingtin-expressing cells,
indicating a potential role of this
pathway in preventing the mito-
chondrial dysfunction that occurs in
HD.
PPAR� Activation Restores Mito-

chondrial Calcium Transport and
Intracellular ROS Levels Altered by
Thapsigargin in Mutant Striatal
Cells—To determine if activation of
PPAR� could protect against the
thapsigargin-induced mitochon-
drial calcium deregulation, wild-
type and mutant striatal cells were
preincubated with 20 �M rosiglita-
zone, for 24 h prior to treatment
with 1 �M thapsigargin and mito-
chondrial calcium uptake measure-
ments. Fig. 4A shows quantification
of three independent experiments
for mitochondrial calcium levels
determination in striatal cells ex-
posed to thapsigargin for 30 min.
These data clearly demonstrate that
pretreatment with rosiglitazone re-
establishes mitochondrial calcium
uptake in response to thapsigargin,
which is impaired in mutant cells
(Fig. 2B). This evidence indicates
that activation of the PPAR� path-
way results in significant improve-
ment of mitochondrial function,
with an attenuation of mitochon-

drial membrane potential loss and a recovery mitochondrial
calcium uptake function in mutant cells exposed to calcium
stress. In addition, to determine if increased PPAR� activation
can attenuate thapsigargin-induced ROS production, striatal
cells were incubated in the absence or presence of 20 �M ros-
iglitazone for 24 h prior to treatment with 1 �M thapsigargin
and measurement ROS levels. Intracellular ROS production

FIGURE 2. Pathological increases in intracellular calcium levels induce mitochondrial dysfunction in
mutant huntingtin-expressing cells. A, striatal cells were loaded with Fluo3-AM, and cytosolic calcium levels
were determined in both cell types exposed to 1 �M thapsigargin for 30 min. Fluorescence changes were
recorded at 1-min intervals and presented as the ratio �F/F. Thapsigargin induced a robust and similar cyto-
solic calcium increase in both cell types. B, cells were loaded with Rhod2 AM to determine mitochondrial
calcium levels in wild-type and mutant cells exposed to 1 �M thapsigargin for 30 min. Thapsigargin treatment
increased mitochondrial calcium levels in wild-type cells, but in mutant cells, thapsigargin treatment resulted
in a decrease in mitochondrial calcium uptake. C, time course of mitochondrial membrane potential in cells
exposed to 1 �M thapsigargin for 30 min (black circles: wild-type cells; white circles: mutant cells). The graph
represents quantification of mitochondrial potential fluorescence intensities as relative units, which shows
that treatment of mutant cells treated with thapsigargin results in a loss of mitochondrial potential. Data are
mean � S.E. (bars) from three separate experiments.

FIGURE 3. PPAR� activation prevents mitochondrial dysfunction induced by cytosolic calcium deregu-
lation in striatal cells. Striatal cells were treated with 1 �M thapsigargin after a 5-min control period at the
beginning of each experiment. A, wild-type and mutant cells were preincubated with 20 �M rosiglitazone for
24 h, and subsequently treated with 1 �M thapsigargin and mitochondrial potential changes were measured.
These experiments show that rosiglitazone treatment inhibited mitochondrial potential loss induced by thap-
sigargin in mutant cells (see Fig. 2). B, representative graph of mitochondrial potential levels after 30 min of
exposure to 1 �M thapsigargin from three independent experiments. Data are mean � S.E. (bars), and values
are from three separate experiments. *, p � 0.01 compared with mutant thapsigargin-treated cells. p � 0.01 by
unpaired Student t test.
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wasmeasured using the fluorescent probe 2,7-DCF (29). Fig. 4B
shows representative images of intracellular ROS levels in stri-
atal cells exposed to the indicated conditions. Fluorescence
images taken from cells were analyzed with Image Pro 6 soft-
ware, and results were expressed as F-F0, were F0 indicates the
background value in each image, and where F corresponds to
cellular fluorescence levels. Thapsigargin induced an increase
in ROS production in both cell types (Fig. 4,B andC). However,
thapsigargin treatment resulted in a significantly greater
increase in ROS levels in mutant cells in comparison with wild-
type cells (Fig. 4, B and C). PPAR� activation by rosiglitazone
significantly attenuated intracellular ROS production induced
by thapsigargin treatment in both cell types (Fig. 4C). These
results suggest that PPAR� activation by rosiglitazone reduces
ROSproduction inmutant huntingtin-expressing cells exposed
to a pathological calcium overload.
GW9662 Prevents Mitochondrial Function Improvement

Induced by PPAR�Activation inMutant Huntingtin-expressing
Cells—Chronic treatment with rosiglitazone clearly improves
mitochondrial function in mutant huntingtin-expressing cells

challenged with intracellular calcium overload (see Figs. 3 and
4). Rosiglitazone acts predominantly through the PPAR� path-
way (22); however, non-PPAR� related effects in response to
rosiglitazone treatment have been reported (19, 22, 41). There-
fore, to determine if rosiglitazone is eliciting its protective
effects on mitochondrial function in this model through
PPAR� activation, we measured mitochondrial potential in
striatal cells preincubated for 24 h with rosiglitazone, in the
presence or absence of GW9662 (Fig. 5). GW9662 is a PPAR�
antagonist that blocks the neuroprotective effect of rosiglita-
zone in hippocampal neurons exposed to A� and oxidative
stress (20, 22). Fig. 5, A and B shows mitochondrial potential
determinations from three independent experiments in striatal
cells loadedwithMitoRed and exposed to 1�M thapsigargin. As
previously observed, wild-type cells did not show alterations in
mitochondrial potential in response to thapsigargin treatment,
in control and rosiglitazone-pretreated conditions (Fig. 5A).
However, in wild-type cells pretreated for 24 h with rosiglita-
zone, in the presence of GW9662, thapsigargin induced a par-
tial mitochondrial potential loss in comparison with untreated

FIGURE 4. Rosiglitazone treatment recovers mitochondrial calcium uptake capacity and reduces oxidative stress production in mutant cells exposed
to calcium overload. A, striatal cells were loaded with Rhod2 AM for 40 min to measure changes in mitochondrial calcium using confocal microscopy in situ.
Mitochondrial calcium levels after 30 min of thapsigargin treatment from three separate experiments are shown. *, p � 0.01 mutant cells treated with
thapsigargin plus rosiglitazone compared with mutant cells treated with thapsigargin. B, wild-type and mutant cells were treated with 20 �M rosiglitazone (R)
or vehicle for 24 h prior to incubation with 1 �M thapsigargin (Th) for 30 min and ROS production measurements using 2.7-DCF. PPAR� activation by
rosiglitazone decreased intracellular ROS production trigger by thapsigargin in both cell types. C, quantified ROS data from four independent experiments.
Data are mean � S.E. (bars), and values are from four separate experiments. *, p � 0.05 mutant cells treated with thapsigargin compared with wild-type cells
treated with thapsigargin; **, p � 0.01 mutant cells treated with thapsigargin plus rosiglitazone compared with thapsigargin treatment, and #, p � 0.05
wild-type cells treated with thapsigargin plus rosiglitazone compared with wild-type cells treated only with thapsigargin.
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wild-type cells (Fig. 5A). Interestingly, short term treatments
with GW9662 alone were without effect on mitochondrial
potential levels in wild-type and mutant cells (data not shown).
Additionally, mutant cells preincubated for 24 h with rosiglita-
zone in the presence of GW9662, showed a pronounced mito-
chondrial potential loss in response to thapsigargin treatment
(Fig. 5B). This indicates that GW9662 blocked the mitochon-
drial protective effect produced by rosiglitazone treatment in
mutant cells exposed to thapsigargin, and suggests that rosigli-
tazone is acting mainly through activation of the PPAR� path-
way (Fig. 5C).
PPAR� Transcriptional Activity Is Compromised in Mutant

Huntingtin-expressing Cells—Treatment with rosiglitazone
attenuated the mitochondrial dysfunction that occurs in
mutant cells in response to thapsigargin treatment, and the
PPAR� antagonist GW9962 prevented this protective effect.
These findings indicate that rosiglitazone is acting through the

PPAR� pathway. Therefore, we next evaluated the transcrip-
tional activity of the PPAR� receptor in striatal cells exposed to
rosiglitazone and GW9962 using a luciferase activity assay.
These studies showed that 24 h of rosiglitazone treatment
increases PPAR� transcriptional activity in wild-type and
mutant cells (Fig. 6A). However, in mutant cells the PPAR�
transcriptional activity increasewas significantly less compared
with wild-type cells, suggesting that the PPAR� transcriptional
response is altered in the mutant cells. Co-treatment with ros-
iglitazone and GW9662 prevented the increases in PPAR�
transcriptional activity (Fig. 6A). The effect of PPAR� expres-
sion on the PPRE-dependent transcriptional activity in wild-
type and mutant cells was also examined. Mouse PPAR�
(mPPAR�1) or its dominant negative form (DN-mPPAR�1)
(22) were transiently expressed in the cells. PPAR� transcrip-
tional activity using PPAR� agonist rosiglitazone was then
measured with the PPRE luciferase reporter (Fig. 6B). Rosiglita-

FIGURE 5. GW9662 prevents mitochondrial functional improvement induced by rosiglitazone in mutant huntingtin-expressing cells. A, wild-type cells
were treated with 1 �M thapsigargin added after a 5-min control period at the beginning of each experiment. Thapsigargin treatment of wild-type cells did not
result in any significant mitochondrial membrane potential changes, in comparison with wild-type cells preincubated with rosiglitazone. Wild-type cells
preincubated with 40 �M GW9662, in the absence or presence of rosiglitazone, showed significant mitochondrial potential loss when they were treated with
1 �M thapsigargin for 30 min. B, mutant cells treated with thapsigargin exhibited mitochondrial membrane potential loss. Mutant cells were preincubated with
20 �M rosiglitazone for 24 h, and then were treated with 1 �M thapsigargin, and mitochondrial potential changes were measured. Rosiglitazone treatment
prevented the mitochondrial potential loss induced by thapsigargin in mutant cells In contrast, mutant cells preincubated with 40 �M GW9662, in the absence
or presence of rosiglitazone, showed significant mitochondrial membrane potential loss when they were treated with 1 �M thapsigargin for 30 min. C, quan-
tification of mitochondrial potential levels obtained from striatal cells exposed to thapsigargin for 30 min. Data are mean � S.E. (bars), and values are from three
separate experiments. *, p � 0.01 compared with mutant thapsigargin-treated cells; **, p � 0.05 compared with mutant thapsigargin 	 rosiglitazone-treated
cells, and #, p � 0.05 wild-type cells treated with thapsigargin plus GW9662 compared with wild-type cells treated only with thapsigargin. *, p � 0.01 and **,
p � 0.05 by unpaired Student’s t test.
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zone treatment induced PPAR�
transcriptional activity in both cell
types, although this effect was sig-
nificantly attenuated in the mutant
cells (Fig. 6B). Overexpression of
PPAR� (mPPAR�1) resulted in an
increase in PPAR� transcriptional
activity, which was 3-fold (mutant
cells) and 5-fold higher (wild-type
cells) than the response observed
in cells expressing the vector alone
(control cells). Treatment with 20
�M rosiglitazone significantly
increased PPAR� transcriptional
activity stimulated by transient
transfection of mPPAR�1 in both
cell types (Fig. 6B). Striatal cells
expressing the dominant negative
form of PPAR� (DN-mPPAR�1
cells) showed almost no PPRE activ-
ity in wild-type and mutant cells,
and prevented PPAR� activity
increased bymPPAR�1 transfection
in both cell types.
Rosiglitazone Treatment Results

in an Increase in Mitochondrial
Mass Levels in Striatal Cells—It has
been reported inmice that rosiglita-
zone treatment increases mito-
chondrial biogenesis in the brain
and others tissues (25, 42, 43).
Therefore, we carried our prelimi-
nary studies to determine if PPAR�
activation in striatal cells may
increase mitochondrial biogenesis
(Fig. 7). For these studies, striatal
cells were incubatedwith 20�M ros-
iglitazone for 24 h, in the absence or
presence of 40 �MGW9662 prior to
being loaded with MitoGreen,
which is used for mitochondrial
mass determinations (42, 44, 45).
Confocal images were taken from
striatal cells treated with the indi-
cated conditions (Fig. 7A). The flu-
orescence intensity changes were
recorded from7–13 cells on average
per each image, and analyzed using
Image Pro 6 software. Rosiglitazone
treatment induced a significant
increase in mitochondrial mass lev-
els in wild-type and mutant cells, as
compared with controls (Fig. 7, A
and B, see bars). Additionally,
GW9662 blocked the mitochon-
drial mass increase induced by
rosiglitazone, indicating a specific
PPAR�-dependent effect. These

FIGURE 6. Rosiglitazone treatment induced specific PPAR� activation in striatal cells. A, effect of GW9662,
an antagonist of PPAR�, on PPRE luciferase activity. Rosiglitazone treatment increased PPRE luciferase activity
in wild-type cells to 1.56 � 0.13, and in mutant cells to 1.31 � 0.06, respectively. GW9662 blocked the induction
of PPRE luciferase activity in response to rosiglitazone in wild-type cells (1.03 � 0.06) and in mutant cells (1.15 �
0.03) (n � 5). The p values were determined by the comparison to the rosiglitazone-treated condition in each
cell type. B, PPRE-luciferase reporter was cotransfected with mPPAR�1, DN-PPAR�1, or both. Exogenous
mPPAR�1 expression increased the activity of PPRE luciferase in wild-type cells (4.52 � 0.51) to a greater extent
than in mutant cells (2.64 � 0.11). Rosiglitazone treatment further increased the activity of PPRE luciferase in
both cell types (wild-type cells: 8.53 � 0.04, mutant cells: 3.87 � 0.10). DN-PPAR�1 significantly attenuated the
activity of PPRE luciferase both in the presence or the absence of rosiglitazone in both cell types without or with
cotransfection of PPAR�1 (n � 4). Data are given as means � S.E. *, #p � 0.05; **, p � 0.01; ***, ###p � 0.001; p
values with asterisk versus control condition in each cell type. Statistical significance was determined by one-
way ANOVA followed by Student-Newman-Keuls multiple comparisons test.

FIGURE 7. PPAR� activation increases mitochondrial mass in clonal striatal cells. To determine mitochondrial
mass, striatal cells were loaded with MitoGreen. A, cells loaded with MitoGreen were photographed with a confocal
microscope adjusted for the same exposure time, thickness, and gain. The fluorescence intensity variation value was
recorded from 7–13 cells on average per each image. B, rosiglitazone treatment (24 h) induced an increase in
mitochondrial mass in wild-type and mutant cells when compared with controls (see bars). Co-incubation with
GW9662 (40 �M) blocked the mitochondrial mass increase induced by rosiglitazone in both cell types. The graph
shows quantified data from four separate experiments. *, p � 0.01 compared with mutant-untreated cells; #, p �
0.05 compared with wild-type-untreated cells; **, p � 0.05 compared with mutant rosiglitazone-treated cells; and
##, p � 0.05 wild-type cells treated with rosiglitazone plus GW9662 compared with wild-type cells treated with
rosiglitazone. *, p � 0.01 and **, p � 0.05 by unpaired Student’s t test.
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findings indicate that PPAR� activation can increase mito-
chondrial biogenesis in striatal cells and this could contribute in
part to the protective effect of rosiglitazone against thapsigar-
gin-induced mitochondrial dysfunction in mutant huntingtin-
expressing cells.

DISCUSSION

In this report, we present evidence that treatment with ros-
iglitazone, a well known PPAR� agonist, attenuates mitochon-
drial dysfunction in mutant huntingtin-expressing cells chal-
lenged with a calcium overload. Specifically, treatment with
rosiglitazone decreased themitochondrial potential loss, oxida-
tive stress, andmitochondrial calciumderegulation in the thap-
sigargin-treated mutant cells. These beneficial effects were
blocked by GW9662, an antagonist of PPAR� activation.
PPAR� expression was significantly lower in mutant hunting-
tin-expressing cells with a concomitant decrease in PPAR�
transcriptional activity, confirming that PPAR� pathway is
compromised in mutant cells. PPAR� activators, especially
TZDs, have been shown to have neuroprotective effects in sev-
eral different models (19). It has been observed that PPAR�
activation protects from ischemia-induced damage in mouse
models (46). Additionally, PPAR� activation ameliorated A�
and oxidative stress toxicity in hippocampal neurons (20, 22).
This protection was mediated in part by rosiglitazone-induced
increases in Bcl-2 expression (22). This is intriguing because it
has been suggested that the anti-apoptotic function of Bcl-2 is
related to its ability to attenuate mitochondrial dysfunction
induced by different stressors (47). In the model system used
in this study, PPAR� activation ameliorated the thapsigar-
gin-induced mitochondrial dysfunction in mutant cells.
Given that mitochondrial dysfunction is likely to play a cen-
tral role in the pathogenesis of HD (5, 28, 38), these findings
indicate that the PPAR� pathwaymay be a rational therapeu-
tic target in the treatment of this disease. Recently, Lim et al.
(38) demonstrated that mutant huntingtin expression (using
clonal striatal cells) induces mitochondrial dysfunction
through disruption of mitochondrial calcium homeostasis.
These aberrant changes in the handling of calcium by themito-
chondria in mutant huntingtin-expressing cells occurred by a
mechanism that involved PTP opening (38). In this present
study, we present evidence that pathological increases in intra-
cellular calcium levels significantly compromise mitochondria
calcium regulation, mitochondrial membrane potential, and
ROS production in mutant striatal cells. The observations pre-
sented in this report are in complete agreement with our pre-
vious studies that suggest that mutant huntingtin expression
induced mitochondrial calcium handling defects that subse-
quently result in respiratory deficits in isolated mitochondria
preparations (6, 28). In fact, analysis of mitochondria isolated
from mutant huntingtin-expressing cells, and mitochondria in
intact mutant cells revealed similar results with similar sensi-
tivity to pathological calcium concentrations (28). Taken
together, these data show that mutant huntingtin expression in
striatal cells results in mitochondrial dysfunction, which likely
contributes to the pathogenesis in HD.
In our studies, we observed that treatment with rosiglitazone

induced an increase inmitochondrialmass levels in striatal cells

(Fig. 7). This effect of rosiglitazone was prevented by co-incu-
bation for 24 h with GW9662, indicating that rosiglitazone-
induced increase in mitochondrial mass is due to activation of
the PPAR� receptor.Also, the protective effects of rosiglitazone
against thapsigargin-induced mitochondrial dysfunction were
only apparent after 24 or 48 h of treatment. Short time incuba-
tions did not result in any beneficial response of rosiglitazone
on the mitochondrial function (data not shown), evidence that
supports a PPAR�-dependent effect. PPAR� activation induces
mitochondrial biogenesis in different cell types (42, 43), and
mitochondrial biogenesis has been reported in brain cells from
mice treated with rosiglitazone (25). Further, in this study we
clearly demonstrate that rosiglitazone not only increases mito-
chondrial mass, but improves mitochondrial function. Thus
PPAR� likely plays a role in regulating mitochondrial function,
and activation of this pathway could result in protection against
different stressors. It is tantalizing to speculate that the PPAR�-
induced increase in mitochondrial biogenesis in combination
with the up-regulation of keymitochondrial and anti-apoptotic
proteins (e.g. Bcl-2), increases the defense mechanisms against
oxidative stress, and mitochondrial damage. In fact, treatment
with rosiglitazone increased neuronal glucose uptake, and
restored brain ATP levels in stressed rats (48). Additionally, in
our studies we observed that PPAR� activity is important for
the normal function of the mitochondria. These observations
are supported by our findings that treatment of wild-type cells
with GW9662 for 24 h resulted in a partial mitochondrial
potential loss in response to thapsigargin treatment (see Fig.
5A). These observations are in agreement with previous find-
ings, which showed that expression of DN-mPPAR�1 in PC12
cells compromised normal mitochondrial potential levels and
increased intracellular ROSproduction in untreated andH2O2-
treated cells (22).
Agonists of PPAR� have been shown to ameliorate AD-re-

lated pathology in animal models and improve cognition (49,
50). Preliminary evidence indicates that PPAR� agonists (ros-
iglitazone) may improve cognition and memory in AD patients
(15). The evidence presented in this report indicates that acti-
vation of PPAR� receptors can ameliorate mitochondrial dys-
function in mutant huntingtin-expressing cells, which plays an
important role in the pathogenesis of HD (5, 26). Thus, PPAR�
agonists could represent a potential tool for the treatment of
neurodegenerative disorders, including HD.
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