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Abstract

Oxidative damage, neuroinflammation, and mitochondrial dysfunction contribute to the
pathogenesis of ALS, and these pathologic processes are tightly regulated by the Nrf2/ARE (NF-
E2 related factor 2/antioxidant response element) signaling program. Therefore, modulation of the
Nrf2/ARE pathway is an attractive therapeutic target for neurodegenerative diseases such as ALS.
We examined two triterpenoids, CDDO (2-cyano-3, 12-dioxooleana-1,9-dien-28-oic acid)
ethylamide (CDDO-EA) and CDDO-trifluoroethylamide (CDDO-TFEA), that potently activate
Nrf2/ARE in a cell culture model of ALS and in the G93A SOD1 mouse model of ALS.
Treatment of NSC-34 cells stably expressing mutant G93A SOD1 with CDDO-TFEA upregulated
Nrf2 expression, and resulted in translocation of Nrf2 into the nucleus. Western blot analysis
showed an increase in the expression of Nrf2/ARE-regulated proteins. When treatment started at a
“presymptomatic age”, of 30 days both of these compounds significantly attenuated weight loss,
enhanced motor performance and extended the survival of G93A SOD1 mice. Treatment started at
a “symptomatic age”, as assessed by impaired motor performance was neuroprotective and slowed
disease progression. These findings provide further evidence that compounds which activate the
Nrf2/ARE signaling pathway may be useful in the treatment of ALS.
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Introduction

ALS is a progressive, lethal neurodegenerative disorder in which the hallmark of the disease
is the selective death of motor neurons in the brain and spinal cord, leading to paralysis of
voluntary muscles. The degeneration of motor neurons is associated with activation and
proliferation of astrocytes and microglia. The etiology of ALS is not fully known and the
cause(s) of most cases of ALS are yet to be defined. Several mechanisms have been
implicated including glutamate excitotoxicity [1, 2], aberrant protein aggregates containing
mutant SOD1 [3], mislocalization and aggregation of neurofilaments [4], oxidative damage
by enhanced free radical formation [5], neuroinflammation [6-10], proteasome dysfunction
[11-13], mitochondrial dysfunction [14] and apoptosis [15, 16].

Over 150 clinical trials in human ALS patients have been conducted thus far, and the only
drug which shows marginal efficacy is riluzole, which at best extends life for 3 months [17,
18]. Riluzole inhibits the release of glutamate from the synapses, hence reducing glutamate
toxicity.

The Nrf2/ARE signaling program is an endogenous cytoprotective system which is
ubiquitously expressed. The transcription factor Nrf2 [19] was identified based on its
binding to Antioxidant Response Element (ARE), which is a cis-acting enhancer sequence
that mediates transcriptional activation of genes in cells exposed to oxidative stress [20]. Its
role involves the coordinated induction of a battery of over 250 cytoprotective genes,
including those that encode antioxidant and anti-inflammatory proteins, collectively termed
phase Il detoxifying enzymes [21, 22]. The induction of Nrf2-regulated neuroprotective
genes depends on the nuclear translocation of Nrf2 and its formation of a transcriptional
complex with the Maf (musculo-aponeurotic fibrosarcoma) family proteins, which bind to
the promoter region of genes with the ARE regulatory sequence. Binding of the Nrf2-Maf
dimer to the ARE sequence results in coordinated transcriptional activation of antioxidant
enzymes and detoxifying proteins.

In ALS postmortem brain and spinal cord tissues Nrf2 mRNA levels are reduced in the
motor cortex and spinal cord while Keapl mRNA levels were elevated [23]. This
impairment of the Nrf2/ARE signaling system may increase the vulnerability of motor
neurons to stressed-induced toxic insults.

In the present studies we found that triterpenoids activate the Nrf2/ARE pathway in NSC-34
G93A SODL1 cells, and they extended life-span in ALS transgenic mice with the G93A
SOD1 mutation. Therefore, the Nrf2/ARE signaling pathway is a novel therapeutic target for
treatment of ALS patients.

GENERAL METHODS

Measurement of reactive oxygen species in mouse embryonic fibroblasts

Mouse embryonic fibroblast cells were treated as previously described (Yang et al., 2009).
Briefly, wild-type and Nrf2—/— mouse embryonic fibroblasts were pre-treated with CDDO-
EA or CDDO-TFEA at various concentrations (1, 10 and 100 nM in DMSO) for 18 hours
and incubated with 2°,7’-Dichlorodihydrofluorecein diacetate (H2DCFDA) (Invitrogen, CA)
for 30 min. Cells were challenged with 250 umol/L tBHP for 15-30 min and the mean
fluorescence intensity for ~10,000 cells was analyzed by FACSan flow cytometry (Becton
Dickinson, NJ) using a 480-nm excitation wavelength and a 525-nm emission wavelength.
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NSC-34 Cell Culture

NSC-34 cells were cultured as described [24] with modifications and stably transfected with
wild-type human SOD1 and G93A SODL1 as described [25]. Stably transfected NSC-34 cells
were provided by Dr. Giovanni Manfredi (Weill Medical College of Cornell University).
Briefly, NSC-34 wild-type SOD1 and NSC-34 G93A SOD1 were plated in 100 mm dishes
with 10x10° cells or in 8-well Culture Slides (BD Biosciences, San Jose, California) using
0.5x103 cells per well in the presence of 500 mg/ml neomycin analog G418. NSC-34 G93A
SOD1 or wild-type SOD1 were treated with CDDO-TFEA dissolved in DMSO (300 nM) for
up to 48 hours. Total RNA and protein were extracted: the RNA was subjected to RT-PCR
and the protein was analyzed by Western blotting. Cytoplasmic and nuclear fractions were
prepared using Pierce kit (Thermo Fisher Scientific). Cells grown on 8-well Culture Slides
were treated with CDDO-TFEA (300 nM) for 24 hours and fixed in a 4% para-
formaldehyde solution, permeabilized with 0.1% Triton-X100, and immunostained with
rabbit polyclonal antibody directed against Nrf2 (Abcam, Cambridge, UK) overnight at 4°C,
followed the next day by incubation with biotinylated mouse anti-rabbit IgG (1:300 in PBS;
DAKO), and developed with an Elite ABC kit purchased from Vector Laboratories.

Primary motor neuron culture

Purification of rat embryonic motor neurons was performed as previously described [26].
For harvesting of cells, a minimal number of rats was housed and sacrificed according to
German law on animal care. Lumbar ventral spinal cords were dissected from Sprague-
Dawley rat embryos (gestational age: E14/15). After tissue dissociation, the motor neurons
were enriched by gradient density centrifugation using OptiPrep (Sigma-Aldrich, Steinheim,
Germany). Culture medium (Neurobasal medium, Gibco Invitrogen, Germany; with 2% (v/
V) horse serum; 2% (v/v) B27-supplement, Gibco Invitrogen, Germany; 0.5mM I-glutamax;
5 ng/ml rHUBDNF Peprotech, Germany and 5 ng/ml rHUCNTF Peprotech, Germany) was
added to the resulting pellet. Highly enriched motor neurons were seeded on glass coverslips
pre-incubated first with polyornithin (diluted 1:1000, Sigma), and then with lamininl (conc.
2, 5pg/ml, Invitrogen). Cultures were fed every second day with culture medium for motor
neurons.

Treatment with CDDO-TFEA (300nM)

Motor neuron-rich cell fractions were prepared as described above and seeded on laminin at
an average density of 3x104 cells/cm?2. At day in vitro (DIV) 10, cells were incubated for 24
h with either CDDO-TFEA (300 nM) or DMSO as a vehicle. Following incubation, cells
were fixed with 4% para-formaldehyde (PFA) at DIV 11, and Nrf-2 expression was
assessed by immunocytochemical analysis:

Endogenous peroxidase was blocked with 3% hydrogen peroxide and 10% methanol in
1xPBS. After pre-incubation with 1% bovine serum albumin (BSA) in 1xPBS/0.3% Triton
X-100 for 30 minutes at room temperature, sections were incubated with a rabbit polyclonal
antibody directed against Nrf2 (Abcam, Cambridge, UK) overnight at 4°C, followed the
next day by incubation with biotinylated mouse anti-rabbit 1gG (1:300 in PBS; DAKO,
Glostrup, Denmark) and a streptavidin-biotin-horseradish peroxidase complex (\VVector)
(Figure 4A, B).

Double immunofluorescence was performed to study nuclear translocation of Nrf-2. After
incubation with the Nrf-2 antibody, cells were rinsed with PBS and incubated for 1 hour in
the secondary antibody goat anti-rabbit Alexa Fluor 488 (Molecular Probes, Leiden,
Denmark) at 1:250 in 0.5% BSA/PBS, washed with PBS and coverslipped in Mowiol 4-88
reagent (Merck, Darmstadt). The nuclei of the cells were stained with 4’,6-diamidino-2-
phenylindole (DAPI, Sigma, Germany) (Figure 4 C,D).
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Mouse Models of ALS

G93A SODL1 transgenic familial ALS mice (high copy number) B6SJL background strain
(G93A SOD1, B6SJL-TgGurl) [27] were obtained from The Jackson Laboratory (Bar
Harbor, ME). We maintained the transgenic G93A hemizygotes by mating transgenic males
with B6SJLF1/J hybrid females. Transgenic offspring were genotyped by PCR assay of
DNA obtained from tail tissue. Mice were housed at regulated room temperature in a 12h
light/dark cycle with free access to food and water.

CDDO-EA or CDDO-TFEA were dissolved in Neobee oil, and administered to wild-type
C57BI6 mice by gavage (100 microliters) and about 2-3 nM of CDDO-EA or CDDO-TFEA
accumulated in brain tissue (Figure 6).

G93A transgenic mice were assigned randomly to the control (vehicle, mouse chaw only)
and to mouse chaw containing either CDDO-EA or CDDO-TFEA (400 mg/kg of food, n=30
in both groups). This dose corresponds to about 80 mg/kg body weight/day, assuming each
mouse consumes 5 grams of food per day. We found mice can tolerate this dose. Treatments
started at two different time regimens: 1) “Early” at 30 days of age, about two months prior
to symptom onset; 2) “At Onset” from the onset of the phenotype (80-90 days of age). A
diet consisting of either 400 mg of CDDO-TFEA per kg of food or 400 mg of CDDO-EA
per kg of food, and a control lab diet (Lab Diet #5002), were prepared by Purina (Purina-
Mills, Richmond, IN, USA). CDDO-EA and CDDO-TFEA were provided by Reata
Pharmaceuticals (Dallas, TX, USA). 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 as described [28],

We have analyzed the data to determine whether there are any preferential effects due to the
gender of the G93A mice. Our data shows there was no significant difference between the
ages of death between females and males treated with triterpenoids. It is well established
that female G93A mice have a longer life-span than that of males by an average of 5 days.
This difference was also observed in this study (data not shown).

Six G93A mice on control food as the control group and six G93A mice from the CDDO-
EA and CDDO-TFEA treated groups were killed at 110 days of age for histological
evaluation. Six G93A mice were used from each group at 110 days of age for biochemical
analysis. All animal handling and experiments are conducted in accordance with the
Institutional Animal Care and Use Committee (IACUC) guidelines of Weill Medical
College of Cornell University, New York.

Motor performance was assessed using a rotarod apparatus (Columbus Instruments,
Columbus, OH, USA). The rotarod test measures the capability of mice to remain upright on
a rod rotating at 12 rpm (rotations per minute). The time elapsed before a mouse falls off the
rotarod measures its competency at the task, and provides a reliable indication of motor
performance and progression of motor dysfunction. Mice were trained for one week on the
rotarod, and subsequently tested twice per week starting at 60 days of age. Each mouse
underwent three trials per session: the best result of three trials was recorded, with the
maximum result set at 5 minutes. Mice were observed each morning and were weighed
twice per week. Mice were deemed to have reached the end stage of the disorder when they
were no longer able to initiate movement after being gently agitated for 2 minutes or could
not right themselves within 30 seconds when placed on their backs. When they reached this
stage, animals were euthanized by sodium pentobarbital overdose.

Mice were deeply anesthetized with sodium pentobarbital and transcardially perfused with
4% para-formaldehyde at pre-determined time-points. Spinal cords were removed, post-
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fixed with the perfusant for 2 hours, cryoprotected in a graded series of 10% and 20%
glycerol/2% DMSO, and cut into frozen serial 50 or 35 pm-thick sections. Spinal cord tissue
sections were stained with various antibodies, including Beta-actin (a house keeping
protein), NQO1 protein, and Hemeoxygenase-1 antibodies (Santa Cruz Biotechnolgoy, CA)
and Nrf2 (Abcam, Cambridge, UK). Secondary antibodies and the Elite ABC kit were
purchased from Vector Laboratories.

Expression levels of SOD1, antioxidant and inflammatory genes modulated by Nrf2/ARE
pathways were assessed by Western blot analysis of tissue extracts from the brain cortex and
spinal cord using standard procedures that are routinely performed in our laboratory. Anti-
SOD1 antibody purchased from Calbiochem (Calbiochem/Milipore, MA).

Total RNA was isolated from respective tissues of control and G93A SOD1 mice according
to the manufacturer’s protocol using Trizol reagent (Invitrogen, CA). The resultant RNA
samples were treated with RNase free DNase (Ambion, TX) in order to remove genomic
DNA contamination. The purity of total RNA and its integrity was confirmed by measuring
absorbance ratios at 260/280 nm using ND-1000 NanoDrop (NanoDrop Technologies DE)
and 2100 Bioanalyzer (Agilent Technologies CA), respectively. Only those RNA samples
that showed an absorbance ratio ranging from 1.9 to 2.1 and an average RNA Integrity
Number (RIN) ranging from 5.0 to 7.5 were used to synthesize cDNA. Real-time PCR was
performed using an ABI prism 7900 HT sequence detection system (Applied Biosystems,
Foster City, CA) based on the 5'-nuclease assay (Holland et al., 1991). Relative expression
was calculated using the AA Ct method (Livak, KJ and Schmittgen TD, 2001). TagMan
assays were used for Nrf2/ARE-regulated antioxidant genes like NQO-1, HO-1, GSTa3,
GCL and neuroinflammatory genes like iNOS and COX-2. Beta actin and GAPDH TagMan
assays were used as housekeeping genes (Applied Biosystems, Foster City, CA).

Unless otherwise noted, data analysis was done by analysis of variance (ANOVA) and/or t-
tests to compare sample groups, with Bonferroni correction used to correct for multiple
comparisons if appropriate using GraphPad (San Diego, CA) and InStat software. Survival
statistics were calculated from Kaplan-Meyer survival curves using Mantel-Cox Log-rank
analysis. Statistical significance is at the p < 0.05 level.

Synthetic triterpenoids activate the neuroprotective Nrf2/ARE signaling program in ALS

CDDO-EA and CDDO-TFEA (Figure 1) are synthetic triterpenoid analogs derived from
oleanolic acid. We used NSC-34 cells [24] stably transfected with mutant G93A SOD1 in
our laboratory which have been widely used as a cell culture model of ALS. We treated
NSC-34 G93A SOD1 cells with CDDO-TFEA (300 nmolar) and found an increase in
expression of Nrf2 as assessed by immunoreactivity to Nrf2 and analyzed by Western
blotting. Vehicle treated NSC-34 G93A SOD1 cells showed modest Nrf2 expression as
evidenced by diffuse staining in the cytoplasm and weak nuclear staining in some cells. It is
expected that oxidative stress due to mutant SOD1 would trigger the activation of Nrf2;
however, we found that in mutant SOD1 transfected NSC-34 cells, Nrf2 activation was only
slightly upregulated, and Nrf2 was not translocated to the nucleus (Figure 2A). This suggests
that Nrf2 upregulation and translocation into the nucleus may have been blocked.
Interestingly, when CDDO-TFEA was added to NSC-34 cells, Nrf2 was found in the
nucleus (Figure 2A). Next, we asked whether Nrf2 translocation to the nucleus results in
upregulation of ARE-dependant genes. We isolated total RNA from NSC-34 G93A SOD1
cells treated with DMSO or CDDO-TFEA and analyzed the expression of NQO1, HO-1 and
Glutathione S-transferase-a3. Total protein extracted from CDDO-TFEA or vehicle-treated
NSC-34 cells was analyzed by Western blotting. We found known Nrf2-regulated genes
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products were upregulated in CDDO-TFEA-treated cells (Figure 3A). We show Nrf2 found
in the nuclear fractions in CDDOTFEA treated NSC-34 cells where as in DMSO treated cell
Nrf2 was only found in cytoplasm fractions (Figure 3B). Consistent with
immunohistochemical and RT-PCR data, we found that Nrf2 and downstream proteins
(NQO-1, HO-1 and Glutathione reductase) were upregulated in response to CDDO-TFEA
(Figure 4).

We also tested the effect of CDDO-TFEA in rat primary motor neurons. Following
incubation with CDDO-TFEA, Nrf2 was upregulated as shown by immunocytochemistry
(Figure 4A, B). By double immunofluorescence labeling with the nuclear marker 4’,6-
diamidino-2-phenylindole (DAPI), nuclear translocation of Nrf2 following CDDO-TFEA
treatment was observed (Figure 4 C, D).

Recently, we demonstrated that CDDO-MA activates the Nrf2/ARE pathway in an Nrf2-
dependent manner (Yang et al., 2009). CDDO-EA and CDDO-TFEA pre-treated wild-type
and Nrf2-deficient mouse (Yoh et al., 2001) embryonic fibroblasts were pre-loaded with
H2DCFDA for 30 minutes and then challenged with tert-butylhydroperoxide (tBHP) for 30
minutes. ROS generation was assayed in these cells: ROS production was observed to be
blocked dose-dependently by CDDO-EA or CDDO-TFEA in wild-type fibroblasts, while
ROS generation showed an 8-fold increase in Nrf2-deficient mouse fibroblasts treated
identically (Fig. 5). These data demonstrate that the Nrf2/ARE signaling pathway is
activated by triterpenoids in vitro.

Synthetic triterpenoids activate Nrf2 in the mouse model of ALS

CDDO-EA and CDDO-TFEA are bio-available, potent and penetrate the blood-brain-barrier
in mice (Figure 6). Chronic administration of triterpenoids (400 mg/kg food) resulted up to
500 nM of triterpenoids in the brains HD mice [29]. We studied the effects of CDDO-EA
and CDDO-TFEA (400 mg/kg food) in a mouse model of ALS. We treated G93A SOD1
transgenic mice with CDDO-TFEA and CDDO-EA for 10 days and analyzed coronal
sections of spinal cord from CDDO-treated and vehicle-treated G93A mice for Nrf2
expression and localization. We found that both CDDO-EA and CDDO-TFEA upregulated
the expression and translocation of Nrf2 from the cytoplasm to the nucleus of neurons in the
spinal cord. The spinal cord sections from vehicle-treated G93A mice were examined and
we noticed a diffuse although faint staining of Nrf2 in the cytoplasm of larger neurons
(Figure 7). To determine whether this activation of Nrf2 and nuclear translocation modulate
the Nrf2/ARE-regulated genes, we isolated total RNA from mouse spinal cord and tested a
sample of genes that are known to be regulated by the Nrf2/ARE system using real time RT-
PCR. Expression of 7 genes (NQO-1, HO-1, GST-a3, iNOS, COX-2, TNF-alpha and FasL)
was examined. We found the antioxidant genes were upregulated and that
neuroinflammatory genes were down-regulated. Both CDDO-EA and CDDO-TFEA caused
upregulation of NQO-1, HO-1 and GST-a3 cDNA (Figure 8A) and down-regulation of
iNOS, COX-2, FasL and TNF-alpha (Figure 8B). Furthermore, we found that these
triterpenoids upregulated a key mitochondria biogenesis promoting gene, PGC1-alpha, and
the downstream genes, COX I, NRF-1, and ERRalpha-1 (Figure 8C).

Nrf2/ARE activation by triterpenoids increased survival of G93A SOD1 mice

a) Treatment with triterpenoids at a “presymptomatic Age”—We treated G93A
SOD1 mice with CDDO-EA and CDDO-TFEA starting at 30 days of age in two separate
cohorts. In these experiments, we found that triterpenoid-treated mice retained higher
weights and enhanced motor performance compared to G93A SOD1 mice treated with
vehicle (control food) (data not shown). The survival analysis showed that G93A mice
treated with CDDO-EA or CDDO-TFEA, compared to G93A littermate controls, lived
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significantly longer. CDDO-EA treatment increased the life-span by 20.6 days from 124.05
+ 3.7 days to 144.72 + 8.1 days (16.6%) (Figure 8A) (p<0.001). CDDO-TFEA treatment
increased the life-span by 17.6 days from 126.4 + 3.9 days to 144 + 10.4 days (14.3%)
(Figure 8B) (p<0.001).

b) Treatment with Triterpenoids at a “symptomatic age” —We treated G93A
SOD1 mice with the triterpenoid Nrf2/ARE activators; CDDO-EA and CDDO-TFEA, from
the onset of symptoms assessed by impairment of rotarod performance, and monitored their
weights, motor performance and survival. We found that triterpenoid treatment attenuated
weight loss, and motor performance was preserved as compared to G93A SOD1 mice
treated with control food (data non shown).

We measured the age of onset and the age of death in both groups. The average age of onset
was 84.4 £ 5 days, and this was the age when treatment began. The age of death in the
control group was 124.5 + 3.9 days and the duration from the age of onset to the age of
death was 40.1 + 4.7 days. In CDDO-EA-treated G93A mice, the age of death was 141.4 +
5.2 days and the duration from the age of onset to the age of death was 57.6 + 7.6 days,
which means that the age of death from onset was prolonged by 17.5 days (43%) (Figure
9A). In the CDDO-TFEA treatment cohort, the duration from onset to age of death was
extended by 16 days (38%) (Figure 9B) (p<;0.001).

DISCUSSION

The Nrf2/ARE signaling system is a powerful defense system that exists in higher organisms
and which regulates the expression of over 250 phase Il detoxification genes and protects
against xenobiotics and cellular insults [30]. Activation of the Nrf2/ARE system by
triterpenoids has therapeutic potential for neurodegenerative diseases such as ALS.
Triterpenoids (CDDO-EA and CDDO-TFEA) are potent activators of the Nrf2/ARE
signaling program. We recently reported the neuroprotective effects of CDDO-methylamide
in Parkinson’s disease (PD) mouse models [31] and in Alzheimer’s disease (AD) transgenic
mouse models [32], and neuroprotective effects of CDDOethylamide and CDDO-
ethylamide trifluoride in Huntington’s disease (HD) animal models [29].

Oxidative damage, neuroinflammation and mitochondrial dysfunction are postulated to play
important roles in the pathogenesis of neurodegenerative diseases. The Nrf2/ARE signaling
pathway controls the upregulation of an array of genes involved in antioxidant responses,
heat shock chaperone proteins and mitochondria-protective genes, and the down-regulation
of genes involved in neuroinflammation, as shown previously and in this study [29, 31, 32].

Our observation of reduced Nrf2 expression in untreated G93A SOD1 mice spinal cord
suggests that neuronal cells may not be able to induce the Nrf2/ARE system on their own
even under oxidative stress. The increase in Nrf2 expression [33] and its nuclear
translocation by CDDOs in the cell culture and in the ALS mouse model, as well as the
subsequent upregulation of classical Nrf2-regulated genes (Figures 3-6), provides evidence
that the neuroprotective effects of CDDOs are mediated by the Nrf2/ARE signaling system.
Earlier studies found that DJ-1 (Park 7) stabilizes Nrf2 [34] and is involved in pathway
modulation for Nrf2 activation and nuclear translocation [35].

Although Nrf2-deficient mice are born and develop normally [36], they are highly sensitive
to environmental stress [37]. Aged Nrf2-deficient mice develop a degenerative disorder
characterized by destruction of myelin sheaths in the nervous system, which is accompanied
by the widespread presence of activated glia [38]. Transgenic mice overexpressing Nrf2 in
astrocytes under control of glial fiblilary acidic protein promoter crossed with G93A SOD1
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transgenic mouse model of ALS significantly delayed onset and extended survival possibly
due to increase in glutathione in the spinal cord [39]. Experiments using Nrf2 knockout
mice, and primary astroglial and neuronal cells derived from these mice, showed that
disruption of Nrf2 renders neuronal tissue more susceptible to oxidative stress, induced by
either H,O5, or mitochondrial complex inhibitors [40, 41]. Conversely, Nrf2 overexpression
in rat-mixed neuronal-glial cortical cultures enhances anti-oxidant capacity in both neuronal
and astroglial cells, and protects cortical neurons from excitotoxicity [42]. These effects
were associated with upregulation of glutathione synthesis. Pre-conditioning of tissue by
transplantation of Nrf2 over-expressing astrocytes protects against the neurotoxic effects of
the mitochondrial complex 2 inhibitor malonate [42]. Nrf2-deficient mice are also more
susceptible to 3-NP toxicity, and it has been shown that increasing Nrf2 activity with an
inducer attenuates 3-NP toxicity in wild type mice [41]. Transgenic mice overexpressing
Nrf2 in astrocytes shown to be resistant to malonate lesioning [43].

The cytoprotective potency of the Nrf2/ARE-mediated response, led us to hypothesize that
therapeutic strategies that lead to the stabilization and translocation of Nrf2 to the nucleus
may be effective in combating oxidative stress and ongoing neurodegeneration in ALS. A
number of recent studies demonstrate involvement of Nrf2 expression in astrocytes in ALS
[44]. One of the critical enzymes induced by the Nrf2 signaling system is NADPH quinone
oxidoreductase 1 (NQO-1). This enzyme is involved in detoxification of protein-bound
quinones. It also functions to maintain both alpha-tocopherol and coenzyme Qg in their
reduced, antioxidant states.

The transcription factor, PGC-1a (peroxisome proliferator-activated receptor-y coactivator
1a) plays a role in energy homeostasis, adaptive thermogenesis, p-oxidation of fatty acids
and glucose metabolism (reviewed by Puigserver & Spiegelman [45]). Originally identified
as a PPAR-y-interacting protein in brown adipose tissue, PGC-1a and its close ortholog,
PGC-1p, are highly expressed in tissues with increased energy demands and large numbers
of mitochondria, including brown adipose tissue, heart muscle and slow-twitch skeletal
muscle [46]. PGC-1a has the ability to activate different sets of metabolic programs in
different tissues due to its ability to form heteromeric complexes with a variety of
transcription factors, including NRF-1 and NRF-2 (nuclear respiratory factor) and the
nuclear hormone receptors PPARa, PPARS and ERRa [47]. Heterodimers with NRF-1,
NRF-2 and ERRa regulate the expression of many nuclear-encoded mitochondrial genes,
including cytochrome ¢, complexes 1-V and mitochondrial transcription factor A (Tfam)
[48]. Its role in the regulation of energy metabolism and antioxidant enzymes suggests that
upregulation of PGC-1a could be beneficial to ALS patients. Another ARE-dependent
protein is the stress-responsive and inducible enzyme hemoxygenase-1 (HO-1). HO-1 is
involved in the metabolism of the pro-oxidant heme to the antioxidant pigment biliverdin,
ferrous iron, and carbon monoxide. HO-1 also has profound anti-inflammatory properties.
The Nrf2/ARE signaling pathway also regulates aldo-keto reductases (AKRCs). These
enzymes function to eliminate chemically reactive carbonyl groups [49]. AKRCs are
valuable in the study of activation of Nrf2 because of their enzymatic reductase activity [50].

An important proinflammatory cytokine receptor is Fas which plays a role in ALS
pathogenesis [10, 51, 52]. Nrf2 directly inhibits Fas-mediated apoptosis [53]. Two genes
that are down-regulated by Nrf2/ARE are iNOS and the prostanoid synthesizing enzyme
cyclooxygenase-2 (COX-2); these two proinflammatory genes are implicated in the
pathogenesis of ALS [6, 7, 51, 54-56]. There is therefore considerable evidence that Nrf2-
induced, ARE-dependent gene transcription produces neuroprotective effects.

Sarlette et al. is the first study which examined Nrf2 in ALS patients and it showed a
deficiency of Nrf2 in the ALS motor cortex and spinal cord [23]. We found that treating
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G93A SOD1 mice with Nrf2/ARE activators (triterpenoids) resulted in a significant increase
in survival, which indicates that activation of Nrf2 has a neuroprotective effect.

Our previous studies have shown that compounds that diminish oxidative stress and
inflammation, result in reduction of neuronal cell loss and inflammatory markers in G93A
SOD1 mice. However, a critical barrier to progress in development of better therapeutic
strategies is lack of an agent that acts on multiple pathways simultaneously to effectively
block neuronal death. It may be necessary to block multiple toxic pathways to develop an
effective therapy for ALS.

In summary, our study showed that CDDO-EA and CDDO-TFEA are able to activate the
Nrf2/ARE system in cell cultures and in a mouse model of ALS. The compounds regulate
three families of genes with neuroprotective effects: antioxidants, anti-inflammatory and
mitochondria-enhancing genes. CDDOs therefore have great clinical promise for patients
with cancer, metabolic and neurodegenerative diseases. They are currently being
investigated in clinical trials sponsored by Reata Pharmaceuticals for cancer and diabetes
type 1. Therefore, targeting the Nrf2/ARE system to induce endogenous anti-oxidative and
anti-inflammatory responses is of great interest for neurodegenerative cases.
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Figure 1. Chemical structures of amide derivatives of CDDO
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Figure 2.

A) CDDO-TFEA treatment increased Nrf2 expression in NSC-34 cells. NSC-34 cells
with and without the G93A SOD1 mutation were seeded on glass-bottom chamber slides
and treated with CDDO-TFEA (300 nmolar) for 24 hours. Cells were fixed and stained for
Nrf2 using anti-Nrf2 (Abcam). This data is representative of three experiments.

B) Nrf2/ARE gene upregulation in NSC-34 G93A SOD1 cells treated with CDDO-
TFEA. NSC-34 cells were grown on plastic tissue culture plates and allowed to grow to
confluency. These cells were treated with CDDO-TFEA or DMSO (vehicle) for 24 hours.
Cells were washed and total RNA was extracted using TRIZOL. RNAs were analyzed by
real time quantitative RT-PCR using TagMan assays and Applied Biosystem PCR systems.
Nrf2-regulated genes like NQO1, GST-a3 and HO-1 were significantly upregulated
(p<0.0001, student t-test). Beta actin TagMan assay was used as house-keeping gene to
compare and calculate the fold difference in control and treated cells. All experiments were
done in triplicates.
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Figure 3. Western blot analysis of NSC-34/G93A A) Cell lysates for Nrf2/ARE proteins. B)
Cytoplasmic and nuclear fractions for Nrf2 protein

NSC-34/G93A cells were plated and treated with CDDO-TFEA or DMSO as described in
Figure 2. Cell lysates were prepared at the indicated time points. A) Lanes 1, 3, and 5 each
contain 30 pg of total lysates from CDDO-TFEA-treated cells and lanes 2, 4, and 6 each
contain 30 pg of total lysates from DMSO-treated cells. Nrf2 is upregulated as early as 8
hours. NQO1, HO1 and GR were upregulated and reached peak levels at 48 hours. Beta-
actin, a house-keeping protein is shown for a loading control. B) Lanes 1 and 3 are
cytoplasmic (C) and lanes 2 and 4 are nuclear (N) fractions, 20 g per lane loaded. . SOD1
used as cytoplasmic protein.
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Figure 4. Nrf2 upregulation and translocation in rat embryonic motor neurons in response to
CDDO-TFEA

Rat embryonic motor neurons (Rat eMNSs) were isolated as described in the Methods
section. Rat eMNs were plated and treated with 300 nM CDDO-TFEA (Figure 4B, D) or
DMSO (Figure 4A, C) for 24 hours. These cells were washed, fixed and then stained for
Nrf2 using anti-Nrf2 (Figure 4A,B). Double immunofluorescence was performed to study
nuclear translocation of Nrf2. CDDO-TFEA incubation led to a reduction of cytoplasmatic
Nrf2 staining (green fluorescence) and increased nuclear colocalization (Figure 4 C,D).
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Figure 5. CDDOs specifically activate the Nrf2/ARE signaling program

Wild-type and Nrf2 knockout mouse embryonic fibroblasts were pre-treated with either
CDDO-EA or CDDO-TFEA (1, 10, 100 and 300 nM) or DMSO (as control) overnight. Then
all of these cells were treated with 250 uM of tert-butylhydroperoxide (tBHP). Generation of
reactive oxygen species (ROS) was measured 15 minutes later by flow cytometry. CDDO-
EA or CDDO-TFEA treatments resulted in a significant dose-dependent reduction of tert-
butylhydroperoxide-induced ROS generation in wild-type fibroblasts. Nrf2 knockout
fibroblasts failed to show a reduction in tBHP-induced ROS generation. This data is
representative of three separate experiments. *** indicates a significant increase in ROS
production caused by tBHP treatment compared to DMSO treatment (p<0.0001). ##
indicates significant reduction in ROS in CDDO-EA or CDDO TFEA pre-treated as wild-
type cells compared to Nrf2 KO cells (p<.001, ANOVA).
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Figure 6. Brain levels of triterpenoids measured by LC-MS

Twelve week old male C57BI6 mice were fed by gavage once with 100 microlitters of 2
micromolar CDDO-EA or CDDO TFEA dissolved in Neobee oil. The CDDOs were
measured in the brain after 6, 24 and 48 hours of gavage. Data represent Mean + SEM, (n=5
mice in each group for three time points). Animals fed with vehicle showed no triterpenoids
in the brain (data not shown).
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Figure 7. CDDO-EA and CDDO-TFEA treatment cause translocation of Nrf2 from the
cytoplasm to the nucleus in motor neurons in the spinal cords of ALS mice

G93A SOD1 mice were fed food containing CDDO-EA or CDDO-TFEA (400 mg/kg) for
10 days. Non-transgenic controls and G93A controls were fed control food. Spinal cord
sections were prepared and stained with anti-Nrf2. Non-transgenic control spinal cord
sections were weakly stained with anti-Nrf2 in the cytoplasm. G93A control spinal cord
sections show mild Nrf2 staining. Larger motor neurons show Nrf2 only in the cytoplasm,
while some smaller neurons/glial cells show nuclear staining. G93A mice treated with
CDDO-EA or CDDO-TFEA produced strong nuclear staining for Nrf2 (n=5 per group).
Arrows point to the nucleus (lightly stained in controls and darkly stained in CDDO-EA or
CDDO-TFEA panels).
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Figure 8.

A: Nrf2/ARE activation is upregulated by antioxidant genes in G93A spinal cord
following triterpenoid treatment. Seventy-five day old G93A SOD1 transgenic mice were
fed with either vehicle or CDDO-EA or CDDO-TFEA (400 mg/kg in food) daily for ten
days. Spinal cords were analyzed for genes involved in antioxidant response by quantitative
real time RT-PCR. Data represent Mean = SEM (n=4, *p<0.001). Beta actin or GAPDH
TagMan assays were used as control genes in real time RT-PCR to compare the difference
in expression level of antioxidant genes in samples from treated and untreated G93A SOD1
mice. Student’s t-test compared to control.

B: Nrf2/ARE activation upregulated inflammatory genes in G93A spinal cord
following triterpenoid treatment. Seventy-five day old G93A SODL transgenic mice were
fed with either vehicle or CDDO-EA or CDDO-TFEA (400 mg/kg in food) daily for ten
days. Spinal cords were analyzed for genes involved in inflammatory response by
guantitative real time RT-PCR. Data represent Mean = SEM (n=4, *p<0.001). Beta actin or
GAPDH TagMan assays were used as control genes in real time RT-PCR to compare the
difference in expression level in inflammatory genes in samples from treated and untreated
G93A SOD1 mice. Student’s t-test compared to control.

C: Nrf2/ARE activation upregulated mitochondrial biogenesis genes in G93A spinal
cord following triterpenoid treatment. Seventy-five day old G93A SOD1 transgenic mice
were fed with either vehicle or CDDO-EA or CDDO-TFEA (400 mg/kg in food) daily for
ten days. Spinal cords were analyzed for genes involved in mitochondrial biogenesis by
guantitative real time RT-PCR. Data represent Mean = SEM (n=4, *p<0.001). Beta actin or
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GAPDH TagMan assays were used as control genes in real time RT-PCR to compare the

difference in expression level in mitochondrial enhancing genes in samples from treated and
untreated G93A SOD1 mice. Students t-test compared to control.
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Figure 9.

A: CDDO-EA treatment extends survival in G93A SOD1 mice. G93A SOD1 mice
(n=18) were treated with CDDO-EA (starting at 30 days of age). The control group (n=18)
was treated with control food (Chaw diet # 5002). The data were analyzed and compared
using the Kaplan-Meier plot. Survival is significantly longer in CDDO-EA treated G93A
SOD1 mice vs controls (p=0.001, Logrank, Mental-Cox).

B: CDDO-TFEA treatment extends survival in G93A SOD1 mice. G93A SOD1 mice
(n=18) were treated with CDDO-TFEA (starting at 30 days of age). The control group
(n=18) was treated with control food (Chaw diet # 5002). The data were analyzed and
compared using the Kaplan-Meier plot. Survival is significantly longer in CDDO-TFEA-
treated G93A SOD1 mice vs controls (P=0.001, Logrank, Mental-Cox).
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Figure 10. A) Treatment with CDDO-EA and B) CDDO-TFEA from the onset of ALS extends

survival in G93A SOD1 mice

G93A SOD1 mice (n=18) were treated with CDDO-EA or CDDO-TFEA from the age of
onset of ALS. The control group (n=18) was treated with control food (Chaw diet # 5002).
The data were analyzed and compared using the Kaplan-Meier plot. Survival is significantly
longer for CDDO-EA and CDDO-TFEA-treated G93A SOD1 mice vs controls (P=0.001,

Logrank, Mental-Cox).
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