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Previously, phenethyl isothiocyanate (PEITC) and dibenzoylme-
thane (DBM) had been shown to inhibit intestinal carcinogenesis
in Apc(Min/1) mice. In this study, we investigated the chemo-
preventive efficacy of PEITC and DBM in the azoxymethane
(AOM)-initiated and dextran sodium sulfate (DSS)-promoted co-
lon cancer mouse model and to compare their potential in vivo
mechanisms leading to chemoprevention. The mice were fed with
diet supplemented with 0.05% PEITC or 1%DBM before or after
AOM initiation. Our results showed that AOM/DSS mice fed with
PEITC- or DBM-supplemented diet had lower tumor incidence,
lower colon tumor multiplicities and smaller polyps as compared
with mice fed with the standard AIN-76A diet. PEITC was effec-
tive even after AOM initiation, whereas DBM was not as effective
when fed after AOM initiation. Hematoxylin and eosin staining
showed that mice fed with PEITC or DBM had attenuated loss of
crypt, a marker of inflammation. To examine potential in vivo
mechanisms involved in chemoprevention, western blotting was
performed and showed that inhibition of growth of adenomas by
PEITC was associated with an increase of apoptosis (increased
cleaved caspase-3 and-7) and cell cycle arrest (increased p21).
In contrast DBM’s effect on cell cycle arrest and apoptosis
markers was not as substantial as PEITC. Instead, DBM showed
increased induction of NF-E2-related factor-2 (Nrf2) transcrip-
tion factor and phase II detoxifying enzymes, which appears to
correlate with in vitro cell lines results that DBM is a more potent
Nrf2 activator than PEITC. In summary, our present study shows
that PEITC and DBM are potent natural dietary compounds for
chemoprevention of colon cancer induced by AOM/DSS and ap-
pears to be associated with different in vivomechanism of actions.
PEITC’s chemopreventive effect appears to be due to induction of
apoptosis and cell cycle arrest, whereas DBM’s effect is due to
prevention of AOM initiation via induction of Nrf2 and phase II
detoxifying enzymes.

Introduction

Colorectal cancer (CRC) is the third most common cancer of men and
women and the third leading cause of cancer mortality with an esti-
mated new cases and deaths from colon and rectal cancer in the USA
in 2009: new cases—106 100 (colon) and 40 870 (rectal) and
deaths—49 920 (colon and rectal combined) (1). The etiology of co-
lon cancer is multifactorial, including familial, environmental, dietary
and other unknown factors. Familial adenomatous polyposis is an
autosomal dominant inherited condition in humans that is character-
ized by the progressive development of hundreds to thousands of
adenomatous colon polyps. The gene associated with familial adeno-

matous polyposis coli appears to be an early mutational event found to
be responsible in 50–80% of the CRC cases and ApcMin mice have
been used extensively for gastrointestinal carcinogenesis research (2).
However, a single gene mutation alone such as Apc might not be
sufficient to drive colon carcinogenesis. Therefore, chemical-induced
carcinogenesis models are also widely utilized. Aberrant crypt foci
(ACF) are early morphological changes observed in rodents after
administration of colon-specific carcinogen such as azoxymethane
(AOM). ACF are considered to be putative preneoplastic lesions
(3,4) and are widely used as a surrogate biomarker to rapidly evaluate
chemopreventive potential of compounds (5). ACF share many mor-
phological and biochemical characteristics with tumors and ACF
found on the surface of cancer-predisposed colons of rodents have
been regarded as early appearing preneoplastic lesions. However, it is
not clear if such lesions are truly precancerous lesions for CRCs in
rodents.

Inflammatory bowel diseases, such as ulcerative colitis (chronic
inflammation of colon mucosa) and Crohn’s disease (chronic inflam-
mation often involves small intestine along with colon and other
organs) have been strongly linked to an increase risk of CRC (6).
Indeed, inflammatory bowel disease ranks among the top three
high-risk conditions for CRC, together with hereditary syndromes
of familial adenomatous polyposis and hereditary non-polyposis
CRC (6). In this context, the AOM initiated and promoted by the in-
flammatory dextran sulfate sodium (DSS) would appear to simulate co-
lon tumor development in human (7,8). AOM causes oxidative and DNA
damage, which is then promoted by inflammatory agent DSS. DSS
induces colitis and promotes AOM-induced colon cancer in mice (8).
Although the AOM-alone model recapitulates many features of hu-
man CRC, AOM/DSS appears to represent a potentially more phys-
iologically relevant model since human CRC is often caused by
promoting factor (e.g. inflammation) in addition to initiation factors
(e.g. somatic mutation caused by carcinogens and or inheritance).

Phenethyl isothiocyanates (PEITC) is a metabolite of glucosinolate
that are found abundantly in cruciferous vegetables such as watercress.
The chemopreventive efficacy of PEITC has been widely investigated
in vitro and in vivo. It has been shown that PEITC induces cell cycle
arrest and apoptosis in colon (9), prostate (10) and lung cancer cells
(11). Recent studies suggested that other potential mechanism of ac-
tions of PEITC include reactive oxygen species-mediated cell killing
(12), NF-E2-related factor-2 (Nrf2) induction (13) and protein binding-
mediated apoptosis and cell cycle arrest (10,11,14). The efficacy of
PEITC as a chemopreventive agent has also been shown in various
animal cancer models including rat esophagus (15), prostate (16) and
lung (17). However, in terms of PEITC’s efficacy in the colon, two
previous studies appear to show some contradictory results. One earlier
study showed that PEITC was effective in chemoprevention of colonic
ACF in Fischer rats (18), whereas a recent report showed that there was
no significant difference in the number of ACF found between the
PEITC-treated group and the control group (19). Furthermore, as dis-
cussed above, ACF lesions might not be true indicators of precancerous
lesions for CRC and hence, in this study, we investigated PEITC’s
efficacy in AOM-induced/DSS-induced mouse CRC model, as well
as examined PEITC’s potential in vivo mechanisms.

Dibenzoylmethane (DBM) is a beta-diketone structurally related to
curcumin, which is a minor constituent of licorice that possesses anti-
carcinogenic properties in several animal models (20,21). Early study
shows that the efficacy of DBM in the prevention of rat mammary
DNA adducts and tumors induced by 7,12-dimethylbenz[a]anthracene
(20). Our previous study showed the chemopreventive potential of
DBM using ApcMin mouse model and that the combination of DBM
and another isothiocyanate sulforaphane appears to enhance the effec-
tiveness of inhibition of carcinogenesis in the ApcMin mice (21).

Abbreviations: ACF, aberrant crypt foci; AOM, azoxymethane; CRC, colo-
rectal cancer; DBM, dibenzoylmethane; DSS, dextran sodium sulfate; Nrf2,
NF-E2-related factor-2; PEITC, phenethyl isothiocyanate.
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The mechanism of actions of DBM remained unclear. In vitro, it was
reported that DBM induced cell cycle deregulation in human prostate
cancer LNCap cells (22). The anti-inflammatory effect of DBM has
been shown to be related to the modulation of arachidonic acid me-
tabolism (23). In vivo, DBM was shown to activate Nrf-2 detoxification
pathway and inhibit benzo[a]pyrene-induced DNA adducts in lungs
(24). Considering the results of these studies, we thereby investigated
the chemopreventive efficacy and the potential in vivo mechanism
of actions of DBM in colon cancer using the AOM/DSS model.

Materials and methods

Animals, chemicals and diets

Male C57BL/6 mice were purchased from Jackson. Fifteen to twenty mice
were used for each treatment group. AOM was purchased from Sigma–Aldrich
(St Louis, MO) and DSS was purchased from MP Biomedicals, LLC (Solon,
OH). Both PEITC and DBM were purchased from Sigma and were sent to
Dyets (Bethlehem, PA) where they were mixed into 0.05% PEITC and 1%
DBM with AIN-76 diet.

Experimental procedure

The experimental protocol for the present study is shown in Figure 1. Animals
were maintained at 12 h light–12 h dark cycles with free access to water and
food (AIN-76A powder diet from Dyets). After 1 week of acclimatization,
animals were randomly divided into six groups of between 15–20 animals in
each group and fed with pellet diets according to the protocol in Figure 1. After
20 weeks, the mice were killed, and their colons were evaluated for polyps and
other markers as described below.

Histopathological analysis

At the end of the experiment, all the mice were killed by CO2. At autopsy, the large
bowel was flushed with saline and excised. It was cut open longitudinally along
the main axis and washed with saline. The large bowel was then carefully in-
spected for the presence of polyps, the size and the number of polyps was carefully
measured. The polyps and the apparently normal mucosa were excised and fixed
in 10% buffered formalin for at least 24 h. Paraffin-embedded sections of the large
bowel were then made by routine procedures. Any histopathological alterations in
the colon were examined on hematoxylin and eosin-stained sections.

Preparation of tissue homogenates and western blotting

Colonic normal mucosa and polyps were excised from individual animal and
pooled together based on the treatment groups. To prepare total cell lysates,
about three to five polyps were incubated with 400 ll lysis buffer in an ice-cold
French Douncer for 15 min before homogenization of 40 strokes. The homo-
genates were cleared by centrifugation at 14 000g for 10 min at 4�C. The
supernatants were diluted and the protein concentrations were measured by
Bicinchoninic acid kit (Pierce, Rockford, IL). A total of 30 lg of proteins were
resolved on precasted sodium dodecyl sulfate–polyacrylamide gel electropho-
resis gels (Bio-Rad, Hercules, CA) and western blotting was performed. The
primary antibodies used include actin, Nrf2, GSTM1, HO-1, NQO-1, p21, p27

(Santa Cruz Biotechnology, Santa Cruz, CA), cleaved caspase-3, cleaved cas-
pase-7 and Bim (Cell Signaling Technology, Danvers, MA).

Statistical analysis

The differences between the groups in terms of the multiplicity and the average
size of tumors per mouse were determined by Student’s t-test, whereas the
difference in the percentage of mice with tumors was tested by Fisher’s exact
test.

Results

Dietary administration of PEITC or DBM for 20 weeks significantly
reduced AOM-induced/DSS-induced polyps without affecting body
weight

Figure 2 shows that neither the body weight nor any noticeable signs
of toxicity were observed in the treatment groups as compared with
the control group during the PEITC and DBM treatments. Mice in the
control group (AOM/DSS) had a 70% tumor incidence, an average
polyp number of 1.6 and an average polyp size of 5 mm (Figure 3).
Dietary supplementation of 0.05% PEITC or 1% DBM before initia-
tion (AOM) reduced the polyps incidence to 37.5% (P , 0.05) and
36.4% (P , 0.05) (Figure 3A), average polyps number to 0.375 (P ,
0.05) and 1.09 (Figure 3B) and average polyps size to 1.5 mm
(P , 0.05) and 3.36 mm (Figure 3C). On the other hand, dietary
consumption of 0.05% PEITC after initiation (AOM) reduced the
polyps incidence to 40% (P , 0.05) (Figure 3A), average polyps
number to 0.6 (P , 0.05) (Figure 3B) and average polyps size to
2.6 mm (P , 0.05) (Figure 3C), whereas 1% DBM after initiation
(AOM) showed no apparent inhibitory effect at all (polyps incidence
of 77.8%, average polyps number of 1.89 and average polyps size of
5.78 mm) (Figure 3A–C).

General histological observation of AOM-induced/DSS-induced
polyps and normal mucosa in C57/B6 mice treated with PEITC or
DBM

AOM-treated/DSS-treated mice resulted in histological alterations of
colonic mucosa including infiltration of inflammatory cells into the
lamina propria and loss of crypts (Figure 4B). PEITC or DBM treat-
ment decreased the loss of crypts in the colonic mucosa (Figure 4C
and D). The polyps developed in AOM-treated/DSS-treated group
were mostly adenocarcinomas, treatments with PEITC or DBM did
not reverse the severity of the adenocarcinomas developed in the
AOM-treated/DSS-treated mice (Figure 4E and F).

Fig. 1. Experimental protocol for chemoprevention study with PEITC and
DBM in AOM/DSS mice. Ten-week-old mice were used for each group and
fed with AIN-76 diet or diet supplemented with 0.05% PEITC or 1% DBM
before AOM injection (pre-initiation) or after AOM injection (after
initiation). Twenty weeks later, the mice were killed for analysis.
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Fig. 2. No observable weight loss of mice. The mice were weighed every
week from the start of the treatment for 20 weeks. The administration of
compounds did not cause significant weight loss over time.
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Dietary administration of PEITC or DBM altered proteins involved in
cell cycle regulation, apoptosis and Nrf2-regulated detoxification
enzymes

DBM greatly induced Nrf2 and its downstream detoxifying enzymes in
normal mucosa. Administration of DBM but not PEITC before AOM
initiation induced Nrf2 protein (Figure 5A, lane 3). However, DBM ad-
ministration after initiation had no effect on Nrf2 induction (Figure 5A,
lane 5). The Nrf2-mediated downstream detoxifying/antioxidant en-
zymes GSTM1, HO-1 and NQO-1 were also greatly induced by DBM
treatment before AOM initiation.

PEITC induced p21 and cleaved caspase-3 and -7 in the polyps. The
expression level of cell cycle arrest protein p21 was low in polyps
(Figure 5B, lane 1). PEITC administration induced p21 in the polyps,
before as well as after AOM initiation (Figure 5B, lanes 2 and 4).
Administration of PEITC or DBM had no effect on p27 induction.
Cleaved caspase-3 and cleaved caspase-7 were more robustly induced
by PEITC before AOM than after AOM initiation, and Bim was in-
duced by PEITC and DBM before AOM initiation (Figure 5B, lanes 2
and 4).

Discussion

The purpose of the present study was to investigate the efficacy of
PEITC and DBM in the cancer chemoprevention of colon cancer. In
addition, we aimed to elucidate the potentially in vivo mechanisms of
actions of PEITC and DBM that would contribute to their cancer

inhibitory effects. Previously, the use of the AOM–ACF model to
determine the chemopreventive efficacy of PEITC was somewhat
contradictory (18,19). One paper reported that PEITC inhibited the
formation of ACF while another paper did not. The efficacy of DBM
has been demonstrated in the lung, in the small intestine but not in the
colon. In this study, we showed that both PEITC and DBM are effec-
tive chemopreventive compounds in colon carcinogenesis induced by
AOM/DSS model (although DBM is only effective before AOM ini-
tiation); their in vivo molecular targets and mechanisms appear to be
somewhat different.

PEITC appears to be a more potent compound than DBM due to the
significantly lower average tumor numbers and sizes. Importantly, if
DBM was administrated after AOM initiation, the inhibitory effect of
DBM in tumor incidence, number and size was completely attenuated
as compared with DBM administered before AOM initiation. Interest-
ingly, the major mechanism of action of DBM in chemoprevention
appears to be targeting the molecular events before AOM initiation.
This could be through increasing the Nrf2-mediated detoxifying/
antioxidant genes for carcinogen detoxification leading to decreased
carcinogen-induced oxidative stress, DNA and protein damages. The
tumor incidence, number and size remained unchanged for PEITC,
whether administrated before or after AOM initiation. These indicate
that in contrast to DBM, PEITC’s effect may not depend only on the
prevention of AOM initiation but also after AOM initiation. Indeed, the
inhibitory effect could be due to induction of cell cycle arrest and
apoptosis during the progression of carcinogenesis. Interestingly, our
recent study using the transgenic adenocarcinoma of the mouse pros-
tate tumor model shows that DBM is more effective when given before
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Fig. 3. PEITC and DBM decreased tumor incidence, average tumor number and size. (A) 0.05% PEITC and 1% DBM before initiation (AOM) reduced the polyps
incidence from 70 to 37.5% and 36.4 and 0.05% PEITC after initiation (AOM) reduced the polyps incidence to 40%. (B) 0.05% PEITC and 1% DBM
before initiation (AOM) reduced average polyps number from 1.6 to 0.375 and 1.09 and 0.05% PEITC after initiation (AOM) reduced average polyps number
to 0.6. (C) 0.05% PEITC and 1% DBM before initiation (AOM) reduced the average polyps size from 5 to 1.5 mm and 3.36 mm and 0.05% PEITC after
initiation (AOM) reduced the average polyps size to 2.6 mm, 1% DBM after initiation (AOM) showed no inhibitory effect at all (polyps incidence of 77.8%,
average polyps number of 1.89 and average polyps size of 5.78 mm).
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the prostatic intraepithelial neoplasia development at 8 weeks old,
whereas it is somewhat less effective when DBM is given at 12 weeks
when prostatic intraepithelial neoplasia apparently have developed
(25). It will be interesting whether PEITC given at a later time point
12 weeks or older transgenic adenocarcinoma of the mouse prostate
mice will be as effective as when it was given at 8 weeks old (16).

In this study, we have also examined the normal mucosa and the
polyps sections after PEITC and DBM treatments. The AOM/DSS
treatment promoted the formation of polyps and all of them were
adenomas. The normal mucosa from AOM-treated/DSS-treated group
was exemplified with the loss of colonic crypts and the infiltration of
inflammatory cells into the lamina propria. The polyps showed no
signs of decreased severity for those polyps obtained from mice trea-
ted with PEITC or DBM as compared with the controls. However, we
did observe less or no crypt loss in the mucosa for the PEITC- and
DBM-treated groups. These general observations from the histologi-
cal analysis suggest that PEITC and DBM have no apparent effect in
reversing the tumor grade of already formed malignant polyps.

Comparisons of some of the potential anti-carcinogenesis makers
in the normal mucosa versus the polyps between the different groups
using western blotting shed some lights on the potentially different
in vivo mechanisms elicited by PEITC and DBM. DBM appears to
induce a higher Nrf2 expression level, resulting in a more robust in-
duction of phase II detoxifying and antioxidant genes, particularly
GSTM1, HO-1 and NQO1, which would play an important role in
detoxifying carcinogenic reactive intermediates and reactive oxygen/

nitrogen species. Several studies have shown that DBM is effective in
reducing DNA-carcinogen adducts in the lungs (24) and mammary
glands (26). In this context, the same mechanism could be applied in
the colon. Induction of Nrf2 and its downstream target defense en-
zymes by DBM before AOM initiation would lead to AOM detoxifi-
cation and potentially less DNA damage. In contrast, when cell cycle
and apoptosis markers were compared, PEITC appears to have greater
ability to induce cell cycle arrest and apoptosis than DBM, and these
results are quite analogous to our previous study with sulforaphane in
the ApcMin mouse model (21). PEITC appears to be more potent in
inducing p21, Bim and cleaved caspase-3 and caspase-7 than DBM.
This might possibly explain why the tumor incidence, number and
size were not affected with PEITC was given either before or after
AOM initiation. Our result suggests that AOM detoxification might
not be the major mechanism for PEITC’s chemopreventive effects,
rather PEITC’s ability to induce apoptosis and cell cycle arrest and
possibly keeps the transformed malignant colon cells in check would
be the mechanism. However, future studies involving proteomic and
or metabolomics would be needed to further elucidate the potential
in vivo differential mechanisms.

In summary, using the AOM-induced/DSS-induced colon cancer
model, we showed that the major in vivo mechanism for PEITC ap-
pears to be induction of cell cycle arrest and apoptosis, whereas
DBM’s in vivo mechanism of action could be through AOM and or
reactive oxygen/nitrogen species detoxification by Nrf2-regulated de-
toxifying/antioxidant enzymes. This appears to be consistent with our

Fig. 4. General histological observation of AOM–DSS polyps and normal mucosa in C57/B6 mice treated with PEITC or DBM. (A) No loss of crypts was
observed in mice without AOM/DSS treatment. (B) AOM/DSS treatment resulted in observable crypts loss in normal mucosa. (C) PEITC or (D) DBM treatment
decreased loss of crypts in normal mucosa and a better crypt organization was observed. (E) Treatment with PEITC or (F) DBM did not reverse the severity of the
adenocarinomas developed in the AOM-treated/DSS-treated mice.
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observation that PEITC is effective in reducing tumor incidence,
numbers and size, whereas DBM is only effective toward inhibiting
tumor incidence when used before AOM initiation. These differential
in vivo mechanisms between PEITC and DBM could potentially offer
new insights into the in vivo anti-carcinogenesis mechanisms by dif-
ferent dietary cancer chemopreventive compounds and would help to
advance future clinical human colorectal chemoprevention trials.
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