
Abstract. Any factor affecting BRCA gene regulation may
be of interest in the prevention of breast tumourigenesis.
We studied the influence of dietary docosahexaenoic acid
(DHA), a major ˆ-3 fatty acid present in marine products,
on rat autochthonous mammary tumourigenesis. DHA-
supplementation significantly reduced the incidence of tumours
(30%, P=0.007) and led to a 60% increase (P=0.02) in BRCA1
protein level. Since DHA influences the product of a major
tumour suppressor gene, this finding may contribute to the
observation that high-fish consumption reduces the risk of
breast cancer.

Introduction

Differences in breast cancer incidence rates between countries
and changes in the incidence of breast cancer among migrant
populations have led to focus on the role of dietary factors in
breast cancer risk (1,2). Several epidemiological studies have
suggested that dietary habits including high-fish consumption
may decrease the risk of breast cancer (3-8). Analysis of
biomarkers of food consumption have individualized doco-
sahexaenoic acid (DHA: 22:6n-3), a major constituent of
marine food as protective against breast cancer (9,10). In
rodents, long chain ˆ-3 polyunsaturated fatty acids (PUFA)
reduce mammary tumourigenesis in both induced or trans-
planted mammary tumour experimental systems (11-14).
However, drawing conclusions from nutritional experiments
is difficult because dietary lipids are generally provided as a
mixture of several different fatty acids and not as individual
fatty acids. The effect of a high ˆ-3 PUFA diet on tumour
growth is dependent on the ˆ-6/ˆ-3 PUFA ratio (11,15-18).

Interactions between PUFA and other constituents such as
the dietary oxidative status (19,20) should also be considered.

Beside dietary environment, genetic factors such as alter-
ations in BRCA1/2 tumour suppressor genes play a major
role in the risk of developing breast or ovarian cancer (21,22).
Although the precise biochemical activities of BRCA are still
unknown, roles in transcriptional regulation, cell-cycle check-
point control and DNA damage repair have been described
(23). In parallel to genetic predisposition to breast and ovarian
cancers, BRCA1 has also been reported to be underexpressed
in a subset of sporadic breast cancers (24-26), indicating that
any factor affecting the regulation of its expression could
influence breast tumourigenesis. Fatty acids have already been
described as such candidates. BRCA1 protein interacts with
acetyl-CoA carboxylase, an enzyme of fatty acid biosynthesis
(27) and its cellular localization is modified by inhibition of
fatty acid synthase activity (28). Furthermore, DHA increases
BRCA1/2 transcription in several human breast cancer cell
lines (29). To determine whether these cell line-derived
observations have an in vivo relevance, we used the same
model of rat mammary tumours as in previous studies (30,31).
In contrast to transplanted tumours, this model provides
autochthonous tumours which are similar to the human disease.
In these conditions, we studied the influence of a diet enriched
in DHA on BRCA1/2 expression in mammary tumours.

Materials and methods

Animals. A total number of 36 pathogen-free female Sprague-
Dawley rats were purchased sequentially from Iffa-Credo
(L'Asbresle, France) when they were 40 days of age. The
care of these animals was in accordance with institution guide-
lines. They were housed three per cage and maintained at
constant temperature and humidity (22˚C) with a 12-h light/
dark cycle. All rats were fed a general purpose breeding and
rearing diet (Harlan Teklad TRM Rat/Mouse Diet, France).

Diets. Animals were fed a basal diet containing 7% of a mixture
of oils. This mixture (one third of rapeseed oil and two thirds
of peanut oil) was designed to ensure that there were no
dramatic differences in any fatty acid except for DHA
(22:6n-3), and to prevent essential fatty acid deficiencies,
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such as linoleic acid (18:2n-6) or ·-linolenic acid (18:3n-3).
The composition of the basal diet included casein, 22 g/100 g;
methionine, 0.16 g/100 g; corn starch, 37.3 g/100 g; sugar,
18.7 g/100 g; cellulose, 2 g/100 g; minerals, 4 g/100 g; vitamins
A, D3, K1, B1, B5-9, B12 and C, 1 g/100 g. This basal diet was
supplemented with 8% additional lipids: control group (18
rats) was supplemented with palm oil (graciously provided
by Société Industrielle des Oléagineux, St. Laurent Blangy,
France), DHA group (18 rats) with DHASCO oil (40%
DHA; graciously provided by Martek Inc., Columbia, MD,
USA). Each diet (mixture of oils and basal diet) was analyzed
for fatty acids (Table I). In the control and DHA groups,
respectively, the saturates, monounsaturates and 18:2n-6 did
not differ markedly. Among n-3 PUFA, ·-linolenic acid was
identical between both groups, while DHA reached 21.4% in
the intervention group, versus 1.6% in the control group.
Thus, in the two dietary groups, the final composition of the
oil mixture did not differ greatly except for DHA. These diets
were given two days after initiation and throughout all the
experimental time (17 weeks) up to the sacrifice of the animals,
in accordance with institution guidelines. All animals were
fed ad libitum (~25 g/rat/day) and were weighed weekly. No
statistical difference in body weights was observed between
the dietary groups during the experiment.

Experimental carcinogenesis. At 47 days of age, the rats
received a single dose of N-Nitroso-N-methylurea (NMU,
Sigma, France) by a subcutaneous injection (25 mg/kg body

weight) as previously described (20). Each animal was palpated
weekly beginning three weeks after the injection of NMU to
determine the location, latency, incidence and multiplicity of
NMU-induced tumours. Latency was assessed as the delay of
the first tumour appearance (in weeks) per rat. Incidence
corresponded to the percentage of tumour-bearing rats and
multiplicity to the number of tumours per tumour-bearing
rat. At the end of the experiment (17 weeks), animals were
sacrificed and necropsied. Adipose and tumour tissues were
harvested, rinsed in saline buffer, weighed and immediately
frozen and kept in liquid nitrogen for biochemical analysis.

Cell cycle analysis. Proliferating fraction was assessed by
measuring the distribution of cells within the cell cycle by
flow cytometry after staining of DNA with propidium iodide
(Coulter DNA-prep reagent), as previously described (20).
DNA content analysis was performed on a Coulter Epics Elite
ESP flow cytometer (Beckman Coulter, Villepinte, France).
DNA index (DI) and cell cycle distribution were calculated
with the Multicycle Advanced Software (Phoenix Flow
Systems, San Diego, CA).

Tissue lipids analysis. Determination of the fatty acid content
of the adipose and tumour tissues was carried out as described
previously (32). Briefly, after lipid extraction (33), triglycerides
(for the adipose tissue) and phospholipids (for the tumour
tissue) were purified by silica gel thin layer chromatography
with hexane/diethyl ether/acetic acid (70:30:1, v:v:v). Lipids
were dissolved in 2 ml 14% boron trifluoride in methanol
(plus 1.6 ml hexane and 4.4 ml methanol for triglycerides)
and transesterified at 100˚C. Fatty acid methyl esters were
separated by gas chromatography (GC Trace, Thermo-
Finnigan, Les Ulis, France). The column was 60 m long,
with a 0.25-mm internal diameter and a 0.25-μm thickness
BPX70 phase (SGE, Courtaboeuf, France). Fatty acids were
identified by comparing their retention times with those of
authenticated fatty acids. Results were expressed as percent
of total chromatogram peak area.

Quantification of BRCA1/2 proteins. Total tissue proteins were
labelled with 125iodine (Amersham Biosciences, Saclay, France)
as previously described (25). Glycoproteins were recovered
from an affinity chromatography onto a lentil-lectin Sepharose
column (Amersham Biosciences). The level of glycoproteins
was controlled to be unaffected by the diet. BRCA1 and
BRCA2 proteins were detected by immunoprecipitation with
rabbit polyclonal antibodies (H100, H300 respectively; Santa
Cruz Biotechnology, CA) followed by affinity-perfusion
chromatography onto a Poros-Protein A column of a BioCad
Sprint system (Applied Biosystems, ZA Courtabœuf, France).
The amount of BRCA proteins was expressed as a percentage
of total glycoproteins: percentage of eluted radioactivity in
the assay with specific antibodies - percentage of eluted
radioactivity in the control without specific antibodies. Each
quantification was made in triplicate.

RNA quantification. The quantification of BRCA1 and BRCA2
mRNAs was performed by real-time quantitative PCR with the
18S rRNA as reference gene as described (29,34). 18S rRNA
was previously controlled to be unaffected by diets. Total-
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Table I. Fatty acid composition of the final oil mixture in the
control or DHA-supplemented diets.
–––––––––––––––––––––––––––––––––––––––––––––––––

Diets (%)
Fatty acids –––––––––––––––––––––––––––––
(% of peak area) Control DHA-supplemented
–––––––––––––––––––––––––––––––––––––––––––––––––
Saturates
14:0 1.1 7.7
16:0 22.5 13.9
18:0 3.3 1.9
Totala 27.7 24.1

Monounsaturates
18:1n-9c 44.0 36.9
Totalb 44.9 38.2

n-6 PUFA
18:2n-6c 14.0 10.5
Totalc 14.1 10.6

n-3 PUFA
18:3n-3 1.5 1.6
22:6n-3 1.6 21.4
Total 3.1 23.0

–––––––––––––––––––––––––––––––––––––––––––––––––
aIncluding 20:0. bIncluding 16:1, 20:1, 22:1 and 24:1. cIncluding
18:3n-6.
–––––––––––––––––––––––––––––––––––––––––––––––––

713-719  24/2/07  12:17  Page 714



RNAs, extracted with the RNA4PCR kit (Ambion, Huntingdon,
UK), were reverse transcribed using the Ready-to-go You
prime kit (Amersham Biosciences). Real-time quantitative
PCR based on TaqMan chemistry was carried out with an
ABI PRISM 7700 SDS analytical thermal cycler (Applied
Biosystems). Using the comparative CT method (CT: cycle
threshold value), the amount of mRNAs was expressed as
ΔCT (CT BRCA - CT 18S rRNA). Each sample was assayed
in triplicate.

Statistical analysis. Statistical analysis was performed using
the GraphPad Prism program (GraphPad Software Inc., San
Diego CA). The incidences obtained in the different dietary
groups were compared with the ¯2 test. Other parameters
were compared with the Mann-Whitney non-parametric test.
Differences were considered significant at P≤0.05.

Results

Table II shows that the fatty acid profile was altered in adipose
and in tumour tissues from rats in the DHA-supplemented
group as compared with controls. In adipose tissue, the DHA
content was much greater in the DHA-supplemented group

than in the control group (66-fold, P<0.0001). This major
increase in DHA led to an increase in other n-3 PUFA and a
decrease in most fatty acids of the other classes. In tumour
tissue, there was a 2.3-fold increase in DHA and also an
increase in eicosapentaenoic acid (EPA, 20:5n-3). There
was also a 2-fold decrease in arachidonic acid (AA, 20:4n-6).
Monounsaturated and saturated fatty acids remained essentially
unchanged.

Fig. 1a shows a typical macroscopic aspect of mammary
autochthonous tumours at sacrifice, with typical irregular and
budding features. Other presentations were also observed
including necrotic or haemorrhagic areas. All mammary
tumours were qualified as carcinoma by the pathologist. A
typical aspect of carcinoma with papillary differentiation is
shown in Fig. 1b. There was no difference in the macroscopic
presentation or in the pathological aspect among the two
dietary groups. The distribution of tumour cells within the cell
cycle is presented in Fig. 1c. The S-phase fraction, indicative
of the proliferation state, was uniformly low (~4%) and was
unaffected by diet (Fig. 1d).

The effect of this dietary intervention on carcinogenesis
parameters is presented in Table III. There was a 30% decrease
in the tumour incidence in the DHA-supplemented group
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Table II. Fatty acid composition of rat adipose (triglycerides) and tumour (phospholipids) tissues.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Adipose tissue Tumour tissue
––––––––––––––––––––––––––––––––– ––––––––––––––––––––––––––––––––––

Fatty acids Control DHA-supplemented Control DHA-supplemented
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Saturates

14:0 1.0±0.1 4.9±0.3d 0.6±0.1 0.8±0.0d

16:0 24.9±0.6 21.6±1.0d 25.2±0.7 26.0±1.5
18:0 2.6±0.3 3.3±1.0 16.3±2.2 14.9±1.8
Totala 28.9±0.6 30.3±1.9 44.9±2.2 45.2±3.6

Monounsaturates
16:1 3.6±0.4 3.2±0.8 0.7±0.1 1.1±0.1d

18:1n-9 52.2±1.2 44.8±2.3d 12.5±2.5 14.5±2.8
Totalb 56.4±1.3 48.6±1.9d 13.9±2.7 17.6±3.0

n-6 PUFA
18:2n-6c 12.1±0.4 11.2±0.5d 2.7±0.4 5.4±0.3d

20:3n-6 trace trace 0.5±0.0 1.2±0.5d

20:4n-6 0.2±0.0 0.0±0.0d 17.2±1.2 8.5±0.6d

Totalc 12.6±0.4 11.4±0.5d 22.6±1.2 16.2±0.6d

n-3 PUFA
18:3n-3 0.6±0.0 0.8±0.0d trace trace
20:5n-3 trace 0.2±0.0d 0.1±0.0 1.4±0.5d

22:5n-3 trace 0.2±0.0d 0.2±0.1 0.8±0.3d

22:6n-3 0.1±0.0 6.6±0.7d 1.7±0.3 3.9±0.9d

Total 0.7±0.1 7.9±0.7d 2.0±0.4 6.1±1.8d

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aIncluding 12:0, 13:0, 15:0, 17:0, 20:0, 21:0, 22:0, 23:0, 24:0. bIncluding 14:1, 15:1, 17:1, 20:1, 22:1 and 24:1. cIncluding 18:2n-6t, 18:3n-6,
20:2n-6 and 22:2n-6. Values are expressed as mean percentage (%) of peak area ± SD (n=4) and compared with the Mann-Whitney non-
parametric test. dDifferences were considered significant at P≤0.05.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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when compared to the control. Latency, multiplicity and tumour
mass were not affected.

As seen in Fig. 2a, BRCA1/2 mRNA quantities (ΔCT) were
not significantly different among tumours from rats fed a
DHA-enriched diet as compared with the control (BRCA1:
10.44±2.85 vs. 11.24±3.28) (BRCA2: 10.39±4.03 vs.
9.61±4.15). The BRCA1 protein level was increased by 60%
in tumours from rats fed the DHA diet as compared with the
control (P=0.02). The BRCA2 protein level was also higher
although the difference was not significant (Fig. 2b).

Discussion

We report that supplementation of diet with DHA leads to an
increased amount of BRCA1 protein along with a decreased
incidence of autochthonous mammary tumours in rats. Since
the risk of breast cancer is known to be increased by a lack of
BRCA1 protein function, our findings suggest that BRCA1
up-regulation by DHA might account for the observation that

high-fish consumption is protective against the risk of breast
cancer.

In our model, a sustained supplementation by DHA led to
marked changes in tissue fatty acid compositions. These
changes differed among adipose tissue taken as an indicator of
stored fatty acids and tumour tissue. In adipose tissue, a major
increase in DHA content was compensated by changes in
most lipid classes. In contrast, in tumour tissue, the increase
in n-3 fatty acids was accounted for by a small increase in
DHA (2.3-fold) and a much stronger increase in EPA,
indicating a retro-conversion activity from DHA to EPA as
already reported in humans (35). Among n-6 PUFA, AA was
decreased 2-fold while linoleic acid (18:2n-6) was increased
2-fold, suggesting an inhibition of the elongation desaturation
pathways. These observations indicate that dietary DHA is
non-specifically stored in the adipose tissue whereas in the
tumour tissue, its accumulation in membrane phospholipids
is associated with specific modifications of the metabolic
pathways, possibly interacting with different gene products
such as BRCA1. Thus, EPA could also play a role in the
BRCA1 up-regulation and variations in ˆ-6/ˆ-3 ratio should
not be excluded, either.

The fact that only the incidence rate was decreased in the
DHA-supplemented group fits the hypothesis that the anti-
tumour effect of DHA occurs early in carcinogenesis. This is
supported by the absence of changes in S-phase fraction,
which suggests that DHA did not affect cell proliferation. It
is noteworthy that in breast cancer cell lines, proliferation is
unaffected by a moderate 2.4-fold induction of BRCA1 (36).
Accordingly, it is not surprising that no difference in the
anatomo-pathological aspect of the tumours was detectable
among the two dietary groups. No DNA-aneuploidy was
found within tumour tissues contrary to what is observed in
humans (37). This observation seems to be specific to NMU-
induced mammary tumours and has already been made under
other nutritional conditions (20).

The DHA-enriched diet led to an up-regulation of BRCA1
protein in mammary tumours without any change in BRCA1
mRNA level, indicating a translational or post-translational
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Figure 1. Characteristics of autochthonous mammary tumours induced in female rats. (a) Macroscopical aspect; (b) histological presentation (x125); (c)
distribution of cells within the cell cycle; (d) S phase fraction according to the diet.

Table III. Effect of dietary DHA on mammary carcinogenesis
in rats.
–––––––––––––––––––––––––––––––––––––––––––––––––

Control DHA-supplemented P-value
–––––––––––––––––––––––––––––––––––––––––––––––––
Incidence (%) 100 67 0.007
Latency (weeks) 8.8±1.0 8.9±1.3 ns
Multiplicity 2.8±0.3 2.3±0.3 ns
Tumour mass (mg) 343±72 289±102 ns
–––––––––––––––––––––––––––––––––––––––––––––––––
Incidence corresponds to the percentage of tumour-bearing rats.
Latency is the delay of the first tumour appearance per rat (in weeks).
Multiplicity is the number of tumours per tumour-bearing rat.
Tumour mass is the mean of tumour mass per tumour-bearing rats.
The incidences in the different dietary groups were compared with
the ¯2 test. Other parameters were expressed as mean ± SEM and
compared with the Mann-Whitney non-parametric test. ns, non
significant.
–––––––––––––––––––––––––––––––––––––––––––––––––
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regulation of BRCA1 by DHA. However, a transcriptional
regulation cannot be excluded since the probe, located on
exons 6 and 7 junction, is common to the predominant full-
length transcript and to only one of the two minor spliced forms
identified in rat mammary glands (38). This up-regulation of
BRCA1 protein is the first described in vivo. In humans,
BRCA1 protein and mRNA levels have been reported to be
decreased in some human sporadic breast tumours when
compared to non-tumour breast tissues, as a consequence
either of loss of heterozygosity of the BRCA1 locus (39) or
promoter methylation (40-43). In contrast to BRCA1, BRCA2
may be overexpressed in human sporadic tumours (44,45).
There is no evidence for epigenetic silencing by hypermethyl-
ation of the BRCA2 promoter in human breast cancer (46)
but BRCA2 inactivation by EMSY, a protein inhibiting BRCA2
transcriptional activity, has recently been described (47). Such
different types of regulation between BRCA1 and BRCA2
could account for the differential effect of DHA observed on
expression of BRCA1 and BRCA2 proteins.

Very little information is available in the literature regarding
ˆ-3 fatty acid exposure and BRCA regulation in breast cancer
cell lines. Only two studies addressed this issue; one did not
find an increase in mRNA while the other did (29,48). In
these experiments, no data involving membrane fatty acids of
cells were available, thus making any interpretation highly
speculative. It should be stressed that the fatty acid effect
varies greatly, depending on experimental conditions such as
cell density, serum percentage, and type of fatty acid as
reviewed by Diggle (49). Even if cell cultures are far from

the in vivo situation, we previously found, as circumstantial
evidence, that the order of magnitude of DHA increase was
similar in membrane phospholipids of breast cancer cells and
rat tumours in our experimental conditions (50,51). Membrane
DHA enrichment in cell lines was associated with an increase
of lipid peroxidation (51) and an inhibition of proliferation
(50). BRCA1 has also been known to be involved in repair of
DNA oxidative lesions (52,53) or in induction of cell cycle
arrest and apoptosis in cases of excessive DNA damage (54).
Since DHA, a long chain polyunsaturated fatty acid, is highly
peroxidizable, BRCA1 protein overexpression may result
from the oxidative damage to cell macromolecules. Whether
BRCA1 participates in these molecular pathways remains to
be investigated.

Although the contribution of diet to the risk of breast
cancer is now widely acknowledged, the multiple possible
mechanisms are only starting to be deciphered (55). Our study
linking one major tumour suppressor gene associated with
hereditary predisposition to breast cancer to key nutritional
factors involved in the incidence rate of this cancer opens up
perspectives for dietary prevention in breast cancer.
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Figure 2. Expression of BRCA1 and BRCA2 mRNAs and proteins in tumour tissues of rats according to the diet. Tumours were sampled at the time of
sacrifice. (A) BRCA mRNAs were analysed by real-time quantative RT-PCR and (B) proteins by immunoprecipitation followed by affinity-perfusion
chromatography. Data represent mean values ± SD of three independent assays. *Significant difference (P<0.05; Mann-Whitney test).
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