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5MeCDDO Blocks Metabolic Activation but not
Progression of Breast, Intestine, and Tongue
Cancers. Is Antioxidant Response Element a
Prevention Target?
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Abstract
The preventive efﬁcacy of the triterpenoid 5MeCDDO was
tested in two models of mammary cancer, the Min model of
intestinal cancer, and a chemically induced model of head and
neck cancer. In one model of mammary cancer, female SpragueDawley rats were administered MNU at 50 days of age, and
5MeCDDO (27 ppm) was administered in the diet beginning 5
days later for the duration of the study; 5MeCDDO was ineffective. In contrast, in a model examining initiation of mammary cancers by the procarcinogen dimethyl-benzanthracene,
5, 6-benzoﬂavone (500 ppm, an Ah receptor agonist) or
5MeCDDO (27 or 2.7 ppm) decreased tumor multiplicity
by 90%, 80%, and 50%, respectively. This anti-initiating
effect which is presumably mediated by altered metabolic
activation parallels our observation that 5MeCDDO induced

proteins of various antioxidant response element (ARE)-related
phase II drug-metabolizing enzymes [e.g., GST Pi, AKR 7A3
(aﬂatoxicol), epoxide hydrolase, and quinone reductase] in
the liver. 5MeCDDO tested in the 4-nitroquinoline-l-oxide
(4-NQO) head and neck cancer model failed to decrease tumor
incidence or invasiveness. In the Min mouse model of intestinal cancer, a high dose of 5MeCDDO (80 ppm) was weakly
effective in reducing adenoma multiplicity [30% (P < 0.05)];
however, a lower dose was totally ineffective. These ﬁndings
question whether measuring increased levels of certain ARErelated genes (e.g., quinone reductase, GST Pi), indicating
decreased carcinogen activation are sufﬁcient to imply general chemopreventive efﬁcacy of a given agent or mixture.

Introduction

the promoter region of genes coding for certain phase II enzymes
(e.g., quinone reductase, GST Yc2, GST Pi) which appear to
control the transcriptional response to many agents; such as
tert-butylhydroxyanisole. As many of the agents that activated
these genes were deﬁned as antioxidants, the resulting DNA
sequences were initially called AREs. Subsequently, it has been
shown that transcription at these AREs is mediated by a complex
that includes the transcription factor Nrf-2 (5). This complex
involves the binding of Nrf-2 to a cytoskeleton protein KEAP
which modulates the degradation of Nrf-2 (5, 6). This binding
between Nrf-2 and KEAP is altered by multiple sulfhydryl groups
on the KEAP protein whose oxidation/reduction status can be
changed by antioxidants (5, 6). Therefore, there was a systematic
effort to identify agents that might preferentially or solely activate
the ARE and associated phase II drug-metabolizing enzymes
(7, 8). This examination was initially performed by screening for
agents that would induce one or more of the phase II enzymes;
particularly quinone oxidoreductase (9).
On the basis of this screening assay, a wide variety of structurally varied xenobiotics and naturally occurring agents that stimulate the ARE were identiﬁed (refs. 9–11; Supplementary Fig. S1).
One class of agents that stimulate the ARE (and has recently
generated substantial interest in the ﬁeld of cancer prevention) are
the triterpenoids that have been systematically investigated by
Sporn and colleagues (12). This class of agents (speciﬁcally the
CDDO-imidazole derivative) has proven highly effective in prevention of ER mammary cancers in animal models (12). In
addition, both CDDO-imidazole and the 5MeCDDO ester

The ﬁeld of breast cancer prevention has produced a number of
effective agents (SERMs, aromatase inhibitors) that appear unique
to breast cancer; and, in fact, speciﬁcally to ERþ breast cancers, by
directly or indirectly targeting ERa (1, 2). In contrast, both
clinically and in animal studies, the COX-1/2 inhibitors appear
to be effective against cancers in a variety of organs [e.g., colon,
skin, esophagus, and urinary bladder (3)].
One additional target in the ﬁeld of chemoprevention that has
generated a great deal of interest is agents that activate the
antioxidant response element (ARE). These structurally diverse
agents alter expression of a variety of genes including many nonCYP 450 drug-metabolizing enzymes (conjugating enzymes).
Pickett and colleagues (4) identiﬁed speciﬁc DNA sequences in
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proved to be effective preventive agents in mouse models of lung
cancer (13, 14). Further interest in the ﬁeld has been spurred by
mechanistic considerations. Thus, this class of agents has proven
to be highly effective agonists for genes modulated by the ARE,
and has been proposed to inhibit inﬂammation via the NF-kb
pathway (15). There has been great interest in the potential role of
antioxidants and oxidants in development of cancer, and specifically in agents which induce the ARE response. We have
employed one speciﬁc agent 5MeCDDO in a variety of standard
preclinical prevention models. These studies include two carcinogen-induced mammary cancer models in rats. The MNU model
has been used by our laboratory and others to determine agents
that can prevent progression of ERþ mammary cancers, whereas
the dimethyl-benzanthracene (DMBA) model has been used to
look for agents that block cancer initiation routinely by blocking
metabolic activation of DMBA (16). In addition, we examined the
efﬁcacy of 5MeCDDO in models of intestinal cancer in mice and
head and neck cancer in rats (17). Finally, the ability of this agent
to modulate expression of proteins associated with the ARE
response was determined.

Materials and Methods
Agents
5MeCDDO was obtained from the NCI Chemoprevention
Chemical Repository. 5, 6 Benzoﬂavone, and 7, 12 dimthylbenzanthracene were obtained from Sigma Chemical Co. MNU and
4-NQO were obtained from the NCI Chemical Carcinogen Repository and Aldrich Chemical Company, respectively. 5MeCCDO
was mixed directly into the diet (Teklad 4%, Harlan Teklad
Corporation) using a Liquid–Solid Blender with Intensiﬁer Bar
(Patterson-Kelley). The diets in the animal cages were changed 3
times per week.
Rat mammary cancer models
Two different carcinogen-induced rat mammary cancer models
were used in these studies (16).
MNU model
Female Sprague-Dawley rats were administered the carcinogen
(50 mg/kg BW) by intravenous injection (jugular vein) at 50 days
of age. Five days after MNU, the animals received diet supplemented with 5MeCDDO (81 or 27 ppm). The dose of 81 ppm was
found to be toxic. The animals receiving the lower dose (27 ppm)
were weighed once a week, palpated for mammary tumors two
times per week, and observed daily for signs of toxicity. Mammary
tumors were excised, weighed, and processed for histologic classiﬁcation at termination of the study (126 days after MNU).
Differences in cancer multiplicity were determined by the Armitage test.
DMBA model
Starting at 43 days of age, female Sprague-Dawley rats were
administered 5MeCDDO (27 or 2.7 ppm) or 5, 6-benzoﬂavone
(500 ppm) in the diet for a period of 14 days, and then returned to
standard Teklad diet. At 50 days of age, the carcinogen DMBA
dissolved in corn oil (12 mg by gavage) was administered. The
animals were weighed once a week, palpated for mammary
tumors twice a week, and observed daily for signs of toxicity.
Mammary tumors were excised, weighed, and processed for
histologic classiﬁcation at termination of the study (126 days
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after DMBA). Differences in cancer multiplicity were determined
by the Armitage test.
Intestinal tumors in Min mice
We have recently described the use of this model in detail (17).
In brief, male Apcþ/Min-FCCC mice (8 weeks old) were obtained
from the Laboratory Animal Facility at the Fox Chase Cancer
Center. At 9 weeks of age, mice were randomized to receive control
diet or diets supplemented with 5MeCDDO (40 or 80 ppm), or
(as a positive control) mice were administered the EGFR inhibitor
geﬁtinib at 132 or 400 ppm. Body weights were recorded weekly
to monitor toxicity, and mice were maintained on the experimental diets ad libitum for 45 days. Mice were sacriﬁced at the end
of the experiment. The entire small intestine was excised and
evaluated pathologically in a blinded manner. Adenomas were
deﬁned as circumscribed neoplasms composed of tubular and/or
villous structures and lined with dysplastic epithelium. Deﬁned
cancers had to meet three criteria: (i) invasion into at least the
submucosa, (ii) eliciting a desmoplastic reaction, and (iii) exhibiting cytologic features of neoplasia. Body weights and tumor
multiplicities were compared among treatment groups using the
Wilcoxon rank-sum test.
Squamous cancers of the head and neck
Rats were treated as described in our recent studies (17, 18).
Male Fischer-344 rats were exposed to drinking water containing
20 ppm 4-NQO for a period of 10 weeks. Treatment with
5MeCDDO was initiated one day after the ﬁnal administration
of 4-NQO. Animals were monitored daily and weighed twice a
week. Rats were sacriﬁced if they lost weight for two successive
weeks, or 18 weeks following the last administration of 4-NQO.
All rats underwent a complete necropsy that focused on the
tongue, oral cavity, and gastrointestinal tract.
Protein extraction and digestion
Livers from control or 5MeCDDO-treated rats were frozen in
liquid nitrogen and cryopulverized using a Biopulverizer. Pulverized tissue was solubilized in a Barocycler (NEP 3229,
Pressure Biosciences) at 35,000 psi for 30 seconds, followed
by ambient pressure for 20 seconds, 10 cycles) in 2 % RapiGest,
8 mol/L urea in 100 mmol/L Tris-HCl, pH 8.5. Solubilized
tissue was transferred to an Eppendorf tube and spun at 16,000
rcf for 20 minutes to pellet any remaining solids at the bottom.
The supernatant was transferred to another Eppendorf tube,
and the protein concentration was determined. The sample was
then treated with endoproteases after precipitation of 20 mg of
total protein using the 2D Clean-up Kit (GE Healthcare). The
precipitate was solubilized in 8 mol/L urea in 100 mmol/L TrisHCl, pH 8.5. Peptides were prepared for nano-LC/MS using a
previously described method (19). Brieﬂy, the proteins were
reduced/alkylated, sequentially digested with endoprotease
Lys-C and trypsin, and the peptides extracted using a porous
graphite carbon wedge tip (Glygen). The peptides were dissolved in aqueous acetonitrile (1%) containing 1% formic acid
for analysis using nano-LC/MS.
Mass spectrometry and data processing
The complex peptide mixtures were analyzed using high-resolution nano-LC/MS on a hybrid mass spectrometer consisting of a
linear quadrupole ion-trap and an Orbitrap (LTQ-Orbitrap XL,
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Table 1. Effects of 5MeCDDO and 5, 6 benzoﬂavone in the prevention of dimethylbenzanthracene (DMBA)-induced mammary cancers in female Sprague-Dawley
rats
Mammary adenocarcinomasc
Group
No. of rats
Carcinogena
Treatmentb
Percent incidence
Number/ratd,e
Avg. weight of cancers (mg)e,f
1
15
DMBA
5MeCDDO, 27 mg/kg diet
33
0.60 (79%#)g
139 (85%#)g
2
15
DMBA
5MeCDDO, 2.7 mg/kg diet
80
1.40 (50%#)h
551 (39%#)
3
15
DMBA
5,6-Benzoﬂavone, 500 mg/kg diet
13
0.13 (95%#)g
67 (93%#)g
4
15
DMBA
None
73
2.80
900
a

Female Sprague-Dawley rats received DMBA at 50 days of age.
Agents were administered one week prior to and one week after DMBA.
c
Data on mammary cancers were obtained at necropsy of the rats (134 days after DMBA).
d
Final tumor multiplicity different from Group 4.
e
Numbers in parenthesis are percent differences from control group (Group 4).
f
Tumor weight different from Group 4.
g
P < 0.01.
h
P < 0.05.
b

Thermo Fisher Scientiﬁc). Chromatographic separations were
performed using a NanoLC-1D Plus (Eksigent) for gradient delivery and a cHiPLC-nanoﬂex (Eksigent) containing a 15 cm  75 mm
C18 column (ChromXP C18-CL, 3 mm, 120 Å, Eksigent). The
system and gradient conditions have been described previously
(19). The peptide fragmentation spectra (MS2) were processed
using MASCOT Distiller (Matrix Science, version 2.3.2.0) with the
settings described previously (20). The resulting MS2 centroided
ﬁles were used for database searching with MASCOT, version
2.3.02, against two protein databases, UniProt-Rat (downloaded
5/2/2011, 31,645 entries) and mouse (downloaded on 5/2/2011,
72,503 entries), using the following parameters: enzyme, trypsin;
MS tolerance ¼ 50 ppm, MS-MS tolerance ¼ 0.8 Da with a ﬁxed
carbamidomethylation of Cys residues and oxidation of Met
residues as a variable modiﬁcation. For relative protein quantiﬁcation, LC/MS unprocessed ﬁles were imported into Rosetta
Elucidator (Rosetta Biosoftware, ver 3.3) for m/z and retention
time alignment of the peptide ion currents from the ﬁve control
liver samples and the ﬁve samples from animals treated with
5MeCDDO. The aligned, normalized peptide ion currents were
annotated within the alignment software by generating database
search ﬁles ( .dta) and were annotated at the feature level using
the MASCOT parameters, as described above. The ion current
signals from all charge states for each peptide were concatenated
unique using a visual script within the software. The table of
peptides and peptide intensities was exported in Excel  .csv
format. The protein database searches were qualiﬁed using Scaffold software (ver. 3_00_07) and the Protein Prophet algorithm
(21) with protein and peptide acceptance thresholds of 95% and
50%, respectively.
The peptides were grouped as products from individual genes
(data not shown). The gene-grouped and peptide intensity data
were imported into DAnTE-R for statistical analysis (22, 23). Only
proteins represented by two or more annotated peptides were

considered for subsequent data analyses. For quantiﬁcation of
each protein (gene product), a mean value was calculated from all
contributing annotated peptides. The ANOVA analysis to determine relative protein abundances between the 5MeCDDO-treated and control datasets was performed in DANTE-R with a
Benjamini–Hochberg correction.

Results
MNU-induced ERþ mammary cancers
In the MNU-induced rat mammary cancer model, we initially
treated rats with 81 or 27 ppm of 5MeCDDO beginning 5 days
after treatment with MNU. Within 2 weeks, the higher dose caused
toxicity: decreasing body weights and inducing moribund conditions and therefore these rats were sacriﬁced. No toxicity was
observed at the 27 ppm dose level. This dose, however, failed to
decrease either tumor latency or tumor multiplicity. In fact, this
dose caused a signiﬁcant increase in the average weight of the
tumors that did develop (Table 1; Fig. 1).
DMBA-induced ERþ mammary cancers
The DMBA-induced rat mammary cancer model is typically
employed to determine whether a speciﬁc chemopreventive agent
can inhibit cancer initiation routinely reﬂecting altered metabolic
activation of DMBA. 5MeCDDO was given at two doses (2.7 and
27 ppm), and 5, 6-benzoﬂavone (500 ppm) was administered as a
positive control. The agents are administered for 2 weeks when
animals were 43 to 57 days of age, whereas DMBA is administered
as a single dose when rats were 50 days of age. 5, 6-Benzoﬂavone
profoundly increased tumor latency and decreased tumor multiplicity >90% (P < 0.005). The higher dose of 5MeCDDO similarly
increased latency and decreased tumor multiplicity by 80% (P <
0.01), whereas the lower dose minimally decreased tumor multiplicity (50%, P < 0.08; Fig. 2; Table 2).

Table 2. Effects of 5MeCDDO and 5, 6 benzoﬂavone in the prevention of methylnitrosourea (MNU)-induced mammary cancers in female Sprague-Dawley rats
Mammary adenocarcinomasc
Group
No. of rats
Carcinogena
Treatmentb
Percent incidence
Number/ratd,e
Avg. weight of cancers (g)e,f
g
1
15
MNU
5MeCDDO
100
8.0 (86%")
19.2 (126%")g
2
15
MNU
None
93
4.3
8.5
a

Female Sprague-Dawley rats received MMNU at 50 days of age.
5MeCDDO was administered one week after MNU.
Data on mammary cancers were obtained at necropsy of the rats (126 days after MNU).
d
Numbers in parenthesis are percent differences from control group (Group 2).
e
Tumor multiplicity different from Group 2.
f
Tumor weight different from Group 2.
g
P < 0.05.
b
c
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5MeCDDO, 27 mg/kg diet
None

8

Mammary tumors/rat

Figure 1.
Effects of 5MeCDDO on time of
appearance of MNU-induced
mammary cancers. Sprague-Dawley
rats were administered MNU
(75 mg/kg BW, i.v.) at 50 days of age.
Beginning at 55 days of age, rats were
administered 5MeCDDO (27 ppm in
diet) for the duration of the study.
Rats were palpated twice a week.
Differences in cancer multiplicity were
determined by the Armitage test.
There was a signiﬁcant (P < 0.05)
increase in cancer multiplicity in
5MeCDDO-treated rats.
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Induction of ARE-related genes in the livers of treated rats using
proteomics
Female Sprague-Dawley rats (50 days of age) were treated
with 27 ppm of 5MeCDDO or vehicle for a period of 7 days. At
that time, rats were sacriﬁced and proteomics performed on
the resulting livers. Approximately 250 of 800 proteins were
identiﬁed as being signiﬁcantly increased or decreased (relative
increase or decrease of at least 25% and P < 0.01; Townsend,
Lubet; unpublished data). In Fig. 3, the results are presented
for four proteins associated with drug metabolism which are
known to be transcriptionally activated via the ARE. The
speciﬁc peptides which we employed for quantitation are
presented in ﬁgure legend 3. However, we required that we
identify at least two peptides from any given protein to
perform quantitation. These proteins are: (i) GST Pi; increased
65, P < 1023, (ii) AKR 7A3 (aﬂatoxicol reductase); increased
24, P < 1012, (iii) microsomal epoxide hydrolase; increased
6, P < 108; and (iv) quinone reductase; increased 4,
P < 107 (Fig. 3).
Development of intestinal tumors in Min mice
These mice have a germline mutation in the APC gene and
develop multiple intestinal neoplasias and a limited number of
colon neoplasias (17). Mice were treated with doses of 80 or 40
ppm of 5MeCDDO beginning at 6 weeks of age for a period of 8
weeks. The lower dose failed to decrease intestinal tumor
multiplicity although the higher dose caused a limited, albeit
statistically signiﬁcant, effect on adenoma multiplicity of 30%
(P < 0.05). The EGFR1 inhibitor geﬁtinib at a dose of 132 ppm
was tested simultaneously and decreased intestinal tumor multiplicity 55% (P < 0.01; data not shown; Fig. 4).
Development of squamous cell cancers of the tongue in 4NQO–treated rats
F344 rats were treated with 4-NQO in drinking water for 8
weeks. Rats were treated with a dose of 15 ppm of 5MeCDDO
beginning 1 week after the ﬁnal dose of 4-NQO at 14 weeks of age
for a period of 16 weeks. This dose failed to decrease either the
incidence or the invasiveness of the squamous cell tongue tumors
which developed (Table 3).
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Discussion
The ARE has been a major focus in the ﬁeld of chemoprevention. Progress and interest in the ARE response are due in part to
the striking efforts of Dr. P. Talalay and Dr. T. Kensler (7, 8) in
identifying the wide range of agents that elicited this response.
They developed an assay for quinone reductase which allowed
one to rapidly screen agents or mixtures for ARE agonist activity
has strongly stimulated the ﬁeld. Transcriptional analysis (4, 5, 6)
demonstrated that the ARE activates a wide variety of genes (e.g.,
phase II drug metabolizing genes and genes related to glutathione
metabolism) that would block cancer initiation. Another appeal
of ARE agonists is that they affect multiple pathways that contribute to the process of carcinogenesis: (i) oxidation, particularly
of nucleic acids, (ii) obesity, which is likely to increase the levels of
oxidation, and (iii) ARE response that induces proteins that
inhibit the activation of various procarcinogens.
There are structurally diverse agents that activate the ARE
(Supplementary Fig. S1). Reﬂecting the ability of these structurally
varied compounds to alter the oxidation state of sulfhydryl groups
in the KEAP protein (5, 6) and, thereby, cause activation of NRF2
and transcription at ARE sites. Given the structural diversity of ARE
agonists, one might expect huge differences in the effects of these
agents on various physiologic effects other than those mediated
by the ARE. However, all should increase levels of the AREmediated genes. Two particular classes of synthetic agents which
exhibited strong ARE agonist activity are the dithiolthiones (24)
and the triterpenoids (25). The dithiolthiones are synthetic while
the triterpeonids such as 5MeCDDO are synthesized analogues of
naturally occurring triterpenoids developed in major part by
Sporn and colleagues (12). The imidazole derivative has proven
to be highly effective in the prevention of lung adenocarcinomas
in mice (14). A further analogue was the methyl ester 5MeCDDO.
The advantage of 5MeCDDO is that it was easier to synthesize
than the imidazole derivative, had demonstrated efﬁcacy in a
mouse lung cancer rodent model, and activated the ARE. In these
studies, we examined the ability of 5MeCDDO to prevent cancers
in various animal models, primarily in the progression setting as
well as determining expression of proteins known to be associated
with the ARE. 5MeCDDO was initially evaluated in the MNUinduced rat model that develops ERþ mammary cancers. The
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3.0

2.5

Figure 2.
Effects of 5MeCDDO on time of
appearance of DMBA-induced
mammary cancers. Female SpragueDawley rats were administered DMBA
(12 mg by gavage) at 50 days of age.
Beginning at 43 days of age, rats were
administered 5MeCDDO (27 or 2.7
ppm in diet) or 5, 6 benzoﬂavone (500
ppm in diet) for a period of 14 days
(43–57 days of age). Rats were
palpated twice a week. Differences in
cancer multiplicity were determined
by the Armitage test. There was a
signiﬁcant decrease in mammary
cancers in all three treatment groups.
The decreases were signiﬁcant at
P < 0.01 for the higher dose of
5MeCDDO, and 5, 6 benzoﬂavone,
whereas for the lower dose of
5MeCDDO, it was P < 0.05.

5MeCDDO, 27 ppm

Mammary cancers/rat
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doses employed (81 and 27 ppm) were based on published
results in mice (13). The higher dose was toxic causing signiﬁcant
weight loss and other toxic signs within 2 weeks of treatment with
the agent. Thus, the results in Fig. 1 are with the lower dose (27
ppm) which showed no toxicity. Unexpectedly, rats in this group

5MeCDDO

Control

5MeCDDO

Control

D
Peptide intensity

Peptide intensity

B

showed a signiﬁcant decrease in cancer latency and increase in
cancer multiplicity and weights.
The striking induction of the phase II drug metabolizing
enzymes (Fig. 3) gives an immediate expectation that the agent
should be able to alter carcinogen metabolism, and, thereby,

5MeCDDO

Control
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Figure 3.
A–D, determination of expression of various
ARE-mediated proteins in livers of 5MeCDDOtreated rats. Female Sprague-Dawley rats were
treated 7 days with 5MeCDDO, and livers
removed (see Materials and Methods). Increased
levels of these proteins: GST Pi; 65, P < 1023
(A), microsomal epoxide hydrolase; 6, P < 108
(B); AKR 7A3 (aﬂatoxicol reductase); 24,
P < 1012 (C), quinone reductase; 4, P < 107
(D). The speciﬁc peptides employed in
quantitating protein levels are presented GSTP1
FEDGLTYQSNAILR (A); Ephx 1 (microsomal
epoxide hydrolase) VFVPTGSAFPSELLHAPEK
(B); Akr7a3 FFGNPFSQLYMDR(C); Nqo1
(quinone reductase) FGSLVGHHLGK (D).

Control
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Control
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80 ppm 5MeCDDO
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Small intestine
Figure 4.
Effects of 5MeCDDO on small Intestinal Lesions in FCCC ApcMin mice. ApcMin
mice were treated with 5MeCDDO beginning at 6 weeks of age for a period of 8
weeks. At that time, animals were sacriﬁced and lesions were determined as
described in Materials and Methods. While the lower dose of 5MeCDDO did not
signiﬁcantly affect adenoma multiplicity, the higher dose reduced multiplicity
roughly 30% (P < .05).

decrease carcinogen-induced tumorigenesis. We employed the
DMBA-induced mammary cancer model in rats to determine
anti-initiating activity presumably driven by inhibition of metabolic activation. This model has been used for decades by a wide
variety of investigators to identify agents that block the activation
of a procarcinogen to reactive intermediates. Various agents with
cancer anti-initiating activity decrease both DMBA binding to
mammary epithelial DNA and mammary tumorigenesis (26).
In Fig. 2, we show that 5, 6-benzoﬂavone (500 ppm) decreased
cancer multiplicity approximately 95%, whereas 5MeCDDO at
doses of 27 and 2.7 ppm reduced cancer multiplicity by 80% and
50%, respectively. 5MeCDDO also is profoundly effective in
blocking aﬂatoxin-induced liver carcinogenesis in rats (15). 5,
6-benzoﬂavone, which induces both phase I and phase II drugmetabolizing enzymes, was used as a positive control (16, 26).
While 5MeCDDO (27 ppm) was highly effective at roughly onehalf of its toxic dose (27 ppm), it was not as effective as 500 ppm of
5, 6-benzoﬂavone, roughly one-tenth of its toxic dose. This
conﬁrms our prior ﬁndings that strong induction of the ARE
and phase II enzymes do not appear to be as effective in blocking
carcinogenesis as agents which induce both phase I and
phase II enzymes (e.g., indole-3-carbinol and 5, 6-benzoﬂavone;

Table 3. Inﬂuence of 5MeCDDO on incidence of neoplastic and hyperplastic oral
lesions in rats treated with 4-NQO

Route
Dietary level (mg/kg diet)
Microscopic tongue lesion
Squamous cell carcinoma
Carcinoma invasion score
þ1
þ2
þ3
þ4
Squamous epithelial hyperplasia
Normal

www.aacrjournals.org

Group
4-NQO/basal diet
4-NQO/CDDO-ME
—
Diet
0 (control)
15
21/28 (75%)

24/29 (83%)

1/28 (4%)
2/28 (7%)
2/28 (7%)
16/28 (57%)
4/28 (14%)
3/28 (11%)

1/29 (3%)
1/29 (3%)
3/29 (10%)
19/29 (66%)
5/29 (17%)
0

refs. 16, 26). Nevertheless, 5MeCDDO resulted in strong ARE
inductions and chemopreventive efﬁcacy in a carcinogen-induced
model of cancer initiation.
We additionally examined the efﬁcacy of 5MeCDDO in the Min
intestinal cancer model and the 4-NQO–induced squamous cell
head and neck cancer model in rats. Limited activity in the Min
mouse model was observed. While the higher dose of 80 ppm
reduced adenoma multiplicity 30% (P > 0.05), the lower dose of
40 ppm was totally ineffective. In contrast, geﬁtinib, (an EGFR1
inhibitor) which was examined concurrently at a dose of 132 ppm
(roughly the human equivalent dose); reduced tumor multiplicity
by 55% (P < 0.01; data not shown). Furthermore, NSAIDs and
DFMO are profoundly effective in this model reducing adenoma
numbers by >65%. No efﬁcacy was observed in the 4-NQO model
of head and neck cancer. In this model, both COX-1/2 inhibitors
(18) and EGFR1 inhibitors (McCormick and Lubet; unpublished
data) have proven to be effective. Finally, in data not presented
(Wang, You, Lubet; unpublished data), we conﬁrmed the results
of Sporn and colleagues (13, 14) showing that 5MeCDDO could
inhibit lung adenoma and adenocarcinoma formation in A/J mice
with wild-type or mutated P53 following treatment with vinyl
carbamate.
The expression of various proteins coding for ARE-associated
phase II drug-metabolizing enzymes was determined by GS-MS/
MS (Fig. 3). Approximately 250 of 800 identiﬁed liver proteins
exhibited increased or decreased levels of >25% with a P < 0.01
(data not shown; Townsend, Lubet). Data with four well-known
phase II enzymes (GST Pi, AKR7A3, microsomal epoxide hydrolase, and quinone oxidoreductase) are presented. We, and others,
had previously shown that the genes coding for these enzymes
were highly induced in rat liver following treatment with strong
ARE agonists, including dithiolthiones and CDDO-imidazole
(11). Thus, 5MeCDDO strongly induces ARE, and transcriptional
analysis parallels results at the protein level. Nevertheless, we
failed to observe efﬁcacy of this agent in a variety of cancer models.
The lack of efﬁcacy in numerous organs agrees with certain of our
prior data that 1, 2 dithiol-3-thione (another strong ARE agonist)
failed to decrease either MNU-induced ERþ tumors (27) or colon
cancer in rats by AOM (Reddy, Lubet, Steele; unpublished data)
although similarly to 5MeCDDO it did decrease initiation of
DMBA-induced tumors (26). Furthermore, diethyl maleate, a
strong ARE agonist in cell culture, failed to prevent tumorigenesis
in multiple models (Lubet, Steele; unpublished data); although
this may be based on the effects of PK for this agent. Interestingly,
Sporn and colleagues have recently shown that the structurally
related dimethylfumarate is effective in inducing the ARE
response in vivo, but is ineffective in inhibiting lung cancer unlike
5MeCDDO and the CDDO-imidazole (14). The current data,
while agreeing with the speciﬁc data of Sporn and colleagues that
5MeCDDO inhibits lung tumorigenesis, is in apparent disagreement with the ﬁndings of Sporn that 5MeCDDO was effective in
multiple models of carcinogenesis, including pancreatic cancer
and ER breast cancer induced by polyoma middle T MMTV-Neu
or BRCA-1 deletion (12). With regards to the efﬁcacy of the CDDO
analogues (5Me-CDD) and (CDDO-imidazole) in lung the negative data with dimethylfumarate implies that the efﬁcacy of these
CDDO analogues is not related to their ability to induce the ARE
response, but rather to other characteristics including its ability to
alter the NF-kB pathway (12). One important aspect of this
ﬁnding is that many investigators have proposed that merely
determining that an agent or mixture is an agonist of the ARE
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response (routinely determined by measuring induction of quinone oxidoreductase) implies that it is likely to have signiﬁcant
preventive activity in a variety of cancer models. Such an approach
does appear relevant for models where tumorigenesis is induced
by a procarcinogen, for example, DMBA or AFB1. However, it
appears less relevant for the progression phase of a variety of
animal cancer models. In fact, there has been an argument in
pancreatic cancer that induction of the ARE response may actually
increase tumorigenesis in a Ki Ras–mediated model (28). The
rationale is that Ki Ras itself may increase oxidant levels which are
potentially toxic to the tumor cells with the Ki Ras mutation.
Presumably, the induction of the ARE reduces toxicity, and,
thereby, increases tumorigenesis. Finally, in both lung adenocarcinomas and squamous cell cancer of the lung, roughly 15% of
cancers have mutations in the KEAP protein which should result
in the constitutive activation of the ARE response (29, 30).
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