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How dietary corn oil Is Involved in colon carcinogenesis and
cancer development is poorly understood. The aim of this study
was to investigate whether long-term dietary corn oil promotes
colon cancer by inhibiting the tumor suppressor gene p53­
mediated mitochondria-dependent apoptosis in azoxymethane
(AOM)-treated rats. Male Sprague-Dawley rats were injected with
AOM or with saline and fed on a basal diet or basal diet
SUpplemented with 10% corn oil for 48 weeks. Colonic aberrant
crypt foci (ACF) and tumors, Including adenomas and carcino­
mas, were examined. Colonic apoptosis and cell proliferation
were evaluated. Wild type (wt) p53 was analyzed using reverse
transcription-polymerase chain reaction (RT-PCR) and Western
blotting. In addition, Bcl-2, Bel-xL, Bax, and Bak localized in the
mitochondria were detected. Long-term dietary corn oil In­
creased ACF in AOM-treated rats at 12 weeks and promoted
colon cancer Invasion at 48 weeks. Cancer Invasion was not
Observed In the AOM-treated rats without dietary corn oil,
although colon adenomas and cancers were detected. Apopto­
sis Was decreased and cell proliferation was increased In the
AOM-treated rats with dietary corn oil, compared with the AOM­
treated rats with dietary basal diet. In these rats, mitochondrial
wtp53 Was significantly Inhibited through decreased mitochon­
drial localization of wt p53 and Increased cytosolic p53,
resulting In the upregulation of Bcl-2 and Bel-xL and the
downregulation of Bak In the mitochondria. Results suggest
that long-term dietary corn oil promotes AOM-Induced colon
cancer development partly by Inhibiting the tumor suppressor
genep53-medlated mitochondria-dependent apoptosls. Exp BioI
Med229:1017-1025,2004
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C
olon cancer is one of the leadi.ng causes of can~er

death in both men and women III Western countnes
(1). Epidemiological studies have suggested a

positive association between dietary fat and colon cancer
(2, 3), Furthermore, animal model studies have shown that
the colon tumor-promoting effect of a high-fat diet depends
not only on the amount consumed but also on the fatty acid
composition. A high-fat diet rich in com oil (n-6 polyun­
saturated fatty acid [n-6 PUFA]) promotes colon carcinogen­
esis, particularly in the postinitiation or promotional phases
or both (3-5), whereas a diet rich in fish oil (n-3 PUFA) or
olive oil (n-9 PUFA) decreases colon tumor incidence in
both the initiation and postinitiation phases (4, 6).

Colon carcinogenesis is a multistep processor that
requires considerable time for these chance events to
accumulate, Several observations have confirmed the
putative association between aberrant crypt foci (ACF)
and colon cancer in animals (7-9) and have suggested that
ACF might be a high risk factor for colon cancer in humans
(10, 11). Quantification of the formation and growth of
colonic ACF has been used as a short-term bioassay to
evaluate the roles of nutritive components at a very early
stage of colon carcinogenesis in animals and humans (7­
11). It has been proposed that potentially tumorigenic clones
might be eliminated through apoptotic targeting of damaged
intestinal epithelial stem cells and that inhibition of this
apoptosis causes aberrant cell survival and contributes to
oncogenesis (12-14),

Wild type (wt) p53 is thought to function as a gene­
transcription factor, and the active wt p53 can induce the
expression of a large number of genes, many of which
evoke either cell cycle arrest or apoptosis (15-17). Wild type
p53 induces cell death through a multitude of molecular
pathways involving transcription-dependent or independent
functions or both (18, 19). It can mediate apoptosis via
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transcriptional activation of proapoptotic genes such as BH3
proteins (e.g., Noxa and Puma) and Bcl-2 family members
(e.g., Bax and Bak) (20-22). In addition, it is a potent
inhibitor of cell growth and tumor growth, and its
inactivation or mutation or both is considered a prerequisite
for tumor formation (23). Furthermore, evidence for tran­
scription-independent wt p53-mediated apoptosis has been
accumulated, and suggests that wt p53 has a direct apoptotic
genetic role in the mitochondria (24).

Previous studies revealed that dietary corn oil rich in n­
6 PUFA promoted colon cancer (3-5). However, how
dietary com oil is involved in colon carcinogenesis and
cancer development is poorly understood. Mitochondria
playa key role in cellular survival and death, and wt p53­
mediated mitochondria-dependent apoptosis (24, 25), but it
is unclear whether dietary com oil inhibits wt p53-mediated
mitochondria-dependent apoptosis during colon carcino­
genesis and cancer development. Azoxymethane (AOM), a
standard chemical carcinogen, was used in this study. AOM
treatment increases ACF formation in rats, which leads to
the induction of colon adenomas and cancers (26-28). The
aim of the present study was to investigate whether long­
term dietary com oil promotes colon cancer development by
inhibiting the tumor suppressor gene p53-mediated mito­
chondria-dependent apoptosis in AOM-treated rats.

Materials and Methods
Animals and Experimental Procedures. Male

Sprague-Dawley rats were used in this study. At 5 weeks
of age, the rats were divided into four groups: (i) basal diet
plus vehicle rats were fed on a basal diet (Clea, Tokyo,
Japan) and given intraperitoneal injections of I ml
physiological saline once a week for 2 weeks; (ii) corn oil
plus vehicle rats were fed on a basal diet supplemented with
10% com oil (Clea) consisting of 8.1% (wjw) n-6 PUFA in
the total diet and given intraperitoneal injections of I ml
physiological saline once a week for 2 weeks; (iii) basal diet
plus AOM rats were fed on a basal diet and given
intraperitoneal injections of AOM (Sigma, St. Louis, MO)
dissolved in I ml physiological saline once a week for 2
weeks at a dose of 15 mg/kg body wt; and (iv) com oil plus
AOM rats were fed on a basal diet supplemented with 10%
com oil and given injections of AOM as described in Group
3. The basal diet included 8.9% moisture, 25.4% crude
protein, 4.4% crude fat, 4.1 % crude fiber, and 6.9% crude
ash. The com oil included 56.8% linoleic acid, 29.0% oleic
acid, 10.5% palmitic acid, and 1.9% stearic acid. At 12
weeks, after the second injection of AOM, colonic ACF
formation was analyzed, and at 12, 24, 36, and 48 weeks
colon carcinogenesis and cancer development were inves­
tigated.

Collection of Intestinal Tissue Samples. The
entire colon was carefully removed and placed on ice-cold
glass except for the cecum. Each segment was rinsed
thoroughly with physiological saline and opened longitudi-

nally on its antimesenteric border to expose the mucosa. The
mucosa and tumors were carefully harvested, respectively.

DNA Fragmentation Assay. At 48 weeks, the
colonic mucosa and tumors of all four groups of rats were
examined. The amount of fragmented DNA was determined
as previously described (29). Tissues were homogenized in
10 volumes of a lysis buffer (pH 8.0) consisting of 5 mM
Tris-HCI, 20 mM EDTA (Sigma), and 0.5% (wjv) t­
octylphenoxypolyethoxyethanol (Triton X-lOO, Sigma).
One-milliliter aliquots of each sample were centrifuged for
20 mins at 27,000 g to separate the intact chromatin (pellet)
from the fragmented DNA (supernatant). The supernatant
was decanted and saved, and the pellet was resuspended in 1
ml of Tris buffer (pH 8.0) consisting of 10 mM Tris-HCI
and I mM EDTA. The pellet and supernatant fractions were
assayed for DNA content using a diphenylamine reaction.
The results were expressed as the percentage of fragmented
DNA divided by the total DNA. Six rats were studied in
each group.

DNA Ladders Assay. At 48 weeks, the colonic
mucosa (basal diet plus vehicle and com oil plus vehicle
rats) and the colon tumors were examined. The total DNAs
were extracted sequentially using a phenol-chloroform­
isoamyl alcohol mixture (25:24: I, v/v/v) to remove proteins
and then purified as previously described (29). Resolving
agarose gel electrophoresis was performed using a 1.5% gel
containing 1.0 ug/ml ethidium bromide. DNA standards
were included to identify the sizes of the DNA fragments.
The DNA ladders were observed under ultraviolet fluo­
rescent light.

ACF Analysis. For ACF assessment, the colon was
removed at 12 weeks, after the second injection of AOM,
opened longitudinally, rinsed in ice-cold physiological
saline, placed flat mucosal side up between wet filter
papers, and fixed in 10% buffered formalin for 24 hrs, The
colon was then stained with 0.2% methylene blue dissolved
in the same formalin solution for 5 mins and rinsed in
physiological saline. After staining, the entire colonic
mucosa was observed using a stereoscopic microscope.
Crypt multiplicity was determined as the number of crypts
in each colon and was categorized as containing <4 or ~4
aberrant crypts. Six rats were examined in each group.

Histological Analyses. At 12 weeks, after the
assessment as described above, the ACF were embedded
in paraffin. At 24, 36, and 48 weeks, after the second
injection of AOM, colon tumors over 5 mm were collected
and fixed in 10% buffed formalin and embedded in paraffin.
Four-micrometer sections were cut and stained with
hematoxylin and eosin (H&E) and periodic acid-schiff
(PAS) and subjected to histological analysis. Six rats were
examined in each group at each time point.

Total RNA Extraction and Reverse Transcrip­
tion-Polymerase Chain Reaction (RT-PCR). At 48
.weeks, after the second injection of AOM, the colonic
mucosa (basal diet plus vehicle and com oil plus vehicle
rats) and the colon tumors were examined. Total RNA was
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Figure 1. Long-term dietary com oil ingestion promoted azoxy­
methane (AOM)-induced colon carcinogenesis and cancer develop­
ment. The number of colon tumors is significantly increased in the
AOM-treated rats with dietary corn oil compared with the AOM·
treated rats with dietary basal diet. Values are the means ± SO, six
rats were examined in each group at each time point. #P < 0.01
compared with the AOM-treated rats with basal diet.

(l: 1000), and rabbit polyclonal anti-caspase-3 antibody
(I: 1000, all from Santa Cruz Biotech, Santa Cruz, CA) for I
hr. Antigen-antibody complexes were detected with horse­
radish peroxidase-conjugated anti-mouse IgG or anti-rabbit
IgG (l: 1000, Santa Cruz Biotech). Detection of the
chemiluminescence was carried out using Western blotting
detection reagents (Amersham Pharmacia Biotech, Buck­
inghamshire, UK). Densitometric assessment of the auto­
radiogram bands was conducted using Image Gauge
Version 3.12 (Fujifilm). Band intensity was quantified by
measuring the absolute integrated optical intensity, which
estimates the volume of the band in the lane profile. Six rats
were studied in each group. The results were expressed as a
ratio to ~-actin densitometry units.

extracted using Isogen (Nippon Gene, Tokyo, Japan)
according to the manufacturer's instructions. RT-PCR
specific for the rat wt p53 mRNA was amplified using a.
primer specific for the leader sequence of exon 6-7 of the wt
p53 allele (5' -GGCTCCTCCCCAACATCTTATC-3') and
the downstream primer (5'-TCTCCCAGGACAGGCA­
CAAAC-3'). For the internal control, the expression of
the glyceraldehyde 3-phosphate dehydrogenase (G3PDH)
gene in each sample was also quantified using the primer
(5'-TCCACCACCCTGTTGCTGTA-3') and the down­
stream primer (5' -ACCACAGTCCATGCCATCAC-3 ').
RT-PCR was performed on I ug total RNA using a RT­
PCR kit (Toyobo Co., Osaka, Japan). The PCR products
were electrophoresed in 2% agarose gels and visualized
under ultraviolet fluorescent light after staining with
ethidium bromide. Densitometric assessment of the auto­
radiogram bands was conducted using Image Gauge
Version 3.12 (Fujifilm, Tokyo, Japan). Band intensity was
quantified by measuring the absolute integrated optical
intensity, which estimates the volume of the band in the lane
profile. Six rats were studied in each group. The results were
expressed as a ratio to G3PDH densitometry units.

Western Blotting Analysis. At 48 weeks, after the
seCond injection of AOM, the colonic mucosa (basal diet
plus vehicle and com oil plus vehicle rats) and the colonic
mucosa and tumors were examined. Total proteins,
cytosolic fractions, and mitochondrial fractions were
PUrified as previously described (29-32). Equal quantities
of protein were electrophoresed in a sodium dodecyl sulfate
Polyacrylamide gel and electroblotted onto a nitrocellulose
membrane (Trans-Blot Bio-Rad; Hercules, CA). After
blocking with phosphate-buffered saline containing 0.1%
Polyoxyethylene sorbitan monolaurate (Tween-20, Sigma)
and 5% skimmed milk at 4°C overnight, the membrane was
respectively incubated with rabbit polyclonal anti-prolifer­
ating cell nuclear antigen (PCNA) antibody (1:1000), mouse
monoclonal anti-wt p53 antibody (l: 1000), mouse mono­
clonal anti-Bcl-2 antibody (l :500), mouse monoclonal anti­
BCI-xL antibody (l :500), mouse monoclonal anti-Bax
antibody (1:500), rabbit polyclonal anti-Bak antibody
(I: 1000), rabbit polyclonal anti-cytochrome-c antibody

Table 1. Long-Term Dietary Corn Oil Ingestion
PrOmoted Colonic Aberrant Crypt Foci (ACF) Forma­

tion in Azoxymethane (AOM)-Treated Rats at 12
Weeks 8

-
-

Total ACF/colon

Vehicle ADM

>4 ACF/colon

Vehicle ADM

Basal diet 1.2 ± 0.3 41.0 ± 4.8*
Corn oil 1.3 ± 0.4 73.3 ± 9.9**

o
o

16.3 ± 2.1*
32.3 ± 3.6**-

: Values are means ± SO, six rats were examined in each group.
••P < 0.01 compared with the vehicle-treated rats. .

p < 0.01 compared with the vehicle-treated rats and With the
AOM-treated rats with basal diet.

Figure 2. Histological findings of invasive colon cancers. A well.
differentiated adenocarcinoma with cancer invasion was observed In
the azoxymethane-treated rats with dietary corn oil at 48 weeks.
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Table 2. Long-Term Dietary Corn Oil Ingestion Promoted Colon Cancer Invasion in azoxymethane (AOM)­
Treated Rats at 48 Weeks

Basal diet
Corn oil

Cancer incidences (%)

Vehicle AOM

o (0/6) 100 (6/6)*
o (0/6) 100 (6/6)*

Mucosal cancer (%)

Vehicle AOM

o (0/6) 100 (6/6)*
o (0/6) 100 (6/6)*

Invasive cancer (%)

Vehicle AOM

o (0/6) 0 (0/6)
o (0/6) 100 (6/6)**

a Cancer incidence is expressed as the ratio of rats with colon cancer to total rats. Results were analyzed statistically using the chi-square test.
• p < 0.01 compared with the vehicle-treated rats.
•• p < 0.01 compared with the vehicle-treated rats and with the ADM-treated rats with basal diet.

Statistical Analysis. Results are expressed as mean
+ SD. Data were evaluated by analysis of variance
(ANOYA) in which multiple comparisons were performed
by the method of least significant difference. Colon cancer
incidence is expressed as the percentage of animals with
cancer, and the results were analyzed statistically using the
chi-square test. Differences were considered significant if
the probability of the difference occurring by chance was
less than 5 in 100 (P < 0.05).

Results
Long-Term Dietary Corn Oil Promoted Colon

Carcinogenesis and Cancer Invasion in AOM­
Treated Rats. At 12 weeks, after the second injection of
AOM, the entire colonic mucosa was stained with 0.2%
methylene blue to evaluate ACF formation using stereo­
scopic microscopy and they then were histologically
examined. The ACF had dilated irregular luminal openings,
thicker epithelial linings, and protrusions towards the lumen
(data not shown). Few ACF were found in both the dietary
basal diet and the dietary corn oil rats without ADM
treatment. A large number of ACF (especially 2::4 ACF) were
observed in the ADM-treated rats. Compared with ADM­
treated rats with dietary basal diet, the number of total ACF
and 2::4 ACF were about 2-fold higher in the AOM-treated
rats with dietary corn oil as shown in Table 1. ANOYA
revealed that corn oil (total ACF, F 1,20 = 8.7; 2::4 ACF, F',20

= 14.6), AOM (total ACF, F1,20 = 102.5; 2::4 ACF, Ft•20 =
134.9), and interaction of the two factors (total ACF, F,,20 =
8.5; 2::4 ACF, F t ,20 = 14.6) significantly induced ACF
formation in the colonic mucosa (P < 0.01 in each).

Colon tumors were not observed in rats without AOM
treatment throughout the study period. No tumors were
observed in AOM-treated rats at 12 weeks. At 24 weeks,
colon tumors were found in the ADM-treated rats, and all
tumors were tubular adenomas (data not shown). At 36 and
48 weeks, the tumors showed well-differentiated adenocar­
cinomas with polypoid growth. The number of colon tumors
was significantly increased in the corn oil plus AOM rats
compared with the basal diet plus AOM rats as indicated in
Figure 1 (F1,46 = 12.2, P < 0.01). At 48 weeks, cancer
invasion was only observed in the corn oil plus AOM rats
(Fig. 2), As shown in Table 2, all AOM-treated rats fed on

Figure 3. Long-term dietary corn oil ingestion enhanced the
inhibitory effect of azoxymethane (ADM) on apoptosis in colonic
mucosa and cancer. At 48 weeks, the colonic mucosa (basal diet
plus vehicle and corn oil plus vehicle rats) and the colonic mucosa
and tumors (basal diet plus ADM rats and corn oil plus ADM rats)
were examined. (A) The percentage of fragmented DNA. Values are
means :!: SD, six rats were studied in each group. •P < 0.01
compared with the vehicle-treated rats, #P < 0.05 compared with the
ADM-treated rats with basal diet. (B) DNA ladders. Lanes 1-4, basal
diet plus vehicle rat, corn oil plus vehicle rat, basal diet plus ADM rat,
and corn oil plus ADM 'rat, respectively. Lanes 5 and 6 contain
marker DNA.
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Figure 4. Long-term dietary corn oil ingestion promoted cell
proliferation in azoxymethane (ADM)-induced colonic mucosa and
cancer. At 48 weeks, the colonic mucosa (basal diet plus vehicle and
c?rn oil plus vehicle rats) and the colonic mucosa and tumors (basal
diet plus ADM and corn oil plus ADM rats) were examined. PCNA
was evaluated in the total protein. Lanes 1-6: mucosa in basal diet
plus vehicle rats, mucosa in corn oil plus vehicle rats, mucosa in
basal diet plus ADM rats, mucosa in corn oil plus ADM rats, tumors in
basal diet plus ADM rats, and tumors in corn oil plus ADM rats,
respectively. Values are rneans z SO, six rats were studied in each
group.•p < 0.01 compared with the vehicle-treated rats. #P < 0.01
compared with the ADM-treated rats with basal diet.

dietary com oil (100%) had invasive colon cancers, but no
invasive cancer was found in the AOM-treated rats with
dietary basal diet. Histologically, poorly differentiated or
undifferentiated adenocarcinomas were not found in the
colons of these rats. These results suggest that long-term
dietary com oil might promote not only colon carcino­
genesis but also cancer invasion.

Long-Term Dietary Corn Oil Inhibited Cell
Apoptosls and Promoted Cell Proliferation in
AOM-Induced Colonic Mucosa and Colon Cancer.
Apoptosis was evaluated using a DNA fragmentation assay
(Fig. 3A). After AOM treatment, the percentage of
fragmented DNA was significantly inhibited in the colonic
mucosa and tumors (P < 0.01 in each). This inhibitory
effect of AOM was significantly enhanced by dietary com
oil in the mucosa and tumors (P < 0.05 in each). The DNA
ladders assay also showed that colon tumor apoptosis was
significantly inhibited in the AOM-treated rats at 48 weeks,
and the inhibitory effect was enhanced by dietary com oil
(Fig.3B).

Cell proliferation was evaluated by assessing PCNA as
Shown in Figure 4. After AOM treatment, the colonic
mucosal and tumors PCNA significantly increased at 48
Weeks (P < 0.0 I in each). This effect of AOM was
significantly enhanced by dietary com oil in the mucosa and
tumors (P < 0.01 in each).

Long-Term Dietary Corn Oil Enhanced the
Inhibitory Effects of AOM on Mitochondrial wt
p53. The mRNA of wt p53 was confirmed by RT-PCR,
and wt p53 protein expression was determined by Western
blotting analysis. As shown in Figure 5, wt p53 mRNA and
total protein were not inhibited by AOM treatment at 48
weeks, but cytosolic wt p53 significantly increased in AOM­
treated rats, and this was enhanced by a com oil diet. At 48
weeks, compared with the rats with vehiele treatment,
mitochondrial wt p53 was decreased in the rats with AOM
treatment, although total wt p53 was not inhibited. The
reduction in mitochondrial wt p53 was significantly
enhanced by dietary com oil.

Long-Term Dietary Corn Oil Enhanced the
Inhibitory Effects of AOM on Mitochondrial Apop­
totic Signaling. We have shown that mitochondrial
localization of wt p53 is inhibited by AOM treatment, and
that dietary com oil enhanced this inhibitory effect at 48
weeks. Furthermore, we investigated mitochondrial apop­
totic signaling. The results are shown in Figure 6. Inhibition
of mitochondrial wt p53 localization caused by AOM
treatment resulted in upregulation of the mitochondrial
antiapoptotic members, Bel-2 and Bel-xL. Long-term dietary
com oil promoted Bel-xL accumulation in the mitochondria
by enhancing the inhibitory effect of AOM on mitochondrial
wt p53 localization. AOM treatment with a com oil diet
induced the downregulation of mitochondrial proapoptotic
Bak members at 48 weeks but without any influence on Bax.
Further, AOM treatment significantly inhibited procaspase-3
formation. The release of cytochrome-c from the mitochon­
dria into the cytosol was decreased, resulting in the reduction
of cleaved caspase-3 at 48 weeks in the AOM-induced
tumors, and these effects were also enhanced by a com oil
diet. These results suggest that long-term dietary com oil
enhances the inhibitory effect of AOM on wt p53-mediated
mitochondrial apoptotic signaling.

Discussion
Several observations have confirmed the putative

association between ACF and cancer in the colon and
AOM-induced ACF formation in animals (7-9). In this
study, the results show that colonic ACF was about 2-fold
higher in com oil plus AOM rats compared with basal diet
plus AOM rats and suggest that long-term dietary com oil
might be involved in the induction of colon cancer with
ACF formation. Furthermore, our data demonstrate that
long-term dietary com oil promotes colon cancer invasion
after AOM treatment. Previous studies have reported that
com oil rich in n-6 PUFA involved colon carcinogenesis
occurring in the postinitiation or promotional phase or both
(4, 5). The present results suggest that long-term dietary
com oil is involved in colon cancer in both ACF formation
and cancer invasion. Tumor growth is determined not only
by increased cell proliferation but also by decreased tumor­
cell apoptosis (12, 13). Our results showed that AOM
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Figure 5. Long-term dietarycorn oil ingestion enhancedthe inhibitory effectof azoxymethane (AOM)on mitochondrial wtp53 in colon cancer.
At 48 weeks,the colonicmucosa(basaldiet plus vehicleandcorn oil plus vehicle rats)and tumors (basaldiet plus AOMand corn oil plus AOM
rats)were assessed. Total, cytosolic, and mitochondrial wtp53 were measured using Westernblotting. Lanes 1-4, basal diet plus vehicle rats,
corn oil plus vehicle rats,basaldiet plus AOMrats,andcorn oil plus AOMrats, respectively. (A) Wt p53 determined using AT-peA andWestern
blotting. (B) The band quantified. Values are means ± SO, six rats were studied in each group."p < 0.01 compared with the vehicle-treated
rats. #P < 0.01 compared with the AOM-treated rats with basal diet.

treatment significantly inhibited cell apoptosis and promoted
cell proliferation leading to malignant cell growth in both
the colonic mucosa and tumors, and this effect was
significantly enhanced by long-term dietary cern oil.

Wild type p53 has multiple functions as a tumor
suppressor, including cell cycle arrest in response to DNA
damage, induction of apoptosis, and DNA repair (33-36). In
its normal state, the tumor suppressor action of wt p53 is
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~Igure 6. Long-term dietary corn oil ingestion enhanced the
I~hibitory effects of azoxymethane (AOM) on mitochondrial apoptotic
s~gnaling in colon cancer. At 48 weeks, the colonic mucosa (basal
diet plus vehicle and corn oil plus vehicle rats) and tumors (basal diet
plus AOM and corn oil plus AOM rats) were assessed. Lanes 1-4,
basal diet plus vehicle rats, corn oil plus vehicle rats, basal diet plus00 M rats, and corn oil plus AOM rats, respectively. (A) The image of

estern blotting. (B and C) The band quantified. Values ,are means

present in the nucleus and mediated by specific DNA
binding and protein-protein interactions within the nucleus,
although sometimes a secondary event occurs in which wt
p53 is lost (37). Abnormal cytosolic wt p53 localization has
been observed in a number of cancer cell lines, and this
cytosolic wt p53 is stable and inactive (38). Our data
indicate that an increase in cytosolic wt p53 localization
occurs after AOM treatment leading to reduced wt p53
activity in colon cancer, although wt p53 mRNA and total
proteins were not inhibited by AOM. Dietary com oil
enhanced this AOM-induced cytosolic wt p53 localization.
These results suggest that long-term dietary com oil might
enhance colon cancer development after AOM treatment via
wt p53 inactivation.

Cytosolic wt p53 is inactivated, but when it is localized
in the mitochondria it can contribute toward apoptosis.
Previous evidence has shown that wt p53 has an apoptotic
role in mitochondria (39-41), but how mitochondrial wt p53
induces apoptosis has not been clearly demonstrated. Our
data revealed that mitochondrial wt p53 induces apoptosis
by regulating mitochondrial Bcl-2 family proteins. The BcI­
2 family proteins are central regulators of the mitochondria­
dependent apoptotic pathway and can be subdivided into
two classes: antiapoptotic members, such as BcI-2 and BcI­
xL, which protect cells from apoptosis, and proapoptotic
members, such as Bax and Bak, which trigger or sensitize
cells for apoptosis. The ratio of antiapoptotic and proapop­
totic BcI-2 members determines the susceptibility of cells to
death signals. Following multiple death stimuli, Bax and
Bak induce mitochondrial dysfunction and cell death, while
BcI-2 and BcI-xL prevent Bax- and Bak-mediated mito­
chondrial apoptosis (42). BcI-2 family members are integral
proteins located mainly on the outer membrane of
mitochondria, and their overexpression prevents the efflux
of cytochrome-c from the mitochondria and the initiation of
apoptosis (30, 43). We previously demonstrated that the
release of cytochrome-c from the mitochondria to the
cytosol is important for apoptosis in intestinal mucosa (29,
44, 45). Cytosolic cytochrome-c forms a complex with
Apaf-l and caspase-9, resulting in the activation of
caspase-9 and caspase-3 (46). Caspase-3 possesses a small
prodomain and participates in the execution phase of
apoptosis. In this study, the results show that long-term
dietary com oil enhanced the inhibitory effects of AOM on
mitochondrial cytochrome-c release, procaspase-3 forma­
tion, and caspase-3 cleavage. This result suggests that
inhibition of mitochondrial cytochrome-c release might be
involved in inhibition of caspase-3 in both procaspase-3
synthesis and caspase-3 activation. Our results revealed

± so, six rats were studied in each group."P < 0.01 compared with
the vehicle-treated rats. #P < 0.01 compared with the AOM-treated
rats with basal diet.
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that AOM treatment significantly inhibited the mitochon­
driallocalization of wt p53, preventing both the mitochon­
drial cytochrome-c release and the caspase-3 activation
partly through the regulation of Bcl-2 family members.
Long-term dietary com oil significantly enhanced this
inhibitory effect, resulting in inhibited mitochondrial
apoptotic signaling.

In conclusion, colon cancer invasion was developed in
AOM-treated rats after long-term dietary com oil ingestion,
suggesting that dietary com oil can enhance AOM-induced
colon carcinogenesis and cancer development. The reason
why cancer development was enhanced by long-term
dietary com oil in this model might be in part explained
by the inhibition of the tumor suppressor gene p53-mediated
mitochondria-dependent apoptosis. These results warrant
further exploration including the effect of diet oil with other
carcinogens and the effect of other diet oils on colon cancer
development.

We thank Hiroyoki Ideguchi for excellent technical assistance.

\. Jernal A, Murray T, Samuels A, Ghafoor A, Ward E, Thun MJ. Cancer
statistics, 2003. CA Cancer J Clin 53:5-26, 2003.

2. Tavani A, Pelucchi C, Parpinel M, Negri E, Franceschi S, Levi F, La
Vecchia C. n-3 polyunsaturated fatty acid intake and cancer risk in Italy
and Switzerland. Int J Cancer 105:113-116,2003.

3. Reddy BS. Novel approaches to the prevention of colon cancer by
nutritional manipulation and chemoprevention. Cancer Epidemiol
Biomarkers Prev 9:239-247, 2000.

4. Rao CV, Hirose Y, Indranie C, Reddy BS. Modulation of experimental
colon tumorigenesis by types and amounts of dietary fatty acids. Cancer
Res 61: 1927-1933, 200 \.

5. Dai W, Liu T, Wang Q, Rao CV, Reddy BS. Down-regulation of PLK3
gene expression by types and amount of dietary fat in rat colon tumors.
Int J Oncol 20: 121-126,2002.

6. Bartoli R, Fernandez-Bariares F, Navarro E, Castella E, Mane J,
Alvarez M, Pastor C, Cabre E, Gassull MA. Effect of olive oil on early
and late events of colon carcinogenesis in rats: modulation of
arachidonic acid metabolism and local prostaglandin Ez synthesis.
Gut 46:191-199, 2000.

7. Bird RP. Observation and quantification of aberrant crypts in the
murine colon treated with a colon carcinogen: preliminary findings.
Cancer Lett 37:147-151, 1987.

8. Pereira MA, Barnes LH, Rassman VL, Kelloff GV, Steele VE. Use of
azoxymethane-induced foci of aberrant crypts in rat colon to identify
potential cancer chemopreventive agents. Carcinogenesis 15:I049­
1054,1994.

9. Osawa E, Nakajima A, Wada K, Ishimine S, Fujisawa N, Kawamori T,
Matsuhashi N, Kadowaki T, Ochiai M, Sekihara H, Nakagama H.
Peroxisome proliferator-activated receptor gamma ligands suppress
colon carcinogenesis induced by azoxymethane in mice. Gastro­
enterology 124:361-367,2003.

10. Pretlow TP, Barrow BJ, Ashton WS, O'Riordan MA, Pretlow TG,
Jurcisek JA, Stellato TA. Aberrant crypts: putative preneoplastic foci in
human colonic mucosa. Cancer Res 51: 1564-1567, 199\.

1\. Takayama T, Katsuki S, Takahashi Y, Ohi M, Nojiri S, Sakamaki S,
Kato J, Kogawa K, Miyake H, Niitsu Y. Aberrant crypt foci of the
colon as precursors of adenoma and cancer. N Engl J Med 339:1277­
1284,1998.

12. Steller H. Mechanisms and genes of cellular suicide. Science
267:1445-1449, 1995.

13. Thompson CB. Apoptosis in the pathogenesis and treatment of disease.
Science 267:1456-1462, 1995.

14. Arai T, Kida Y, Harmon BV, Gobe Gc. Comparative alterations in p53
expression and apoptosis in the irradiated rat small and large intestine.
Br J Cancer 74:406-412, 1996.

15.0da K, Arakawa H, Tanaka T, Matsuda K, Tanikawa C, Mori T,
Nishimori H, Tarnai K, Tokino T, Nakamura Y, Taya Y. p53AIPl, a
potential mediator of p53-dependent apoptosis, and its regulation by
Ser-46-phosphorylated p53. Cell 102:849-862,2000.

16. Jackson-Grusby L, Beard C, Possemato R, Tudor M, Fambrough D,
Csankovszki G, Dausman J, Lee P, Wilson C, Lander E, Jaenisch R.
Loss of genomic methylation causes p53-dependent apoptosis and
epigenetic deregulation. Nat Genet 27:31-39, 200\.

17. Tanaka H, Arakawa H, Yamaguchi T, Shiraishi K, Fukuda S, Matsui K,
Takei Y, Nakamura Y. A ribonucleotide reductase gene involved in a
p53-dependent cell-cycle checkpoint for DNA damage. Nature 404:42­
49,2000.

18. Bernal JA, Luna R, Espina A, Lazaro I, Ramos-Morales F, Romero F,
Arias C, Silva A, Tortolero M, Pintor-Toro JA. Human securin interacts
with p53 and modulates p53-mediated transcriptional activity and
apoptosis. Nat Genet 32:306-311, 2002.

19. Ding HF, Lin YL, McGill G, Juo P, Zhu H, Blenis J, Yuan J, Fisher
DE. Essential role for caspase-B in transcription-independent apoptosis
triggered by p53. J Bioi Chern 275:38905-38911, 2000.

20.0da E, Ohki R, Murasawa H, Nemoto J, Shibue T, Yamashita T,
Tokino T, Taniguchi T, Tanaka N. Noxa, a BH3-only member of the
BcI-2 family and candidate mediator of p53-induced apoptosis. Science
288:1053-1058,2000.

2\. Wu Y, Mehew JW, Heckman CA, Arcinas M, Boxer LM. Negative
regulation of bcl-2 expression by p53 in hematopoietic cells. Oncogene
20:240-251,200\.

22. Johnstone RW, Ruefli AA, Lowe SW. Apoptosis: a link between cancer
genetics and chemotherapy. Cell 108:153-164,2002.

23. Woods DB, Vousden KH. Regulation of p53 function. Exp Cell Res
264:56-66,200\.

24. Mihara M, Erster S, Zaika A, Petrenko 0, Chittenden T, Pancoska P,
Moll UM. p53 has a direct apoptogenic role at the mitochondria. Mol
Cell 11:577-590, 2003.

25. Brenner C, Kroemer G. Apoptosis. Mitochondria-the death signal
integrators. Science 289:1150-1151, 2000.

26. Hong MY, Chapkin RS, Morris JS, Wang N, Carroll RJ, Turner ND,
Chang WC, Davidson LA, Lupton JR. Anatomical site-specific
response to DNA damage is related to later tumor development in
the rat azoxymethane colon carcinogenesis model. Carcinogenesis
22:1831-1835,200\.

27. Zalatnai A, Lapis K, Szende B, Raso E, Telekes A, Resetar A, Hidvegi
M. Wheat germ extract inhibits experimental colon carcinogenesis in F­
344 rats. Carcinogenesis 22: 1649-1652, 200 \.

28. Nozawa H, Yoshida A, Tajima 0, Katayama M, Sonobe H,
Wakabayashi K, Kondo K. Intake of beer inhibits azoxymethane­
induced colonic carcinogenesis in male Fischer 344 rats. Int J Cancer
108:404-411,2004.

29. Wu B, Iwakiri R, Tsunada S, Utsumi H, Kojima M, Fujise T, Ootani A,
Fujimoto K. iNOS enhances rat intestinal apoptosis after ischemia­
reperfusion. Free Radic BioI Med 33:649-658, 2002.

30. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng T-I, Jones
DP, Wang X. Prevention of apoptosis by BcI-2: release of cytochrome c
from mitochondria blocked. Science 275:1129-1132, 1997.

3\. Wu D, Wallen HD, Nunez G. Interaction and regulation of subcellular
localization of CED-4 by CED-9. Science 275:1126-1129, 1997.

32. Ou XW, Wang H, DePlaen IG, Rozenfe1d RA, Hsueh W. Neuronal
nitric oxide synthase (NOS) regulates the expression of inducible NOS



DIETARY CORN OIL PROMOTES COLON CANCER 1025

in rat small intestine via modulation of nuclear factor kappa B. FASEB
J 15:439-446, 2001.

33. Giaccia AJ, Kastan MB. The complexity of p53 modulation: emerging
patterns from divergent signals. Genes Dev 12:2973-2983, 1998. .

34. Prives C. Signaling to p53: breaking the MDM2-p53 circuit. Cell 95:5­
8,1998.

35 H'. irao A, Kong YY, Matsuoka S, Wakeham A, Ruland J, Yoshida H,
Liu D, Elledge SJ, Mak TW. DNA damage-induced activation of p53
by the checkpoint kinase Chk2. Science 287:1824--1827, 2000.

36. Sharpless NE, DePinho RA. p53: good cop/bad cop. Cell 110:9-12,
2002.

37. el-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, Vogelstein B.
Definition of a consensus binding site for p53. Nat Genet 1:45-49, 1992.

38. Nikolaev AY, Li M, Puskas N, Qin J, Gu W. Pare: a cytoplasmic
anchor for p53. Cell 112:29-40, 2003.

39. Seo YW, Shin IN, Ko KH, Cha JH, Park JY, Lee BR, Yun CW, Kim
YM, Seol DW, Kim DW, Yin XM, Kim TH. The molecular mechanism
of Noxa-induced mitochondrial dysfunction in p53-mediated cell death.
J Bioi Chern 278:48292-48299, 2003.

40. Matsuda K, Yoshida K, Taya Y, Nakamura K, Nakamura Y, Arakawa
H. p53AIPI regulates the mitochondrial apoptotic pathway. Cancer Res
62:2883-2889, 2002.

41. Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, Lindsten T,

Korsmeyer S1. BCL-2, BCL-XL sequester BH3 domain-only molecules
preventing BAX- and BAK-mediated mitochondrial apoptosis. Mol
Cell 8:705-711, 2001.

42. Yoshida Y, Izumi H, Torigoe T, Ishiguchi H, Itoh H, Kang D, Kohno
K. P53 physically interacts with mitochondrial transcription factor A
and differentially regulates binding to damaged DNA. Cancer Res
63:3729-3734, 2003.

43. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of
cytochrome c from mitochondria: a primary site for Bcl-2 regulation of
apoptosis. Science 275:1132-1136, 1997.

44. Wu B, Iwakiri R, Ootani A, Fujise T, Tsunada S, Fujimoto K. Platelet­
activating factor promotes mucosal apoptosis via FasL-mediating
caspase-9 active pathway in rat small intestine after ischemia­
reperfusion. FASEB J 17:1156-1158,2003.

45. Wu B, Ootani A, Iwakiri R, Fujise T, Tsunada S, Toda S, Fujimoto K.
Ischemic preconditioning attenuates ischemia/reperfusion-induced mu­
cosal apoptosis by inhibiting the mitochondria-dependent pathway in
rat small intestine. Am J Physiot 286:G580-0587, 2004.

46. Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri
ES, Wang X. Cytochrome c and dATP-dependent formation of Apaf-II
caspase-9 complex initiates an apoptotic protease cascade. Cell 91:479­
489,1997.


