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Abstract
Oxidative stress is a prominent feature of Huntington's disease (HD) due to mitochondrial
dysfunction and the ensuing overproduction of reactive oxygen species (ROS). This phenomenon
ultimately contributes to cognitive and motor impairment, as well as brain pathology, especially in
the striatum. Targeting the transcription of the endogenous antioxidant machinery could be a
promising therapeutic approach. The NF-E2-related factor-2 (Nrf2)/antioxidant response element
(ARE) signaling pathway is an important pathway involved in antioxidant and anti-inflammatory
responses. Synthetic triterpenoids, which are derived from 2-Cyano-3,12-Dioxooleana-1,9-
Dien-28-Oic acid (CDDO) activate the Nrf2/ARE pathway and reduce oxidative stress in animal
models of neurodegenerative diseases. We investigated the effects of CDDO-ethyl amide (CDDO-
EA) and CDDO-trifluoroethyl amide (CDDO-TFEA) in N171-82Q mice, a transgenic mouse
model of HD. CDDO-EA or CDDO-TFEA were administered in the diet at various
concentrations, starting at 30 days of age. CDDO-EA and CDDO-TFEA upregulated Nrf2/ARE
induced genes in the brain and peripheral tissues, reduced oxidative stress, improved motor
impairment and increased longevity. They also rescued striatal atrophy in the brain and
vacuolation in the brown adipose tissue. Therefore compounds targeting the Nrf2/ARE pathway
show great promise for the treatment of HD.
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Introduction
Huntington's disease (HD) is a neurodegenerative disorder caused by a polyglutamine
expansion in the huntingtin protein. It is characterized by motor impairment, cognitive
decline and psychiatric symptoms that worsen as the disease progresses. Neostriatal (caudate
and putamen) degeneration is characteristic of the pathology. Both neostriatal and cerebral
cortex atrophy are widely believed to contribute to cognitive dysfunction and motor
impairment, such as choreiform movements [1,2]. The degree of neostriatal atrophy is
indicative of disease severity [2]. Striatal medium spiny neurons, which are involved in
movement regulation, are particularly affected in HD [3].

A number of studies suggest that oxidative stress is prominent in the neostriatum of HD
brains [4]and contributes to degeneration of the neostriatum. In HD patients and animal
models, mitochondrial dysfunction results in overproduction of reactive oxygen species
(ROS), which leads to oxidative and nitrosative stress [5-7]. This stress contributes to
neuronal dysfunction by damaging DNA, proteins, and lipids.

DNA oxidation, which is contributes to DNA fragmentation, is marked by increased
concentrations of oxidized nucleotides, such as 8-hydroxy-2’-deoxyguanosine (8-OHdG)
[8,9]. DNA damage occurs in the striatum and cerebral cortex of HD patients [10-12].
Furthermore, levels of 8-OHdG in blood and postmortem brain tissue of HD patients are
markedly increased [13-15]. Similarly, in HD transgenic mouse models, 8-OHdG levels are
significantly increased in urine, blood, striatal DNA and striatal microdialysates [16]. In the
R6/2 transgenic mouse model of HD, striatal and cortical mtDNA damage were increased
eight fold as compared to nuclear genes [17].

Protein oxidation results from overproduction of peroxynitrite, a highly reactive product of
nitric oxide and superoxide free radicals, as well as other oxidants. Peroxynitrite can also
inhibit mitochondrial respiration and reduce antioxidant defenses in the cell [5,7,18].
Peroxynitrite formation is marked by increased 3-nitrotyrosine (3-NT) levels [5,7]. In
postmortem HD brain tissue, immunoreactivity of 3-NT is increased [13]. Moreover,
peroxynitrite formation is associated with striatal damage in HD animal models [19,20].
There are also increased levels of protein carbonyls in HD striatum and cerebral cortex [4].
The oxidized proteins include aconitase, enolase, creatine kinase B and glial fibrillary acidic
protein.

Oxidation of lipids is associated with impaired lysosomal function and increased levels of
lipofuscin, which are consistently observed in HD postmortem brain tissue [5]. The lipid
peroxidation products 4-hydroxynonenal and malondialdehyde are increased eight fold in
HD human plasma [21] and postmortem brain tissue [13]. F2-isoprotane levels are also
augmented in HD human cerebrospinal fluid [22]. In addition, glutathione levels in HD
plasma are significantly reduced [23]. There is also increased immunostaining for
malondialdehyde, 4-hydroxynonenal and 8-iso-PGF2a, in transgenic HD mice [5]. Elevated
lipid peroxidation was correlated with worsening neurological phenotype [24]. Because
oxidation is injurious to DNA, protein, and lipids, it can lead to cellular dysfunction and
ultimately cell death.

In normal cells, oxidative stress is combated by endogenous antioxidant pathways and free
radical scavengers. In HD neurons, ROS accumulate and produce oxidative stress [5,7].
There is also a history of inflammation in HD pathology. In HD patients, microglia
activation is evident in the neostriatum and cortex, and the level of microglial activation
increases with increased neuronal loss and correlates with the severity of the disease
[25-27]. Therefore, stimulation of the endogenous antioxidant machinery could be a
potential therapeutic intervention for the treatment of HD. The NF-E2-related factor-2
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(Nrf2)/antioxidant response element (ARE) signaling pathway is an important pathway
implicated in antioxidant and anti-inflammatory activities. Nrf2 binds to Keap1 in the
cytoplasm which prevents its degradation by the ubiquitin proteosome pathway. Following
exposure to oxidative stressors or electrophiles [28,29], Nrf2 disassociates from Keap1 and
enters the nucleus where it interacts with Maf proteins and binds to the AREs on a large
number of genes with antioxidant and anti-inflammatory activity, including NAD(P)H-
quinone oxidoreductase 1 (NQO1), heme oxygenase, glutamate cysteine ligase, gluthatione
S-tranferase, thioredoxin, and periredoxins [30].

Triterpenoids (TPs), particularly those which are analogues of 2-Cyano-3,12-
Dioxooleana-1,9-Dien-28-Oic acid (CDDO), have been investigated for their antioxidant
and anti-inflammatory properties for the treatment of many diseases. CDDO analogues
induced the Nrf2/ARE pathway in both cell culture and in mice [31-35]. In studies on
cancer, CDDO analogues reduced nitric oxide levels in mouse macrophages [36,37]. In an
Alzheimer's disease (AD) transgenic mouse model, CDDO-methyl amide (CDDO-MA)
reduced protein carbonyl levels, a biomarker of protein oxidation, improved memory and
reduced amyloid pathology [38]. We showed that CDDO-MA was neuroprotective against
acute and chronic MPTP administration, malonate lesions and 3-nitropropionic acid toxicity,
which has been used to model HD. CDDO-MA blocked the decreases in reduced glutathione
and the increases in 8-OHdG, 3-NT, malondialdehyde and isoprostanes [34]. In rodents, 2-
Cyano-3,12-Dioxooleana-1,9-Dien-28-Oic acid-trifluoroethyl amide (CDDO-TFEA)
upregulated both NQO1 and sulfiredoxin in the lung, which are antioxidant genes induced
by the Nrf2/ARE pathway [39]. 2-Cyano-3,12-Dioxooleana-1,9-Dien-28-Oic acid-ethyl
amide (CDDO-EA) exhibited cytoprotective and anti-inflammatory properties in lung of
mice administered vinyl carbamate [40]. Both CDDO-EA and CDDO-TFEA show higher
brain concentrations as compared to both CDDO and CDDO-MA. Therefore, CDDO-EA
and CDDO-TFEA are of particular interest for the reduction oxidative stress in the central
nervous system, and for the prevention of neurodegeneration in HD.

In this study, we investigated the effects of CDDO-EA and CDDO-TFEA in the N171-82Q
transgenic mouse model of Huntington's disease. The N171-82Q mice express a N-terminal
fragment of human huntingtin of 171 amino acids with 82 CAG repeats [41]. They become
symptomatic from 60 days of age onward, when they stop gaining weight and exhibit
progressive behavioral impairments, including loss of motor coordination [41]. They also
exhibit brain pathology with striatal atrophy [42]. We assessed motor coordination,
neuropathology, expression of Nrf2/ARE regulated genes, and oxidative damage in
N171-82Q mice treated with either CDDO-EA or CDDO-TFEA. We found that CDDO-EA
and CDDO-TFEA increased the transcription of genes regulated by Nrf2/ARE, resulting in
decreased oxidative stress, improved motor performance, increased survival, and rescue of
striatal atrophy in the brain and vacuolation in the brown adipose tissue.

Materials and methods
Animals and treatment

Male N171-82Q mice, which express a human huntingtin cDNA with a N-terminal fragment
of 171 amino acids with 82 CAG repeats, were obtained from Jackson Laboratories (Bar
Harbor, ME, USA). They were bred with B6C3 F1 females (Jackson Laboratories) and
offspring were genotyped by PCR assay of tail DNA. At 30 days of age, mice were assigned
to control diet (Lab Diet #5002, Purina-Mills, Richmond, IN, USA), diet containing 2-
Cyano-3,12-Dioxooleana-1,9-Dien-28-Oic acid-trifluoroethyl amide (CDDO-TFEA, 100mg/
kg diet, 200mg/kg diet, or 400mg/kg diet), or diet containing 2-Cyano-3,12-
Dioxooleana-1,9-Dien-28-Oic acid-ethyl amide (CDDO-EA, 100mg/kg diet or 200mg/kg
diet). Diets were formulated by Purina-Mills. CDDO-EA and CDDO-TFEA were provided
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by Reata Pharmaceuticals (Dallas, TX, USA). Briefly, CDDO-EA and CDDO-TFEA were
synthesized by the condensation of either ethyl amine or 2,2,2-trifluoroethyl amine,
respectively, with CDDO acid chloride [36]. The purity was determined to be greater than
95% by NMR and HPLC analysis.

Mice were separated into three cohorts for behavioral analysis, histological analysis, and
gene expression assays respectively. Behavioral analysis was assessed from 60 days of age
until endstage. Histological analysis and gene expression assays were performed on mice at
120 days of age. All experiments were carried out under the guidelines and approval of the
Institutional Animal Care and Use Committee (IACUC) of Weill Cornell Medical College
(New York, NY, USA).

Behavioral assessment
Motor skills were assessed once per week from 60 days of age until endstage using an
accelerating rotorod apparatus (Economex, Columbus Instruments, Columbus, OH, USA).
Each behavioral session consisted of three 5-minute trials on the accelerating beam of the
rotorod, with 15-minute inter-trial intervals. The rotorod was set to a motor speed of 0 rpm
and an acceleration of 0.1 rpm/sec. Latencies to fall were used as the measure of motor
performance, and averaged for all three trials. Age of death was recorded for this cohort of
mice and used to assess the effects of CDDO-EA and CDDO-TFEA on survival.

Levels of CDDO in brain and skeletal muscle
CDDO-EA and CDDO-TFEA levels were measured by liquid chromatography-mass
spectrometry (LC-MS). For extraction, 300 μl acetonitrile was added to 100 mg of tissue
before homogenization on ice using a Tissue-Tearor (Fisher Scientific, Pittsburgh, PA,
USA). Samples were then centrifuged at 20,000 g for 10 min. The acetonitrile extracts were
diluted 1:1 with 20 mM ammonium acetate pH 7.4 and centrifuged at 20,000 g for 5 min.
The diluted samples (100μl injection volume) were loaded on Waters XTerra column and
eluate analyzed using a Waters single-quadrapole ZQ mass spectrometer (Water macromass
ZQ) in electrospray positive ionization mode for CDDO-TFEA, electrospray negative
ionization mode for CDDO-EA.

Analysis was carried out using Waters MassLynx 4.1 software. Standard curves were
generated by spiking control tissue extracts of both brain and muscle with at least 4 different
concentrations of each CDDO. All calculated values were within the limits of the spiked
standards.

Immunohistochemistry and antibodies
Mice intended for neuropathologic analysis were sacrificed at 120 days of age. Mice were
anesthetized by intraperitoneal injection of sodium pentobarbital and perfused with 0.9%
sodium chloride. Brains were removed and fixed in 4% paraformaldehyde in 1 mM
phosphate buffer (pH 7.4). After fixation for 24 hours, brains were transferred to
cryoprotectant (30% glycerol, 30% ethylene glycol in 20mM phosphate buffer, pH 7.4) at
4°C and frozen before sectioning. Sections were cut coronally at 50 μm thickness.

Sections were processed for immunohistochemistry using a modified avidin-biotin-
peroxidase technique. The following antibodies were used: mouse anti-NeuN, (1:1,000,
Chemicon, Temecula, CA, USA); rabbit anti-calbindin (1:1,000, Chemicon, Temecula, CA,
USA); rabbit anti-3-nitrotyrosine (1:100, Millipore, Billerica, MA, USA); rabbit anti-
malondialdehyde modified protein (1:1,000, gift from Dr. Craig Thomas); goat anti-8-
hydroxy-2’-deoxyguanosine (1:100, Chemicon, Temecula, CA, USA). The immunoreaction
was visualized using 3,3' -diaminobenzidine tetrahydrochloride dihydrate (DAB).
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Analysis of striatal volume
NeuN-immunostained sections were used for analyzing striatal volume. For each animal, we
analyzed five serial coronal tissue sections stained through the striatum (300 μm apart) from
the level of interaural 4.9/bregma 1.1 to interaural 3.7/bregma –0.1. Stereological
measurement of striatal volume was carried out using the Cavalieri estimator probe of the
Stereo Investigator software (Microbrightfield, Colchester, VT, USA). Each section was
examined using a Nikon Eclipse E600 microscope (Melville, NY, USA) and viewed at a
magnification of 4×. The striatum was identified as being bounded by the corpus callosum
dorsally, the external capsule dorsolaterally, and the border of the lateral ventricle medially.
A series of grid points (100 μm × 100 μm grid spacing) was then overlaid on the region of
interest, and the number of points in the lattice that lie within the striatum was counted.

Analysis of striatal neuron count and medium spiny neuron area
NeuN-immunostained sections were also used for striatal neuron counts. Unbiased
stereological counts of striatal NeuN-immunoreactive neurons were obtained using the
Stereo Investigator software (Microbrightfield, Colchester, VT, USA). The optical
fractionator probe was used to quantify the total number of NeuN-positive neurons in a
defined volume of the striatum, as described above (section 2.5). The size of the x-y
sampling grid was 600 μm × 600 μm, and the counting frame thickness was 14 μm with 3
μm guard zones.

Adjacent sections were immunostained with an antibody against calbindin, a marker of
medium sized spiny neurons. The size of striatal calbindin positive neurons was quantified
using the nucleator probe (Stereo Investigator software). The nucleus was used as the
reference point. The average neuron area for at least 100 neurons per animal was calculated.

Histological analysis of vacuolation in the brown adipose tissue
Mice intended for vacuolation analysis were sacrificed at 120 days of age. Brown adipose
tissues were dissected, snap frozen in liquid nitrogen and stored at -80°C prior to sectioning.
Fresh frozen sections were cut at 50μM thickness and mounted on slides.

Sections were post-fixed in 4% paraformaldehyde and processed for both hematoxylin and
eosin staining. Additionally, oil red O staining was performed in semi-adjacent sections in
order to verify the presence of neutral lipid vacuoles.

Gene expression by qRT-PCR
Mice intended for gene expression assay were sacrificed at 120 days of age. Brains were
removed and striatum were dissected. Skeletal muscles of the hind limb and brown adipose
tissue were also dissected. All tissues were snap frozen in liquid nitrogen and stored at
-80°C prior to Trizol extraction.

Quantitative real-time PCR (qRT-PCR) was performed with the ABI Prism 7000HT
sequence detection system (Applied Biosystems, Foster City, CA, USA). CDDO-TFEA
samples were processed at the Weill Cornell Medical College Core Facility whereas CDDO-
EA samples were processed in our laboratory. The following representative genes were
analyzed: glutathione S-transferase 3 alpha (GST3a), heme oxygenase 1 (HO1), and
NAD(P)H-quinone oxidoreductase 1 (NQO1), and actin as control.

Statistical analysis
ANOVA was used to compare mice fed with control, CDDO-EA and CDDO-TFEA diets.
Post hoc Fisher's PLSD was used for comparison between groups.
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Kaplan-Meier survival curve was used to compare the average age of death (Statview 5.0.1,
SAS Institute Inc., Cary, NC, USA).

Results
Levels of CDDO-EA and CDDO-TFEA in brain and skeletal muscle of N171-82Q mice

Detection of CDDO analogues was performed by mass spectrometry in tissues after feeding
with the compounds (Supplementary figure 1). CDDO-MA was previously developed for
use in mouse models of other neurodegenerative diseases [34, 38]. In this new study, we
now show that CDDO-EA and CDDO-TEFA have even better pharmacokinetics than
CDDO-MA for use in treatment of neurodegenerative diseases. Thus, in a short-term
feeding experiment with wildtype mice (3 days), we compared the brain levels of CDDO-
MA to the newer compounds CDDO-EA (Supplementary figure 1B) and CDDO-TFEA
(Supplementary figure 1C). We found that CDDO-EA and CDDO-TFEA produced higher
concentrations in brain as compared to CDDO-MA (Supplementary figure 1). Furthermore,
in a long-term feeding experiment with wildtype mice (10 weeks), we found that brain levels
of CDDO-TFEA were higher than CDDO-EA (data not shown). Therefore, we used these
two newer compounds in our study.

In our experiment with transgenic N171-82Q mice, supplementary figure 2 shows
chromatograms of CDDO-EA and CDDO-TFEA spiked in mouse tissue homogenates at
different concentrations, which were used to form a standard curve. CDDO-EA in brains,
fed in chow, was below levels of detection at the 100mg/kg diet, and was present at 33.4 ±
2.1 nmoles/kg at the 200mg/kg diet (Supplementary figure 3). CDDO-EA in skeletal muscle
was present at 92.6 ± 28.0 at the 100mg/kg diet and 256.0 ± 92.3 nmoles/kg at the 200mg/kg
diet (Supplementary figure 4). The ratio of brain to plasma (skeletal muscle) for CDDO-EA
at 200mg/kg diet was 1:7.66. CDDO-TFEA in brains, also fed in chow, was present at 190.2
± 70.5 nmoles/kg at the 100mg/kg diet, 191.5 ± 39.7 nmoles/kg at the 200mg/kg diet, and
174.2 ± 36.2 nmoles/kg at the 400mg/kg diet (Supplementary figure 5). Brain concentration
of the latter dose is consistent with the previous feeding study of wildtype mice mentioned
above (Supplementary figure 1). CDDO-TFEA was present in skeletal muscle at 1,012.4 ±
56.8 nmoles/kg at the 100mg/kg diet, 1,008.7 ± 173.5 nmoles/kg at the 200mg/kg diet, and
1,126.7 ± 202.7 at the 400mg/kg diet (Supplementary figure 6). The ratio of brain to plasma
(skeletal muscle) for CDDO-TFEA at 200mg/kg diet was 1:5.27. Both CDDO-EA and
CDDO-TFEA therefore crossed the blood brain barrier in transgenic N171-82Q mice,
although concentrations achieved in brain were much less than those in skeletal muscle (cf.
ratios of brain to plasma).

CDDO-EA and CDDO-TFEA did not affect food intake in N171-82Q mice
Body weight was assessed and analyzed at 119 days of age to ensure that the CDDO diets
did not affect food intake. We found that CDDO-EA and CDDO-TFEA did not change the
body weight of N171-82Q mice as compared to mice fed the control diet, indicating first
that the food intake was unchanged, and second that the compounds did not improve weight
loss (Supplementary figure 7).

CDDO-EA and CDDO-TFEA improved rotorod performance in N171-82Q mice
Motor coordination was assessed by performance on an accelerated rotorod apparatus.
Latency to fall was recorded for 3 trials per weekly assessment and scores were averaged.
Figure 1 shows rotorod performance of N171-82Q mice treated with the following diets:
control, CDDO-EA 100mg/kg diet and 200mg/kg diet, and CDDO-TFEA 100mg/kg,
200mg/kg, and 400mg/kg diets from 119 days of age until 182 days of age, an age that
N171-82Q mice can no longer be tested. During this symptomatic period, CDDO-EA at
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100mg/kg diet and 200mg/kg diet both significantly improved motor performance in
N171-82Q mice compared to N171-82Q mice fed control diet (Figure 1A; Fischer's PLSD,
p=0.04, p=0.0006). CDDO-TFEA at 200mg/kg diet and 400mg/kg diet also significantly
improved motor performance in N171-82Q mice as compared to N171-82Q mice fed control
diet (Figure 1B; Fischer's PLSD, p=0.005, p=0.0007), however, improvement with CDDO-
TFEA at 100mg/kg diet did not quite reach significance (Figure 1B; Fischer's PLSD,
p=0.12).

CDDO-EA and CDDO-TFEA increased survival of N171-82Q mice
The cohort of mice used for behavioral analysis was also used for assessment of survival.
Figure 2 shows a Kaplan-Meier plot of the survival of N171-82Q mice treated with control,
CDDO-EA 100mg/kg and 200mg/kg diets and CDDO-TFEA 100mg/kg, 200mg/kg, and
400mg/kg diets. The average survival of N171-82Q mice fed control diet was 155 ± 4.8
days. The average survival of N171-82Q mice fed CDDO-EA was 185 ± 5.5 days for the
100mg/kg diet (19.4% increase from mice fed control diet), and 189 ± 4.8 days for the
200mg/kg diet (21.9% increase from mice fed control diet). Dietary supplementation of
CDDO-EA at both doses significantly improved survival (Figure 2A, B; Fischer's PLSD,
p=0.0002, p<0.0001). The average survival of N171-82Q mice fed CDDO-TFEA was 175 ±
3.9 days for the 100mg/kg diet (12.9% increase from mice fed control diet), 184 ± 3.5 days
for the 200mg/kg diet (18.7% increase from mice fed control diet), and 177 ± 3.6 days for
the 400mg/kg diet (14.2% increase from mice fed control diet). Each CDDO-TFEA diet
significantly improved survival as compared to N171-82Q mice fed control diet (Figure 2C,
D; Fischer's PLSD, p=0.001, p<0.0001, p=0.0003).

CDDO-EA and CDDO-TFEA at 200mg/kg in the diet attenuated striatal atrophy and
reduction of neuron size in N171-82Q mice

Mice treated with CDDO-EA and CDDO-TFEA at 200mg/kg diet were used for brain
pathology, because their effects on motor behavior were maximal at this dose. Since striatal
degeneration is characteristic of N171-82Q mice, we analyzed striatal volume after staining
with a NeuN antibody (Figure 3A, B). Striatal volume was significantly reduced in
N171-82Q mice fed control diet compared to wildtype mice fed control diet (Figure 3A, B;
Fischer's PLSD, p<0.0001). With CDDO-EA and CDDO-TFEA, there was a marked
increase in striatal volume in N171-82Q mice compared to N171-82Q mice fed control diet
(Figure 3A, B; Fisher's PLSD, p<0.0001, p=0.04). Figure 3B also demonstrates the
increased ventricle size of N171-82Q mice fed control diet as compared to wildtype mice
fed control diet, and the reduction of striatal atrophy in N171-82Q mice fed CDDO-EA and
CDDO-TFEA. However, there was no change in striatal neuron count amongst any of the
groups, consistent with previous observations (Figure 3C).

Since there were no significant differences in the NeuN-positive neuron counts between
groups, we determined whether alterations in striatal volume were associated with changes
in neuron size. We analyzed the size of medium spiny neurons (Figure 3D, E) which are
known to be preferentially vulnerable in HD transgenic mice [3]. Figure 3E shows calbindin
immunoreactivity in the dorsolateral striatum. At baseline, calbindin positive medium spiny
neurons of N171-82Q mice fed control diet were significantly smaller than those of wildtype
mice fed control diet (Figure 3D, E; Fischer's PLSD, p=0.001). The average size of medium
spiny neurons in N171-82Q mice fed control diet was 57.4 um2 while the average size of
medium spiny neurons in wildtype mice fed control diet was 75.8 um2. CDDO-EA and
CDDO-TFEA treatment at 200mg/kg diet markedly attenuated the reduction of medium
spiny neuron size as compared to N171-82Q mice fed control diet (Figure 3D, E; Fischer's
PLSD, p=0.004, p=0.006). Neuronal size in triterpenoid treated N171-82Q mice was not
significantly different from those in wildtype mice fed control diet (average medium spiny
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neuron size was 74.3 um2 for N171-82Q mice treated with CDDO-EA at 200mg/kg diet,
71.4 um2 for N171-82Q mice treated with CDDO-TFEA, and 75.8 um2 for wildtype mice
fed control diet).

CDDO-EA and CDDO-TFEA at 200mg/kg in the diet attenuated vacuolation in the brown
adipose tissue of N171-82Q mice

Mice treated with CDDO-EA and CDDO-TFEA at 200mg/kg diet were used for vacuolation
analysis in the brown adipose tissue, because their effects on motor behavior were maximal
at this dose. Sections were stained with both hematoxylin and eosin staining. Additionally,
oil red O staining was performed in semi-adjacent sections in order to verify the presence of
neutral lipid vacuoles.

CDDO-EA and CDDO-TFEA reduced vacuolation in the brown adipose tissue in N171-82Q
transgenic mice as compared to N171-82Q mice fed control diet (Figure 4). CDDO-EA and
CDDO-TFEA at 200mg/kg in the diet reduced oxidative and nitrosative stress in N171-82Q
mice

Oxidative and nitrosative stress are characteristic features of mouse models of Huntington's
disease. Immunohistochemical analyses of oxidative and nitrosative stress were performed
in striatal tissues using 8-hydroxy-2’-deoxyguanosine (8-OHdG), malondialdehyde (MDA),
and 3-nitrotyrosine (3-NT) antibodies (Figure 5). Figure 5A shows 8-OHdG
immunoreactivity, a marker of DNA damage, in the striatum. In N171-82Q mice fed control
diet, there was increased staining for 8-OHdG as compared to wildtype mice fed control diet
(Figure 5A). However, CDDO-EA and CDDO-TFEA markedly reduced 8-OHdG
immunoreactivity in the striatum of the N171-82Q mice as compared to N171-82Q mice fed
control diet (Figure 5A).

Figure 5B shows immunoreactivity to MDA in the striatum, a marker of lipid peroxidation.
In N171-82Q mice fed control diet, there was increased MDA staining in neurons and
neuropil as compared to wildtype mice fed control diet (Figure 5B). CDDO-EA and CDDO-
TFEA treatments substantially reduced MDA staining in neurons and neuropil as compared
to N171-82Q mice fed control diet (Figure 5B).

Figure 5C shows immunoreactivity to 3-NT in the striatum, a marker of peroxynitrite
formation. In N171-82Q mice fed control diet, there was increased 3-NT staining as
compared to wildtype mice fed control diet (Figure 5C). CDDO-EA and CDDO-TFEA
treatments markedly decreased 3-NT immunostaining in N171-82Q mice as compared to
N171-82Q mice fed control diet (Figure 5C).

CDDO-EA and CDDO-TFEA upregulated expression of genes specifically involved in the
Nrf2/ARE pathway in N171-82Q mice

For both CDDO-EA and CDDO-TFEA treated N171-82Q mice, striatum, hindlimb skeletal
muscle, and brown adipose tissue were analyzed for the following three Nrf2/ARE induced
genes: GST3a, NQO1 and HO1. Because of the multiple analyses, we report only the
significant upregulations of these genes. It should be assumed that for the data not included
in this section, we did not find significant differences in mRNA levels.

In the striatum, the mRNA level of HO1 was significantly increased in N171-82Q mice
treated with CDDO-EA (Figure 6A; Fisher's PLSD, p=0.04 at 200mg/kg diet) and CDDO-
TFEA (Figure 6B; Fisher's PLSD, p=0.009 at 200mg/kg diet, p=0.03 at 400mg/kg diet) as
compared to N171-82Q mice fed control diet.
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We also found that in skeletal muscle, after CDDO-TFEA administration, the mRNA levels
of the following genes were significantly increased as compared to control diet: GST3a
(Figure 6C; Fisher's PLSD, p=0.007 at 100mg/kg diet, p=0.0001 at 200mg/kg diet, p=0.001
at 400mg/kg diet), NQO1 (Figure 6D; Fisher's PLSD, p=0.04 at 200mg/kg diet, p=0.02 at
400mg/kg diet) and HO1 (Figure 6E; Fisher's PLSD, p=0.02 at 200mg/kg diet, p=0.03 at
400mg/kg diet).

In brown adipose tissue of the N171-82Q mice, we found that the mRNA level of GST3a
was significantly increased after both CDDO-EA (Figure 6F; Fisher's PLSD, p=0.005 at
200mg/kg diet) and CDDO-TFEA administration (Figure 6H; Fisher's PLSD, p=0.003 at
100mg/kg diet, p<0.0001 at 200mg/kg diet, p<0.0001 at 400mg/kg diet) as compared to
control diet. Similarly, we found that the mRNA level of NQO1 was significantly increased
after both CDDO-EA (Figure 6G; Fisher's PLSD, p=0.0002 at 200mg/kg diet) and CDDO-
TFEA (Figure 6I; Fisher's PLSD, p=0.005 at 100mg/kg diet, p=0.03 at 200mg/kg diet,
p=0.005 at 400mg/kg diet) administration as compared to control diet.

Discussion
Many studies have demonstrated that increased oxidative stress and inflammation occurs in
HD and thus may play a role in its pathogenesis. In HD patients and animal models,
accumulation of ROS triggers oxidative and nitrosative stress in neurons [5,7]. Oxidative
and nitrosative stress are injurious to DNA, proteins, and lipids leading to cell dysfunction
and death. Oxidative damage is prominent in the striatum of HD patients and animal models,
and ultimately contributes to brain and behavioral pathology, including motor impairment
and cognitive dysfunction [11,19,24].

Many therapeutic approaches target exogenous antioxidants as a way to prevent oxidative
damage. A study in a Drosophila model of oxidative stress suggested that dietary
supplementation with the antioxidant vitamin E increased survival [43]. Other studies have
investigated the effect of ascorbate in the R6/2 mouse model of HD, and have shown that
ascorbate improved motor signs in these mice [44]. We previously showed that the
antioxidants lipoic acid and BN82451 both exerted modest neuroprotective effects and
increased survival in transgenic mouse models of HD [42,45]. We also showed that
coenzyme Q10, which acts as an antioxidant and also improves the efficiency of the electron
transport chain, was effective in transgenic mouse models of HD [46]. Coenzyme Q10 also
lowered increased lactate levels in occipital cortex of HD patients [47]. In a randomized
clinical trial coenzyme Q10 at 600mg/day showed a trend to slow decline in total functional
capacity, and improved measures of cognition [48]. A further trial using coenzyme Q10 at a
dose of 2400mg daily is now underway (CARE-HD).

Another important pathway in combating oxidative stress is the Nrf2/ARE signaling
pathway, which responds by activating Phase II detoxification [49,50]. It has been shown
that in neurodegenerative diseases, Nrf2 expression is altered in both neurons and astrocytes
[51]. It should be noted that ARE regulated genes are preferentially activated in astrocytes
[52] and that astrocytes can play a role in Nrf2 mediated neuroprotection during
neurodegeneration. After both malonate or 6-hydroxydopamine lesioning in mice,
transplanting Nrf2-overexpressing astrocytes into the striatum protected against malonate- or
6-hydroxydopamine-induced damage [49,53]. In addition, Nrf2 deficiency increased
sensitivity to MPTP or 6-hydroxydopamine administration in mice whereas overexpression
of GFAP-Nrf2 abolished MPTP or 6-hydroxydopamine toxicity [53,54]. Also, crossing a
mouse with Nrf2-overexpressing astrocytes with the G93A SOD transgenic mouse model of
ALS produced delayed onset of symptoms and improved survival [55].
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Tert-butylhydroquinone (tBHQ) and sulforaphane are two potent pharmacological inducers
of the Phase II detoxification pathway, the latter increasing glutathione-S-transferase and
quinone reductase activity. These two compounds have been widely used as Nrf2/ARE
activators to protect against oxidative and cellular damage, especially in in vitro and in vivo
models of Parkinson's disease (PD). Activation of the Nrf2/ARE pathway in astrocytes after
tBHQ or sulforaphane treatment protected neurons against oxidative stress-induced cell
death in cultures [56,57], and increased NQO1 activity [56]. Both drugs protected against 6-
hydroxydopamine toxicity in rat organotypic nigrostriatal cocultures, once again increasing
NQO1 expression [58], and against MPTP toxicity in mice [59]. Sulforaphane also reduced
toxicity in human dopaminergic neuroblastoma SH-SY5Y cells induced by arsenic and
dopamine treatment [60]. Furthermore, induction of the Phase II detoxification pathway by
sulforaphane suppressed neuronal loss in Drosophila Parkin mutants, a model of PD [61].
These findings suggest that the activation of Nrf2/ARE play a key role in the protection
against neurodegeneration, especially in PD. Another study showed that DJ-1, a protein in
which mutations cause PD, stabilizes Nrf2 by preventing its association with its inhibitor
protein Keap1 and its subsequent ubiquitination [62]. Indeed, in cells, deficiency of DJ-1
affected expression of NQO1 in an Nrf2-dependent manner [62].

Synthetic triterpenoids, which are analogues of 2-Cyano-3,12-Dioxooleana-1,9-Dien-28-Oic
acid (CDDO), have been of great interest because of their antioxidant and anti-inflammatory
properties. Such agents induced Nrf2/ARE regulated genes, such as increasing NQO1 [35]
and repressing iNOS expression [35,63,64]. More specifically, CDDO-methyl ester reduced
nitric oxide levels produced in response to interferon-gamma in mouse macrophages
[36,37]. CDDO-methyl amide improved memory, reduced plaque burden, Aβ42 levels, and
protein oxidation in a transgenic mouse model of Alzheimer's disease [38]. CDDO-
imidazolide was effective in decreasing DNA damage produced by hypoxia in mouse lungs
[65]. It also increased the expression level of HO1 and reduced ROS production in cells
treated with tert-butyl hydroperoxide [31]. CDDO-TFEA induced sulfiredoxin in rodents
[39] and upregulated expression of NQO1 in ARPE-19 retinal pigment epithelial cells, as
well as in retinas of BALB/c mice following photo-oxidative stress [66].

Because of their potency in stimulating endogenous antioxidant and anti-inflammatory
pathways, we examined whether the TPs could improve behavioral deficits and brain
pathology of N171-82Q mice, a transgenic HD mouse model. These mice exhibit
progressive behavioral impairment including a loss of motor skills in rotorod testing and
impaired survival [41]. We found that CDDO-EA and CDDO-TFEA produced higher
concentrations in brains as compared to CDDO itself, and other CDDO analogues such as
CDDO-MA. Thus, in our study, we administered both CDDO-EA at 100mg/kg diet and
200mg/kg diet and CDDO-TFEA at 100mg/kg diet, 200mg/kg diet and 400mg/kg diet.

Both compounds significantly ameliorated motor impairment of N171-82Q mice in the
accelerated rotorod test. This improvement was seen from 119 to 182 days of age, when the
mice became symptomatic. Both CDDO-EA and CDDO-TFEA increased survival without
affecting the body weight of N171-82Q mice at all doses. More precisely, CDDO-EA
increased survival by 19.4% at 100mg/kg diet and 21.9% at 200mg/kg diet while CDDO-
TFEA increased survival by 12.9% at 100mg/kg diet, 18.7% at 200mg/kg diet, and 14.2% at
400mg/kg diet. These increases in survival are comparable to the highest range of percent
increases in survival seen in other therapeutic trials in mouse models of HD. For example, in
both the R6/2 and N171-82Q mouse models of HD, there have been survival increases of
6.8% with dichloroacetate, 7.1% with lipoic acid, 15.5% with remacemide, and 17.4% with
creatine [67]. We also showed that administration of creatine increased survival by 19% in
N171-82Q mice [42] and that administration of coenzyme Q10 with remacemide or
administration of mithramycin increased survival by 31.8% or by 29.1% in R6/2 mice,
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respectively [68,69]. This indicates that CDDO-EA and CDDO-TFEA both improve the
behavioral phenotype and survival of N171-82Q mice in a comparable range to the best
therapeutic interventions thus far tested.

CDDO-EA and CDDO-TFEA exerted neuroprotective effects. Striatal atrophy is believed to
play a role in HD symptoms such as motor impairment. Neostriatal atrophy, which is a
consequence of loss or atrophy of striatal neurons, is a pathologic hallmark of HD. The
severity of striatal degeneration correlates with the severity of the disease [1,2]. In mice
treated with MPTP and 3-nitropropionic acid, models of PD and HD, respectively, CDDO-
MA protected against neuronal loss [34]. In our study, we found that CDDO-EA and
CDDO-TFEA attenuated striatal atrophy in N171-82Q mice at 120 days of age.
Interestingly, CDDO-EA exhibited similar neuroprotective effects as compared to CDDO-
TFEA despite having lower brain concentrations. This suggests that CDDO-EA may be
more active than CDDO-TFEA.

To investigate the mechanism by which CDDO-EA and CDDO-TFEA were improving
striatal volumes, we assessed both striatal neuron counts and striatal neuron size. Our data
showed that striatal atrophy in N171-82Q transgenic mice was not caused by a general loss
of striatal neurons, but rather was due to a reduction in the size of a specific subtype of
striatal neurons, the medium spiny neurons. These neurons are particularly affected in HD
[3]. This finding is consistent with previous reports [42]. CDDO-EA and CDDO-TFEA
prevented the atrophy of the medium spiny neurons in N171-82Q mice, and the size of the
neurons in the treated mice was similar to the size of the neurons in the wildtype mice. Our
data therefore show that CDDO-EA and CDDO-TFEA preserved striatal volume in the
N171-82Q mice by preventing atrophy of medium spiny neurons. In this study we cannot
dismiss the possibility of triterpenoids affecting Nrf2 mediated neuroprotection from
astrocytes. As aforementioned, astrocytes have a particularly robust detoxification and anti-
inflammatory effect associated with increased Nrf2 expression. Future investigations should
explore this possibility.

In addition to their action in the brain, CDDO-EA and CDDO-TFEA were also beneficial in
peripheral tissue. In HD transgenic mouse models, it is well established that mice develop
peripheral pathology, including vacuolation of the brown adipose tissue [70-72]. PGC1-α is
involved with thermoregulation in brown adipose tissue, however, overexpression of the
mutant huntingtin interferes with PGC1- α transcription and leads to abnormal
thermoregulation in HD mice [72]. In the brown adipose tissue of N171-82Q transgenic
mice, defective PGC1-alpha transcription, mitochondria dysfunction, and blunted
uncoupling protein 1 (UCP-1) response contribute to impaired thermoregulation in the
periphery [73]. In our experiments, both CDDO-EA and CDDO-TFEA reduced vacuolation
in the brown adipose tissue of N171-82Q transgenic mice as compared to mice fed control
diet.

Because oxidative and nitrosative stress can cause cell damage and CDDO analogues have
been shown to activate Nrf2/ARE related genes, we examined whether the neuroprotection
is associated with a reduction of oxidative damage markers in brain tissue of N171-82Q
mice treated with control, CDDO-EA, and CDDO-TFEA diets. CDDO-EA and CDDO-
TFEA reduced 8-OHdG, MDA and 3-NT immunoreactivity in the striatal tissues. This is
consistent with other reports using animal models of neurodegenerative diseases. In
Tg19959 mouse brains, a model of Alzheimer's disease, CDDO-MA reduced protein
carbonyl levels [38]. CDDO-MA also reduced 8-OHdG, MDA, and isoprostane levels in
MPTP and 3-nitropropionic acid treated rodents [34]. In addition, CDDO-EA and CDDO-
TFEA rescued retinal cells from oxidative stress induced cell death [66].
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Reduced oxidative damage markers indicated that CDDO-EA and CDDO-TFEA may
reduce oxidative stress by activating the Nrf2/ARE pathway. CDDO analogues induced
Nrf2/ARE regulated genes such as NQO1, HO1, and GST3a [35,63,64]. To determine
whether upregulation of Nrf2/ARE related genes was a possible mechanism whereby
CDDO-EA and CDDO-TFEA exert their beneficial effects, we examined the gene
expression of NQO1, HO1 and GST3a in brain and in peripheral tissues of the N171-82Q
mice. We focused our efforts on these 3 genes that CDDO analogues have previously been
shown to upregulate, and which play a crucial role in the endogenous antioxidant system.
NQO1 is an important enzyme that detoxifies protein-bound quinones, and maintains alpha-
tocopherol and coenzyme Q10 in their reduced antioxidant states [74]. HO1 is an inducible
isoform of heme oxygenase that is highly responsive to oxidative stress. HO1 is implicated
in the metabolism of the prooxidant heme to the antioxidant pigment biliverdin, ferrous iron
and carbon monoxide [75]. Finally, we examined the mRNA levels of GST3a. Glutathione,
which is utilized by GST3a [74,76], serves as a major endogenous antioxidant in cells, and
scavenges ROS.

In our study, we found that CDDO-EA and CDDO-TFEA upregulated HO1 mRNA level in
the striatum, consistent with our previous report in Tg19959 mouse brain [38]. In peripheral
tissues, CDDO-EA and CDDO-TFEA upregulated mRNA levels of GST3a, NQO1 and
HO1. Therefore, CDDO-EA and CDDO-TFEA upregulate Nrf2/ARE induced genes both in
the brain and in the periphery.

In conclusion, our study showed that both CDDO-EA and CDDO-TFEA rescued behavioral
deficits, extended survival, and attenuated brain and peripheral pathology in the N171-82Q
transgenic mouse model of HD. CDDO-EA and CDDO-TFEA upregulated the Nrf2/ARE
pathway, leading to increased expression of important antioxidant genes, and reduction of
several indices of oxidative stress. Because Nrf2 is affected in human neurodegenerative
diseases such as Alzheimer's disease [51], therapeutics that target Nrf2 are of great interest
for human patients. In order to restore the oxidative stress response pathways and prevent
further neurodegeneration, CDDOs could be given at early stages of human disease. This
novel therapeutic approach therefore holds promise for the treatment and prevention of HD,
and other neurodegenerative diseases.
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Figure 1. CDDO-ethyl amide (CDDO-EA) and CDDO-trifluoroethyl amide (CDDO-TFEA)
improved motor performance in N171-82Q mice
(A) Latency to fall during rotorod trials of N171-82Q mice treated with control diet, CDDO-
EA at 100mg/kg diet and 200mg/kg diet. Data were expressed as means and standard errors.
N171-82Q mice treated with CDDO-EA 100mg/kg diet and CDDO-EA 200mg/kg diet both
showed significantly improved motor coordination compared to N171-82Q mice fed with
control diet (p=0.04, p=0.0006). (B) Latency to fall during rotorod trials of N171-82Q mice
treated with control diet, CDDO-TFEA at 100mg/kg diet, 200mg/kg diet and 400mg/kg diet.
Data were expressed as means and standard errors. N171-82Q mice treated with CDDO-
TFEA at 200mg/kg diet and CDDO-TFEA 400mg/kg diet both showed significantly
improved motor coordination compared to N171-82Q mice fed control diet (p=0.005,
p=0.0007).
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Figure 2. CDDO-ethyl amide (CDDO-EA) and CDDO-trifluoroethyl amide (CDDO-TFEA)
improved survival in N171-82Q mice
(A) Cumulative survival and (B) average age of death of N171-82Q mice treated with
control diet, CDDO-EA at 100mg/kg diet and 200mg/kg diet. Data were expressed as means
and standard errors. N171-82Q mice treated with CDDO-EA 100mg/kg diet and CDDO-EA
200mg/kg diet both showed significantly improved survival compared to mice fed control
diet (p=0.0002, p<0.0001). (C) Cumulative survival and (D) average age of death of
N171-82Q mice treated with control diet, CDDO-TFEA at 100mg/kg diet, 200mg/kg diet
and 400mg/kg diet. Data were expressed as means and standard errors. N171-82Q mice
treated with CDDO-TFEA at 100mg/kg diet, CDDO-TFEA 200mg/kg diet and CDDO-
TFEA 400mg/kg diet each showed significantly improved survival compared to control
(p=0.001, p=<0.0001, p=0.0003).
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Figure 3. CDDO-ethyl amide (CDDO-EA) and CDDO-trifluoroethyl amide (CDDO-TFEA)
attenuated striatal atrophy and reduction of medium spiny neuron size in N171-82Q mice
(A) Striatal volume of NeuN labeled tissues of N171-82Q mice treated with control diet,
CDDO-EA and CDDO-TFEA at 200mg/kg diet. Data were expressed as means and standard
errors. (B) Photographs of brain sections labeled with NeuN antibody.
N171-82Q mice fed control diet showed a significant reduction in striatal volume compared
to wildtype mice fed control diet (p<0.0001). However, treatment with both CDDO-EA and
CDDO-TFEA significantly increased striatal volume in N171-82Q mice compared to
N171-82Q mice fed control diet (p<0.0001, p=0.002).
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(C) Striatal neuron count in NeuN labeled tissues of N171-82Q mice treated with control
diet, CDDO-EA and CDDO-TFEA at 200mg/kg diet. Data were expressed as means and
standard errors. There was no difference in striatal neuron count between any of the groups.
(D) Calbindin positive medium spiny neuron size of N171-82Q mice treated with control
diet, CDDO-EA and CDDO-TFEA at 200mg/kg diet. Data were expressed as means and
standard errors. (E) Photographs of brain sections labeled with calbindin antibody.
N171-82Q mice fed control diet showed a significant reduction in medium spiny neuron size
compared to wildtype mice fed control diet (p=0.001). N171-82Q mice treated with CDDO-
EA and CDDO-TFEA showed significantly larger medium spiny neuron size compared to
N171-82Q mice fed control diet (p=0.004, p=0.006).
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Figure 4. CDDO-ethyl amide (CDDO-EA) and CDDO-trifluoroethyl amide (CDDO-TFEA)
reduced vacuolation in the brown adipose tissue of N171-82Q mice
(A) Photographs of brown adipose tissue stained by hematoxylin and eosin in N171-82Q
transgenic mice fed control diet, CDDO-EA and CDDO-TFEA at 200mg/kg diet. Right
insets show the red oil staining for lipids. (B) Vacuolation analysis of the brown adipose
tissue in N171-82Q transgenic mice fed control diet, CDDO-EA and CDDO-TFEA at
200mg/kg diet. Data were expressed as “-” for the lack of extensive vacuolation, “+” for the
presence of extensive vacuolation, and “+/-” for the presence of vacuolation in few area.
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Figure 5. CDDO-ethyl amide (CDDO-EA) and CDDO-trifluoroethyl amide (CDDO-TFEA)
reduces oxidative damage in N171-82Q mice
(A) 8-hydroxy-2’-deoxyguanosine staining in striatal tissue of mice treated with control diet,
CDDO-EA and CDDO-TFEA at 200mg/kg diet. (B) Malondialdehyde staining in striatal
tissue of mice treated with control diet, CDDO-EA and CDDO-TFEA at 200mg/kg diet. (C)
3-Nitrotyrosine staining in striatal tissue of mice treated with control diet, CDDO-EA and
CDDO-TFEA at 200mg/kg diet. Oxidative stress was increased in N171-82Q mice fed
control diet compared to wildtype mice fed control diet. Administration of CDDO-EA and
CDDO-TFEA in N171-82Q mice reduced oxidative stress compared to N171-82Q mice fed
control diet.
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Figure 6. CDDO-ethyl amide (CDDO-EA) and CDDO-trifluoroethyl amide (CDDO-TFEA)
upregulated expression of genes specifically involved in the Nrf2/ARE pathway in N171-82Q
mice
mRNA levels of HO1 in striatum of (A) CDDO-EA treated and (B) CDDO-TFEA treated
N171-82Q mice. Data were expressed as means and standard errors. HO1 gene expression
was significantly increased in striatum of N171-82Q mice treated with CDDO-EA (p=0.04
at 200mg/kg diet) and CDDO-TFEA (p=0.009 at 200mg/kg diet, p=0.03 at 400mg/kg diet)
compared to N171-82Q mice fed control diet.
mRNA levels of (C) GST3a (D) NQO1 and (E) HO1 in skeletal muscle of CDDO-TFEA
treated N171-82Q mice. Data were expressed as means and standard errors. mRNA level of
GST3a (p=0.007 at 100mg/kg diet, p=0.0001 at 200mg/kg diet, p=0.002 at 400mg/kg diet),
NQO1 (p=0.04 at 200mg/kg diet, p=0.02 at 400mg/kg diet) and HO1 (p=0.02 at 200mg/kg
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diet, p=0.03 at 400mg/kg diet) were significantly increased compared to mice fed control
diet.
mRNA levels of (F) GST3a and (G) NQO1 in brown adipose tissue of CDDO-EA treated
N171-82Q mice. Data were expressed as means and standard errors. GST3a gene expression
was significantly increased in brown adipose tissue of CDDO-EA treated mice compared to
control (p=0.005 at 200mg/kg diet). NQO1 gene expression was also significantly increased
in brown adipose tissue of CDDO-EA treated mice compared to control (p=0.0002 at
200mg/kg diet).
mRNA levels of (H) GST3a and (I) NQO1 in brown adipose tissue of CDDO-TFEA treated
N171-82Q mice. Data were expressed as means and standard errors. Both GST3a gene
expression (p=0.003 at 100mg/kg diet, p<0.0001 at 200mg/kg diet, p<0.0001 at 400mg/kg
diet) and NQO1 gene expression (p=0.005 at 100mg/kg diet, p=0.03 at 200mg/kg diet,
p=0.005 at 400mg/kg diet) were significantly increased in CDDO-TFEA treated mice.
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