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ABSTRACT: Breast cancer is the most common ma-
lignancy in women worldwide. Environmental factors
such as xenobiotic exposure and lifestyle and nutri-
tion play a key role in its etiology. This study was
designed to evaluate the age-related changes in the
expression of major xenobiotic-metabolizing enzymes
(XMEs) in the rat liver and the mammary gland in
the dimethylbenz(a)anthracene-induced breast cancer
model. The influence of dietary lipids on the ontogeny
of XMEs was also evaluated. mRNA and protein levels
of phase I (CYP1A1, CYP1A2, and CYP1B1) and phase
II (NAD(P)H:quinone acceptor oxidoreductase 1 and
GSTP1) enzymes were analyzed, as well as their regu-
lation by AhR and Nrf2, respectively. Results showed
differences in the phase I enzymes expression, whereas
little changes were obtained in phase II. High corn oil
and olive oil diets differentially influenced the expres-
sion of age-related changes, suggesting that the dif-
ferent susceptibility to xenobiotic exposure depending
upon the age may be modulated by dietary factors.
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INTRODUCTION

Breast cancer is one of the most important causes
of women death in high-income countries. The rates
increase in parallel with industrialization, growing
rapidly in middle- and low-income countries [1, 2].
These data highlight the fact that, in general, physi-
cal environmental factors, such as air pollution, water
contaminant or ionizing radiation, and lifestyle includ-
ing food and nutrition changing, sedentary and tobacco
usage, could increase the risk of cancer [2, 3].

It is well known that xenobiotic exposure is an
important risk factor in cancer promotion and/or ini-
tiation. Much has been described about the poly-
cyclic aromatic hydrocarbons (PAH), a group of
environmental contaminants originated from the in-
complete combustion of organic compounds, and their
carcinogenic effects [4–6]. The PAH metabolism is
divided into two phases and implies a big group
of xenobiotic- metabolizing enzymes (XMEs). Dur-
ing phase I, the original lipophilic compound is first
oxidized by the cytochrome P450 (CYP) family 1
(CYP1A1, CYP1A2, and CYP1B1) and activated un-
til its most reactive metabolites, which can interact
with DNA and induce gene mutations. These reac-
tive compounds could be modified and/or conjugated
with glutathione, sulfate, glycine, or glucuronic acid
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by a wide range of phase II enzymes until their more
hydrophilic and inactive compounds, which can be
more easily excreted. Glutathione-S-transferase (GST),
UDP-glucuronosyltransferases, sulfotransferases, and
NAD(P)H:quinone acceptor oxidoreductase 1 (NQO1)
are some of the phase II enzymes involved [6–8]. The
XMEs expression is mainly regulated by the activation
of two different transcription factors, AhR for the phase
I enzymes and the Nrf2 for the phase II enzymes [9–12].

The ontogeny of the XMEs has attracted much at-
tention due to their importance in age-related changes
by metabolizing the environmental chemicals that may
induce the risk of cancer at the different stages of life
[13]. However, data, especially in humans, are lim-
ited. The ontogeny of hepatic CYPs enzymes has been
largely studied but little is known about their expres-
sion changes in extrahepatic tissues as well as those in
the phase II enzymes [14–21].

A wide variety of dietary compounds have
been described to modulate the XMEs. This kind of
metabolism modifiers could vary from macronutrient,
as lipids or proteins, until microcomponents, including
vitamins, minerals, and phytochemicals, as coumarins,
lignans, or polyphenols [22–28].

The breast cancer model induced in the Sprague–
Dawley rat by the PAH dimethylbenz(a)anthracene
(DMBA) is one of the most useful models in breast
cancer research [29, 30]. In this model, we have exten-
sively demonstrated the differential modulating effects
of high corn oil (HCO) and virgin olive oil diets and
some of the molecular mechanisms underlying these ef-
fects [31]. Nonetheless, little is known about the mech-
anisms responsible for DMBA effectiveness and tissue
specificity.

The aim of this study was to analyze the expression
pattern of major phase I and phase II enzymes involved
in the DMBA metabolism, both in the liver, the main
metabolizing organ, and the mammary gland, the car-
cinogen target tissue, in different stages of the rat post-
natal development to gain insight into the determinants
of the different susceptibility of the mammary gland to
the DMBA exposure. Rats just after weaning (PND24),
pubertal (PND36), young postpubertal (PND51), and
adult were analyzed. To determine the influence that
dietary lipids may have in the age-depending changes,
low fat (LF), HCO, and high extra virgin olive oil (HOO)
diets were evaluated.

MATERIALS AND METHODS

Animals and Experimental Design

Biological samples were obtained previously from
57 female Sprague–Dawley rats [32]. Animals were
purchased from Crl:OFA (Lyon, France) on postnatal

day (PND) 23 and maintained under standard condi-
tions. The day after arrival (PND24), six rats were sacri-
ficed, and the remaining ones were fed different diets:
an LF diet (3% corn oil) (group LF, n = 17), HCO diet
(20% corn oil) (group HCO, n = 17), and a high extra
virgin olive oil (HOO) diet (3% corn oil and 17% extra
virgin olive oil) (group HOO, n = 17). The definition,
preparation, and suitability of the experimental diets
were previously described [32–35]. Mammary cancer
was induced with a 5 mg single dose of DMBA (Sigma–
Aldrich, St. Louis, MO) at 53 days of age. At PND36
(n = 6 per group), PND51 (n = 6 per group), and
PND100 (n = 5 per group), rats were euthanized. At
necropsy, livers and mammary glands were washed
with physiological serum, flash-frozen in liquid nitro-
gen, and stored at –80°C for molecular analyses.

RNA Extraction, Reverse Transcription, and
Real-Time PCR

Total RNA was isolated from the liver using
the RNeasy R© Mini kit (QiaGen, Hilden, Germany)
and the RNeasy R© Lipid Tissue Mini kid (Quia-
Gen) for mammary glands, according to manufac-
turer’s instructions. RNA was quantified by using a
NanoDrop1000 Spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA). The RNA integrity was as-
sessed by agarose gel electrophoresis and ethidium
bromide staining. The synthesis of cDNA was per-
formed according to the High-Capacity cDNA Tran-
scription kit (Applied Biosystems, Foster City, CA).
The thermal cycling conditions were as follows: 10
min at 25°C, 120 min at 37°C, and 5 sec at 85°C.
Real-time PCR was carried out in accordance with
the TaqMan R© Gene Expression Assay (Life Technolo-
gies, Thermo Fisher Scientific Inc., Waltham, MA), ac-
cording to manufacturer’s conditions. Specific Gene
TaqMan Assay used were Cyp1a1 (Rn00487218 m1),
Cyp1a2 (Rn00561082 m1), Cyp1b1 (Rn00564055 m1),
Nqo1 (Rn00566528 m1), Gstp1 (Rn00561378 gH), AhR
(Rn00565750 m1), Nrf2 (Rn00477784 m1), and Hprt
(Rn01527840 m1) as the housekeeping control gene.
PCR reactions were performed in duplicate for each
sample in a MyiQ Cycler (BioRad Laboratories, Her-
cules, CA) under the following conditions: 10 min
at 95°C followed by 40 cycles of 15 sec at 95°C and
60 sec at 60°C. Cycle thresholds (Ct) for each sample
were obtained and and the relative expression of each
gene was calculated comparing with the house keeping
control gene Ct values (2ˆ-�Ct).

Protein Extraction

Liver and mammary gland tissue were homog-
enized in 20 mM Tris–HCl pH 7.4 and 250 mM

J Biochem Molecular Toxicology DOI 10.1002/jbt
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sucrose and centrifuged at 10,000g for 20 min at 4°C.
Supernatant was collected and ultracentrifuged at
105,000g for 1 h at 4°C. Supernatant was stored at –80°C
as the cytosolic fraction and the pellet resuspended in
100 mM NaHPO4, 1 mM ethylenediaminetetraacetic
acid, and 1 mM dithiothreitol, and ultracentrifuged
at 105,000g for 1 h at 4°C. The pellet was stored at
–80°C as the microsomal fraction. The purity of frac-
tions was checked by immunodetection with lactate
dehydrogenase (LDH) and cytochrome P450 reductase
(CPR) antibodies, respectively. For total tissue lysate,
the liver was homogenized by sonication according to
the method of Dudley et al. [36] with some modifica-
tions. Briefly, frozen tissues were sonicated in radioim-
munoprecipitation assay buffer (RIPA Buffer) (0.5%
Na deoxycholate, 0.1% SDS, and 1% Nonidet P-40)
with 10 μg/mL leupeptin and 20 μg/mL aprotinin for
15 sec, and then 100 μM of phenylmethanesulfonylflu-
oride (PMSF) was added. Samples were again soni-
cated and the final extract was diluted in RIPA buffer
with protease inhibitors and stored at –80°C. All pro-
cedures were carried out at 0–4°C. The protein con-
centration was measured by the Lowry assay (Bio-Rad
Laboratories).

Western Blot Analysis

The protein expression was measured using sub-
cellular or total extracts. Samples were resolved by
8–12% SDS-PAGE and transferred onto polyvinylin-
dene difluoride membranes. Primary antibodies used
were CPR (1:2000), LDH (1:2000), NQO1 (1:3000),
and Nrf2 (1:2000) from Abcam (Cambridge, UK);
glyceraldehyde 3-phosphate dehydrogenase (1:1000)
and CYP1A2 (1:2000) from Millipore (Billerica, MA);
CYP1A1 (1:500), CYP1B1 (1:1000), and AhR (1:10 000)
from Santa Cruz Biotechnology (Santa Cruz, CA); and
GST from (1:2000) Upstate Cell Signaling Solutions
(Lake Placid, NY). Horseradish peroxidase conjugated
rabbit, mouse, and goat secondary antibodies were ob-
tained from Sigma–Aldrich. Immunoreactive proteins
were visualized using the LuminataTM Forte Western
HRP Substrate (Millipore Corporation). Densitometric
values of bands were normalized to the mean value of
three replicates of a control sample extract and then to
micrograms of protein loaded.

Immunoprecipitation

Liver cytosolic extracts were immunoprecipitated
with pure ProteomeTM ProteinG magnetic beads (Mil-
lipore). Briefly, 50 μL of magnetic beads were washed
with 500 μL PBS-Tween 0.1% and then 100 μL of the
antibody solution (AhR, 1:100, or Nrf2, 1:500) (Abcam)
was added. A shaking incubation was carried out for

20 min at room temperature. Conjugated antibody
beads were incubated overnight at 4°C with 200 μL
of the protein extract dilution at a concentration of
2 μg/μL. Later, beads were heated for 10 min at
90°C in 50 μL Laemli Buffer 1× (Bio-Rad Labora-
tories) containing 5% 2-mercaptoethanol and, finally,
20 μL of the solution was analyzed by the Western
Blot using Hsp90 (1:2000) (Abcam) or Keap1 (1:2000)
(Santa Cruz Biotechnology) for the AhR- or Nrf2-
immunoprecipitated samples, respectively.

Statistical Analysis

Statistical analyses were performed using SPSS
software (20.0 Version). The distribution of each vari-
able was determined by the Kolmogoroz–Smirnov test,
and the equality of variances among groups was de-
termined by Leven’s test. Quantitative data were an-
alyzed by the nonparametric Mann–Whitney’s U-test
and qualitative data by Pearson’s chi-squared test. Cor-
relations were carried out through Kendall’s Tau-b and
Spearman’s rho tests. The level of significance was es-
tablished at P < 0.05.

RESULTS

Tissue Specificity of the XMEs mRNA
Expression Pattern

As shown in Table 1, in all time points studied
and for all dietary treatments, in the liver, CYP1A2
was the highest expressed phase I enzyme, followed
by CYP1A1, whose expression was 100-fold lower, and
CYP1B1, with mRNA levels 1.4- to 27-fold lower than
those of CYP1A1. All the differences were statistically
significant except when comparing the CYP1A1 and
CYP1B1 mRNA levels at PND51 in the LF group.

In the mammary gland, CYP1A2 mRNA was not
detected. In contrast, CYP1B1 was the most expressed
enzyme, followed by CYP1A1 whose mRNA levels
were 2- to 80-fold lower, all the differences being statis-
tically significant except at PND36 in the HCO group
(Table 1).

When comparing the CYP1s mRNA expression be-
tween tissues, the CYP1A1 levels were 80-fold higher
in the liver than in the mammary gland at PND24
(P < 0.05). This difference was gradually reduced all
through the time so that at PND36 the CYP1A1 expres-
sion was only 1.5- to 4-fold higher in the liver, signif-
icantly in the LF and HOO groups. Lower differences
were found at PND51 and PND100 (P < 0.05 in the
LF and HCO groups at PND100). As for CYP1B1, the
mRNA levels were 5- to 70-fold higher in the mammary
gland than in the liver, all differences being statistically
significant (Table 1).

J Biochem Molecular Toxicology DOI 10.1002/jbt
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Fewer differences were detected in the mRNA ex-
pression of the phase II enzymes. In the liver, NQO1
was the main enzyme, with levels three- to fourfold
higher than those of GSTP1, all differences being signif-
icant except at PND36 in the HOO group and at PND51
in the HCO group. On the contrary, in the mammary
gland, the most expressed phase II enzyme was GSTP1,
whose expression was one- to twofold higher than that
of NQO1 (P < 0.05 in all cases except at PND36 in the
HCO group) (Table 1).

When comparing the phase II XMEs expression be-
tween tissues, few differences were found in GSTP1 and
the statistical significance was only reached at PND100
in the LF group. Regarding NQO1, it was two- to eight-
fold more expressed in the liver compared to the mam-
mary gland, all the differences being statistically sig-
nificant (Table 1).

Age-Dependent Changes in the XMEs
Expression Pattern in the Liver

Results showed an overall decrease in the CYP1A1
and CYP1B1 expression, both at mRNA and protein
levels, from PND24, just after weaning, until PND100.
An increase in the CYP1A1 mRNA levels was observed
at PND36 in comparison with PND24 in the LF and
HCO groups, but it was not significant and did not
match with a parallel increase in protein levels. The
CYP1A2 expression did not show a clear pattern over
time as the other CYPs. Thus, although the mRNA lev-
els also displayed a nonsignificant tendency to increase
at PND36, they returned to the lower previous values
(LF group) or remained slightly increased in compari-
son with the previous PND24 values (HCO and HOO
groups). Moreover, at protein level, CYP1A2 showed a
decrease at PND100, significantly in the LF and HCO
groups (Figure 1A and 1B).

The downregulation of the CYP1A1 and CYP1B1
expression along the time was accompanied by a sig-
nificant increase in the AhR cytoplasmic retention at
PND100 in all experimental groups. However, the
AhR protein levels increased at PND51 and PND100,
and the mRNA levels remained the same (HCO and
HOO groups) or decreased at PND100 (LF group)
(Figure 1C).

The differences in the expression of the phase II
XMEs at mRNA level over time were, in general, less
prominent than those of the phase I enzymes, and only
the comparison between the NQO1 mRNA levels at
PND36 and PND51 in the HCO group was statistically
significant. In general, mRNA levels tend to decrease
over time, especially for GSTP1 (Figure 2A). In con-
trast, at a protein level, both GSTP1 and NQO1 showed
a significant increase, but while it occurred noticeably

at PND100 for NQO1, in the case of GSTP1 it was
more gradual and occurred at PND36 and PND100
(Figure 2B).

When analyzing the role of Nrf2 in the changes
observed in the phase II XMEs expression with the
age, the results revealed significantly higher cytoplas-
mic retention and lower protein levels in the LF and
HCO groups, but not in the HOO group. This was
compatible with the trend to a decrease in the phase
II enzymes mRNA levels. In contrast, the Nrf2 mRNA
levels increased after PND24 in all experimental groups
(Figure 2C).

To clarify the overall effect of age on the liver XMEs
expression, a ratio between the mRNA levels of phase
I and II enzymes was calculated (Figure 3A). This ra-
tio increased along the time in the LF and, especially,
HCO groups, and at PND100 in the LF group. On the
contrary, it remained unchanged in the HOO group.

Age-Dependent Changes in the XMEs
Expression Pattern in the Mammary Gland

A significant increase in the CYP1A1 mRNA levels
at PND36 followed by a decrease in values similar to the
earliest ones was detected in the mammary gland in all
experimental groups. The CYP1B1 mRNA expression
showed a similar behavior but less prominent, reaching
the highest levels at PND51 and the statistical signifi-
cance only in the HOO group (Figure 1D).

Regarding the phase II enzymes, their mRNA lev-
els remained almost the same with age in any experi-
mental group (Figure 2D). GSTP1 protein levels neither
differed significantly among the several time points an-
alyzed. On the contrary, those of the NQO1 significantly
increased at PND100 in all groups, similarly to that oc-
curred in the liver (Figure 2E).

The analysis of the ratio between the mRNA ex-
pression of phase I and phase II XMEs in the mammary
gland showed an increase at PND36 compared with
PND24, without significant changes in the LF and HOO
groups. In the HCO group, the increase of this ratio at
PND36 was higher and then it significantly decreased
(Figure 3B).

DISCUSSION

Under our knowledge, this is the first work com-
paring the ontogeny of major XMEs involved in DMBA
metabolism in the rat liver and mammary gland. Our
results showed that CYP1A2 is the most expressed hep-
atic phase I XME. It was only detected in this tissue, and
its mRNA and protein levels remained almost the same
depending upon the age. The CYP1A1 and CYP1B1

J Biochem Molecular Toxicology DOI 10.1002/jbt
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FIGURE 1. Effect of the age on the phase I XMEs expression in the rat DMBA-induced breast cancer model. Animals were fed a LF, HCO,
or high extra virgin olive oil (HOO) diet. Median values for each group at the different ages are shown(24, 36, 51, and 100 PNDs) are shown.
(A) Relative mRNA expression of CYP1A2, CYP1A1, and CYP1B1 in the liver. (B) Protein levels of the CYP1A2, CYP1A1, and CYP1B1 in the
liver. (C) Role of AhR in the age-dependent changes of the hepatic phase I enzymes expression. From left to right: measurement of the AhR
cytoplasmic retention by AhR immunoprecipitation and Hsp90 immunodetection; AhR protein levels in total tissue lysates; and relative AhR
mRNA expression. (D) Relative mRNA expression of CYP1A1 and CYP1B1 in the mammary gland. *P < 0.05, nonparametric Mann–Whitney
U-test.
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FIGURE 2. Effect of age on the phase II XMEs expression in the rat DMBA-induced breast cancer model. Animals were fed a LF, HCO, or
high extra-virgin olive oil (HOO) diet. Median values for each group at the different ages are shown (24, 36, 51, and 100 PNDs) are shown.
(A) Relative mRNA expression of GSTP1 and NQO1 in the liver. (B) Protein levels of the GSTP1 and NQO1 in the liver. (C) Role of Nrf2 in the
age-dependent changes of the hepatic phase II enzymes expression. From left to right: measurement of the Nrf2 cytoplasmic retention by Nrf2
immunoprecipitation and Keap1 immunodetection; Nrf2 protein levels in total tissue lysates; and relative Nrf2 mRNA expression. (D) Relative
mRNA expression of GSTP1 and NQO1 in the mammary gland. (E) Protein levels of GSTP1 and NQO1 in the mammary gland. *P < 0.05,
nonparametric Mann–Whitney U-test.

J Biochem Molecular Toxicology DOI 10.1002/jbt



8 MANZANARES ET AL. Volume 00, Number 0, 2014

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

LF HCO HOO

0

5

10

15

20

25 *
*

*

*
*

*
*

*

*

*

LF HCO HOO

P
h

a
s
e

 I
/ 
p
h

a
s
e

 I
I 
ra

ti
o

 (
m

e
d

ia
n

)

PND36 PND51 PND100PND24

P
h

a
s
e

 I
/ 
p
h

a
s
e

 I
I 
ra

ti
o

 (
m

e
d

ia
n

)

A

B

FIGURE 3. Ratio between the relative mRNA expression of the
phase I and phase II XMEs in the liver and in the mammary gland in
the rat DMBA-induced breast cancer model. For each animal, a sum-
mation of the individual relative expression data for each enzyme
for both phases I and II was made and the division between them
was calculated. With the single ratio results, the median values for
each experimental group were obtained. (A) Effect of the age for each
dietary treatment in the liver. (B) Effect of the age for each dietary
treatment in the mammary gland. *P < 0.05, nonparametric Mann–
Whitney U-test. PND, postnatal day; LF, low-fat diet group; HCO,
high corn oil diet group; HOO, high extra virgin olive oil diet group.

expressions were substantially lower, and a general
decrease in their mRNA and protein levels was ob-
served from PND24 onwards. In the mammary gland,
CYP1B1 was the main expressed enzyme and mRNA
levels tended to increase at PND51 in all groups, signifi-
cantly in the HCO group. This expression pattern could
be associated with the sexual maturity and the CYP1B1
activity in the estrogen metabolism [8, 37]. Moreover,
it could be related to the greater susceptibility due to
the xenobiotics exposure the mammary gland displays
around this age in the rat DMBA-induced breast cancer
model [29], as well as to the tumor-enhancing effect of
HCO diets [31]. As for CYP1A1, its mRNA levels also
decreased after PND36, as in the liver.

This CYP1 tissue-specific expression pattern as
well as the age-related changes in hepatic CYP1A1 and
CYP1A2 expression were in accordance with that de-

scribed previously [14–17, 38]. No studies about the
ontogeny of hepatic CYP1B1 have been found. The de-
velopmental role of the CYP1 family described since
prenatal until adult stages [19], along with the AhR
influence in multiple mechanisms during normal de-
velopment [39], could partially explain the lack of a
complete agreement between the enzymes mRNA ex-
pression and the AhR cytoplasmic retention.

Concerning the phase II XMEs, its ontogeny has
not been studied to the extent of phase I enzymes. Our
results showed that NQO1 was the main hepatic en-
zyme, whereas in the mammary gland it was GSTP1.
Although no significant age-dependent changes were
observed in the mRNA expression of both enzymes in
either tissue, their protein levels increased at PND100
in both tissues for NQO1 and in the liver for GSTP1.
The lack of correlation between mRNA and protein lev-
els has been widely described for XMEs [13]. Several
levels of regulation, including posttranslational modi-
fications, seem to be essential in maintaining the proper
XMEs function [40].

The analysis of the balance between hepatic phase
I/phase II mRNA expression revealed an increase in
phase I and/or a decrease in phase II with age in the
LF and, especially, HCO groups, while this balance re-
mained unmodified due to the HOO diet. This suggests
that diet may modify the age-related differences in the
hepatic capacity to metabolize xenobiotics. In the mam-
mary gland, an increased ratio was shown at PND36
in all groups, especially marked in the HCO group.
This increase took place in the pubertal stage in which
several functional changes occurred in the mammary
gland and the diet may have influenced this particular
window of vulnerability to xenobiotics in the mam-
mary gland/ in this tissue.

In conclusion, the age-dependent changes in the
XMEs expression in the rat liver and mammary gland
may modify the susceptibility to the carcinogen and
dietary lipids may modulate this ontogeny and, there-
fore, breast cancer risk. Although direct extrapolation
of animal data to humans must be prevented, these re-
sults may be useful in understanding the mechanisms
by which the breast cancer is an increasing healthcare
problem in developed countries.
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Dietary extra-virgin olive oil and corn oil differentially
modulate the mRNA expression of xenobiotic-metabolizing
enzymes in the liver and in the mammary gland in a rat
chemically induced breast cancer model
Miguel Á. Manzanaresa,*, Montserrat Solanasa,*, Raquel Morala,
Raquel Escricha, Elena Velaa, Irmgard Costaa,b and Eduard Escricha

High extra-virgin olive oil (EVOO) and corn oil diets

differentially modulate experimental mammary

carcinogenesis. We have investigated their influence on the

initiation stage through the modulation of the expression

of xenobiotic-metabolizing enzymes (XMEs) in the liver

and the mammary gland. Female Sprague–Dawley rats

were fed a low-fat (LF), high corn oil (HCO), or high

EVOO (HOO) diet from weaning and gavaged with

7,12-dimethylbenz(a)anthracene (DMBA). The HCO diet

increased the mRNA levels of the phase I enzymes

CYP1A1, CYP1A2 and, to a lesser extent, CYP1B1, in the

liver. The Aryl hydrocarbon receptor (AhR) seemed to be

involved in this upregulated CYP1 expression. However,

a slight trend toward an increase in the mRNA levels of the

phase II enzymes GSTP1 and NQO1 was observed with

the HOO diet. At least in the case of GSTP1, this effect was

linked to an increased Nrf2 transactivation activity. This

different regulation of the XMEs expression led, in the case

of the HCO diet, to a balance between the production of

active carcinogenic compounds and their inactivation tilted

toward phase I, which would stimulate DMBA-induced

cancer initiation, whereas the HOO diet was associated

with a slower phase I metabolism accompanied by a faster

phase II detoxification, thus reducing the output of the

active compounds to the target tissues. In the mammary

gland, the differential effects of diets may be conditioned

by the state of cell differentiation, sexual maturity,

and hormone metabolism. European Journal of Cancer

Prevention 00:000–000 �c 2014 Wolters Kluwer Health |

Lippincott Williams & Wilkins.
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Introduction
Breast cancer is the most common cancer in women

worldwide, and one of the most important causes of death

among women in high-income countries (Siegel et al.,

2013). Environmental factors and lifestyle, including food

and nutrition, are involved in its etiology (World Cancer

Research Fund/American Institute for Cancer Research,

2007). Many exogenous compounds have been described

as potential environmental chemical carcinogens for

humans (Wogan et al., 2004; Irigaray and Belpomme,

2010). Nutrition and diet could play a dual role in

carcinogenesis. Some foods can be carriers for toxins,

environmental contaminants, or deleterious products

originating from their processing (Ferguson and Philpott,

2008), whereas others, especially of vegetable origin, are

rich in bioactive compounds with a protective action in

carcinogenesis (Kohlmeier et al., 1995; Ferguson and

Philpott, 2008; Shu et al., 2010).

Dietary lipids have been described as important mod-

ulators of breast cancer development (Escrich et al.,

2006). Diets rich in saturated fat and especially n-6

polyunsaturated fatty acids (PUFA) stimulate experi-

mental mammary carcinogenesis, whereas n-3 PUFA have

inhibitory effects (Fay et al., 1997; Bartsch et al., 1999;

Lee and Lin, 2000), and monounsaturated fatty acids

(MUFA), primarily oleic acid, seem to be protective

(Bartsch et al., 1999; Escrich et al., 2006). The Mediterra-

nean diet, characterized by the high consumption of

extra-virgin olive oil (EVOO), which is rich in oleic acid

and minor bioactive compounds, has traditionally been

associated with lower rates of some cancers (Escrich et al.,

2006; World Cancer Research Fund/American Institute

for Cancer Research, 2007; Bosetti et al., 2009; Caramia

et al., 2012).

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous

environmental carcinogens formed from the incomplete

pyrolysis of organic materials. They need to be modified

by the xenobiotic-metabolizing enzymes (XMEs) to be

excreted from the organism. This metabolism is divided

into two phases. In phase I, CYP1A1, CYP1A2, and

Research paper 1
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CYP1B1, members of the Cytochrome P450 family 1

(CYP1), perform a first oxidation responsible for PAH

activation to their oxygenated and more carcinogenic

products. Several phase II enzymes, including glutathione

S-transferase (GSTs) and NAD(P)H:quinone acceptor

oxidoreductase 1 (NQO1), modify these oxygenated

products to their inactive and more water-soluble forms

(Hall and Grover, 1990; Xue and Warshawsky, 2005; Shima-

da, 2006). The phase I XMEs expression is mainly

regulated by the ligand-induced activation of the aryl

hydrocarbon receptor (AhR). A long list of AhR-activators,

including environmental contaminants, therapeutics, natu-

rally occurring chemicals, and small molecules endogenously

synthesized and isolated from mammalian tissues, have been

identified. Phase II genes battery is linked to a second

transcription factor termed NF-E2-related factor 2 (Nrf2),

also involved in protection against oxidative stress (Miao

et al., 2005; Brauze et al., 2006; Köhle and Bock, 2007; Nguyen

and Bradfield, 2008; Slocum and Kensler, 2011). Numerous

dietary compounds with cancer-chemopreventive activities

appear to modify the expression or the activity of

components of xenobiotic metabolismAQ1 (Conney, 2003;

Köhle and Bock, 2006; Murray, 2007).

To gain an insight into the mechanisms by which high corn

oil (HCO), rich in n-6 PUFA, and high EVOO (HOO) diets

may modulate mammary carcinogenesis differentially, we

aimed to investigate their influence on the initiation stage

by means of the modulation of the XMEs expression in the

liver and the mammary gland. We have used the useful

experimental breast cancer model induced with the PAH

7,12-dimethylbenz(a)anthracene (DMBA), where we have

shown that adenocarcinomas are morphologically and

histologically similar to human mammary tumors (Costa

et al., 2002). We showed previously that these diets may act

during cancer initiation by differentially affecting the

growth and sexual maturation of rats, thus altering

the susceptibility of the mammary gland to cancer

development (Moral et al., 2011).

Materials and methods
Animals and experimental design

Biological samples were obtained previously from 57

female Sprague–Dawley rats (Moral et al., 2011). Animals

were purchased from Crl:OFA (Lyon, France) on post-

natal day (PND) 23 and maintained under standard

conditions. The day after arrival (PND24), six rats were

killed, and the remaining ones were fed different diets: a

low-fat (LF) diet (3% corn oil) (group LF, n=37), high

corn oil (HCO) diet (20% corn oil) (group HCO, n=37),

and a high extra-virgin olive oil (HOO) diet (3% corn oil

and 17% EVOO) (group HOO, n=37). The definition,

preparation, and suitability of the experimental diets have

been described previously (Escrich et al., 1994a,

1994b; Solanas et al., 2002; Moral et al., 2011). Mammary

cancer was induced with a 5mg single dose of DMBA

(Sigma-Aldrich, St Louis, Missouri, USA) at 53 days

of age. At PND36 (n=6 per group), PND51 (n=6 per

group), and PND100 (n=5 per group), rats were

euthanized. At necropsy, livers and mammary glands were

washed with physiological serum, flash-frozen in liquid

nitrogen, and stored at – 801C for molecular analyses.

RNA extraction, reverse transcription, and real-time PCR

Total RNA was isolated from the liver using the RNeasy

Mini Kit (QiaGen, Hilden, Germany) and the

RNeasy Lipid Tissue Mini Kit (QiaGen) for mammary

glands, according to the manufacturer. RNA was quanti-

fied by using NanoDrop1000 Spectrophotometer

(Thermo Fisher Scientific Inc., Waltham, Massachusetts,

USA). The RNA integrity was assessed by agarose gel

electrophoresis and ethidium bromide staining. Synthesis

of cDNA was performed according to the High-Capacity

cDNATranscription Kit (Applied Biosystems, Foster City,

California, USA). The thermal cycling conditions were:

10min at 251C, 120min at 371C, and 5 s at 851C. Real-

time PCR was carried out in accordance with the

instructions of the manufacturer of TaqMan Gene

Expression Assays (Life Technologies Corporation, Grand

Island, New York, USA). Specific Gene TaqMan Assays

used were as follows: Cyp1a1 (Rn00487218_m1), Cyp1a2

(Rn00561082_m1), Cyp1b1 (Rn00564055_m1), Nqo1

(Rn00566528_m1), Gstp1 (Rn00561378_gH), and Hprt

(Rn01527840_m1) as the housekeeping control gene. PCR

reactions were performed in duplicate for each sample in a

MyiQ Cycler (Bio-Rad Laboratories, Hercules, California,

USA) under the following conditions: 10min at 951C, followed

by 15s at 951C and 60s at 601C for 40 cycles. Cycle thresholds

(Ct) for each sample were obtained and 2
�DCt

was calculated.

Protein extraction

Liver tissue were homogenized in 20mmol/l Tris-HCl, pH

7.4, and 250mmol/l sucrose and centrifuged at 10 000g for

20min at 41C. The supernatant was collected and

ultracentrifuged at 105 000g for 1 h at 41C. The supernatant

was stored at – 801C as the cytosolic fraction and the

pellet was resuspended in 100mmol/l NaHPO4, 1mmol/l

EDTA, and 1mmol/l DTT, and ultracentrifuged at 105000g

for 1 h at 41C. The pellet was stored at – 801C as the

microsomal fraction. For the total tissue lysate, the liver was

homogenized by sonication according to Dudley et al.

(2001), with some modifications. Briefly, frozen tissues were

sonicated in RIPA buffer (0.5% Na Deoxycholate, 0.1%

SDS, and 1% Nonidet P-40) with 10mg/ml leupeptin and

20mg/ml aprotinin for 15 s. 100mmol/l phenylmethanesulfo-

nylfluoride (PMSF) was then added. Samples were again

sonicated and the final extract was diluted in RIPA buffer

with protease inhibitors and stored at – 801C. All proce-

dures were carried out at 0–41C. The protein concentration

was measured using Lowry assays (Bio-Rad Laboratories).

Western blot analysis

Protein expression was measured using total extracts.

Samples were resolved by 8–12% SDS-polyacrylamide gel
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electrophoresis and transferred onto polyvinylindene

difluoride (PVDF) membranes. Primary antibodies used

were Nrf2 (1 : 2000) from Abcam (Cambridge, UK) and

AhR (1 : 10 000) from Santa Cruz Biotechnology Inc.

(Santa Cruz, California, USA). Horseradish peroxidase-

conjugated secondary antibodies were obtained from

Sigma-Aldrich. Immunoreactive proteins were visualized

using the Luminata Forte Western HRP Substrate

(Millipore Corporation, Billerica, Massachusetts, USA).

Densitometric values of bands were normalized to the

mean value of three replicates of a control sample extract

and then to micrograms of protein loaded.

Immunoprecipitation

Liver cytosolic extracts were immunoprecipitated with

Pure Proteome ProteinG Magnetic Beads (Millipore

Corporation). Briefly, 50 ml of magnetic beads were

washed with 500 ml PBS-Tween 0.1% and then 100 ml of

the antibody solution (AhR, 1 : 100, or Nrf2, 1 : 500)

(Abcam) was added. A shaking incubation was carried out

for 20min at room temperature. Conjugated antibody

beads were incubated overnight at 41C with 200 ml of the

protein extract dilution at a concentration of 2 mg/ml.

Then, beads were heated for 10min at 901C in 50 ml

Laemli Buffer 1X (Bio-Rad Laboratories) containing 5%

2-Mercaptoethanol and, finally, 20 ml of the solution was

analyzed by western blot using Hsp90 (1 : 2000; Abcam)

or Keap1 (1 : 2000; Santa Cruz Biotechnology Inc.) for the

AhR or Nrf2 immunoprecipitated samples, respectively.

Statistical analysis

Statistical analyses were carried out using the IBM SPSS

Statistics for Windows, version 20.0 (IBM Corp., Armonk,

New York, USA). The distribution of each variable was

determined using the Kolmogorov–Smirnov test and the

equality of variances among groups was assessed using

Leven’s test. Quantitative data were analyzed using the

nonparametric Mann–Whitney’s U-test and qualitative

data using Pearson’s w2-test. Correlations were carried out

using Kendall’s Tau-b and Spearman’s Rho tests. The level

of significance was established at P value less than 0.05.

Results
The analysis of liver phase I enzymes expression showed

a general trend toward an increase because of the HCO

diet. Thus, the CYP1A2 mRNA levels were upregulated

in the HCO group significantly at PND51 and PND100.

The CYP1A1 mRNA expression was also increased

significantly, although only at PND51 (P<0.05 vs. LF),

and that of the CYP1B1 mRNA at PND100 (P<0.05 vs.

HOO) (Fig. 1a).

The role of AhR in the changes observed in mRNA levels

was then examined (Fig. 1b). The AhR cytoplasmic

retention was significantly lower in the HCO group than

in the HOO group at PND51. Moreover, at this age, the

HCO group tended to show higher AhR protein levels.

Both results would be in accordance with an increase in

the AhR translocated to the nucleus because of the HCO

diet and, therefore, with the higher mRNA expression of

phase I enzymes observed. Similarly, the higher cyto-

plasmic AhR retention in the HOO group compared with

the HCO group at PND51 was in line with the lower

mRNA levels of the phase I enzymes in the HOO group.

In terms of the expression of phase II enzymes in the

liver, the GSTP1 mRNA expression was higher in

the HOO group than in the others at PND36 and

especially PND100 (P<0.05). The NQO1 mRNA levels

tended to be quite similar among groups, except at

PND51, when they were significantly reduced because of

the HCO diet (P<0.05 vs. LF) (Fig. 2a).

The analysis of Nrf2 showed a noticeable and signifi-

cantly reduced cytoplasmic retention owing to the HOO

diet at PND100, in agreement with the increased GSTP1

mRNA levels (Fig. 2b). Moreover, at this age, Nrf2

protein levels were significantly reduced because of the

HCO diet (P<0.05 vs. HOO).

To clarify the overall effect of dietary lipids on the liver

XMEs expression, a ratio between the mRNA levels of

phase I and II enzymes was calculated (Fig. 3). This ratio

was higher in the HCO group than in the HOO and

control groups, significantly at PND51 and PND100.

We also evaluated the effects of dietary lipids on the

expression of XMEs in the carcinogen target tissue,

where the capability to metabolize PAHs is related to its

susceptibility to malignant transformation. We verified

the null expression of the CYP1A2 isoform in the

mammary tissue (data not shown). As in the liver,

CYP1A1 mRNA levels were increased in the HCO group,

especially at PND51 and PND100 (P<0.05). At this last

time point, the CYP1A1 expression was also increased in

the HOO group, which showed the highest levels. At

PND100, the CYP1B1 mRNA levels were also higher in

the HOO group than in the HCO group, which showed

the lowest levels (Fig. 1c).

In terms of the phase II enzymes, the NQO1 expression

in the mammary gland was not modified by dietary lipids

unlike that of GSTP1. Thus, the HCO group showed

significantly reduced GSTP1 mRNA levels at PND36 and

PND100, when the HOO group showed the highest

levels (P<0.05 vs. LF) (Fig. 2c).

The ratio phase I versus phase II in the mammary gland

increased significantly because of the HCO diet at

PND36 (P<0.05 vs. LF). No significant differences

were observed at the other time points analyzed (Fig. 3).

Discussion
To our knowledge, this is the first work evaluating

the influence of high EVOO and high corn oil diets on the

expression of XMEs. Our results have shown that dietary

Dietary lipids and XME expression Manzanares et al. 3



lipids may modulate the constitutive mRNA expression

of the phase I enzymes both in the liver, which is the

main xenobiotic-metabolizing organ, and in the mammary

gland, the carcinogen target tissue. Thus, the high n-6

PUFA diet tended to increase the CYP1A1 expression

levels compared with the HOO and LF diets, which were

quite similar to each other. The effect of the HCO diet

was observed in both tissues and at all ages studied,

although the differences were not always statistically

significant. After DMBA gavage (PND100), the mRNA

levels in the mammary gland, but not in the liver, were

upregulated by the two high-fat diets compared with the

control diet. This different response could be because of

changes in the mammary tissue of the DMBA-treated
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animals (Yang et al., 2008) as well as the different sexual

maturation state of the animals at PND100 (Fu et al.,

2003; Moral et al., 2011).

Whereas CYP1A1 shows a low constitutive expression in

the mammary gland and liver, CYP1A2 is constitutively

expressed in the liver, but not in extrahepatic tissues

Fig. 2
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(Xue and Warshawsky, 2005; Shimada, 2006). The

analysis of CYP1A2 expression also showed upregulated

mRNA levels because of the HCO diet in the liver,

especially at PND51 and PND100, whereas the high

EVOO diet showed an effect similar to that of the

control.

The CYP1B1 mRNA expression was lower than that of

the other CYP1 in both tissues and the hepatic levels

were lower than in the mammary gland, according to its

constitutive expression in steroidogenic and steroid-

responsive tissues (Buters et al., 1999; Murray et al.,

2001). The influence of the dietary lipids on the CYP1B1

expression was delayed compared with the other CYPs as

changes were only detected after DMBA treatment

(PND100). Moreover, the effect was different depending

on the tissue. Whereas in the liver the HCO diet

increased the CYP1B1 mRNA levels, in line with the

effect of this diet on the other CYP1 expression, in

the mammary gland, the HCO group showed the lowest

levels. This particular expression pattern could be related

to mammary gland differentiation and the importance of

CYP1B1 in estrogen metabolism (Murray et al., 2001) as

well as the influence of the estrous cycle in the regulation

of its expression (Fu et al., 2003), among others.

Given that transcription is the principal mechanism by

which the expression of most CYPs is controlled and AhR

regulates the expression of CYP1 enzymes (Shimada,

2006; Köhle and Bock, 2007), we studied the liver AhR

activation. A lower cytoplasmic retention was detected in

the HCO group, although only significant at PND51.

This was compatible with the AhR transactivation activity

and the increase in the hepatic CYP1A1 and CYP1A2

mRNA expression because of this diet at this age. This

effect would be in accordance with the possible role of

certain fatty acids as potential AhR endogenous ligands

(Nguyen and Bradfield, 2008).

The effect of dietary lipids on the phase II enzymes was

not as evident as that on the phase I enzymes. Thus, the

liver GSTP1 and NQO1 mRNA expression increased

because of the HOO diet compared with the HCO diet at

some time points studied, and not always significantly.

The changes in GSTP1 mRNA levels were partly

correlated to changes in the Nrf2 activation state, unlike

those in NQO1. In general, the results suggest an

increased Nrf2 transactivation activity because of the

high EVOO diet. This effect could be part of an

Nrf2-mediated protection against oxidative stress driven

by the EVOO, which is well known for its antioxidant

properties (Owen et al., 2007). Polyphenols present in

EVOO may account for the induction of phase II enzymes

by means of their effect on the Nrf2, as described for

several phenolic antioxidants (Conney, 2003; Talalay et al.,

2003; Higgins and Hayes, 2011). The fact that the NQO1

expression is regulated by both AhR and Nrf2, thus cross-

interacting xenobiotic- responsive elements and anti-

oxidant-responsive elements signaling (Köhle and Bock,

2007), could partly explain why NQO1 mRNA levels did

not match Nrf2 activation, as GSTP1 did. In the

mammary gland, the upregulation of the phase II XME

expression because of the HOO was only observed for

GSTP1. However, the NQO1 expression was quite

similar among groups.

The analysis of the balance between the mRNA

expression of phase I and phase II enzymes through

the determination of the ratio allowed us to verify the

influence of dietary lipids on the xenobiotic metabolism

by means of the modulation of the involved enzymes

expression. Thus, our results led us to hypothesize that,

in the liver, the overall increase in the mRNA expression

of phase I enzymes and the trend toward a decrease of

phase II enzymes because of the HCO diet would induce

a balance between the production of potential active

carcinogenic compounds and their inactivation to tilt

towards the first one, which would stimulate cancer

Fig. 3
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initiation in the target organ. It was not possible to measure

the direct effect of the active compounds on the mammary

gland as the experimental design of the study did not allow

obtaining samples just after the DMBA treatment at PND53.

However, this hypothesis would be in accordance with the

earlier appearance of tumors, higher tumor incidence and

multiplicity, and higher tumor morphological malignancy

because of the HCO diet and, thus, with its well-

characterized stimulatory effect on DMBA-induced mam-

mary cancer described previously by our group (Solanas et al.,

2002, 2010; Costa et al., 2004; Escrich et al., 2011; Moral et al.,

2011). In contrast, the high EVOO diet was associated with

a ratio more similar to that of the control, characterized by a

slower liver phase I metabolism, accompanied by a faster

phase II detoxification of the active compounds. This effect

would reduce their output from the liver to other tissues,

such as the mammary gland, and it would agree with the

lower malignancy of the carcinogenesis because of the high

EVOO diets and their already demonstrated nonstimulating

effect or weak-stimulating one (Solanas et al., 2002,

2010; Costa et al., 2004; Escrich et al., 2011; Moral et al., 2011).

In the mammary gland, the differential effect of the

HCO and HOO diets on the XME expression balance was

only observed at PND36, suggesting, as it has already

been argued, a tissue-specific effect as well as the

influence of other factors, such as the mammary gland

differentiation and sexual maturity.

In conclusion, we hypothesize that HCO and HOO diets

may partly exert their differential modulatory effects on

DMBA-induced mammary carcinogenesis through a

specific modulation of the XMEs expression that can

have a profound effect on susceptibility of the mammary

gland to environmental carcinogens and, therefore, on

qthe risk of cancer. The effect of the HCO diet on the

xenobiotic metabolism would lead to a greater generation

of active compounds in the liver, and probably also in the

earlier ages in the mammary gland, which may effectively

stimulate the carcinogenic process. In contrast, the high

EVOO diet would induce a less malignant situation,

similar to that of the control group or, in some cases,

intermediate between this group and the HCO. We are

currently carrying out an in-depth study to better

understand the mechanisms of the XME expression

regulation by dietary lipids and, especially, to establish

the possible link between this modulation and cancer

initiation.
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