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Background & aims: Patients with inflammatory bowel disease (IBD) are at increased risk for developing
ulcerative colitis (UC)-associated colorectal cancer (CRC). Several studies have shown that extra virgin
olive oil (EVOO) might possess anti-inflammatory, antiproliferative and antiapoptotic effects. We have
evaluated EVOO diet effects on the severity of repeated colitis-associated CRC.
Methods: Six-week-old C57BL/6 mice were randomized into two dietary groups: sunflower oil (SFO) and
EVOO diets, both at 10%. Mice were exposed to 15 cycles of 0.7% dextran sodium sulphate (DSS) for 1
week followed by distilled water for 10 days. After, the rats were sacrificed and colonic damage was both
histologically and biochemically assessed.
Results: Disease activity index (DAI) was significantly higher on SFO vs. EVOO diet at the end of the
experimental period. EVOO-fed mice showed less incidence and multiplicity of tumors than in those
SFO-fed mice. B-catenin immunostaining was limited to cell membranes in control groups, whereas
translocation from the cell membrane to the cytoplasm and/or nucleus was showed in DSS-treated
groups and its expression was higher in SFO-fed animals. Cytokine production was significantly
enhanced in SFO-fed mice, while this increase was not significant in EVOO-fed mice. Conversely,
cyclooxigenase-2 (COX-2) and inducible nitric oxidase synthase (iNOS) expression were significantly
lower in the animal group fed with EVOO than in the SFO group.
Conclusions: These results confirm that EVOO diet has protective/preventive effect in the UC-associated
CRC. This beneficial effect was correlated with a better DAI, a minor number of dysplastic lesions, a lower
B-catenin immunoreactivity, a proinflammatory cytokine levels reduction, a non modification of p53
expression and, COX-2 and iNOS reduction in the colonic tissue.

© 2010 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.

1. Introduction

At present no genetic basis is able to explain the predisposition
to CRCin those patients. Nevertheless, the main genomic instability

Colorectal cancer (CRC) is one of the most common gastro-
intestinal tract malignancies. It is the third cause of cancer-
related death in the Western world and affects about one million
people every year throughout the world with a high mortality
rate. CRC develops from a dysplastic precursor lesion, sporadi-
cally, in the context of high-risk hereditary conditions, or in the
background of chronic inflammation. In effect, patients with
inflammatory bowel disease (IBD) are among the highest risk
groups for developing CRC. The risk of colorectal malignancies in
colitis patients increases with the extent and duration of the
disease.!?

* Corresponding author. Tel.: +34 9 5 4556722; fax: +34 9 5 4556074.
E-mail address: calarcon@us.es (C. Alarcon de la Lastra).
¢ This author has to be considerate equal as the first author.

that contribute to colon carcinogenesis is chromosomal instability,
which results in damage of genetic material and consequently, loss
of function of key tumor suppressor genes such as p53, which is
expressed or expresses proteins that regulate growth and
apoptosis. B-catenin is also an important cancer target, which plays
arole in both cell adhesion and intracellular signalling. It is known
to be a key component of the cadherin mediated-cell adhesion
system and an important molecule in Wnt-APC signal transduction
system.>*

Several lines of evidence implicate chronic inflammation as
a key predisposing factor to CRC in IBD. The inducible isoforms of
cyclooxygenase (COX-2) and nitric oxidase synthase (iNOS) are the
main enzymes involved. COX-2 is expressed after proinflammatory
cytokines stimulation, growth factors, reactive oxygen species and
tumor promoters. In several types of cancer, particularly, gastric
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carcinoma and colon adenoma, COX-2 is upregulated generating
protumorigenic eicosanoids, in particular, prostaglandins that can
promote cell growth, angiogenesis and suppression of immunity.
iNOS produces large amounts of nitric oxide (NO) implicated in
initiation, promotion and progression of tumors. Besides, NO has
been shown to stimulate COX-2 activity and increase p53 mutations
in chronic inflammation, contributing to clonal cellular expansion
and genomic instability.”~’

It is now becoming clear that the large amount of cytokines
and growth factors released during inflammation by immune and
non immune cells may influence the carcinogenesis process, in
which tumors infiltrating inflammatory cells produce several
cytokines. It has been proposed that pro-inflammatory cytokines
including tumor necrosis factor (TNF)- o, interleukins (IL)-1, 6 and
others, and interferon (INF)-y contribute to carcinogenesis by
influencing the survival, growth, mutation, proliferation, differ-
entiation and movement of tumor and stromal cells and by
regulating angiogenesis.?

Experimental studies have found a role of dietary lipids on
cancer, particularly in colon tumor development. For instance, it
was demonstrated that high fat diets rich in n-6 polyunsaturated
fatty acid and saturated fatty acids promotes chemically carcino-
genesis induction, while high fat diets rich in n-3 fatty acids do
not.>1% In addition, epidemiological data have confirmed a lower
colon cancer incidence in Mediterranean countries, where olive oil
(rich in oleic acid, an n-9 fatty acid) is consumed, despite its caloric
content.!1> However, there are few experimental studies
addressing the protective activity of olive oil on colon cancer!>!4
and inconsistent results have also been obtained, including non-
promoting,’ weak-promoting, and even promoting effects on
tumor growth.'®

Extra virgin olive oil (EVOO), the first-pressed olive oil, contains
an abundance of squalene and phenolic antioxidants including
simple phenols (hydroxytyrosol, tyrosol), aldehydic secoiridoids,
flavonoids and lignans (acetoxypinoresinol, pinoresinol). Recently,
these components have been shown to inhibit several stages in
colon carcinogenesis in vitro.'617

In rodents, oral dextran sulphate sodium (DSS)-administra-
tion in the drinking water has been found to induce colonic
inflammation with clinical and histological similarity to human
UC. The DSS colitis model shows the “inflammation-dysplasia
carcinoma-sequence” of CRC development, as well as the inter-
play between causative factors and background genetics. In our
study, we investigated the effects of EVOO and sunflower oil
(SFO) diets on the severity of chronic inflammation induced by
DSS as well as the development of colitis-associated CRC by
macro and microscopic techniques. Since the translocation of
B-catenin from the cell membrane to the cytoplasm or nucleus is
an important early event in colorectal carcinogenesis, we evalu-
ated PB-catenin involvement in our animal model. As it was
mentioned above, several cytokines released during inflamma-
tion by immune and non immune cells may influence the
development and growth of colitis associated CRC, thus changes
in TNF-a, IL-6 and INF-y colonic levels were investigated. Finally,
p53, COX-2, prostaglandin E synthase (PGES)-1 and iNOS
expression were also analyzed in the colonic mucosa.

2. Material and methods
2.1. Experimental animals

A total of 84 female C57BL/6 mice (6 weeks of age) were
obtained from Charles River (Barcelona, Spain). After weaning and

during the experiments, mice were placed five or six in cages and
maintained in air-conditioned quarters with a room temperature

of 24—25 °C, constant humidity, and an alternating 12-h light/dark
cycle. Mice were randomized into two dietary groups: one stan-
dard diet elaborated with SFO and other elaborated with EVOO as
lipids sources (Table 1). The components of the diet (an AIN76A
diet modified in the fat component) were supplied by Harlan
Iberica SA (Barcelona, Spain). The standard AIN76A diet contains
490 mg iron/kg diet, but since previous studies have confirmed
that iron may increase disease activity in colitis and this is asso-
ciated with oxidative stress and neutrophilic infiltration,'3~2? both
diets were supplemented with two times the amount of iron in
the modified control AIN76A diet (900 mg iron/kg diet).?® The
diets were prepared every week by mixing the respective
compounds. The animals were fed with the corresponding diet
during two weeks previous to the colitis induction and during the
experiment. Body weights, food and drink consumptions were
monitored once per week throughout the experiment (data not
shown).

Experiments followed a protocol approved by the Animal Ethics
Committee of the University of Seville and all experiments were in
accordance with the recommendations of the European Union
regarding animal experimentation (Directive of the European
Counsel 86/609/EC).

2.2. Induction of colitis

Chronic ulcerative colitis was induced by the repeated
administration of DSS (0.7% w/v; MW: =40,000; catalogue
number DBO001, obtained from TdB Consultancy AB, Uppsala,
Sweden), according to the method described by Yeo et al.>! Each
dietary group was divided into other two groups: one group of 20
mice was exposed to 15 cycles of DSS (DSS group) and a second
group of 12 mice was administered ordinary tap water throughout
the experiment (sham group). Each cycle consists of 7 days of 0.7%
DSS w/v in the drinking fluid, followed by 10 days of ordinary tap
water (Fig. 1). Animals were sacrificed to the end of treatment (37
weeks) by an overdose of i.p. chloral hydrate.

Table 1
Composition of experimental diets.

Ingredients g/100 g of diet (%)
Casein 20

pL-Methionine 0.3

Cornstarch 15

Sucrose 4491

Cellulose 5

SFO? or EVOOP 10.0

Mineral mix© 3.5

Vitamin mix? 1

Choline chloride 0.2

Fe (sulphate) 9x1072

Diet was formulated on the basis of the American Institute of Nutrition (AIN)
standard reference diet with the modification of various sources of carbohydrate.

2 SFO, sunflower oil from Ibarra SL.

b EVOO, extra virgin olive oil from Picual Virgin, Jaen, Spain. OLEOESTEPA
(Soc Coopertiva Andaluza).

¢ Mineral mix provided the following (g/kg diet): calcium carbonate, 35.7;
monopotassium phosphate, 25.0; sodium chloride, 7.4; potassium sulfate, 4.66;
potassium citrate monohydrate, 2.8; magnesium oxide, 2.4; ferric citrate, 0.606; zinc
carbonate, 0.165; manganese carbonate, 0.063; copper carbonate, 0.03; potassium
iodate, 0.001; sodium selenate, anhydrous, 0.001025; ammonium molybdate-4H,0,
0.000795; sodium metasilicate-9H,0, 0.145; chromium potassium sulfate-12H,0,
0.0275; boric acid, 0.00815; sodium fluoride, 0.00635; nickel carbonate, 0.00318;
lithium chloride, 0.00174; ammonium vanadate.

4 Vitamin mix provided the following (g/kg diet): nicotinic acid, 30 mg; p-calcium
pantothenate, 16 mg; pyridoxine HCL, 7 mg; thiamine HCL, 6 mg; riboflavin, 6 mg;
folic acid, 2 mg; p-biotin,0.2 mg; vitamin By, 25 mg; alpha tocopherol powder
(250U/g), 300 mg; vitamin A polmitate (250,000 U/mg), 16 mg; vitamin Dj
(400,000 U/g), 2.5 mg; phylloquinone, 0.75 mg.



S. Sanchez-Fidalgo et al. / Clinical Nutrition 29 (2010) 663—673 665

Sham Group Water (37 weeks)

SFO/EVOO Diet

DSS Water 15 cycles DSS (37 weeks)

PSS Growp T e o 'Y

SFO/EVOO Diet 7 days 10 days

Fig. 1. Overview of experimental protocol in the experimental animal model of
dextran sodium sulphate (DSS)-induced ulcerative colitis model in mice. Chronic
ulcerative colitis was induced by the repeated administration of 15 cycles of DSS. Each
cycle consisted of 7 days of 0.7% DSS dissolved in the drinking water ad libitum,
followed by 10 days of ordinary tap water. Sham group mice were given ordinary tap
water and they were sacrificed at the same time that DSS group.

2.3. Assessment of DSS-induced colitis

The clinical activity of colitis was evaluated during experimen-
tation in order to determinate the disease activity index (DAI) as
described by Gommeaux et al.>2 The presence of diarrhea, rectal
bleeding, and weight loss were registered at the first, middle and
end of DSS treatment as well as the phase of drinking water
(for each cycle), and separately graded on a scale (Table 2); the
average of the three values constituted the DAL

2.4. Macroscopic and histopathological evaluation

After killing the animals, colons were removed, slightly cleaned
in physiological saline to remove fecal residues, weighed and
measured. The severity of macroscopic damage was evaluated by
an independent observer who was blinded to the treatment.
Weight/length ratio of the mice colon, as an indirect marker of
inflammation was also determined. Photographs taken from colon
samples were digitised using Kodak D290 Zoom camera (Eastman
Kodak Co., Rochester, NY, USA). Pieces of colon were collected and
frozen in liquid nitrogen to measure biochemical parameters.

Tissue samples of the region with polypoid or flat elevated
lesion were excised out of every segment, fixed in 4% buffered
formaldehyde, dehydrated by increasing concentrations of ethanol,
and embedded in paraffin. The paraffin sections were stained with
haematoxylin and eosin for histological evaluation of colonic
damage. UC-associated colonic neoplasms were analyzed micro-
scopically and diagnosed as low-grade or high-grade of dysplasia
and adenocarcinoma, according to established criteria.?> Tumor
incidence was calculated as the number of tumor-bearing mice
divided by the total number of mice expressed in percentage.
Histopathological evaluation was determined by a pathologist who
was unaware of the experimental protocol.

2.5. Immunohistochemical study of §-catenin

B-catenin staining was carried out using a streptavidin-
Biotin-Peroxidase method. 5 um thick tissue sections were dried
in an oven at 55°C for 1h and then deparaffinized in two
changes of xylene and hydrated from graded alcohols to water. A
pressure-cooking antigen retrieval system was used in which the

Table 2
Scoring of disease activity index (DAI) in DSS-induced colitis.

slides were boiled in citrate buffer (pH 6.0) at maximum pres-
sure for 2 min, followed by cooling at room temperature for
20 min. The endogenous peroxidase activity was inhibited and
then the sections were incubated in normal horse serum
(Vectastain® Kit, Vector Laboratories, Inc., Burlingame, CA) for
20 min to reduce non-specific staining, and successively incu-
bated with monoclonal mouse anti-f-catenin antibody (BD
Transduction Laboratories TM) at dilution 1:1500 overnight at
4 °C. Subsequently, slides were treated with anti-mouse IgG
antibody (Vectastain® Kit, Vector Laboratories, Inc., Burlingame,
CA) for 30 min and incubated with the streptavidin-peroxidase
complex (Vectastain® Kit, Vector Laborartories, Inc., Burlingame,
CA) for 30 min, both steps at room temperature. The enzymatic
study was developed using 3,3'—diaminobenzidine (DAB) and
the sections were counterstained with haematoxylin. Negative
control sections were treated as the same way omitting the
primary antibody. Intensity and localization of immunoreactivity
was examined on all sections using a microscope (Olympus
BX61, Olympus Optical Co., Ltd., Tokyo, Japan). The pathologist
evaluated B-catenin staining as percentage of cells in each group
showing cell membrane or cytoplasmic and/or nucleus
expression.2

2.6. Colonic cytokine levels

TNF-a, IL-6 and IFN-y concentrations in colonic tissue were
measured by quantitative enzyme immunoassay kits according to
the manufacturer’ s protocol (Diaclone, Besancon, France). Briefly,
distal colon samples were weighed and homogenized, after thaw-
ing, in 0.3 ml phosphate buffer saline solution (PBS, pH=7.2) 1%
bovine serum albumin (BSA) at °C, and were centrifuged at 12,000 g
for 10 min. The concentrations of cytokines were determined by
duplicated. TNF-a, IL-6 and IFN-vy values were expressed as pg/mg
tissue.

2.7. Isolation of cytoplasmic proteins and Western blot analysis

Frozen colonic tissues were weighed and homogenized in ice-
cold buffer (50 mM Tris—HCI, pH 7.5, 8 mM MgCl2, 5 mM ethylene
glycol bis (2-aminoethyl ether)-N,N,N,N,-tetraacetic acid, 0.5 mM
EDTA, 0.01 mg/ml leupeptin, 0.01 mg/ml pepstatin, 0.01 mg/ml
aprotinin, 1 mM phenylmethylsulfonyl fluoride and 250 mM Nacl).
Homogenates were centrifuged (12,000g, 15 min, °C) and the
supernatants were collected and stored at —80°C. Protein
concentration of the homogenate was determined following
Bradford colorimetric method.?> Aliquots of supernatants con-
taining equal amounts of protein (50 mg) were separated on 10%
acrylamide gel by sodium dodecyl sulfatepolyacryamide gel elec-
trophoresis. In the next step, the proteins were electrophoretically
transferred onto a nitrocellulose membrane and incubated with
specific primary antibodies: mouse anti-p53 (Ab-1) (Calbiochem,
Darmstadt, Germany) at a dilution of 1:20, rabbit anti-COX-2 and
rabbit anti-iNOS (Cayman Chemical, Michigan, USA) at a dilution of
1:3000 and rabbit anti-PGES-1 (Cayman Chemical, Michigan, USA)
at a dilution of 1:500. Each filter was washed three times for 15 min

Score Bleeding Weight loss (% of initial wt) Stool consistency

0 None <1 Normal stools

1 Small spots of blood in stool; dry anal region 1-4.99 Soft pellets not adhering to the anus

2 Large spots of blood in stool; blood appears through anal orifice 5-10 Very soft pellets adhering to the anus
3 Deep red stool; blood spreads largely around the anus >10 Liquid stool on long streams; wet anus

Criteria from work of Gommeaux et al.3
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and incubated with the secondary horseradish peroxidase linked
anti-rabbit for COX-2, iNOS and PGES-1 (Pierce Chemical Company,
Rockford, IL, USA) or anti-mouse immunoglobulin G for p53 anti-
bodies (Santa Cruz Biotechnology, CA). To prove equal loading, the
blots were analyzed for B-actin expression using an anti-f$-actin
antibody (Sigma—Aldrich, MO, USA). Immunodetection was per-
formed using enhanced chemiluminescence light-detecting kit
(SuperSignall West Pico Chemiluminescent Substrate, Pierce, IL,
USA). Densitometric data were studied following normalization to
the control (house-keeping gene). The signals were analyzed and
quantified by a Scientific Imaging Systems (KODAK 1D, Image
Analysis Software).

2.8. Statistical analysis

All values in the figures and text are expressed as arithmetic
means + standard error (S.E.M.). Data were evaluated with Graph
Pad Prism® Version 2.01 software. Comparison were done using
one-way analysis of variance (ANOVA) followed by Tukey—Kramer
or Dunnett’s test when appropriate. P values of <0.05 were
considered statistically significant. In the experiment involving
histology, immunohistochemistry, or Western blot, the figures
shown are representative of at least six experiments performed on
different days.

3. Results

DSS administration in drinking water to the animals during the 15
cycles reproduced a chronic colitis in the two dietary groups assayed,
SFO and EVOO, with evident clinic signs of diarrhea and haemorrhage
rectal. The evolution of body weight and consumption of food and
drink during this period did not show significant differences (data
not show). On the contrary, a significant increase on weight/length of
the mice colon was observed in the DSS-treated groups and fed with
SFO vs. sham group (P<0.001), while this difference was not
statistically significant in EVOO-fed animals (Fig. 2).

Bleeding examinations were positive and accompanied by loose
stools (P < 0.01) from cycle number 5 in SFO-fed animals group. On
the contrary, visible fecal blood and diarrhea (P < 0.05 vs. SFO diet)
were observed from cycle 12 in DSS-EVOO animals. However, DAI
showed fluctuating data from one week to the other between the
two groups in the course of 15 cycles of DSS treatment, although it
was significantly higher (P < 0.05) on SFO group vs. EVOO diet at
the end of the experimental period (Fig. 3).

The number, size, and location of detectable tumors were
macroscopically examined. None of the animal controls, SFO or
EVOO diets, which were not subject to the cycles of DSS, showed
inflammation and/or injury in the colon. A total of 6 out of 20 (30%)

O Sham 8 DSS

140 4
120 4
100 4
80 4
60
40 4
20

Weight/lenght of colon (g/cm)

SFO Diet EVOO Diet

Fig. 2. Effect of a functional diet supplemented with sunflower oil (SFO diet) or extra
virgin olive oil (EVOO diet) on weight/length of the colon in the experimental animal
model of dextran sodium sulphate (DSS)-induced colon cancer. Data are expressed as
the means + S.E.M. ***P < 0.001 vs. Sham group.

mice that received 15 cycles of DSS and were fed with SFO diet,
developed nodular, polypoid or caterpillar-like tumors®® (Fig. 4B).
These lesions ranged from 2 to 6 mm in size and appeared in the
distal/rectal portion of the large intestine mainly. In contrast, none
of the animals fed with EVOO diet had any macroscopic lesions.

Histological study of the colons isolated from the DSS-treated
mice exhibited mild to moderately severe inflammation, charac-
terized by crypt abscess and inflammatory lymphocytic infiltration
with glandular destruction and regenerative atypia without
differences between the groups fed with the experimental diets.
However, UC-associated colonic neoplasms were analyzed and
diagnosed as shown in Table 3. 55% of the 20 mice that received 15
cycles of DSS and were fed with SFO diet, developed adenocarci-
nomas (Fig. 5A) and 85% exhibited high-grade of dysplasia (Fig. 5C).
Nevertheless, the number of adenocarcinomas and high-grade
dysplasia were reduced to 22.2% and 55.6% in EVOO-fed animals
(Fig. 5B and D, respectively). 100% of the animals treated with 15
cycles of DSS, independently of the diet used, experimented low-
grade of dysplasia (Figs. 5E and 4F).

Since translocation of B-catenin from the cell membrane to the
cytoplasm or nucleus is an important early event in human colorectal
carcinogenesis, we evaluated the role of B-catenin in our animal
model. Our findings show different B-catenin staining pattern
between groups. Weak positivity of f-catenin immunostaining was
limited to cell membrane of epithelial cells in sham groups from both
diets (Table 3) (Fig. 6 A), whereas translocation from the membrane
to the cytoplasm and into the nucleus was observed in the tumor
tissue from all DSS-treated mice. However, cytoplasm/nuclear
staining of B-catenin was higher in colonic cells from DSS animals fed
with SFO diet (P < 0.001) (Fig. 6B) than in samples from DSS-EVOO
animals. Moreover, the intensity of 3-catenin expression from EVOO-
fed animals was weaker (Fig. 6C) (Table 4).

In order to investigate the role of TNF-a, IL-6 and IFN-y in
colorectal carcinogenesis associated with chronic colitis, we
analyzed the production of selected cytokines in colonic tissues
homogenates after 15 cycles with DSS 0.7% (v/v). As shown in Fig. 7,
colonic injury by DSS administration was characterized by an
increase of the Th-1 cytokines levels, which was positively corre-
lated with the inflammation and severity of the DAL However, this
enhancement only reached levels of statistical significance in the
animals fed with the SFO diet (P < 0.05 vs sham group).

The expressions of p53, COX-2, iNOS and PGES-1 proteins were
determined by Western blotting analysis in total proteins. p53 is
a potent inhibitor of cell growth and tumor growth, and its inac-
tivation, mutation or both is considered a prerequisite for tumor
formation. As shown in Fig. 8A, p53 protein was diminished
significantly by DSS treatment in the animals fed with the standard
diet SFO (P < 0.05 vs. sham and vs. group fed with EVOO diet);
however EVOO-fed mice group did not modified the expression of
this protein, which remained at the same levels as its sham group.

We examined the expression of COX-2 and iNOS in colonic
mucosa because accumulating evidences indicate an important role
of both proteins in colon growth and progression (Fig. 8B and D,
respectively). Our results show that COX-2 and iNOS expression
significantly augmented after 15 cycles of DSS in SFO-fed group
(P<0.05 vs. sham and vs. group fed with EVOO diet). On the
contrary, these proteins did not show significant changes between
DSS-treated group fed with EVOO diet and its respective sham
group.. In relation to PGES-1 expression, no significant differences
between healthy and diseased mice were detected (Fig. 8C).

4. Discussion

Numerous feeding studies with different types of dietary fats,
differing in fatty acid composition, have been carried out in animals



S. Sanchez-Fidalgo et al. / Clinical Nutrition 29 (2010) 663—673 667

>

| SFODiet - EVOODiet -4 SFODiet+DSS -+ EVOO Diet +DSS

L

04 |
03 |
a2 1

Bleeding (0-3)

a1 1
a0 +—8

Weight Loss (0-3)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

()

SFODiet =-EVOO Diet —i— SF O Diet + DSS -+ EVOO Diet + DSSl

+
0.5 1

PN

0.6

*%
0.4

0.3

0.2 1 /{

0.1 4 —

0 +—8——8— & —|—I—,—I—|—I—|—I—|—I—|—I—|—I—_|-’j_“_|‘“l—|—Iﬁ—I—|
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Stool Consistency (0-3)

| SF O Diet #-EVOO Diet =& SFO Diet + DSS #-EVOO Diet + DSS

04 7

03 4

0l 1

00 +—8—
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fig. 3. Effect of a functional diet supplemented with sunflower oil (SFO diet) or extra virgin olive oil (EVOO diet) on clinical findings in the experimental animal model of dextran
sodium sulphate (DSS)-induced colon cancer. Score of bleeding (A), weight loss (B) and stool consistency (C) in the course of 15 cycles. Disease activity index (D) combining the
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Fig. 4. Macroscopic view of the colon of an animal sham (A) and colonic tumors in
animal treated with 15 cycles of 0.7% DSS and fed with functional diet supplemented
with sunflower oil (B).

treated with different carcinogens evaluating the preventive or
inhibitory effects on experimental carcinogenesis.>'4?”?8 Some
data have clearly demonstrated that the influence of dietary fats on
cancer depends on the quantity and the type of lipids but epide-
miologic evidence based on case-control, although promising, is
quantitatively limited and qualitatively suboptimal.>%3° Moreover,
controversies still exist regarding to the influence of dietary fat on
this pathology. Specifically, the effects of diets rich in olive oil on
carcinogenesis and the molecular mechanisms involved are not
conclusive, although high olive oil diets seem to have protective
effects.'43! Despite this, olive oil appears as an example of a func-
tional food with a variety range of constituents that could
contribute to its overall chemopreventive/beneficial effects.

The focus of this study has been to demonstrate the potential
protective role of dietary fat elaborated with EVOO in the devel-
opment of dysplasia and/or cancer in a DSS model of mouse colitis.
The results of the present work clearly indicate that a diet rich in
EVOO effectively has a preventive role in the development of
dysplasia and/or cancer in this experimental model. This effect was
well correlated with a better DAI index, a minor number of
dysplastic lesions, a lower immunoreactivity of -catenin, a reduc-
tion of proinflammatory cytokines levels, a no modification of p53
expression and, a reduction of COX-2 and iNOS protein expression
in the colonic tissue.

The pathogenesis of IBD-associated CRC is widely believed to
involve a step-wise progression from inflamed and hyperplastic
epithelia through flat dysplasia to finally adenocarcinoma, but the
mechanism is not yet clear?>?® This model of UC-associated
carcinogenesis where animals were subjected to long term,
repeated administration of DSS with an iron supplemented diet,
has demonstrated that the clinical and histopathological features
are similar to those of chronic human UC and UC-associated colo-
rectal carcinoma development. As well, CRC development in this
model show the typical “dysplasia-carcinoma sequence” of
UC-associated CRC, in contrast to the “adenoma-carcinoma
sequence” observed in models of sporadic colon cancer.?!

Repeated colitis with 15 cycles of DSS (0.7% w/v) administration
induced dysplasia and also carcinoma in animals fed with SFO diet.
On the contrary, our results show that the incidence of colonic

Table 3

neoplasm was diminished after EVOO diet, demonstrating that this
fat seems to have protective/preventive effect. Histopathological
study showed structural and cellular atypia, with alterations in
tubular arrangement, allowing a diagnosis of low-grade, high-
grade dysplasia or carcinoma according to the established criteria.
Some previous experiments using olive oil diet have also obtained
good results on the colon carcinogenesis promotion and on aber-
rant crypt foci (ACF) induction in models of carcinogenesis by
azoxymethane (AOM).">142932 I contrast, other work shows that
olive oil does not affect ACF induction,® while other reports that
olive oil enhances colon carcinogenesis.!> Moreover, a recent work
observed that olive oil diet does not affect 1,2-dimethylhydrazine
(DMH)-induced colon carcinogenesis when compared with a corn
oil-based diet.>> However, the multiplicity of colonic tumors with
this diet was quite low, which gives a protective action to the olive
oil diet. These different results might be explained by the different
protocols of damage induction and/or by the type and level of fat
used in the diet. On the other hand, it is important to observe that
our experimental model is a process of chronic inflammation, based
on repeated cycles of DSS, which ultimately results in CRC. There-
fore, the results obtained in the present study are very interesting
since show a preventive effect in this progression of damage over
time.

Disrupted regulation of the Wnt signalling pathway plays
a central role in the aetiology of colon carcinogenesis.>*3° The key
molecule in this pathway is a multiprotein scaffold consisting of
B-catenin, glycogen synthase kinase (GSK)-38, and adenomatous
polyposis coli (APC), and it is commonly accepted that the crucial
tumor suppressor role of APC lies in its ability to destabilize cyto-
plasmic free -B-catenin.>® In colorectal tumors, aberrant activation
of B-catenin serves to block normal differentiation programme cells
and maintains cells in a progenitor-like state.3” Its translocation is
shown frequently in both colorectal neoplasia and UC associated
neoplasia in different animal models.3874° In the present study,
B-catenin expression was stronger in those animals fed with SFO
diet than in the animals fed with diet supplemented with EVOO.
Moreover, translocation of this protein from membrane to the
cytoplasm and into the nucleus was specially observed in the tumor
tissue of DSS-treated mice fed with SFO diet.

Carcinogen treatment induced an appreciable increase in
proinflammatory cytokines colonic production in mice fed the SFO
diet, but not in those fed with EVOO diet. TNF-a has been proposed
to be a potent mutagen based on its capacity to induce ROS
generation and subsequent genetic instability in various types of
cells.*! In previous studies, TNF-o has been involved in the devel-
opment of some epithelial malignancies.*? Indeed pharmacologic
blockade of TNF-a. with monoclonal antibodies has demonstrated
great efficacy in the treatment of colorectal carcinogenesis associ-
ated with chronic colitis.>*> The progression to invasive cancer
requires the induction of tumor vasculature and TNF-o. possesses
angiogenic activities and may also enhance tumor angiogenesis by
inducing the infiltration of COX-2 expressing macrophages and
neutrophils.*> Elevated TNF-o expression in colon is required for
increased iNOS expression.** Hence, a reduction of TNF-o. produc-
tion may decrease tumor neovasculatization and thus the
progression of colon carcinogenesis. IL-6 is produced by inflam-
matory and stromal cells within the tumor microenviroment that

Incidence of ulcerative colitis-associated colonic neoplasm in animal treated with 15 cycles of DSS (0.7% v/v) and fed with different diets: sunflower diet (SFO diet) and extra

virgin olive oil (EVOO diet).

Diet Low-grade dysplasia High-grade dysplasia Adeno-carcinoma Tumor incidence Tumor multiplicity
SFO 100% 85% 55% 30% 1
EVOO 100% 55.55% 22.2% 0 0
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binds to a common signalling receptor, gp130 leading to STAT3.4>

Our results, in agreement with those of Greten et al.*® showed
elevated IL-6 levels in colitis-associated cancer. Additionally,
exogenous administration of IL-6 to mice during tumor initiation
resulted in an increase in tumor burden and multiplicity.*” Similar
data have been reported by Naugler et al.*® in liver cancer.

In the present report, we demonstrate for the first time a strong
positive correlation between colitis-associated cancer and INF-y
production. IFN-y is a principal proinflammatory cytokine that
modulates both innate and adaptive immunities and plays an
important role in the pathogenesis of inflammatory diseases,
including inflammatory bowel diseases.*® IFN-v signalling involves
the types I and II IFN receptors, the receptor-associated Janus
protein tyrosine kinases (JAKs), the signal transducers and

2
A

Fig. 5. Histopathology of colonic lesions in mice fed with a functional diet supplemented with sunflower oil (A, C, E) or with extra virgin olive oil (B, D, F) and treated with 15 cycles
of 0.7% DSS (v/v). Adenocarcinoma (A and B), high-grade of dysplasia (C and D) and low-grade of dysplasia (E and F). Haematoxilin & eosin stain. Original magnification 200x.

activators of transcription (STATs), and members of the interferon
regulatory factor (IRF) family of transcription factors. Therefore,
reducing INF-y production may contribute to retard the initiation
and progression of colitis-associated cancer.

Inducible proteins as COX-2 and iNOS are increased in inflamed
mucosa and remain elevated in colonic neoplasms from UC
patients.>®=>3 Their over expression is associated with colon tumor
formation and/or promotion by a number of potential
mechanisms.?8>4->9

Studies in cancer cells, animal models of CRC and many clinical
trials with both non-selective and COX-2-selective NSAIDs support
an important role for the COX-2 pathway.>* In sporadic carcino-
genesis it has been shown that normal colonic mucosa does not
express COX-2, but with the adenoma-carcinoma sequence, this
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Fig. 6. Effects of functional diets on B-catenin expression by immunohistochemistry
methods. Colons of sham animals fed with sunflower oil (A), colons of 0.7% DSS (v/v)
treated animals during 15 cycles and fed with functional diet supplemented with
sunflower oil (B) or with extra virgin olive oil (C). Original magnification 400x.

enzyme is over expressed. Among the many effects of COXs, they
can catalyze the conversion of procarcinogens to carcinogens,
indirectly produce free radicals, and promote angiogenesis.®>!
On the other hand, iNOS is also known to play a key role in colon
tumor development; its excessive NO production can produce
damage to DNA, either directly or indirectly by several mechanisms,
interferes with DNA repair (e.g., mutation of the p53 tumor

Table 4

Inmunohistochemical evaluation of f-catenin in sham animal and treated with 15
cycles of DSS (0.7% v/v) and fed with different diets: sunflower diet (SFO diet) and
extra virgin olive oil (EVOO diet).

Group B-catenin staining pattern (%)
Cell membrane Cytoplasmic and/or nucleus
SFO Sham 80.0 £4.2 0
DSS 923 +5.5 52.3 +3.0"**
EVOO Sham 84.2+£52 0
DSS 80.5+5.2 18.7 £2.7%+++

Data are expressed as the means + S.E.M. *P < 0.05 and ***P < 0.001 vs. respective
sham group; +++P < 0.001 vs. SFO diet-DSS animals.

suppressor gene), and/or causes post-translational modification,
potentially leading to tumor initiation and promotion.>”6%63

Our data support the concept that inhibitors of both inducible
enzymes are effective chemopreventive agents against colon
carcinogenesis, being an important mechanism to improve the
colon tumor development. After 15 cycles of DSS treatment, EVOO
diet reduced significantly both COX-2 and iNOS expression vs. SFO
diet, where these proteins were appreciably incremented
compared to sham group. These results are also consistent with
other preclinical models where for example, diets rich in omega-3,
including DHA, induce apoptosis, and inhibit COX-2 and iNOS
activity in colon tumors.?® Other in vitro studies have also
demonstrated that this signalling pathway is involved in colon
cancer growth inhibition by DHA.>%4

Finally, there is controversy regarding to the functions of p53
and its modulation is a complex process.?>~% It has been
hypothesized that p53 is latent in normal conditions and
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Fig. 7. Effect of functional diet supplemented with sunflower oil (SFO diet) or extra
virgin olive oil (EVOO diet) on tumor necrosis factor alpha (A), interleukine-6 (B) and
interferon gamma (C) in the colon tissue after 15 cycles with DSS 0,7% (v/v). Data are
expressed as the means + S.E.M. *P < 0.05 vs. Sham group.
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Fig. 8. Effects of functional diets supplemented with sunflower oil (SFO diet) or extra virgin olive oil (EVOO diet) on expression of different proteins in the colon tissue after 15
cycles with DSS 0.7% (v/v). Western blotting using antibodies against p53 (A), cyclooxygenase (COX)-2 (B), inducible nitric oxide synthase (iNOS) (C) and prostaglandin E synthase
(PGES)-1 (D) as described in section Material and Methods. Data are expressed as the means + S.E.M. *P < 0.05 vs. Sham group; +P < 0.05 vs. EVOO diet-DSS animals.

becomes active when cells are exposed to DNA damage or other
genotoxic agents, during which p53 is phosphorylated and acet-
ylated and, in turn, accumulates in the nucleus at its target
genes.5789-71 [oss of p53 gene function occurs late and is
believed to be the defining event that drives the adenoma to
carcinoma.”? p53 inactivation is one of the most common anti-
apoptotic pathway detected in cancer tissues, unprotect cells
from harmful propagation of DNA damage.”> We have observed
that animals fed with EVOO did not modify p53 expression and,
on the contrary, loss of p53 function was observed in animals fed
with SFO diet, which may inactive apoptotic pathway driving to
propagation of DNA damage. This is in accordance with other
authors who have demonstrated that p53 was not immunohis-
tochemically seen in tumor cancer lesions.”4”>

Collectively, these results confirm that EVOO diet during DSS
administration has protective/preventive effect in the progression
of CRC associated to UC. This beneficial effect was correlated with
a better DAI index, a minor number of dysplastic lesions, a lower
immunoreactivity of B-catenin, a reduction of proinflammatory
cytokines levels, a no modification of p53 expression and, a reduc-
tion of COX-2 and iNOS protein expression in the colonic tissue.
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