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Abstract

Lung cancer accounts for the highest number of cancer-related deaths in the USA, highlighting the need for better prevention 

and therapy. Activation of the Nrf2 pathway detoxi�es harmful insults and reduces oxidative stress, thus preventing 

carcinogenesis in various preclinical models. However, constitutive activation of the Nrf2 pathway has been detected in 

numerous cancers, which confers a survival advantage to tumor cells and a poor prognosis. In our study, we compared the 

effects of two clinically relevant classes of Nrf2 activators, dimethyl fumarate (DMF) and the synthetic oleanane triterpenoids, 

CDDO-imidazolide (CDDO-Im) and CDDO-methyl ester (CDDO-Me) in RAW 264.7 mouse macrophage-like cells, in VC1 lung 

cancer cells and in the A/J model of lung cancer. Although the triterpenoids and DMF both activated the Nrf2 pathway, 

CDDO-Im and CDDO-Me were markedly more potent than DMF. All of these drugs reduced the production of reactive oxygen 

species and inhibited nitric oxide production in RAW264.7 cells, but the triterpenoids were 100 times more potent than DMF 

in these assays. Microarray analysis revealed that only 52 of 99 Nrf2-target genes were induced by all three compounds, and 

each drug regulated a unique subset of Nrf2 genes. These drugs also altered the expression of other genes important in lung 

cancer independent of Nrf2. Although all three compounds enhanced the phosphorylation of CREB, only DMF increased the 

phosphorylation of Akt. CDDO-Me, at either 12.5 or 50 mg/kg of diet, was the most effective drug in our lung cancer mouse 

model. Speci�cally, CDDO-Me signi�cantly reduced the average tumor number, size and burden compared with the control 

group (P < 0.05). Additionally, 52% of the tumors in the control group were high-grade tumors compared with only 14% in 

the CDDO-Me group. Though less potent, CDDO-Im had similar activity as CDDO-Me. In contrast, 61–63% of the tumors in 

the DMF groups (400–1200 mg/kg diet) were high-grade tumors compared with 52% for the controls (P < 0.05). Additionally, 

DMF signi�cantly increased the average number of tumors compared with the controls (P < 0.05). Thus, in contrast to the 

triterpenoids, which effectively reduced pathogenesis in A/J mice, DMF enhanced the severity of lung carcinogenesis in these 

mice. Collectively, these results suggest that although CDDO-Im, CDDO-Me and DMF all activate the Nrf2 pathway, they target 

distinct genes and signaling pathways, resulting in opposite effects for the prevention of experimental lung cancer.

Introduction

Despite intensive research efforts aimed at �nding an effective 

treatment for lung cancer, this disease is still the primary cause 

of cancer-related mortality in the USA. Lung cancer accounts for 

>220 000 deaths each year or 25% of all cancer-related deaths (1). 

The 5 year survival for lung cancer is <18% (1), which is consider-

ably lower than the survival rates for most other types of cancer. 
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Hence, the search for effective therapeutic agents to treat lung 

cancer as well as methods to prevent this disease continues.

The Nrf2 pathway has been explored as a potential target for 

both the prevention and treatment of a variety of cancers. NFE2-

related factor 2 is a transcription factor that serves as a defense 

system in response to damaging stimuli that disrupt homeosta-

sis. Under basal conditions, Nrf2 is targeted for ubiquitination and 

proteasomal degradation through its interaction with its repres-

sor, Kelch-like erythroid-associated protein 1 (KEAP1). However, 

in the presence of oxidative stress or electrophiles, numerous 

reactive cysteines in KEAP1 can be modi�ed, resulting in a con-

formational change that releases the Nrf2 protein. Activated Nrf2 

then enters the nucleus and dimerizes with members of the mas-

culoaponeurotic �brosarcoma protein family, which facilitates 

the binding of Nrf2 to the antioxidant response element on target 

genes. The binding of Nrf2 to the antioxidant response element 

induces the transcription of a wide array of cytoprotective phase 

II enzymes, such as NAD(P)H:quinone oxidoreductase 1 (NQO1) 

and heme oxygenase 1 (HO-1), which are responsible for detoxify-

ing insults and reducing oxidative stress (2–4).

Because DNA damage leads to elevated levels of reactive oxy-

gen species (ROS) and in�ammation, which contribute to tumor 

development, the activation of the Nrf2 pathway is an impor-

tant target for the prevention of cancer. The activation of Nrf2 by 

numerous natural products or by genetic manipulation can inhibit 

carcinogenesis, especially at its earliest stages, in a wide variety 

of experimental cancer models (5,6). However, the antitumorigenic 

properties of Nrf2 are context dependent. Studies have shown that 

the activation of Nrf2 can have either a positive or a negative effect 

in the progression of lung cancer (7). Constitutive activation of Nrf2 

caused by mutations in the Nrf2 pathway has been found in lung, 

breast, stomach, pancreas and colorectal cancer (8). Moreover, ele-

vated Nrf2 levels can protect tumor cells from radiation or chemo-

therapy, causing them to be resistant to treatment. Consequently, 

activation of Nrf2 in cancer cells can provide a survival advan-

tage that allows them to proliferate and promote carcinogenesis 

(2,4,9,10). Because Nrf2 can play a bene�cial or detrimental role in 

cancer, careful considerations are essential for optimizing the use 

of drugs that target the Nrf2 pathway in lung cancer.

The synthetic oleanane triterpenoids are a class of multifunc-

tional drugs that have been used successfully to delay tumor 

progression or treat established tumors in a variety of preclinical 

cancer models (11). One of these triterpenoids, CDDO-methyl ester 

(CDDO-Me, bardoxolone methyl), displayed promising antican-

cer activity in patients in early clinical trials (12,13). Nanomolar 

concentrations of CDDO-Me and CDDO-imidazolide (CDDO-Im) 

inhibit inducible nitric oxide (NO) synthase and ROS production 

in cells stimulated with in�ammatory cytokines (14), and these 

triterpenoids are among the most potent known inducers of the 

Nrf2 pathway and the NQO1 and HO-1 proteins (15). However, 

Nrf2 is not the only target of the triterpenoids, as these drugs 

interact with other proteins containing reactive cysteine resi-

dues, including IkappaB (IKK), STAT3 (signal transducer and acti-

vation of transcription 3), HER2 (human epidermal growth factor 

receptor 2) and mammalian target of rapamycin (mTOR), albeit 

at higher doses than required for Nrf2 activation (11). CDDO-Me 

markedly reduced the number, size and severity of tumors in a 

vinyl carbamate-induced model of lung cancer (16,17); but only 

a single moderate dose was tested, and this concentration prob-

ably targeted other pathways in addition to Nrf2. The effect of 

CDDO-Im has not been tested in this lung carcinogenesis model.

In 2013, the Food and Drug Administration approved dimethyl 

fumarate (DMF; Tec�dera®) for the treatment of relapsing-remit-

ting multiple sclerosis, a disease which affects 350 000 people in 

the USA alone. DMF was originally approved in Germany for the 

treatment of psoriasis due to its immunomodulatory activity (18), 

but the anti-in�ammatory properties of this drug and its ability 

to activate the Nrf2 pathway also contribute to its mechanism of 

action (19–23). DMF inhibits proliferation and induces apoptosis 

in a variety of human cancer cells (24–28), blocks invasion and 

angiogenesis (26) and reduces tumor growth and metastasis in 

vitro and in vivo (29,30). Moreover, fumaric acid can suppress the 

development of chemically induced cancer in the liver, lung and 

stomach (31,32). The ability of DMF to prevent lung adenocarci-

nomas induced by vinyl carbamate is not known.

Because of the emerging importance and apparently con�ict-

ing roles of the Nrf2 pathway in cancer, we studied three clinically 

relevant drugs with similar biological activities. The triterpe-

noids, CDDO-Im and CDDO-Me, are among the most potent acti-

vators of the Nrf2 pathway reported in the literature, and DMF is 

the �rst Food and Drug Administration-approved drug known to 

activate this cytoprotective pathway. In these experiments, we 

compared the ability of these three drugs to inhibit in�amma-

tion, induce the Nrf2-target gene NQO1, differentially regulate 

gene expression and suppress lung carcinogenesis.

Materials and methods

Reagents, cell culture and western blotting

CDDO-Im and CDDO-Me were synthesized as described previously (33,34). 

DMF and tert-butyl hydroperoxide (tBHP) were purchased from Sigma (St. 

Louis, MO), MG132 from EMD Millipore (Billerica, MA) and 2′,7′-dichlorodi-

hydro�uorescein diacetate from Molecular Probes (Grand Island, NY). VC1 

cells were derived from a lung tumor in an A/J mouse (16). Both VC1 and 

RAW 264.7 mouse macrophage-like cells (American Type Culture Collection) 

were maintained in Dulbecco’s modi�ed Eagle’s medium supplemented 

with 10% fetal bovine serum. Nrf2 wild-type (WT) (+/+) and Nrf2 knockout 

(KO) (−/−) mouse embryonic �broblasts (MEFs) were generously provided by 

Dr Jefferson Chan (UC Irvine). These cells were grown in Dulbecco’s modi-

�ed Eagle’s medium supplemented with 15% fetal bovine serum, 0.05 mM 

of 2-mercaptoethanol, 1 mM of non-essential amino acids and 2 mM of 

glutamine. RAW264.7 cells from American Type Culture Collection are 

tested and authenticated using morphology, karyotyping and PCR-based 

approaches, and VC1 cells and MEFs have been characterized as described 

previously (16,35,36). Vials frozen from the 2nd through 5th passage (RAW 

264.7 cells) or 3rd through 12th passage (VC1 cells and MEFs) in culture 

Abbreviations  

CDDO-Im CDDO-imidazolide 

CDDO-Me CDDO-methyl ester 

CREB cAMP response element-binding protein 

DMF dimethyl fumarate 

HO-1 heme oxygenase 1 

IFNγ interferon-γ

IL1 interleukin-1 

KEAP1 Kelch-like erythroid-associated protein 1

KO knockout 

LPS lipopolysaccharide 

MEFs mouse embryonic �broblasts 

mRNA messenger RNA 

NO nitric oxide 

NF-κB nuclear factor-kappaB 

NQO1 NAD(P)H:quinone oxidoreductase 1 

qPCR quantitative PCR 

ROS reactive oxygen species 

tBHP tert-butyl hydroperoxide 

WT wild-type
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were used for these experiments. For western blotting, VC1 cells or MEFs 

were treated with compounds, lysed in TNTE (50 mM of Tris-HCl, 150 mM of 

NaCl, 0.5% of TX-100, 1 mM of ethylenediaminetetraacetic acid) buffer with 

protease inhibitors and processed for western blotting using the follow-

ing antibodies: NQO1 (Abcam, Cambridge, MA); HO-1 (Enzo Life Sciences, 

Farmingdale, NY); p85 (R & D Systems, Minneapolis, MN); Akt, phospho-Akt, 

cAMP-response element-binding (CREB) protein and phospho-CREB (Cell 

Signaling Technology, Danvers, MA); and Sox9, GAPDH, α-tubulin, Nrf2 and 

all secondary antibodies (Santa Cruz Biotechnologies, Dallas, TX).

NQO1, HO-1 and AKR1B8 induction by qPCR

To examine NQO1 and HO-1 gene induction, VC1 cells and RAW 264.7 cells 

were treated with dimethyl sulfoxide (DMSO, control) or drugs for 6 h. RNA 

was isolated using the Qiagen RNAasy kit (Valencia, CA). Two micrograms 

of RNA was used for reverse transcription, and 1  μl of complementary 

DNA from this reaction was added to 12.5 μl of Bio-Rad iQ SYBRGREEN 

Supermix (Hercules, CA), 1  μl of validated RT2 quantitative PCR (qPCR) 

primers from Qiagen (Valencia, CA) and DNAse-free water for real-time 

qPCR. For in vivo studies, vehicle, CDDO-Im, CDDO-Me or DMF were 

administered by intraperitoneal (i. p.) injection or by gavage to mice. Lung 

and liver tissues were collected after 4 h. RNA was extracted by the Trizol 

method and qPCR was performed as described previously. All expression 

data were normalized using actin as the housekeeping control.

Inducible NO synthase assay

RAW 264.7 cells were plated in 96-well plates and incubated with vari-

ous concentrations of drugs and stimulated with either 10 ng/ml of 

interferon-γ (IFNγ) or 3 ng/ml of lipopolysaccharide (LPS) for 24 h. NO levels 

in media were measured in the form of nitrite by the Griess reaction (37).

Detection of ROS

Cells were treated with compounds for 16 h and then incubated with 

10  μM of the indicator 2′,7′-dichlorodihydro�uorescein diacetate for 

30 min. To induce oxidative stress, cells were challenged with 250 μM of 

tBHP for 15 min. Samples were washed with phosphate-buffered saline, 

trypsinized and analyzed by �ow cytometry. To measure the intracellu-

lar production of ROS, an excitation wavelength of 480 nm and an emis-

sion wavelength of 525 nm were used. Data were analyzed using Flowjo 

software.

Microarray studies

VC1 cells were treated with DMSO, 0.05 μM of CDDO-Im, 0.1 μM of CDDO-Me 

or 15 μM of DMF in triplicate wells for 6 h, and RNA was extracted using the 

Qiagen RNAeasy kit. Two hundred and �fty nanograms of RNA was ampli-

�ed and labeled using the TargetAmp™-Nano Labeling Kit from Epicentre 

(Madison, WI) according to the manufacturer’s protocol. One and a half 

micrograms of labeled RNA was then hybridized onto the Illumina Mouse 

WG-6 v2 Expression BeadChip (San Diego, CA) and read using the Illumina 

BeadArray reader. The microarray analyses were performed using BRB-

Array Tools Version 4.2.1 (Biometric Research Branch at the National 

Cancer Institute). Variance stabilizing transformation was applied to 

raw intensity data that were then normalized using robust spline nor-

malization and �ltered to remove non-detected spots as determined by 

Illumina BeadStudio Software. We identi�ed genes that were differentially 

expressed among two classes using a random-variance t-test (or F-test 

among multiple classes) with a P value cutoff of 0.01 (38). Hierarchical or 

K-means clustering was employed using a Euclidean distance measure 

to generate heat maps for subsets of signi�cant genes using the open 

source software Cluster/Treeview (39). The commercial software Pathway 

Studio software (Ariadne Genomics/Elsevier) was used to identify ontol-

ogy groups and pathways statistically enriched in the gene set. The path-

ways (both canonical and non-canonical) are based on a curated database 

created using information extracted from published literature.

In vivo experiments

All animal studies were done in accordance with protocols approved by 

the Institutional Animal Care and Use Committee at Dartmouth. Six- to 

seven-week-old female A/J mice (Jackson Laboratory, Bar Harbor, ME) were 

given two i. p. injections, 1 week apart, of 0.32 mg vinyl carbamate (Toronto 

Research Chemicals, Ontario, Canada) in acidi�ed saline (pH 5). One week 

later, mice were randomized and fed either control AIN-93G diet or diet con-

taining CDDO-Im (50, 100 or 200 mg/kg of diet), CDDO-Me (12.5 or 50 mg/

kg of diet) or DMF (400, 800 or 1200 mg/kg of diet). After 15–16 weeks on 

diet, lungs were removed and in�ated with formalin. The left lung of each 

mouse was step sectioned (200 μm between sections) starting at the medial 

hilar surface, and sections were stained with hematoxylin and eosin. The 

number of tumors, size and histopathology were evaluated on two sections 

from each lung. All analyses of the lung were done in a blinded manner by 

two independent investigators. The tumors were assigned a grade of high, 

medium or low according to published criteria (17,40). Induction of the Nrf2-

target gene AKR1B8 was analyzed from the livers of these mice by qPCR.

Statistical analyses

Results are described as mean ± standard error of the mean. In vitro data 

were analyzed by one-way analysis of variance followed by a Sidak’s multiple 

comparisons test or the Tukey test (Prism 6). Results from the in vivo studies 

were analyzed by one-way analysis of variance and the Tukey test or by one-

way analysis of variance on ranks followed by Dunn’s test (SigmaStat3.5).

Results

CDDO-Im, CDDO-Me and DMF activate the 
Nrf2 pathway and reduce in�ammatory and 
oxidative stress

The pathways that regulate in�ammation and oxidative stress 

work intricately together to maintain homeostasis in the body. 

The deregulation of these processes has long been known to 

contribute to tumor development (11). As such, the synthetic 

triterpenoids were initially developed as anticancer agents and 

screened for their ability to inhibit in�ammation. In order to 

compare the antioxidative and anti-in�ammatory properties of 

the triterpenoids (CDDO-Im and CDDO-Me) and DMF, we �rst 

examined the concentration ranges at which these drugs acti-

vate the Nrf2 pathway in RAW 264.7 mouse macrophage-like 

cells (11). The activation of the Nrf2 transcription factor induces 

numerous cytoprotective proteins including NQO1 and HO-1. 

When RAW 264.7 cells were incubated with DMSO (control) 

or various concentrations of drugs for 6 h, all compounds sig-

ni�cantly (P < 0.05) induced both NQO1 and HO-1 gene expres-

sion, but the triterpenoids were much more potent than DMF 

(Figure  1A). NQO1 messenger RNA (mRNA) levels increased 

nearly 100-fold above control levels when cells were incubated 

with concentrations as low as 0.025 μM of CDDO-Im and 0.05 μM 

CDDO-Me. However, 10 μM of DMF was necessary to elicit similar 

effects in these cells (Figure 1A, left panel). The robust induction 

of NQO1 mRNA was not dose-dependent, suggesting that a max-

imum threshold was reached. Conversely, the induction of HO-1 

was dose-dependent with all three compounds (Figure 1A, right 

panel), but the triterpenoids again were active at much lower 

concentrations (0.025–0.1 µM) than DMF (>10 µM). Surprisingly, 

the induction of HO-1 mRNA by CDDO-Im was signi�cantly 

(P < 0.05) higher not only when compared with controls but also 

when compared with cells treated with CDDO-Me or DMF.

The induction of phase II enzymes such as NQO1 is strongly 

correlated with the protection against oxidative and in�amma-

tory stress (14). To investigate the physiological consequences of 

Nrf2 pathway activation, we compared the ability of DMF and the 

triterpenoids to inhibit the production of NO and reactive oxy-

gen species (ROS). Consistent with previous studies, CDDO-Im 

and CDDO-Me reduced NO production in a dose-dependent 

manner at low nanomolar concentrations when stimulated with 

either IFNγ (Figure 1B, left panel) or LPS (Figure1B, right panel). 

However, even though DMF decreased NO production in a dose-

dependent manner, its effects were only observed at micromolar 
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concentrations. To assess ROS production, RAW 264.7 cells were 

treated with various concentrations of drugs for 24 h. Cells were 

then challenged with 250 μM of tBHP for 15 min to induce ROS 

production, and ROS-positive �uorescent cells were detected by 

�ow cytometry. All three compounds signi�cantly (P < 0.05) inhib-

ited tBHP-induced ROS production, and DMF was less potent 

than the triterpenoids. Speci�cally, 10 μM of DMF reduced ROS 

production to 56% of the levels in control cells treated with tBHP, 

whereas 0.01 μM of CDDO-Im and CDDO-Me reduced ROS pro-

duction to 32% and 41%, respectively, of control levels (Figure 1C).

Because mutations in KEAP1, and less frequently in NRF2, have 

been detected in tumors and altered expression of Keap1 or Nrf2 

may be a negative prognostic marker in lung cancer (41–44), we 

examined Nrf2 activation in lung cancer cells. For these studies, 

VC1 cells, derived from an adenocarcinoma of the lung in an A/J 

mouse treated with vinyl carbamate (16), were used. CDDO-Im, 

CDDO-Me and DMF induced NQO1 and HO-1 mRNA in a dose-

dependent manner in these cells, as con�rmed by qPCR (data 

not shown). To examine the stabilization of Nrf2 and the induc-

tion of NQO1 and HO-1 at the protein level, VC1 cells were treated 

with compounds for 0–24 h (Figure  2A) before they were lysed 

and analyzed by western blotting. Unless activated and released 

from Keap1, Nrf2 is targeted for proteasomal degradation. In con-

trol cells, no Nrf2 protein was detected at any time point in the 

absence of MG132 (Figure 2A), a proteasome inhibitor used as a 

positive control. In cells treated with triterpenoids or DMF, Nrf2 

protein was detected as early as 30 min after treatment, and this 

protein stabilization was maintained for 8 h. As a result, NQO1 

and HO-1 proteins increased in a dose-dependent manner with 

all three drugs. The kinetics differed between the 2 proteins, as 

the peak of NQO1 induction was at 24 h whereas the peak of HO-1 

was at 8 h (Figure 2B). The induction of HO-1 was most robust with 

0.5 µM of CDDO-Im, although CDDO-Me and DMF also increased 

HO-1 protein levels.

Microarray analysis of VC1 cells treated with 
triterpenoids or DMF

Our studies have con�rmed that the synthetic triterpenoids and 

DMF are Nrf2 activators that induce NQO1 and HO-1 expression 

Figure 1. CDDO-Im (Im), CDDO-Me (Me) and DMF induce NQO1 and HO-1 gene expression and inhibit NO and ROS production in RAW 264.7 cells. RAW 264.7 macrophage-

like cells were treated with DMSO or various concentrations of Im, Me or DMF. In (A), cells were lysed after 6 h and RNA was extracted to measure NQO1 (left panel) 

and HO-1 (right panel) mRNA induction by qPCR; *P < 0.05 versus DMSO; #P < 0.05 versus 0.05 μM Im or 0.1 μM Im. In (B), cells were treated with drugs and stimulated 

with 10 ng/ml of IFNγ (left panel) or 3 ng/ml of LPS (right panel) for 24 h before the NO level in media was measured by the Griess reaction; *P < 0.05 versus IFNγ or LPS-

stimulated control. In (C), cells were treated with compounds for 24 h, incubated with 10 μM of 2′,7′-dichlorodihydro�uorescein diacetate for 30 min, and then challenged 

with 250 μM of tBHP for 15 min. Cells were harvested and �uorescence of ROS-positive cells was measured by �ow cytometry. *P < 0.05 versus tBHP-stimulated controls.
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both at the gene and protein level. To determine whether the 

triterpenoids and DMF differentially regulate target genes, we 

performed a microarray analysis. Based on our results in Figures 

1 and 2, we chose concentrations of CDDO-Im, CDDO-Me and 

DMF of 0.05, 0.1 and 15 μM, respectively, as these concentrations 

induced the prototypical Nrf2-target gene NQO1 to a similar 

extent (Figure  3A). VC1 cells were incubated with these con-

centrations of drugs for 6 h, and RNA was extracted and pro-

cessed for microarray analysis using an Illumina mouse WG-6 

BeadChip. The full microarray data (GSE65623) are available on 

the NCBI’s Gene Expression Omnibus website.

To validate the microarray data, we used qPCR to meas-

ure the expression patterns of seven genes identi�ed as being 

signi�cantly altered by the drugs, including NQO1, Slc7a11, 

Sox9, Foxp1, Egr1, Pik3r1 and Ilrn1. The expression patterns for 

all 7 genes tested by qPCR were comparable with the results 

obtained from the microarray. Besides NQO1, Slc7a11 is a well-

known Nrf2-target gene. Speci�cally, Slc7a11 is a cystine–gluta-

mate carrier important for intracellular glutathione synthesis 

and is often expressed at high levels in lung cancer and thus is 

involved in chemoresistance (45). Similar to what was observed 

with NQO1, Slc7a11 expression was induced by all treatments 

with less robust induction with DMF (Figure 3A). The Sox9, Foxp1, 

Pik3r1, Egr1 and Ilrn1 genes are also important in lung cancer. 

Speci�cally, Sox9 and Pik3r1, a gene that encodes for the p85 

PI3K regulatory subunit, are often overexpressed in lung ade-

nocarcinoma, which in turn, promotes tumor cell proliferation 

and survival (46–48). Conversely, both Egr1 and Foxp1 proteins 

have an inhibitory role in tumor development and improve the 

survival rate of patients with non-small cell lung cancer (49–

51). Ilrn1 serves as a natural inhibitor for interleukin-1 (IL1), a 

cytokine that plays a critical role in tumorigenesis by regulating 

genes involved in metastasis, angiogenesis and growth factor 

expression. IL1 mRNA has been shown to be highly expressed 

in numerous human cancer xenografts, including non-small 

cell lung cancer samples, and several studies found that the 

IL1 antagonist, Ilrn1, could reverse IL1-mediated pathological 

effects in cancer (52,53). Our results with these genes not only 

con�rmed the microarray data but also showed that each of 

these drugs differentially regulated the expression of speci�c 

genes (Figure  3B). For instance, all three compounds reduced 

Foxp1 and Pik3r1 expression. In contrast, the expression of Sox9 

and Il1rn was reduced in the presence of triterpenoids, but the 

expression of these genes was unchanged when cells were 

treated with DMF. Interestingly, the expression pattern of Egr1 

revealed differences between the triterpenoids. Speci�cally, 

CDDO-Im and DMF signi�cantly (P < 0.05) increased the expres-

sion of Egr1, whereas CDDO-Me had no effect. Notably, the 

triterpenoids increased HO-1 expression 23- to 34-fold over 

the control, whereas DMF only increased gene expression by 

2.4-fold.

To examine whether the triterpenoids and DMF regulate the 

same subset of Nrf2-target genes, we utilized Pathway Analysis 

software to search for all the genes directly related to Nrf2 based 

on published literature. Using this list, we then performed a 

comparative analysis to examine whether these genes were tar-

geted by CDDO-Im, CDDO-Me or DMF. The Venn diagram gener-

ated from this analysis revealed that these drugs regulated 99 

genes involved in the Nrf2 pathway (Figure  3C). Interestingly, 

only 52 of those 99 genes were targeted by all three compounds, 

and each of the drugs displayed an af�nity for unique subsets of 

Nrf2 genes. For example, Prkcd, Tlr4 and Txnrd3 were speci�cally 

targeted by CDDO-Im; expression of Bach1, Cyb5r1, Hsp90AA1, 

Edn1, Meis1, Gnai2, Apex1, Rb1, Mapk14, Pmf1, Nfe2l2, Hbegf, Junb 

and Klf2 was signi�cantly regulated by CDDO-Me; and Fos, Ddit3, 

Pparg, Rarg, Prdx5, Cul3, Cycs, Optn, Jun, Mterf, Dusp16 and Chd6 

were altered by DMF. The details of these changes are provided 

in Supplementary Table 1, available at Carcinogenesis Online. In 

addition, when we examined the Nrf2-target genes that were 

signi�cantly up-regulated by any of our three compounds by 

>1.5-fold or <0.75-fold (both P < 0.01), HO-1 was the most highly 

induced, as it was up-regulated by 9.1-, 5.3- and 1.6-fold com-

pared with the control when treated with CDDO-Im, CDDO-Me 

or DMF, respectively (Figure 3D).

Although the triterpenoids and DMF activate the Nrf2 

pathway, they also regulate other signaling pathways (11), 

which might account for the difference we observed in HO-1 

expression. Even at concentrations in which NQO1 induction 

was similar with all three drugs, the induction of HO-1 pro-

tein and mRNA expression by the triterpenoids were much 

greater than for DMF (Figures 2B and 3A). In order to under-

stand the difference in HO-1 induction between treatment 

groups, we used Nrf2 wildtype (WT) and knockout (KO) mouse 

embryonic �broblasts (MEFs). After 24 h of treatment, all three 

compounds increased NQO1 protein expression in WT cells 

but not in KO cells (Figure 3E). HO-1 protein also was induced 

Figure 2. Triterpenoids and DMF stabilize Nrf2 proteins and induce NQO1 and HO-1 protein expression in vitro. VC1 lung cancer cells were treated with DMSO or various 

concentrations of CDDO-Im (Im), CDDO-Me (Me) or DMF for 0–8 h (A) or for 0–24 h (B) before cells were lysed and processed by western blotting; MG132 is a proteasome 

inhibitor used as a positive control.
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in WT cells by all three drugs in a dose-dependent manner. 

However, in the KO cells, no HO-1 induction was detectable 

following treatment with DMF. In contrast, CDDO-Im and 

CDDO-Me both induced HO-1 protein expression in the KO 

cells, albeit at a lower level than in the WT cells. These results 

con�rmed that although HO-1 is partially regulated by Nrf2, 

it is also regulated by other genes that are targeted by the 

triterpenoids (54,55).

Figure 3. CDDO-Im (Im), CDDO-Me (Me) and DMF activate overlapping but non-identical subsets of Nrf2 genes. VC1 cells were treated in triplicates with DMSO, 0.05 μM 

of CDDO-Im, 0.1 μM of CDDO-Me or 15 μM of DMF for 6 h before RNA was extracted and processed for microarray analysis. Expression patterns of Nrf2 genes (A) and 

non-Nrf2 genes (B) that were detected in the microarray were con�rmed by qPCR. *P < 0.05 versus DMSO. (C) Venn diagram depicting the subsets of Nrf2 genes that 

were targeted by the compounds. (D) Heat map showing the Nrf2 genes that were signi�cantly up-regulated (yellow) or down-regulated (blue) by 1.5-fold or 0.75-fold, 

respectively by drug treatment compared with control (DMSO) in the microarray. The fold change of Hmox1 was the greatest of all the genes examined (red box).WT 

Nrf2 mouse embryonic �broblasts and Nrf2 KO mouse embryonic �broblasts were treated with DMSO or various concentrations of Im, Me or DMF for 24 h (E) or 8 h (F) 

before cells were lysed and processed for western blotting.
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The differential regulation of HO-1 is just one example of the 

importance of other targets beyond Nrf2 that explain the bio-

logical effects of the triterpenoids and DMF. These drugs also 

down-regulate the pro-in�ammatory nuclear factor-kappaB 

(NF-κB) pathway (56–59), which crosstalks with the Nrf2 path-

way (60,61). Therefore, we explored the effect of these com-

pounds on the NF-κB pathway and tested whether these effects 

were dependent on Nrf2. As shown in Figure 3F, stimulation with 

tumor necrosis factor α caused degradation of the IKBα protein. 

Pretreatment with 0.5  µM of CDDO-Im, 2  µM of CDDO-Me or 

50–75 µM of DMF prevented this degradation in both Nrf2 WT 

and KO cells, suggesting that the effects of these drugs on the 

NF-κB pathway are independent of Nrf2. Notably, higher con-

centrations of drugs are required to inhibit IKBα degradation 

(Figure  3F) than to increase NQO1 or HO-1 protein expression 

(Figure 3E).

In addition to HO-1 and IKBα, we examined two other cancer 

relevant, non-Nrf2-target genes detected in the microarray stud-

ies. As noted previously, all three drugs reduced mRNA expres-

sion of Sox9 and Pik3r1 (Figure 3B). To investigate changes at the 

protein level, VC1 cells were treated with various concentrations 

of compounds, and all three drugs decreased Sox9 expression 

in a dose-dependent manner. Surprisingly, Sox9 expression 

increased at higher concentrations of CDDO-Im (Figure 4A). We 

next assessed p85 protein expression, which is encoded by the 

Pik3r1 gene, and examined the activation of Akt and CREB, as 

these proteins play an intricate role downstream of PI3K sign-

aling in tumor development. In these experiments, there was 

no change in total p85 protein expression, but all three drugs 

increased CREB/ATF (activating transcription factor) phospho-

rylation in a dose-dependent manner (Figure  4B). At higher 

concentrations, CDDO-Im alone decreased total CREB levels. 

Notably, a dose-dependent increase in Akt phosphorylation was 

evident only in DMF-treated cells, suggesting differential regula-

tion compared with the triterpenoids.

To further explore other Nrf2-independent pathways regu-

lated by these drugs, we utilized the microarray data to examine 

global transcription changes between groups. Of the 45 000 tran-

scripts that were present on the microarray chip, a total of 237 

genes were signi�cantly up-regulated by CDDO-Im, CDDO-Me or 

DMF by at least 1.5-fold (Figure 4C, left panel; P < 0.01), and 317 

genes were signi�cantly down-regulated by these compounds by 

at least 0.75-fold (Figure 4C, right panel; P < 0.01). Although there 

were 84 common genes that were up-regulated and 60 genes 

that were down-regulated by all three drugs, there were numer-

ous genes that were speci�cally targeted by only CDDO-Im, 

or CDDO-Me or DMF. Moreover, the microarray data indicated 

that CDDO-Im and CDDO-Me had their own unique targets. The 

detailed information for these differentially regulated genes 

is listed in Supplementary Table  2, available at Carcinogenesis 

Online.

We next performed a Gene Ontology analysis to examine 

whether genes that were signi�cantly up-regulated by 1.5-fold 

or down-regulated by 0.75-fold in our microarray studies were 

enriched in biological processes independent of Nrf2. Our results 

showed that these compounds targeted genes that are involved 

in various pathways related to cancer progression (Figure 4D). 

For instance, Mapk9 and Cyclin D are important players in cell 

proliferation (62,63). Mapk9 was targeted by all three drugs, and 

gene expression increased by 1.77-, 2.08- and 2.13-fold, respec-

tively (P < 0.01), in the presence of CDDO-Im, CDDO-Me and DMF. 

Interestingly, Cyclin D1 was targeted by the triterpenoids only; 

CDDO-Im and CDDO-Me signi�cantly (P  <  0.01) reduced gene 

expression to 0.69- and 0.72-fold of the controls, respectively. 

Similarly, Gadd45γ, a gene intricately involved in inhibiting cell 

growth and inducing apoptosis, was also targeted only by the 

triterpenoids. Speci�cally, CDDO-Im and CDDO-Me increased 

the mRNA expression of Gadd45γ by 1.82 and 1.64, respectively 

(P < 0.01). Moreover, we found that IL15 mRNA expression was 

reduced by 0.71-fold in the presence of CDDO-Im only, further 

highlighting differences between the triterpenoids.

Other cancer-related biological processes that were targeted 

by these compounds included the in�ammatory response, 

immune response, angiogenesis, oxidation–reduction, cell dif-

ferentiation, apoptosis and metabolism. Expression of 17 genes 

involved in angiogenesis was altered on the microarray, and 16 

of the 17 genes were regulated in the same manner by all three 

compounds. Tnfaip2, a pro-angiogenic factor (64), was down-

regulated by CDDO-Me, but DMF had no effect. Thirty apoptosis-

related genes were regulated on the microarray. Five genes were 

targeted only by the triterpenoids and not DMF. In addition to 

the up-regulation of Gadd45γ mentioned previously, the triterpe-

noids increased the expression of Sgk1 but decreased the expres-

sion of Tnfaip3 and Tns4. Sgk1 and Tnfaip3 inhibit apoptosis, 

whereas Tns4 enhances apoptosis via caspase3-mediated cleav-

age (65–67). Intriguingly, our Gene Ontology analysis revealed 

that metabolic-related genes were the largest category altered 

by these compounds. Of 89 genes, 72 of them were targeted by 

all three drugs, whereas 12 were targeted by the triterpenoids. 

Of note, the expression of Acsl3 and Ampd3, the key enzymes for 

fatty acid and adenosine monophosphate metabolism, respec-

tively, were increased by the triterpenoids. Increased expression 

of ACSLs is evident in numerous cancers including lung cancer 

and the changes in expression in cancer cells are associated 

with survival, proliferation and chemoresistance (68), whereas 

Ampd3 is up-regulated in LKB-mutated lung adenocarcinoma 

(69). Although Nrf2 genes are vital in a plethora of cellular func-

tions, it is evident that the Nrf2 pathway is not the only target of 

CDDO-Im, CDDO-Me or DMF. Moreover, there are a substantial 

number of non-Nrf2 genes and pathways that these compounds 

regulate, which may play an important role in carcinogenesis.

Triterpenoids and DMF have opposite effects in vivo 
in a preclinical model of lung cancer

We have successfully used the NO assay (Figure 1B) as a screen 

to predict for the anticancer activity of triterpenoids and other 

drugs (70). Before initiating in vivo carcinogenesis studies, we �rst 

tested whether these compounds could activate the Nrf2 path-

way in vivo. It is dif�cult to translate concentrations used for in 

vitro experiments directly to appropriate in vivo doses so several 

pilot experiments were performed. For many compounds, it is 

easier to detect changes in biomarkers when drugs are adminis-

tered as a bolus instead of with chronic feeding. I. P. injections of 

DMF (100–200 mg/kg) and the triterpenoids (12.5 mg/kg) both sig-

ni�cantly (P < 0.05) increased NQO1 and HO-1 mRNA levels in the 

lungs and liver of mice. Notably, the magnitude of NQO1 induc-

tion was higher in the lungs (4- to 10-fold versus controls) than 

in the liver (1.5- to 2-fold) when treated with these compounds 

(Figure 5A). In contrast, HO-1 mRNA was more robustly induced 

in the liver (2.5- to 10.8-fold) than in the lungs (1.9- to 3.8-fold) of 

the mice injected with triterpenoids or DMF. When administered 

by gavage, DMF (200 mg/kg) and CDDO-Me (12.5 mg/kg) increased 

mRNA expression of NQO1 and the Nrf2-target gene AKR1B8 in 

the lungs and livers of mice but, as expected, the induction was 

lower than with i. p. injection (Figure 5B).

A/J mice are commonly used for preclinical lung cancer stud-

ies because of their susceptibility to form tumors in the lungs 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rc

in
/a

rtic
le

/3
6
/7

/7
6
9
/1

8
0
0
2
7
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgv061/-/DC1


776 | Carcinogenesis, 2015, Vol. 36, No. 7

in response to tobacco smoke and other carcinogens. For our 

studies, female A/J mice were injected with vinyl carbamate, 

which induces adenocarcinomas in a time-dependent manner 

(40,71). Beginning 1 week after initiation, A/J mice were fed with 

control diet, or various doses of CDDO-Im (50, 100 or 200 mg/kg 

diet, ~12.5, 25 and 50 mg/kg body wt), CDDO-Me (12.5 or 50 mg/kg 

diet, ~3 and 12.5 mg/kg body wt) or DMF (400, 800 or 1200 mg/kg 

diet, ~ 100, 200 and 300 mg/kg body wt). Notably, the concentra-

tions of DMF used in these studies are comparable with the lev-

els of DMF or fumaric acid fed in diet (500–1000 mg/kg diet) and 

shown to induce NQO1 in rodent tissue and inhibit carcinogen-

esis in the forestomach of mice (32,72). These compounds were 

well tolerated by the mice at all doses tested, and there were no 

signi�cant changes in the average weight of each group during 

the study (Supplementary Figure  1, available at Carcinogenesis 

Online). After 15 weeks on diet, lungs were harvested; the num-

ber of lung tumors was counted, the size of the tumors was 

measured and the histopathology of the tumors and nuclei was 

graded using previously published criteria (17,40). Because the 

entire lungs are harvested en bloc and in�ated with formalin 

Figure 4. Triterpenoids and DMF regulate non-Nrf2-target genes that are involved in biological processes related to cancer progression. VC1 cells were treated with 

DMSO or various concentrations of CDDO-Im (Im), CDDO-Me (Me) or DMF for 8 h (A) or 2 h (B) before cells were lysed and processed by western blotting. (C) Venn dia-

gram showing the subsets of genes that were signi�cantly up-regulated by 1.5-fold (left panel) or down-regulated by 0.75-fold (right panel) in the presence of drugs 

(P < 0.01). (D) Gene Ontology analysis of the number of genes that were targeted by the compounds in eight major biological processes involved in carcinogenesis with 

respective P values.
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to optimize the evaluation of the histopathology, it is not pos-

sible to measure drug levels or induction of mRNA in the lungs. 

However, we did examine expression of the Nrf2-target gene 

AKR1B8 in the liver of these mice, as induction of this gene in the 

liver was more robust than for NQO1 in the preliminary phar-

macokinetic studies (Figure 5B). Both DMF and the triterpenoids 

Figure 5. Triterpenoids and DMF both induce NQO1 and HO-1 mRNA expression in vivo but have opposing effects in the severity of lung cancer in A/J mice. Mice (n = 5–6 

per group) were injected i. p. (A) with vehicle, 12.5 mg/kg of CDDO-Im (Im) and CDDO-Me (Me) or 100 mg/kg of DMF or gavaged with 12.5 mg/kg of Me and/or injected 

i. p. with 200 mg/kg of DMF (B). Four hours later, tissues were harvested, and RNA from lungs and liver were extracted to assess NQO1 (left panel) and HO-1 (right panel) 

(A) or NQO1 and AKR1B8 (B) mRNA induction by qPCR. *P < 0.05 versus control. (C) Representative images of the lungs of mice fed with control, 50 mg/kg of CDDO-Im, 

50 mg/kg of CDDO-Me or 1200 mg/kg of DMF in diet for 15 weeks (magni�cation, 40×). Histopathology of tumors from control (insets a–c), CDDO-Im (inset d), CDDO-Me 

(inset e) and DMF (insets f–j) are shown (magni�cation, 200×).
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enhanced expression of this gene (Supplementary Figure  2, 

available at Carcinogenesis Online), con�rming activation of the 

Nrf2 pathway in the A/J mice, but the induction was higher with 

the triterpenoids.

Surprisingly, DMF and the synthetic triterpenoids had very 

different effects on lung tumorigenesis in this model (Table 1). 

Even though CDDO-Im was the most potent compound in vitro, 

CDDO-Me was the most effective for signi�cantly (P  <  0.05) 

reducing tumor number, size and severity. The average number 

of tumors was decreased by 32% (2.2 ± 0.3) compared with the 

controls (3.2 ± 0.15), and the size of tumors was decreased by 

76% to an average of 0.09 ± 0.01 mm3 compared with the control 

group (0.37 ± 0.04 mm3) when mice were fed with the low dose 

of 12.5 mg/kg CDDO-Me diet. Average tumor burden was also 

reduced by 83% (0.2 ± 0.03 mm3) compared with the control group 

(1.2 ± 0.14 mm3). Moreover, the tumors in the CDDO-Me group 

were less malignant than in the control group. Speci�cally, the 

percentage of low-grade tumors increased from 8% in the con-

trol group to 19% in mice fed with 12.5 mg/kg of CDDO-Me diet 

(P < 0.05). Importantly, the percentage of high-grade tumors sig-

ni�cantly decreased from 52% in the control group to 31% with 

this low dose of CDDO-Me diet. The higher dose of CDDO-Me 

(50 mg/kg diet) was even more effective, as the average tumor 

burden (0.08 ± 0.02 mm3) was reduced by 93% compared with the 

control group (P < 0.05), and 35% of these tumors were low grade 

and only 14% were high grade (P < 0.01 versus controls).

CDDO-Im was less potent than CDDO-Me, but the lowest 

dose of CDDO-Im (50 mg/kg diet) signi�cantly (P < 0.05) reduced 

the average tumor size (0.16 ± 0.02 mm3) and tumor burden 

(0.39 ± 0.07 mm3) by 57% and 67%, respectively compared with 

the controls (0.37 ± 0.04 mm3 and 1.19 ± 0.14 mm3). The number of 

tumors was also signi�cantly (P < 0.05) lower than the controls 

when mice were fed with a higher dose of CDDO-Im (200 mg/kg 

diet), and the average tumor burden was reduced by 90% at this 

higher dose. High-dose CDDO-Im also signi�cantly increased 

the percentages of low- (21%) and medium-grade (58%) tumors 

and signi�cantly reduced the percentage of high-grade tumors 

(21%) compared with their respective controls (8%, 40% and 52%; 

P < 0.05).

However, these parameters were markedly different in mice 

fed DMF. The number of tumors increased by 27–29% versus con-

trols when mice were fed with 400 and 1200 mg/kg of DMF diets 

(P < 0.05). Notably, DMF signi�cantly (P < 0.05) increased the sever-

ity of tumors in this mouse model, as 61–63% of the tumors were 

high-grade tumors in mice fed with 400 and 800 mg/kg of DMF 

diets compared with 51% in the control group. Despite a trend 

toward a reduction in tumor size, the tumors were only signi�-

cantly (P < 0.05) smaller (0.23 ± 0.03 mm3 versus 0.37 ± 0.04 mm3) 

when mice were fed with the highest dose (1200 mg/kg diet) of 

DMF. Representative images showing an increase in tumor num-

ber and severity with DMF compared with the controls versus a 

decrease in tumor number and size with the triterpenoids are 

shown in Figure 5C.

Discussion

In this study, we showed that CDDO-Im, CDDO-Me and DMF 

induced phase II cytoprotective enzymes, including NQO1 and 

HO-1, and inhibited in�ammation by reducing the production 

of NO and ROS. However, the drug concentrations required for 

activating Nrf2 and other pathways varies with the pharmaco-

logical agent. Speci�cally, the triterpenoids elicited their effects 

at considerably lower (nanomolar) concentrations than required 

for DMF (high micromolar). Our microarray analysis con�rmed T
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that these drugs (i) targeted different subsets of genes in the 

Nrf2 pathway and (ii) these transcriptional alterations were 

not limited to the Nrf2 pathway. When tested in a carcinogen-

induced model of lung cancer, the triterpenoids signi�cantly 

reduced the number, size and severity of the tumors at all doses 

tested. Surprisingly, DMF treatment had the opposite effect, as it 

increased the number and severity of the tumors.

Under physiological conditions, fumarate is metabolized by 

the fumarate hydratase (FH) enzyme to malate for energy pro-

duction via the Krebs cycle. When administered as a pharmaco-

logical agent, fumaric acid inhibited chemically induced tumors 

in the liver, lung and stomach (31,32). However, a homozygous 

loss of function mutation in FH leads to elevated levels of fuma-

rate in the kidney. Fumarate then forms adducts with KEAP1, 

resulting in constitutive activation of Nrf2 and induction of 

genes containing an antioxidant response element (73,74). The 

dysregulation of Nrf2 is thought to be the cause of renal car-

cinoma in patients with a FH mutation. Constitutive activation 

of the Nrf2 pathway in cancer cells, the result of either sponta-

neous mutations or genetic manipulation in animal models, is 

known to be oncogenic and cause drug resistance. However, to 

the best of our knowledge, the use of DMF or another pharma-

cological activator of the Nrf2 pathway has not been shown to 

enhance carcinogenesis in vivo.

In many carcinogenesis studies, the pharmacological agent is 

given prior to initiation with a carcinogen. If the compound acti-

vates the Nrf2 pathway and thus enhances detoxi�cation of elec-

trophiles or reduces DNA damage, tumor burden will be reduced. 

In our lung studies, triterpenoids and DMF treatments were started 

1 week after initiation with vinyl carbamate. This experimental 

paradigm is more challenging for developing effective interven-

tions, as a drug must interrupt tumor progression and growth, 

but is more relevant to carcinogenesis in humans. Although pre-

vious studies suggested that DMF has antitumorigenic effects, 

these reports utilized concentrations of DMF up to 300 μM, which 

exceed physiologically and even pharmacologically relevant doses 

(26,29,75). The concentrations of DMF used in the lung cancer 

studies (400–1200 mg/kg diet) activated the Nrf2 pathway in vivo 

(Figure 5A and B) and are comparable with doses (500–1000 mg/kg 

diet) shown to induce NQO1 in rodent tissue and inhibit forestom-

ach carcinogenesis in mice when fed in diet (32,72).

In our lung cancer model, it is possible that (i) DMF activated 

Nrf2, which improved survival of transformed cells and thus 

enhanced tumor progression or (ii) these observations are the 

result of an off-target effect, rather than the activation of the 

Nrf2 pathway. Similarly, it is not known if the pronounced reduc-

tion in the number, size and histopathology of lung tumors in 

the A/J model by the multifunctional triterpenoids, at all doses 

tested, is the result of Nrf2 activation or signaling through other 

pathways. Of note, the microarray studies revealed that the 

three drugs induced different subsets of genes in the Nrf2 path-

way and differentially regulated numerous genes not connected 

to the Nrf2 pathway (Figures 3 and 4).

One of the most striking differences between these com-

pounds was the markedly higher induction of Hmox1 with the 

triterpenoids than with DMF. Hmox1 encodes for the HO-1 pro-

tein, which is responsible for heme degradation and the produc-

tion of carbon monoxide, iron and biliverdin, which is converted 

into bilirubin. These metabolites, in turn, activate various down-

stream pathways that lead to an anti-in�ammatory response 

and cytoprotection. Although HO-1 is regulated by Nrf2, HO-1 

expression can also be induced by other transcription factors 

and signaling cascades (54). The triterpenoids target multi-

ple signaling pathways, and the induction of HO-1 was still 

detectable in Nrf2 KO cells when treated with CDDO-Im and 

CDDO-Me, but not with DMF (Figure 3E).

Interestingly, even within the same class of compounds, 

CDDO-Im and CDDO-Me activated unique subsets of target 

genes. This phenomenon was observed for the expression of 

Sox9, a gene often overexpressed in lung adenocarcinoma (46,47) 

and Egr1. Sox9 protein expression was reduced by both CDDO-Im 

and CDDO-Me (Figure  4A); however, at higher concentrations 

of CDDO-Im, Sox9 expression increased. Similarly, CDDO-Im 

increased the expression of Egr1, which inhibits tumor growth, 

whereas CDDO-Me had no effect (Figure 3B). These data further 

support the notion that derivatives of CDDO can affect diverse 

signaling pathways via different mechanisms (11). Moreover, the 

Sox9 results con�rm that the biological effect of a triterpenoid 

is dependent on dose.

Aberrant PI3K signaling is often observed in cancer, but 

the protein expression of p85 was not affected by these drugs 

(Figure 4B), even though there was a decrease in Pik3r1 expres-

sion at the mRNA level (Figure 3B). However, when we assessed 

the phosphorylation of CREB and Akt, important downstream 

proteins in this pathway, they were affected by all three com-

pounds. Although the CREB transcription factor is involved in a 

plethora of processes including cell proliferation, survival and 

differentiation, it also has emerged as an important player in 

in�ammation (76). Speci�cally, phosphorylated CREB can inhibit 

NF-κB activation and its downstream responses by competing 

with NF-κB for the binding of CBP/p300, an important compo-

nent needed for the activation of the NF-κB pathway (77,78). 

CREB was phosphorylated following treatment with all three 

drugs, which are also anti-in�ammatory agents (Figure  1). 

Notably, the phosphorylation of Akt was increased only in cells 

treated with DMF, but not the triterpenoids. Akt is an impor-

tant player in cell survival, proliferation, metabolism, migration 

and angiogenesis, all of which are classic hallmarks of cancer. 

As such, aberrant Akt signaling is evident in numerous cancers 

(79–81); suggesting that this pathway could contribute to our in 

vivo results, and future studies will explore the role of DMF and 

the Akt pathway in the A/J model.

Although we were hopeful that additional conclusions would 

emerge from the microarray data to help explain the tumor 

data, we have been unable to identify a speci�c gene, pathway 

or process that explains our results. Differential regulation of 

angiogenesis or apoptosis pathways by the triterpenoids and 

DMF would be informative, but except for the changes described 

previously, many of the differences between these drugs were 

changes in magnitude and thus quantitative rather than quali-

tative. Because the α,β-unsaturated carbonyl group in DMF and 

the triterpenoids are Michael acceptor sites, these compounds 

can interact with reactive cysteines on target proteins such as 

KEAP1, IkappaB (IKK) and PI3K/Akt (reviewed in ref. 11). The 

effects of these drugs on target proteins and downstream sign-

aling pathways and networks may not be detectable by microar-

ray studies, as differential effects on other target proteins might 

be needed to explain the results in the lung cancer model. In 

order to explore this possibility, proteomic analysis of VC1 cells 

treated with DMF and a triterpenoid should also be explored.

In summary, our data collectively demonstrate that although 

DMF and triterpenoids both activate the Nrf2 pathway, they also 

regulate different subsets of Nrf2-target genes as well as a num-

ber of Nrf2-independent genes. These drugs had opposite effects 

in a preclinical model of lung cancer, but it is not possible to 

predict whether the promotion or suppression of carcinogen-

esis by either DMF or CDDO-Me, have any direct implications 

in the current clinical use of these drugs for conditions other 
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than cancer. Although both agents activate the Nrf2 pathway, 

whether such enhanced Nrf2 activity is advantageous or disad-

vantageous with respect to human cancer is known to depend 

on context (9), and the complexity of the microarray results fur-

ther complicates the overall bene�t versus risk analysis. Future 

studies will utilize Nrf2 KO mice to study the role of DMF and 

triterpenoids for prevention and treatment of cancer at different 

stages of progression and use proteomic studies to help identify 

the mechanisms responsible for these results.

Supplementary material

Supplementary Figures 1 and 2 and Tables 1 and 2 can be found 

at http://carcin.oxfordjournals.org/
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