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The effect of a combination of (–)-epigallocatechin-3-gallate (EGCG) with fish oil on intestinal
tumorigenesis in ApcMin/+ mice fed a high-fat diet was investigated in the present study. The combined
treatment of EGCG and fish oil for 9 weeks reduced the tumor number by 53% as compared to
controls while neither agent alone had a significant effect. Apoptosis was significantly increased in
all treatment groups. �-Catenin nuclear positivity in adenomas from the combination group was lower
than control mice, implicating the modulation of Wnt signaling by the combination. Fish oil and the
combination significantly reduced prostaglandin E2 (PGE2) levels in small intestinal tumors as
compared to controls, suggesting modulation of aberrant arachidonic acid metabolism by fish oil. Akt
phosphorylation in adenomas was significantly reduced in all treatment groups, which may have
contributed to the observed increase in apoptosis. The results indicate that a combination of low
doses of EGCG and fish oil can inhibit tumor multiplicity in ApcMin/+ mice.
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INTRODUCTION

Colon cancer is the second leading cause of death in the
United States (1). Epidemiological studies have suggested that
the consumption of certain dietary constituents, including green
tea polyphenols and ω-3 polyunsaturated fatty acids (ω-3
PUFAs), may decrease colon cancer risk (2–4). Animal studies
using these dietary constituents have been performed to evaluate
the potential chemopreventive activities of these agents. Many
studies have suggested that (–)-epigallocatechin-3-gallate (EGCG),
the most abundant and biologically active polyphenol in green
tea, is responsible for the majority of the chemopreventive
activities of green tea (4–6).

Several studies in mice have shown that green tea can reduce
intestinal and colon cancer risk. Orner et al. (7) showed that green
tea extract reduced tumor multiplicity in the ApcMin/+ mouse, a
widely used model for intestinal tumorigenesis. An earlier study
demonstrated that green tea extract significantly reduced the
occurrence of aberrant crypt foci in azoxymethane (AOM)-treated
mice on a high-fat diet (8). We also found that 0.1% EGCG in the
drinking fluid inhibited colon tumor incidence in AOM-treated mice
(Bose, Chin, Park, Husain, Liao, Vittal, Kopelovich, Huang, and
Yang, unpublished results). Recent studies in our laboratory showed
that EGCG in the drinking fluid dose-dependently decreased
intestinal tumor multiplicity in the ApcMin/+ mouse; with 0.32%

EGCG, the inhibition was ∼40% (9). EGCG has been shown to
inhibit aberrant Wnt signaling by inhibiting the translocation of
the Wnt mediator �-catenin to the nucleus (9). This inhibition may
prevent �-catenin from interacting with the transcription factor
TCF-4, which suppresses the transcription of genes associated with
the cell cycle and cell proliferation (as reviewed in ref 10).

ω-3 PUFAs, found predominantly in fish oils, have been
shown in different animal models to inhibit intestinal tumori-
genesis (11–13). A study using ApcMin/+ mice showed that a
fish oil concentrate of ω-3 PUFA (2.5% w/w in the diet) reduced
tumor multiplicity by 66% in comparison to untreated mice; a
similar reduction in tumor growth was found by a fish oil diet
(16% w/w in the diet) in nude mice bearing human colon
carcinoma xenografts (11, 14). Rao et al. (12) observed a 50%
decrease in colon tumors in AOM-treated rats on a high-fat diet
composed of mainly fish oil as compared to similarly treated
rats on a high-fat diet consisting of mixed lipids. Studies in
colon cancer cell lines have shown that the inhibition of
arachidonic acid metabolism by treatment with ω-3 PUFA
reduces the proliferation and tumorigenicity of these cells,
suggesting that the reduction of inflammatory prostaglandins,
such as prostaglandin E2 (PGE2), produced by arachidonic acid
may be one way by which ω-3 PUFAs mediate their chemo-
preventive effect (15).

Although these and other compounds have shown promise
as chemopreventive agents, there are limitations in using a single
agent for effective cancer prevention in practice (13, 16–18).
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This appears to be the case for both drugs and dietary agents.
Cyclooxygenase-2 inhibitors initially showed promise as effec-
tive chemopreventive agents against colon cancer, but it was
later revealed that long-term use of these compounds has
undesirable side effects (19, 20). Preclinical trials with dietary
chemopreventive agents demonstrate less toxicity than the drugs
but often have poor bioavailability and lower potency than
drugs (21–23). These findings may imply that consumption of
any one dietary nutrient may not be a practical means of
effective cancer chemoprevention. The combination of two or
more pharmacological agents has been shown to be effective
for cancer chemoprevention, maximizing efficacy by affecting
different molecular targets and minimizing toxicity by lowering
doses of the individual drugs (24, 25). The combination of two
or more dietary compounds may be a practical and effective
approach to cancer chemoprevention for those same reasons.

The ApcMin/+ mouse is a transgenic model of human intestinal
tumorigenesis that bears a germline mutation at codon 850 of
the mouse homologue of the human Adenomatous Polyposis
Coli (APC) gene, which is frequently mutated in human colon
cancer. By age 4–5 months, these mice bear numerous visible
tumors in the intestinal tract (∼40–50) and usually die due to
intestinal blockage, bleeding, and severe anemia (26). Because
of its genetic similarity to human colon cancer and the quick
development of the tumor phenotype, this model is widely used
in cancer chemoprevention studies. In the present study, we
sought to determine whether EGCG in combination with fish
oil could decrease intestinal tumor multiplicity much more
effectively than EGCG or fish oil alone in the ApcMin/+ mouse
model.

MATERIALS AND METHODS
Chemicals and Diets. EGCG (Mitsui Norin, Tokyo, Japan) solution

was prepared in deionized H2O containing 0.5% citric acid and used
as drinking fluid. Fish oil was a gift from the menhaden oil refinery of
Omega Protein, Inc. (Reedville, VA). Menhaden oil contains about 1.7%
R-linolenic acid, 13% eicosapentaenoic acid (EPA), and 12% docosa-
hexaenoic acid (DHA) (27). The control high-fat diet (Table 1)
consisted of a 20% fat content (w/w), formulated using a minor
modification of the American blend fat developed by the Institute of
Shortening and Edible Oils [beef fat (16%), lard (10%), butter fat (12%),
hydrogenated soybean oil (30%), peanut oil (5%), and corn oil (27%)]
(28). This mixed lipid formulation was aimed to represent the fat
composition of the average American diet (28). This formulation has
also been used as a control diet in previous studies that have observed
the effects of fish oil on colon carcinogenesis (12). The fish oil diet
(Table 1) also had a 20% fat content (w/w); however, it consisted of
12% fish oil and 8% mixed lipids. Previous studies reported that 20%
fish oil significantly inhibited colon tumorigenesis in the AOM-induced
rat model (12). This concentration of 12% fish oil was used for the
present study so as not saturate the dose of fish oil in the combination
group. Diets were purchased from Research Diets, Inc. (New Brun-
swick, NJ).

Breeding and Genotyping of ApcMin/+ Mice. Male C57BL/6J-
ApcMin/+ and female wild-type littermate mice were initially purchased
from The Jackson Laboratory (Bar Harbor, ME) as founders, and a
breeding colony was established in the animal facility of the Susan
Lehman Cullman Laboratory for Cancer Research (Rutgers, The State
University of New Jersey, Piscataway, NJ). Pups were produced from
the colony and weaned at 3 weeks of age. Genotyping was performed
as previously described (9).

Diet Treatment and Tissue Harvesting. Experiments with mice
were carried out according to a protocol approved by the Institutional
Review Board for the Animal Care and Facilities Committee at Rutgers
University. After genotyping, female C57BL/6J-ApcMin/+ mice (5–6
weeks old, 15 mice per group) were treated as follows: (i) high-fat
diet, (ii) high-fat diet plus 0.16% EGCG (as sole source of drinking
fluid), (iii) high-fat fish oil diet, or (iv) high-fat fish oil diet plus 0.16%

EGCG (as a sole source of drinking fluid). Body weight, food
consumption, and fluid consumption were measured weekly. After 9
weeks of treatment, mice were euthanized by CO2 asphyxiation. The
entire intestinal tract was harvested, flushed thoroughly with cold 0.9%
saline, cut open longitudinally, and flattened on filter paper to expose
tumors in the lumen. The flattened tissues on filter paper were placed
on dry ice briefly to score the visible tumors. All tumors were excised
from five females per group and snap frozen on dry ice for biochemical
analyses. A 150 mm segment from the jejunal portion of the small
intestine from another five females in each group was fixed in a 10%
formalin solution for 24 h and then transferred to 1× phosphate-buffered
saline (PBS) for further tissue processing and immunohistochemical
analyses.

In a separate experiment, 12 week old female C57BL/6J-ApcMin/+

mice were administered the same treatments for 3 weeks (n ) 7–10/
group). After this short-term treatment, mice were euthanized and the
intestinal tract was harvested as described before to score intestinal
tumors.

Immunohistochemistry. Embedded tissue blocks were cut serially
for at least 30 slides and labeled numerically. Slides 1, 10, 20, and 30
were stained for H&E for histopathological evaluation, and the
remaining slides were used for immunohistochemistry. A standard ABC
method was used for immunohistochemistry as we previously described
(29). Briefly, tissue sections were deparaffinized in xylene and
rehydrated to distilled water, and the endogenous peroxidase was
quenched in 0.3% hydrogen peroxide in methanol for 30 min.
Subsequently, sections were subjected to antigen retrieval by heating
the slides in sodium citrate buffer (0.01 M, pH 6.0) in a pressure cooker
for 3 min after reaching full pressure. Nonspecific staining was blocked
with either 10% normal horse or goat serum. Antibodies diluted to
appropriate concentrations were applied to tissue sections, and the slides
were incubated in a humidified chamber overnight at room temperature.
Following rinsing in 1× PBS, the sections were incubated with the
appropriate biotinylated antibody and then stained using the Vectastain
Elite ABC Kit (Vector Laboratories, Burlingame, CA) for 30 min. 3-3′-
Diaminobenzidine (Vector Laboratories) was used as the chromogen.

Proliferative cells were identified by staining with antibodies against
Ki-67 (TEC-3, Dako, Carpinteria, CA). Quantification of the number
of total cells and Ki-67 positive cells in adenomas was performed by
using the Image-Pro Plus system (Silver Spring, MD). The color image

Table 1. Diet Composition of High-Fat Mixed Lipid and High-Fat Fish Oil
Diets

high fat high fat fish oil

macronutrient gram % kcal % gram % kcal %

protein 23.9 20.8 23.9 20.8
carbohydrate 45.9 40.0 45.9 40.0
fat 20.0 39.2 20.0 39.2
total 100.0 100.0
kcal/g 4.6 4.6

ingredient gram kcal gram kcal

casein 200.0 800.0 200.0 800.0
DL-methionine 3.0 12.0 3.0 12.0
corn starch 203.0 812.0 203.0 812.0
maltodextrin 100.0 400.0 100.0 400.0
dextrose 77.0 308.0 77.0 308.0
cellulose 50.0 0.0 50.0 0.0
corn oil 46.0 414.0 18.5 166.5
fish oil 0.0 0.0 102.0 918.0
beef fat 27.2 244.8 11.0 99.0
lard 17.0 153.0 6.8 61.2
butter fat, anhydrous 20.4 183.6 8.0 72.0
soybean oil 51.0 459.0 20.4 183.6
peanut oil 8.5 76.5 3.4 30.6
mineral mixa 35.0 0.0 35.0 0.0
vitamin mixa 10.0 40.0 10.0 40.0
choline bitartrate 2.0 0.0 2.0 0.0
total 850.2 3903.0 850.2 3903.0

a AIN-76A mineral and vitamin mixtures (American Institute of Nutrition 1977
and 1980).
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containing tumor cells was converted into a black and white image.
The area of tumor cells was selected manually and circled with green
on the black and white image. The selected cells were highlighted with
red and adjusted according to cell intensity to ensure that the highlighted
cells were matched well with that in the color image. The number of
Ki-67 positive cells and the total number of tumor cells were counted
automatically. The proliferation index was defined as the percentage
of the number of Ki-67 positive cells in the total number of tumor
cells. Apoptotic cells were stained with an antibody against cleaved-
caspase 3 (rabbit polyclonal Asp175, Cell Signaling Technology,
Danvers, MA) and were quantified similarly. The positivity of nuclear
staining for �-catenin and phospho-Akt (Antibodies purchased from
Cell Signaling, Danvers, MA) was counted manually and expressed as
the percentage of positive-staining cells in the total number of tumor
cells. All of the tumor cells in the adenomas were counted.

PGE2 Levels in Small Intestinal Tumors. Small intestinal tumors
were homogenized in tissue lysis buffer containing protease inhibitors
and 10 µM indomethacin (a cyclooxygenase inhibitor). Indomethacin
was added to maintain the steady state levels of PGE2. Homogenates
were acidified with 0.1 N HCl and extracted with 1 mL of ethyl acetate.
The ethyl acetate fraction was dried under vacuum and redissolved in
500 µL of enzyme immunoassay (EIA) buffer (Cayman Chemical, Ann
Arbor MI). The levels of PGE2 were measured using an EIA kit
(Cayman Chemical) according to the manufacturer’s protocol.

Statistical Analyses. One-way analysis of variance (ANOVA) with
appropriate posthoc tests were used for statistical analysis of tumor
multiplicity, PGE2 levels (GraphPad software, San Diego, CA), and
immunohistochemistry results (30) for comparison among multiple
groups. Two-way ANOVA was used to determine interaction of
treatments on tumorigenesis. For simple comparisons between groups,
a two-tailed Students’ t test was used. Significance was assigned at p
< 0.05.

RESULTS

Effect of EGCG in Combination with Fish Oil on
Intestinal Tumorigenesis in ApcMin/+ Mice. In this experiment,
we investigated the effects of EGCG in combination with fish
oil on intestinal tumorigenesis in ApcMin/+ mice fed a high-fat
diet. The average fluid intake in the EGCG groups was
significantly lower (about ∼50%) than the groups without
EGCG (data not shown). As a consequence, the average food
consumption and body weight in the EGCG groups was lower
than the other groups (on average, by 19 and 8%, respectively,
data not shown), although the differences were not statistically
significant.

The combination of fish oil and 0.16% EGCG significantly
reduced total tumor multiplicity in female ApcMin/+ mice (53%
decrease as compared to control group, p < 0.05 by one-way
ANOVA) (Table 2). There appeared to be no effect of fish oil
on total tumor multiplicity. The inhibition by the combination
of agents was greater than that observed in mice treated with
EGCG alone (18.5% decrease), although analysis by two-way
ANOVA showed no significant interaction of the two agents
on inhibition of tumorigenesis. The inhibition of tumor multi-
plicity by the combination was largely attributable to the
decrease in tumor number in the distal portion of the small
intestine (58% decrease as compared to control group, p < 0.05
by one-way ANOVA). The combination treatment significantly
decreased the number of large-sized tumors (94%, p < 0.05 by
one-way ANOVA), as did the fish oil treatment (55%, p < 0.05).
Students’ t test indicated that the combination treatment
significantly decreased the number of large-sized tumors in
comparison to that of either individual agent.

In the second study, we treated 12 week old female Apc Min/+

mice with these agents for a period of 3 weeks. As expected,
we found that there was no effect of the treatments on total
tumor multiplicity; however, the combination did significantly
reduce the number of large-sized tumors (Table 3, 66%
decrease, p < 0.05 by one-way ANOVA) in comparison to the
control group. Two-way ANOVA analysis showed no significant
interaction of the two agents on the inhibition of large-sized
tumors.

Effects of 9 Weeks of Treatment on Cell Proliferation and
Apoptosis. Antibodies against Ki-67 and cleaved caspase-3 were
used to immunohistochemically determine the treatment effect
on cell proliferation and apoptosis. Both antibodies showed
positive staining in the nucleus (Figure 1). The Ki-67 staining
was decreased in tumors of all treatment groups, but not in the
normal crypts, in comparison to the control group. There was
a significant decrease in the proliferation index in adenomas
from the EGCG group (by 53%) and the combination group
(by 27%) in comparison to that of the control group (Table 4).
The apoptotic index was significantly higher in the tumors of
all treatment groups (about four-fold) in comparison to the
control group (Figure 1 and Table 4). The apoptotic index was
low in the normal epithelia, and no appreciable change was
observed as a result of the treatment.

Table 2. Effect of EGCG and Fish Oil on Tumor Multiplicity and Size in ApcMin/+ Mice after Treatment for 9 Weeksa

small intestine tumor number

region size

diet (n) proximal middle distal <1 mm 1–2 mm >2 mm total

control (15) 7.13 ( 1.2 15.60 ( 3.0 23.93 ( 3.4 b 18.00 ( 2.4 20.73 ( 4.1 7.93 ( 1.5 b 46.67 ( 6.5 b

control + 0.16% EGCG (15) 6.20 ( 1.1 13.73 ( 2.5 18.07 ( 3.0 bc 21.33 ( 3.3 12.53 ( 2.4 4.13 ( 0.9 bc 38.00 ( 5.9 bc

fish oil (15) 5.73 ( 0.9 16.13 ( 3.11 26.27 ( 4.26 b 27.07 ( 3.91 17.47 ( 3.4 3.60 ( 1.2 c 48.13 ( 7.7 b

fish oil + 0.16% EGCG (15) 3.60 ( 0.7 8.20 ( 2.8 10.13 ( 2.4 cd 13.13 ( 2.2 8.33 ( 3.9 0.47 ( 0.2 c 21.93 ( 5.2 c

a Age 5 weeks at beginning of treatment. Data are presented as averages ( SE. Different letters (b–d) indicate statistical significance (p < 0.05, one-way ANOVA).

Table 3. Effect of EGCG and Fish Oil on Tumor Multiplicity and Size in ApcMin/+ Mice after Treatment for 3 Weeksa

small intestine tumor number

region size

diet (n) proximal middle distal <1 mm 1–2 mm >2 mm total

control (9) 9.56 ( 1.7 11.11 ( 0.8 17.89 ( 1.6 13.22 ( 0.8 19.22 ( 1.1 6.11 ( 1.2 b 38.56 ( 1.7
control + 0.16% EGCG (7) 9.29 ( 1.4 9.14 ( 2.1 16.71 ( 3.2 15.43 ( 3.2 17.29 ( 3.7 2.43 ( 0.2 bc 35.14 ( 4.8
fish oil (9) 5.78 ( 1.3 12.00 ( 2.9 18.67 ( 3.6 14.78 ( 3.7 18.56 ( 4.7 3.11 ( 1.0 bc 36.44 ( 7.1
fish oil + 0.16% EGCG (10) 7.22 ( 1.5 18.33 ( 3.3 19.67 ( 4.2 23.44 ( 3.7 19.44 ( 2.8 2.33 ( 0.7 c 45.22 ( 6.3

a Aged 12 weeks. Data are presented as average ( SE. Different letters (b–c) indicate statistical significance (p < 0.05, one-way ANOVA).
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Effects of 9 Weeks of Treatment on �-Catenin Expression
and Levels of Phosphorylated Akt. All adenomas from the
control group had enhanced nuclear and cytoplasmic �-catenin
staining but reduced membranous staining (Figure 1). Signifi-
cantly reduced nuclear staining of �-catenin, as expressed in
nuclear staining positivity, was observed in the adenomas from
the groups treated with EGCG (by 44.8%), fish oil (by 62.5%),
and the combination of the two agents (by 62.7%) in comparison
to the control group (Table 4). In adenomas from the treated
groups, the intensity of cytoplasmic staining was reduced to
moderate expression levels while membranous staining was
increased or even restored totally (Figure 1). In the adenomas
from untreated ApcMin/+ mice, phospho-Akt staining was
observed in both the nucleus and the cytoplasm (Figure 1). All
treatment groups showed reduced nuclear staining of phospho-

Akt in the adenomas, both in terms of staining intensity and in
number of positive-staining cells. The percent of phospho-Akt
nuclear positive-staining cells in the adenomas was significantly
decreased in the treatment groups as compared to those of the
control group (by 47–59%, Table 4).

Effects of 9 Weeks of Treatment on PGE2 Levels in
Tumors. In the long-term study, we examined the effects of
the different treatments on PGE2 levels in the small intestinal
tumors. Treatment with fish oil alone and in combination with
EGCG significantly decreased PGE2 levels (89 or 81%, respec-
tively, Table 4).

DISCUSSION
In the present study, we found that a combination of EGCG

and fish oil inhibits tumor formation and size in high-fat fed

Figure 1. Effect of EGCG and fish oil on the proliferation (A), apoptosis (B), �-catenin (C), and phospho-Akt levels (D) in ApcMin/+ mice. Strong Ki-67
nuclear staining is observed at the base of the normal crypts from control (A1) and treated mice (A2 and A3), and reduced Ki-67 staining is observed
in adenomas from treated mice with EGCG (A2), fish oil (A3), and their combination (A4), in comparison to the control mice. Apoptosis is visualized by
detecting cleaved caspase-3. Treatment with EGCG (B2), fish oil (B3), and the combination (B4) increased the number of apoptotic cells in the adenomas
in comparison to the control adenomas (B1). Strong �-catenin membrane staining is observed in normal mucosa from both control (C1) and treated mice
(C2, C3, and C4). Adenomas from untreated mice showed strong nuclear and cytoplasmic �-catenin staining (C1). Treatment with EGCG (C2), fish oil
(C3), and the combination (C3) reduced nuclear staining and increased membrane staining. Treatment with EGCG (D2), fish oil (D3), and the combination
(D4) reduced phospho-Akt staining in adenomas in comparison to adenomas from the control group (D1). “N” and “T” indicate normal epithelium and
tumor tissue, respectively.

Table 4. Effect of EGCG and Fish Oil (9 Week Treatment) on Cell Proliferation, Apoptosis, PGE2 Levels, and Nuclear Staining Positivity of �-Catenin and
Phospho-Akt in Small Intestinal Tumorsa

nuclear positivity (%)

treatment adenomas analyzed proliferation index (%) apoptotic index (%) PGE2 levels pg/µg protein �-catenin phospho-Akt

control 20 65.1 ( 3.5 b 2.2 ( 0.4 b 28.29 ( 3.97 b 53.4 ( 5.1 b 78.7 ( 1.9 b

control + 0.16% EGCG 16 24.2 ( 3.1 d 8.3 ( 2.8 c 20.98 ( 3.81 bc 29.5 ( 5.0 c 35.5 ( 5.9 c

fish oil 15 52.3 ( 5.5 bc 8.3 ( 1.1 c 2.90 ( 0.49 c 20.0 ( 3.1 c 32.6 ( 6.4 c

fish oil + 0.16% EGCG 15 39.1 ( 6.0 cd 9.7 ( 1.8 c 5.53 ( 2.03 c 19.9 ( 4.4 c 41.9 ( 4.8 c

a The proliferation activity was evaluated by immunohistochemical analysis using an antibody against Ki-67, and the apoptotic activity was determined by immunohistochemistry
using an antibody against cleaved caspase-3. The proliferation index, apoptotic index, and positivity of �-catenin and phospho-Akt are presented as the number of positively
stained cells expressed as a percentage in the total number of tumor cells counted. Different letters (b–d) indicate statistical significance (p < 0.05, one-way ANOVA).
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ApcMin/+ mice, whereas the single agents did not produce a
significant effect. The effects on decreasing tumor size can also
be observed after only 3 weeks of treatment. To our knowledge,
this is the first report to investigate the combination effects of
EGCG and fish oil in an animal model of cancer.

The dose of EGCG used in these studies corresponds to about
5–6 cups of green tea a day in terms of human consumption.
These calculations are based on allometric scaling conversions
of caloric requirements for mice and humans (31). Assuming
12 kcal as average daily energy requirements for an adult mouse
(32), 0.16% EGCG would equal 0.3 mg EGCG per kcal
consumed, if mice consume ∼2 mL fluid per day. Assuming
the energy requirements for the average human as 2000 kcal
per day, human EGCG consumption at this dose would be 600
mg per day. This dose corresponds to about five tea green tea
bags a day, assuming that one bag contains 2 g of green tea.
Under these same caloric requirements, 12% fish oil would equal
to 7.9 mg ω-3 PUFA per kcal consumed, which corresponds to
about 16 g ω-3 PUFA per day in terms of human consumption.
Although this dose of fish oil is rather high for human
consumption, the dose of fish oil used in the present study is
the lowest reported dose that has been shown to inhibit intestinal
tumorigenesis in animals. Future studies will determine whether
lower doses that may be more applicable to human consumption
are also effective against tumorigenesis.

Although previous studies have shown that both EGCG and
fish oil alone can inhibit tumor multiplicity (9, 14, 33, 34), under
our experimental conditions, neither single agent had a signifi-
cant effect on tumor multiplicity. This may be partially due to
the large standard deviation in tumor multiplicity in each group
and the variability between experiments often associated with
this model (9). The former factor may have also affected our
analysis on the interaction of EGCG and fish oil on tumor
multiplicity.

�-Catenin translocation from the cell membrane to the nucleus
is a key event in colon carcinogenesis that results in increased
transcription of genes involved with cell proliferation. Our
results show that �-catenin translocation from the cell membrane
to nucleus is significantly reduced in adenomas of all treatment
groups as compared to the control group. Our findings with the
effects of EGCG on �-catenin localization are consistent with
previous findings from our laboratory that show reduced nuclear
protein expression of �-catenin in adenomas from ApcMin/+ mice
treated with 0.32% EGCG in the drinking fluid (9). To our
knowledge, this is the first study to report decreased nuclear
�-catenin localization in tumors from an animal model of cancer
by treatment with fish oil.

We found that adenomas of EGCG- and fish oil-treated
ApcMin/+ mice show decreased Akt phosphorylation in com-
parison to adenomas of control mice. This is the first study to
show the effect of fish oil on Akt activation in an in vivo model
for colon cancer. Recent studies by Schley et al. (35) have shown
that breast cancer cells incubated with EPA and DHA showed
decreased Akt phosphorylation. Other studies in colon cancer
cell lines and in vivo models have also shown the inhibitory
effect of EGCG on Akt phosphorylation (9, 36, 37).

The observed decrease in phospho-Akt levels found in
adenomas of mice treated with fish oil and the combination may
be related our observed decrease in PGE2 levels in the tumors
of these mice. Previously, Moran et al. (38) have shown that
PGE2 can activate EGFR in ApcMin/+ small intestinal tissues,
which can activate PI3-kinase and subsequently Akt. It is
possible that fish oil decreased the availability of arachidonic
acid and PGE2 levels in tumors, and this led to lower levels of

Akt phosphorylation. Previous studies have shown that EGCG
inhibits EGFR phosphorylation, which results in reduced levels
of Akt phosphorylation (37, 39). EGCG has also been shown
to inhibit Akt phosphorylation by a non-EGFR-mediated
pathway (40). This decrease in Akt phosphorylation by EGCG,
fish oil, and the combination may contribute to the observed
increase in caspase-3 activation, since Akt phosphorylation has
been shown to inhibit apoptosis (41, 42).

The present study shows that a combination of EGCG and
fish oil is effective at inhibiting intestinal tumorigenesis in the
ApcMin/+ mouse model. The combination treatment also de-
creased cell proliferation, PGE2 formation, nuclear localization
of �-catenin, and the level of phosphorylated Akt in nucleus of
the small intestinal tumors, as well as enhanced apoptosis. Most
of the changes in these parameters were also caused by
individual agents, except that cell proliferation was not signifi-
cantly reduced by fish oil and PGE2 levels were not significantly
reduced by EGCG. All of these changes should contribute to
the inhibition of tumorigenesis, but the present observed changes
could not be quantitatively correlated with the tumor yield due
to the high standard deviation in the tumor multiplicity.

ABBREVIATIONS USED

EGCG, (–)-epigallocatechin-3-gallate; ω-3 PUFA, ω-3 poly-
unsaturated fatty acids; AOM, azoxymethane; EPA, eicosa-
pentaenoic acid; DHA, docosahexaenoic acid; PGE2, prosta-
glandin E2.
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