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Abstract
The synthetic oleanolic triterpenoid 1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole
(CDDO-Imidazolide or CDDO-Im) is an extremely potent activator of Nrf2 signaling. In cells
undergoing adipogenesis, CDDO-Im prevents lipid accumulation in an Nrf2-dependent manner.
However, in vivo evidence for effects of CDDO-Im on obesity is lacking. The goals of these studies
were to determine if CDDO-Im can prevent high-fat diet-induced obesogenesis in the mouse, and to
elucidate the molecular target of drug action. Wild-type and Nrf2-disrupted C57BL/6J female mice
were dosed 3 times per week with 30 μmol/kg CDDO-Im or vehicle by oral gavage, during 95 days
of access to a control diet or a high-fat diet. Body weights, organ weights, hepatic fat accumulation
and gene expression were measured. Treatment with CDDO-Im effectively prevented high-fat diet-
induced increases in body weight, adipose mass, and hepatic lipid accumulation in wild-type mice
but not in Nrf2-disrupted mice. Wild-type mice on a high-fat diet and treated with CDDO-Im
exhibited higher oxygen consumption and energy expenditure than vehicle-treated mice, while food
intake was lower in CDDO-Im-treated than vehicle-treated mice. Levels of gene transcripts for fatty
acid synthesis enzymes were downregulated after CDDO-Im treatment in the liver of wild-type mice.
This inhibitory effect of CDDO-Im on lipogenic gene expression was significantly reduced in Nrf2-
disrupted mice. The results indicate that CDDO-Im is an exceedingly potent agent for preventing
obesity, and identify the Nrf2 pathway as a novel target for management of obesogenesis.
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1. Introduction
There has been a striking increase in the incidence of obesity worldwide over the past several
decades. In 2005–2006, a third of adults in the USA were defined as obese (Centers for Disease
Control and Prevention). Interest in obesity has expanded over the past decade because obesity
is associated with increased morbidity and mortality (Rosen and MacDougald, 2006). Obesity
is linked with type 2 diabetes, cardiovascular disease, osteoarthritis, as well as certain type of
cancers (Rosen, 2005; Ginter and Simko, 2008; Cerulli et al., 2007). A wide range of
pharmacologic approaches for the management of obesity such as appetite suppressants and
lipase inhibitors have been evaluated (Cerulli et al., 2007), but their efficacy is often restricted
to a weight reduction of 5–10% (Cerulli et al., 2007; Weigle, 2003), necessitating development
of alternative options.

The synthetic triterpenoid analog of oleanolic acid 1-[2-cyano-3,12-dioxooleana-1,9(11)-
dien-28-oyl]imidazole (CDDO-Im) is a potent inducer of nuclear factor (erythroid-derived 2)-
like 2 (Nrf2) signaling both in vitro and in vivo (Yates et al., 2007). Nrf2 is a member of the
Cap’n’Collar subfamily of basic leucine zipper transcription factors that regulate expression
of antioxidant and cytoprotective genes. Nrf2-disrupted mice do not exhibit any remarkable
phenotype in the absence of exogenous stress, but are more sensitive to toxic challenges such
as exposure to carcinogens, allergens and other inflammatory factors (Kensler et al., 2007).
Therefore, studies using Nrf2-disrupted mice and/or CDDO-Im have been focused on its
protective effects against electrophilic and oxidative stresses. However, previous studies have
indicated that CDDO-Im inhibits accumulation of lipid droplets in an Nrf2-dependent manner
in an adipocyte differentiation model in mouse embryonic fibroblasts (Shin et al., 2007), and
CDDO-Im downregulates expression of fatty acid synthase (encoded by Fasn) in a liposarcoma
cell line (Hughes et al., 2008). Moreover, recent expression analyses in our lab indicate that
hepatic genes involved in fat and carbohydrate metabolism are major targets of CDDO-Im and
Keap1, a cytoplasmic protein that binds Nrf2, thereby preventing its nuclear translocation and
nuclear accumulation (Yates et al., 2009).

Oral administrations of CDDO-Im have been shown to ameliorate chronic diseases such as
carcinogenesis and emphysema in rodent models (Yates et al., 2006, Sussan et al., 2009).
However, the effects of this pharmacologic agent on obesogenesis in vivo remain unknown.
We evaluated the potential for CDDO-Im to function as an anti-obesity drug in mice fed a high-
fat diet. In order to determine whether and how CDDO-Im regulates whole body energy
balance, and to identify molecular target responsible for drug actions on obesogenesis, effects
of CDDO-Im treatment were examined on multiple parameters associated with obesity in wild-
type and Nrf2-disrupted mice.

2. Materials and methods
2.1. Experimental animals

All procedures were approved by the Johns Hopkins University Animal Care and Use
Committee. Wild-type C57BL/6J mice were obtained from The Jackson Laboratories (Bar
Harbor, ME). Nrf2-disrupted mice on a C57BL/6J background were generated as described
previously (Itoh et al., 2004). Female mice (6–7 week-old) were fed a control diet (10 kcal%
fat, Research Diets, New Brunswick, NJ) or a high-fat diet (60 kcal% fat, Research Diets) for
21 days or 95 days. Mice were dosed by oral gavage with vehicle (10% DMSO, 10%
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Cremophor-EL, and PBS) or CDDO-Im (30 μmol/kg body weight, obtained from Reata
Pharmaceuticals, Dallas, Tx) 3 times per week throughout the feeding period (Monday,
Wednesday, Friday). Organ weights, blood chemistry, and gene expression changes were
determined 2 days after the last dose of CDDO-Im.

2.2. Indirect calorimetry
Wild-type mice were fed a high-fat diet for 82 days. Mice were dosed by oral gavage with
vehicle or CDDO-Im (30 μmol/kg body weight) 3 times per week. Indirect calorimetry studies
were conducted in an open-flow indirect calorimeter (Oxymax Equal Flow System; Columbus
Instruments, Columbus, OH) at the Center for Metabolism and Obesity Research (Johns
Hopkins University). Calorimetry, daily body weight, and daily food intake data were acquired
during a 6-day acclimation period, followed by 4 days of experimental period. Oxygen
consumption (VO2) and carbon dioxide production (VCO2) were measured for each chamber
every 17 minutes. The respiratory exchange ratio (RER = VCO2/VO2) was calculated by
Oxymax software (v. 5.9). Energy expenditure was calculated as EE = VO2 × (3.815 + (1.232
× RER)) (Lusk, 1928), and normalized for subject body mass.

2.3. Blood chemistry
Blood samples were taken from the heart of sacrificed mice (unfasted) at the beginning of the
light cycle at day 95, and allowed to clot at room temperature for 30 min. Serum samples were
collected by centrifugation at 10 000 × g for 1 min at 4°C. Serum triglycerides, cholesterol,
high-density lipoprotein (HDL)-cholesterol and low-density lipoprotein (LDL)-cholesterol
levels were determined using a Vet ACE® chemistry system (Alfa Wassermann, West
Caldwell, NJ) at the Johns Hopkins University Phenotyping Core.

2.4. Isolation of RNA and RT-PCR
RNA from liver and periuterine white adipose tissue was purified using the PerfectPure RNA
Tissue Kit (5 PRIME, Gaithersburg, MD). Real-time PCR was performed on a My-IQ real-
time PCR instrument (Bio-Rad Laboratories, Hercules, CA) using SYBR GREEN PCR Master
Mix (Applied Biosystems, Warnington, UK). The PCR efficiency was determined as
previously described (Pfaffl, 2001). Glyceraldehyde 3-phosphate dehydrogenase was used as
normalizing controls. Primer sequences are shown in the Supplementary Table 1.

2.5. Fatty acid synthase assay
Fatty acid synthase activity was assayed as described previously (Pope and Rooney, 1987).
Livers were homogenized in ice-cold 330 mM sucrose/l0 mM Tris-HCl/l mM EDTA (pH 7.4)
for 1 min. The homogenate was centrifuged at 10 000 × g for 15 min followed by 105 000 ×
g for 1 h. The assay mixture contained 200 mM potassium phosphate (pH 7.0), 0.85 mM EDTA,
0.2 mM NADPH, 0.03 mM acetyl-CoA, 0.1 mM malonyl-CoA and supernatant fraction (100
μg of protein) in a total volume of 0.5 ml. The amount of NADPH oxidized was measured at
340 nm at 37 °C.

2.6. Histology
Formalin-fixed frozen sections of livers were stained with 0.5% Oil Red O solution in
propylene glycol for 1 h, and counterstained with hematoxylin for 30 sec. For each slide, 6
random fields were captured with an Olympus BX60 microscope (Olympus America, Center
Valley, PA) and the area stained with Oil Red O was measured by Image-Pro Plus software
(Media Cybernetics, Bethesda, MD).
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2.7. Statistical analysis
Data represent mean ± S.E.M. Statistical significance was determined by Student’s t test or by
repeated measures analysis of variance followed by Student-Newman-Keuls test as
appropriate. P values of ≤0.05 are considered significant.

3. Results
3.1. CDDO-Im prevents body weight gain following a high-fat diet in an Nrf2-dependent
manner

Previous studies indicated that CDDO-Im inhibits fat accumulation in cell culture models
(Shin et al., 2007; Hughes et al., 2008). In order to determine effects of CDDO-Im on body
weight gain, wild-type mice fed a control diet or a high-fat diet were dosed chronically with
vehicle or 30 μmol/kg CDDO-Im (Fig. 1A). Our previous study indicated that 30 μmol/kg
CDDO-Im was optimal to induce the Nrf2-target gene NAD(P)H: quinone acceptor
oxidoreductase 1 in mouse liver (Yates et al., 2007). A long-term study, in which mice on a
standard diet were fed a higher dose of CDDO-Im for 6 months, indicated no significant effect
on weight gain (Sussan et al., 2009). In the present study, CDDO-Im effectively prevented
weight gain only in high-fat diet-fed but not in control diet-fed wild-type mice, without any
evidence of gross toxicity (Fig. 1A). In order to determine whether this inhibitory effect of
CDDO-Im was Nrf2-dependent, the same experiment was repeated using Nrf2-disrupted mice.
Although there was no sign of gross toxicity such as lethargy or ruffled fur, CDDO-Im had a
slight inhibitory effect on rate of weight gain in Nrf2-disrupted mice in contrast to the wild-
type mice. Despite this effect in control mice, the inhibitory effect of CDDO-Im on weight
gain following a high-fat diet was completely lost in Nrf2-disrupted mice (Fig. 1B), suggesting
that CDDO-Im prevents obesogenesis in an Nrf2-dependent manner.

Inhibition of body weight gain was associated with a dramatic reduction of periuterine and
mesenteric white adipose tissues in high-fat diet-fed animals following treatment with CDDO-
Im in wild-type but not in Nrf2-disrupted mice (Table 1). Liver weights of wild-type mice were
increased slightly following CDDO-Im treatment (Table 1), a response seen with other
chemical classes of activators of the Keap1-Nrf2 pathway. Pretreatment with CDDO-Im did
not prevent high-fat diet-induced elevation of levels of total cholesterol, low-density
lipoprotein (LDL)-cholesterol, and high-density lipoprotein (HDL)-cholesterol, in either
genotype (Table 2). Conversely, CDDO-Im prevented high-fat diet-induced elevation of serum
triglyceride levels in wild-type mice, but triglyceride levels were increased in CDDO-Im-
treated Nrf2-disrupted mice (Table 2). We were not able to detect statistically significant
increases in levels of triglyceride and LDL-cholesterol in Nrf2-disrupted mice following a
high-fat diet. This likely due to the fact that rate of body weight increment following a high-
fat diet was slower in vehicle-treated Nrf2-disrupted mice than in wild-type mice (0.063 g/day
and 0.119 g/day, respectively).

In summary, our data indicate that CDDO-Im prevents increases in body weight, adipose mass
and triglyceride following a high-fat diet through Nrf2 signaling.

3.2. Energy expenditure of CDDO-Im-treated mice is higher compared to vehicle-treated mice
Both increased energy intake and a reduced metabolic rate contribute to the weight gain
observed from ingesting a high-fat diet (Winzell and Ahrén 2004). Therefore, for accurate
measurement of energy intake and energy expenditure, indirect calorimetry was performed in
wild-type mice following 82 days of the high-fat diet in combination with CDDO-Im or vehicle
treatment (Fig. 2A). Oxygen consumption and energy expenditure were increased following
CDDO-Im treatment (Fig. 2C, 2D, 2G, 2H). Average oxygen consumption values were
increased following CDDO-Im treatment by 4.5, 6.1, 6.4, 8.6% and 10.9, 8.4, 9.5, 8.4% at days
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0, 1, 2, 3 during each dark and light cycle, respectively (Fig. 2D). Average energy expenditure
was increased following CDDO-Im treatment by 3.3, 6.5, 5.8, 8.5% and 11.5, 8.9, 9.1, 8.9%
at days 0, 1, 2, 3 during each dark and light cycle, respectively (Fig. 2H). These data suggest
that the effects of CDDO-Im on oxygen consumption and energy expenditure were more
prominent during light cycles than dark cycles of each day. CDDO-Im produced transient
decreases in respiratory exchange ratio during the first day after dosing by gavage at days 0
and 2 of the indirect calorimetry measurements, indicating increased fat oxidation, but there
was a rebound effect (Fig. 2E, 2F). CDDO-Im also produced transient hypophagia that was
significant (day 0) or nearly so (day 2) on dosing days (Fig. 2B). Overall, the data indicate that
repeated dosing of CDDO-Im results in a chronic increase in energy expenditure and an acute
increase in fat oxidation and decrease in food intake.

3.3. CDDO-Im prevents fat accumulation in liver in an Nrf2-dependent manner
Non-alcoholic fatty liver disease is the most common cause of chronic liver disease and prevails
in approximately 20% of the US population (Qureshi and Abrams, 2007). In order to determine
the effect of CDDO-Im treatment on hepatic lipid homeostasis, lipid content of the liver of
control diet-fed or high-fat diet-fed mice treated with CDDO-Im or vehicle was examined by
Oil Red O staining. CDDO-Im treatment reduced fat accumulation in the liver by 40% in wild-
type animals on a high-fat diet but not in Nrf2-disrupted mice (Fig. 3). These data suggest that
CDDO-Im regulates hepatic lipid homeostasis in an Nrf2-dependent manner, and that this
pharmacologic agent may be used for prevention of fatty liver due to obesity.

3.4. CDDO-Im regulates expression of fatty acid synthesis and oxidation enzymes in liver
In order to determine how CDDO-Im regulates body weight gain, quantitative real-time PCR
was used to study hepatic gene expression of wild-type mice. Fatty acid synthase and acetyl-
CoA carboxylase are key enzymes involved in the biosynthesis of fatty acids. Acetyl-CoA
carboxylase catalyzes the conversion of acetyl-CoA to malonyl-CoA, and fatty acid synthase
uses malonyl-CoA and acetyl-CoA to synthesize long-chain fatty acids. In addition to its role
as a substrate, malonyl-CoA plays a central role in the control of fat oxidation through an
inhibition of carnitine palmitoyl transferase I, the rate-limiting step in fatty acid uptake into
mitochondria (Wolfgang and Lane MD 2006). While acetyl-CoA carboxylase 1 (encoded by
Acaca) provides malonyl-CoA to fatty acid synthase in the cytoplasm, acetyl-CoA carboxylase
2 (encoded by Acacb) inhibits beta oxidation by producing malonyl-CoA at the mitochondrial
membrane. Levels of mRNA for Fasn was downregulated by CDDO-Im by 41% (P = 0.09)
and 66% (P = 0.02) in control diet and high-fat diet-fed mice, respectively (Fig. 4A). The
specific activity of fatty acid synthase was also decreased by 47% (P = 0.0003) following
CDDO-Im treatment in mice fed a high-fat diet (Fig. 4B). CDDO-Im treatment decreased
mRNA expression for Acaca by 37% (P = 0.10) and 36% (P = 0.05) in control diet and high-
fat diet-fed mice, respectively (Fig. 4A). CDDO-Im treatment downregulated mRNA
expression of Acacb by 39% (P = 0.06) and 68% (P = 0.003) in control diet and high-fat diet-
fed mice, respectively (Fig. 4A). Sterol regulatory element-binding protein-1c (encoded by
Srebp1c), a transcription factor that enhances expression of fatty acid synthase and acetyl-CoA
carboxylase (Yang et al., 2001), was downregulated by 45% (P = 0.02) in control diet fed-mice
but not in high-fat diet-fed mice (Fig. 4A), implying that CDDO-Im regulates expression of
these genes through alternative mechanisms. Gluthathione S-transferase alpha-1 (encoded by
Gsta1) is a well characterized target gene of CDDO-Im that is regulated through the Keap1-
Nrf2 signaling pathway (Shin et al., 2007). CDDO-Im increased the level of Gsta1 transcripts
in livers of control diet-fed mice by more than 16-fold. This response is substantially blunted
in mice fed a high-fat diet. High-fat diets are known to downregulate the expression of hepatic
genes encoding glutathione S-transferases (Toye et al., 2007). Overall, CDDO-Im
downregulated the expression of enzymes involved in fatty acid synthesis, and its inhibitory
effects on Fasn and Acacb mRNA expression were greater than 60% in high-fat diet-fed mice.
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In order to further investigate the mechanisms underlying the inhibitory effect of CDDO-Im
against body weight gain, mice were fed a high-fat diet or a control diet for 3 weeks and co-
treated with vehicle and CDDO-Im, and gene expression in the liver was analyzed. No
statistically significant differences were detected in this short time-frame between vehicle or
CDDO-Im-treated mice fed a high-fat diet in terms of body weight, periuterine and mesenteric
adipose tissue mass and serum triglyceride level (data not shown). The mRNA levels of
Fasn were not affected by CDDO-Im treatment in mice fed a high-fat diet (Fig. 4C), although
CDDO-Im downregulated mRNA levels of Acacb (39.3 %). There results suggest that
sustained dosing of CDDO-Im is required to induce changes in hepatic expression of lipogenic
enzymes in the liver of mice fed a high-fat diet.

3.5. CDDO-Im does not affect expression of genes involved in lipogenesis and adipocyte
differentiation in white adipose tissue

In addition to the liver, white adipose tissue is another key organ that regulates lipogenesis.
Therefore, expression of genes involved in fatty acid metabolism was analyzed in periuterine
white adipose tissue. Gsta1 expression was induced 28-fold in high-fat diet-fed mice following
CDDO-Im treatment (data not shown) indicating that CDDO-Im distributes to adipose tissues.
However, although levels of Fasn and Acacb transcripts were lower in high-fat diet-fed mice
than in control diet-fed mice, none of these genes were downregulated following CDDO-Im
treatment in white adipose tissue in contrast to the liver (data not shown).

Our previous report demonstrated that Nrf2 inhibits adipocyte differentiation in mouse
embryonic fibroblasts, and that this inhibitory effect is associated with modulation of
expression of terminal markers of differentiation such as CCAAT/enhancer-binding protein
alpha (encoded by Cebpa) and fatty acid binding protein (encoded by Fabp4) (Shin et al.
2007). In order to evaluate the effects of Nrf2 genotype on adipocyte differentiation, mRNA
levels of Cebpa and Fabp4 were analyzed in white adipose tissue of Nrf2-disrupted mice and
wild-type mice fed a control diet or a high-fat diet for 13 weeks. We were not able to detect
an increase in the expression of differentiation markers following a high-fat diet in white
adipose tissue in either genotype, and no differences in the mRNA levels of these markers
between Nrf2+/+ and Nrf2−/− mice were detected (data not shown). Consistent with these
results, mRNA levels of Cebpa and Fabp4 were not affected by CDDO-Im treatment (Fig.
4D). Overall, our data indicate that CDDO-Im modulates gene expression in liver rather than
in white adipose tissue.

3.6. Inhibitory effects of CDDO-Im on expression of fatty acid synthesis and oxidation
enzymes is suppressed in the liver of Nrf2-disrupted mice

Gene expression in the liver of Nrf2-disrupted mice fed a control diet or a high-fat diet for 95
days dosed with CDDO-Im or vehicle was analyzed to determine whether CDDO-Im regulates
expression of lipogenic genes in an Nrf2-dependent manner. Levels of mRNA for Fasn was
downregulated by CDDO-Im by 33.8% (P = 0.04) in high-fat diet-fed mice but not in control
diet-fed mice (Fig. 5). Inhibitory effects of CDDO-Im on expression of Acaca and Acacb and
positive effects on expression of Gsta1 were completely abrogated in Nrf2-disrupted mice fed
a high-fat diet and a control diet. Decreases in levels of Fasn, Acaca, Acacb and Gsta1 following
a high-fat diet were also substantially suppressed in Nrf2-disrupted mice. These results indicate
that CDDO-Im regulates transcription of Fasn, Acaca and Acacb through Nrf2 signaling.

4. Discussion
Prevalence of obesity has markedly increased in many parts of the world (Ginter and Simko,
2008). According to the Centers for Disease Control and Prevention, health consequences of
obesity include coronary heart disease, type 2 diabetes, cancers, liver and gallbladder disease,
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highlighting the importance of prevention of obesity. An inhibitory effect of CDDO-Im on
lipid synthesis has been demonstrated in vitro (Shin et al., 2007; Hughes et al., 2008), but its
effect on obesogenesis in vivo remains unknown. Herein, we investigated the effect of CDDO-
Im on obesity in mice chronically fed a high-fat diet and observed that CDDO-Im selectively
prevents body weight gain in high-fat-fed mice but not in control diet-fed mice.

To investigate the mechanism underlying the effects of CDDO-Im on body weight gain, a
number of parameters were addressed. First, analysis of blood chemistry indicated that CDDO-
Im prevented diet-induced increases in serum triglycerides in wild-type mice. However,
CDDO-Im upregulates serum cholesterol levels and HDL-cholesterol levels, especially in
wild-type mice fed a control diet. This effect might be partly explained by the fact that CDDO-
Im affects multiple genes involved in biliary cholesterol excretion (Yates et al., 2009). In
addition to blood chemistry, quantitative real-time PCR analyses were used to evaluate effects
of CDDO-Im on expression of hepatic genes. Transcript levels of Fasn, Acaca, and Acacb were
dramatically downregulated in liver following chronic CDDO-Im treatment. These data were
consistent with our observation that CDDO-Im prevents lipid accumulation in liver. While the
CDDO-Im-induced changes in Fasn transcript levels in the liver of control diet-fed mice were
not statistically significant, Fasn mRNA was decreased by 66% in obese mice following
CDDO-Im treatment. These differing effects of CDDO-Im on Fasn expression in high-fat diet-
fed mice and control diet-fed mice may partly explain the selective effects of CDDO-Im on
body weight gain in the high-fat-fed mice. However, mRNA expression of other genes involved
in fat oxidation and energy expenditure such as peroxisome proliferator-activated receptor
alpha, peroxisome proliferator-activated receptor gamma coactivator-1 alpha, acyl-CoA
oxidase 1, and carnitine palmitoyl transferase I alpha (the liver isoform of carnitine palmitoyl
transferase I) were not affected by CDDO-Im in the liver of mice fed a high-fat diet (data not
shown). We also investigated effects of CDDO-Im on gene expression in other organs involved
in fat synthesis and oxidation, i.e white adipose tissue and skeletal muscle. CDDO-Im did not
downregulate levels of Fasn, Acaca, and Acacb in white adipose tissue (data not shown),
implying involvement of hepatic-specific transcriptional regulation. In addition, CDDO-Im
did not alter expression of genes involved in fatty acid oxidation in skeletal muscle (data not
shown). Since our data indicate that CDDO-Im inhibits food intake and increases fat oxidation
and energy expenditure, it remains to be determined whether and how inhibition of hepatic
lipogenic enzymes by CDDO-Im contributes to alterations in systemic energy balance.

To investigate the mechanism of CDDO-Im at an earlier time-point before its anti-obesogenic
effects is evident, gene expression in mice fed a control diet or a high-fat diet for 21 days has
been analyzed. Transcript levels of Fasn and Acacb were increased or unchanged following
CDDO-Im-treatment in mice fed a low fat diet (Fig. 4C). CDDO-Im did not affect expression
of Fasn in the liver of mice-fed a high-fat diet for 21 days, and the extent of inhibition of
Acacb by CDDO-Im in the liver of mice fed a high-fat diet was diminished in mice treated for
21 days compared to mice treated for 95 days (39% and 68%, respectively). A previous report
from our lab indicates that mRNA expression of fatty acid synthase was downregulated in
mouse liver following a single dose of CDDO-Im (Yates et al., 2009). Consistent with our
finding, Tanaka et al. (2008) has reported that hepatic mRNA levels of Fasn and Acaca are
higher in Nrf2-disrupted mice than in wild-type mice following 4 weeks of high-fat diet. One
possible explanation for this lack of inhibition of Fasn expression after 21days of treatment is
that mice become transiently resistant to CDDO-Im following repeated dosing during 21 days,
but eventually respond to the inhibitory effect of CDDO-Im on obesogenesis following
sustained dosing.

In the present study, we hypothesized that CDDO-Im will downregulate expression of markers
of adipocyte differentiation in white adipose tissue following a high-fat diet, based on the
observation that Nrf2 inhibits adipocyte differentiation in mouse embryonic fibroblasts (Shin
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et al., 2007). Therefore, we evaluated effects of Nrf2 genotype and CDDO-Im on body weight
gain in mice chronically fed a high-fat diet. However, we were not able to detect effects of diet
or CDDO-Im on expression of Cebpa and Fabp4. A prolonged feeding period will be required
to detect changes of transcript levels in white adipose tissue where expression levels of markers
of adipogenesis are relatively abundant, and to detect effects of Nrf2 genotype on adipogenesis.

Based on the fact that CDDO-Im is known to target Nrf2 signaling (Dinkova-Kostova et al.,
2005; Yates et al., 2006), we evaluated effects of CDDO-Im on obesogenesis in Nrf2-disrupted
mice. However, studies using Nrf2-disrupted mice are confounded because the rate of body
weight increment following a high-fat diet was substantially slower in vehicle-treated Nrf2-
disrupted mice than in wild-type mice, and weights of periuterine and mesenteric white adipose
tissues as % of total body weight were smaller in Nrf2-disrupted mice than in wild-type mice.
There were no statistically significant differences in adipose mass between two genotypes fed
a control diet treated along with dosing with the vehicle. However, initial body weights of
Nrf2-disrupted mice are smaller than wild type mice (16.0 g and 16.9 g, respectively). These
results suggest that while activation of Nrf2 signaling by CDDO-Im negatively affects
accumulation of fat, constitutive levels of Nrf2 may contribute to accumulation of fat following
a high-fat diet. Furthermore, rate of body weight increment following a control diet was slightly
slower in CDDO-Im-treated Nrf2-disrupted mice than in vehicle-treated mice. Despite its
potential toxicity in Nrf2-disrupted mice, CDDO-Im did not prevent weight gain following a
high-fat diet in Nrf2-disrupted mice, and the inhibitory effects of CDDO-Im on triglyceride
levels, hepatic lipid accumulation and expression of lipogenic genes were significantly
suppressed in the Nrf2-disrupted mice.

In summary, our data indicate that CDDO-Im effectively prevents body weight gain following
a high-fat diet, and that Nrf2 can be an attractive target for management of obesogenesis.
Further studies will be required to elucidate mechanisms underlying molecular regulation of
systemic energy balance and transcription of lipogenic enzymes by triterpenoids and other
classes of activators of Nrf2 signaling.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effects of CDDO-Im on body weight gain of (A) wild-type mice and (B) Nrf2-disrupted mice.
Mice fed a control diet (Con) or a high-fat diet (HF) for 95 days were dosed with 30 μmol/kg
body weight CDDO-Im or vehicle by gavage 3 times per week throughout the feeding period
with both diets. Body weights were monitored before each treatment, 3 times per week. Data
represent mean ± S.E.M., n = 8–15 per group.
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Fig. 2.
Indirect calorimetry and food intake analysis in wild-type mice fed a high-fat diet. (A) Protocol
for indirect calorimetry. High-fat diet-fed mice were treated with 30 μmol/kg body weight
CDDO-Im or vehicle for 82 days and indirect calorimetry was performed thereafter from days
0 to 4. Mice were dosed with CDDO-Im on days 0 and 2 (*). (B–H) All data represent mean
± S.E.M., n = 8 per group. * P < 0.05, CDDO-Im vs. vehicle. (B) Food intake (C) Oxygen
consumption (VO2) (D) Average oxygen consumption (E) Respiratory exchange ratio (RER)
(F) Average respiratory exchange ratio (G) Energy expenditure normalized to body weight (H)
Average energy expenditure normalized to body weight.
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Fig. 3.
Effects of CDDO-Im on hepatic lipid accumulation in wild-type mice and Nrf2-disrupted mice.
Liver sections were stained with Oil Red O, and surface area of stained lipid droplets was
normalized by number of hepatocyte nuclei per field. All data represent mean ± S.E.M., n =
5–8 per group. * P < 0.05, CDDO-Im vs. vehicle. ^ P < 0.05, high-fat diet vs. control diet.
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Fig. 4.
Effects of CDDO-Im on gene expression and fatty acid synthase activity in wild-type mice fed
a control diet or a high-fat diet for 95 days (A, B, D) or 21 days (C). (A) Analysis of hepatic
gene expression using quantitative real-time PCR following 95 days of treatment. Data
represent mean ± S.E.M., n = 6–8 per group. * P ≤ 0.05, CDDO-Im vs. vehicle. ^ P < 0.05,
high-fat diet vs. control diet. (B) Specific activity of fatty acid synthase in the liver of mice fed
a high-fat diet for 95 days (nmol NADPH oxidized per min per mg protein). Data represent
mean ± S.E.M., n = 4 per group. * P < 0.05, CDDO-Im vs. vehicle. (C) Analysis of hepatic
gene expression using quantitative RT-PCR following 21 days of treatment. Data represent
mean ± S.E.M., n = 6 per group. * P < 0.05, CDDO-Im vs. vehicle. ^ P < 0.05, high-fat diet
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vs. control diet. (D) Analysis of gene expression in white adipose tissue using quantitative RT-
PCR following 95 days of treatment. Data represent mean ± S.E.M., n = 6 per group. * P <
0.05, CDDO-Im vs. vehicle. ^ P < 0.05, high-fat diet vs. control diet.
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Fig. 5.
Effects of CDDO-Im on hepatic gene expression in Nrf2-disrupted mice. Data represent mean
± S.E.M., n = 6 per group. * P < 0.05, CDDO-Im vs. vehicle. ̂  P < 0.05, high-fat diet vs. control
diet.
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Table 1
Organ weights (mg) of control diet and high-fat diet-fed mice

Control diet High-fat diet

Vehicle CDDO-Im Vehicle CDDO-Im

Wild-type

 Periuterine white
adipose tissue

443 ± 25 (2.3) 400 ± 27 (2.1) 2164 ± 424b (7.0) 713 ± 121ab (3.3)

 Mesenteric white
adipose tissue

131 ± 17 (0.7) 122 ± 18 (0.6) 422 ± 107b (1.4) 155 ± 8a (0.7)

 Pancreas 167 ± 13 (0.9) 149 ± 6 (0.8) 242 ± 14b (0.9) 176 ± 10a (0.8)

 Liver 860 ± 22 (4.6) 1107 ± 45a (5.8) 966 ± 61 (3.4) 1065 ± 61 (5.1)

 Kidney 127 ± 3 (0.7) 134 ± 5 (0.7) 148 ± 8b (0.5) 142 ± 4 (0.7)

Nrf2-distupted

 Periuterine white
adipose tissue

464 ± 34 (2.4) 385 ± 65 (2.2) 834 ± 100b (3.7) 827 ± 160b (3.6)

 Mesenteric white
adipose tissue

107 ± 10 (0.6) 139 ± 25 (0.8) 199 ± 26b (0.9) 221 ± 39 (1.0)

 Pancreas 213 ± 10 (1.1) 182 ± 13 (1.0) 238 ± 12 (1.1) 203 ± 14 (0.9)

 Liver 760 ± 34 (3.8) 709 ± 43 (4.1) 777 ± 25 (3.6) 803 ± 29 (3.7)

 Kidney 122 ± 5 (0.6) 115 ± 6 (0.7) 138 ± 7 (0.6) 128 ± 3 (0.6)

Organ weights as % of total body weight are shown in the parenthesis. Data represent mean ± S.E.M., n = 9–15.

a
P < 0.05, CDDO-Im vs. vehicle.

b
P < 0.05, high-fat diet vs. control diet.
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Table 2
Metabolic parameters of control diet and high-fat diet-fed mice

Control diet High-fat diet

Vehicle CDDO-Im Vehicle CDDO-Im

Wild-type

 Triglyceride (mg/dl) 83 ± 9 84 ± 9 123 ± 8b 115 ± 27

 Cholesterol (mg/dl) 74 ± 5 95 ± 4a 132 ± 8b 151 ± 8b

 LDL-cholesterol (mg/dl) 28 ± 2 34 ± 3 45 ± 4b 55 ± 7b

 HDL-cholesterol (mg/dl) 29 ± 4 44 ± 3a 63 ± 3b 74 ± 4b

Nrf2-distupted

 Triglyceride (mg/dl) 102 ± 9 101 ± 10 95 ± 7 132 ± 10ab

 Cholesterol (mg/dl) 84 ± 6 85 ± 10 104 ± 7b 116 ± 8b

 LDL-cholesterol (mg/dl) 31 ± 3 30 ± 5 37 ± 3 36 ± 4

 HDL-cholesterol (mg/dl) 33 ± 3 35 ± 5 49 ± 4b 54 ± 4b

Data represent mean ± S.E.M., n = 7–10.

a
P < 0.05, CDDO-Im vs. vehicle.

b
P < 0.05, high-fat diet vs. control diet.
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