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Abstract

Background: Mechanistic data suggest that different types of fatty acids play a role in carcinogenesis and that antioxidants
may modulate this relationship but epidemiologic evidence is lacking. Our aim was to investigate the association between
plasma saturated, monounsaturated and polyunsaturated fatty acids (SFAs, MUFAs and PUFAs) and overall and breast
cancer risk and to evaluate the potential modulatory effect of an antioxidant supplementation on these relationships.

Methods: A nested case-control study included all first incident cancer cases diagnosed in the SU.VL.MAX study between
1994 and 2002 (n =250 cases, one matched control/case). Participants to the SU.VI.MAX randomized controlled trial received
either vitamin/mineral antioxidants or placebo during this intervention period. Baseline fatty acid composition of plasma
total lipids was measured by gas chromatography. Conditional logistic regression was performed overall and stratified by
intervention group.

Results: Dihomo-y-linolenic acid (Pyeng=0.002), the dihomo-y-linolenic/linoleic acids ratio (Pienq=0.001), mead acid
(P¢reng =0.0004), and palmitoleic acid (Pyeng=0.02) were inversely associated with overall cancer risk. The arachidonic/
dihomo-vy-linolenic acids ratio (Pyeng=0.02) and linoleic acid (Pyeng =0.02) were directly associated with overall cancer risk.
Similar results were observed for breast cancer specifically. In stratified analyses, associations were only observed in the
placebo group. Notably, total PUFAs were directly associated with overall (Pyeng =0.02) and breast cancer risk in the placebo
group only.

Conclusion: Specific SFAs, MUFAs and PUFAs were prospectively differentially associated with cancer risk. In addition, this
study suggests that antioxidants may modulate these associations by counteracting the potential effects of these fatty acids
on carcinogenesis.
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Introduction in epidemiological studies appears as a strategic alternative [6-8].
A meta-analysis published in 2004 [9] and including three
prospective cohort studies on circulating fatty acids [10-12]
showed that total n-3 PUFAs were associated with decreased
breast cancer risk, while total monounsaturated fatty acids
(MUFAs), oleic acid and the saturated palmitic acid were
associated with increased breast cancer risk. Since then, several

Mechanistic data suggest that different types of dietary fatty
acids may influence carcinogenesis in different ways. For instance,
n-3 polyunsaturated fatty acids (PUFAs) may be involved in
several mechanisms that counteract carcinogenic processes [1,2].
In contrast, it has been suggested in rat models that n-3 or n-6
PUFAs may also generate free oxygen radicals and lipid peroxides
that convey genotoxic effects [3,4].

However, epidemiological data remain inconsistent. As estima-
tion of usual dietary fatty acid intake may be prone to
measurement errors [5], the use of blood fatty acid biomarkers

prospective studies have been conducted on circulating fatty acids
and the risk of breast cancer [13-15], showing contrasting results.
Prospective studies have also been published for prostate [16-22]
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and other cancers [19,23,24], but results remain overall inconsis-
tent. Thus, new prospective studies are needed.

Moreover, this high level of heterogeneity within epidemiolog-
ical data may support the existence of other factors that could
modulate the relationship between circulating fatty acids and
cancer risk, explaining contrasted results across different popula-
tions. Mechanistic data from animal models suggest that dietary
antioxidants may be good candidates for this modulatory role [25—
27]. It is possible that the effects of specific fatty acids on cancer
risk may be cancelled or even reversed by the presence of
antioxidants. So far, a limited number of epidemiologic studies
have been published on this topic, and their results were divergent:
whereas 2 prospective studies suggested an inverse association of
breast cancer risk with combined high intakes of vitamin E and
PUFA [28,29], one prospective study within the French E3N
cohort failed to show any significant interaction [30]. In the
Alpha-Tocopherol Beta-Carotene Study (ATBC), a-tocopherol
supplementation modified the association between serum linoleic
acid and prostate cancer risk [31]. Finally, a case-control study
reported a decreased risk of breast cancer associated with high
arachidonic acid intakes among women with low vitamin E
intakes, but an increased risk among women with both high
arachidonic acid and vitamin E intakes [32]. To our knowledge,
no prospective epidemiologic study has investigated whether the
associations between circulating SFAs, MUFAs, PUFAs and
overall and breast cancer risk were modified by antioxidant
supplementation.

Thus, the objectives of the present study were 1) to prospectively
investigate the relationships between plasma SFAs, MUFAs,
PUFAs and the risk of overall and breast cancer; and 2) to assess
the potential modulatory effect of an antioxidant supplementation
on these relationships.

Materials and Methods

Study population

The “Supplementation en Vitamines et Minéraux Antioxy-
dants” study (SU.VIL.MAX) is a population-based, double-blind,
placebo-controlled, randomized trial (Trial Registration clinical-
trials.gov Identifier: NCT00272428) initially designed to assess
the effect of a daily antioxidant supplementation on the incidence
of cardiovascular disease and cancer [33]. A total of 13,017
subjects were enrolled in 1994-1995. All participants took a
single daily capsule of a combination of 120 mg of ascorbic acid,
30 mg of vitamin E, 6 mg of beta carotene, 100 pg of selenium,
and 20 mg of zinc, or a placebo. The intervention study lasted
7.5y. Subjects provided written informed consent, and the study
was approved by the Ethics Committee for Studies with Human
Subjects at the Paris-Cochin Hospital (CCPPRB n°706) and the
“Commission Nationale de I'Informatique et des Libertés”

(CNIL n°334641).

Data and blood collection

At enrollment, all participants underwent a clinical examination
and anthropometric measurements by the study nurses and
physicians. They completed questionnaires regarding sociodemo-
graphic data, smoking, physical activity, and medication use.
Fasting blood samples were taken up at inclusion from all subjects
(before randomization and start of the intervention). Samples were
centrifuged immediately after blood draw, and plasma aliquots
were then preserved in sodium heparin. Less than one hour after
blood draw, plasma aliquots were stored at —20°C in dry ice for
shipment to the central biobank (maximum 24 hours), where they
were stored frozen in liquid nitrogen (—70°C).
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Case ascertainment

Major health events were self-reported by subjects during
follow-up. Investigations were conducted in all declared cancer
cases to obtain medical data from participants, physicians, and/or
hospitals. All information was reviewed by an independent expert
committee and cases were validated by pathological reports and
classified using the International Chronic Diseases Classification,
10th Revision, Clinical Modification (ICD-10) [34].

Nested case-control study

A case-control study nested in the SU.VI.MAX cohort was
designed to include all first primary incident cancer cases
diagnosed between baseline in 1994 and December 2002. Controls
(one per case) were randomly selected among participants with
complete follow-up data and without cancer diagnosis by the end
of follow-up and were matched by gender, age (=6 months),
number of dietary records and intervention group of the trial
(antioxidants or placebo).

Analyses of plasma fatty acid composition

Baseline plasma samples of selected subjects were used to
determine the fatty acid composition of total lipids. Lipids were
extracted from 150 pl aliquots of plasma with hexane/isopropanol
(3:2, viv), saponified with NaOH in dry methanol at 100°C, and
the fatty acids were methylated with boron trifluoride (14%) in
methanol. The fatty acid methyl esters were quantified by gas
chromatography using a capillary column (AT-WAX polar 30 m
length, 0.25 mm i.d., film thickness 0.25 pm), and hydrogen as
carrier gas. Peak identification was made by comparison of their
elution times with that of a mixture of commercial standards. Fatty
acid composition was expressed as percentages of the total area of
all fatty acid peaks. The coefficients of variation (CVs) were <
23.8% for the saturated fatty acids (SFAs), <8.0% for cis MUFAs,
<12.2% for n-6 PUFAs, <7.7% for n-3 PUFAs and 10.3% for
Mead acid.

We calculated the following ratios: total n-3 PUFAs to total n-6
PUFAs, arachidonic acid to dihomo-7y-linolenic acid (indicator of
the activity of Ad-desaturase), dihomo-y-linolenic acid to linoleic
acid (indicator of the activity of A6-desaturase and elongase), and
oleic acid to stearic acid (indicator of the rate-limiting enzyme A9-
desaturase).

Statistical analyses

Baseline characteristics of participants were compared between
cancer cases and controls by using conditional logistic regression
analyses. ORs and 95% confidence intervals for overall and breast
cancer risk associated with quartiles of each plasma fatty acid, fatty
acid categories and ratios were examined by using conditional
logistic regression models. Multivariate models were adjusted for
gender, age, body mass index (BMI), height, intervention group,
alcohol intake, physical activity, smoking status, family history of
cancer, and educational level. In breast cancer analyses, multi-
variate models were further adjusted for family history of breast
cancer, number of children, menopausal status and use of
menopausal hormone therapy at baseline. There was no missing
data for covariates except for smoking status, physical activity and
educational level for which missing values (less than 5% for each
variable) were replaced by the modal value. Adjustment variables
were coded as indicated in Table 1. Further adjustments for
energy, total lipid, and fruit and vegetable intakes, and number of
dietary records (continuous variables) were also tested.

Since cases and controls were matched for the antioxidant
supplement group, statistical interaction between antioxidant
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Table 1. Baseline characteristics of cancer cases and matched controls.

Plasma Fatty Acids, Antioxidants and Cancer Risk

Controls Overall cancer Breast cancer p!
(n=250) cases (n=250) cases (n=154)

Gender [n (%)]

Men 80 (32.0) 80 (32.0)

Women 170 (68.0) 170 (68.0)
Age (y)? 51.3+6.2 51.0+6.0 49.5+6.0 0.9
BMI [n (%)] 0.04

<25 kg/m? 152 (60.8) 166 (66.4) 116 (75.3)

25 to <30 kg/m2 81 (32.4) 57 (22.8) 28 (18.2)

= 30 kg/m? 17 (6.8) 27 (10.8) 10 (6.5)

Height (cm) 165.07.8 165.8+7.8 163.1£5.9 0.1
Intervention group [n (%)]

Yes 115 (46.0) 115 (46.0) 75 (48.7)

No (placebo) 135 (54.0) 135 (54.0) 79 (51.3)
Smoking status [n (%)] 0.004

Never smokers 136 (54.4) 121 (48.4) 85 (55.2)

Former smokers 89 (35.6) 75 (30.0) 36 (23.4)

Current smokers 25 (10.0) 54 (21.6) 33 (214)
Physical activity [n (%)] 0.1

Low 51 (20.4) 71 (28.4) 49 (31.8)

Moderate 81 (32.4) 72 (28.8) 48 (31.2)

High 118 (47.2) 107 (42.8) 57 (37.0)
Educational level [n (%)] 0.3

Primary 67 (26.8) 54 (21.6) 27 (17.5)

Secondary 103 (41.2) 104 (41.6) 59 (38.3)

University 80 (32.0) 92 (36.8) 68 (44.2)
Alcool intake (g/d) 125%16.7 15.5*183 9.2*x11.1 0.04
Family history® of any cancer (yes. %) 83 (33.2) 89 (35.6) 45 (29.2) 0.6
Family history® of breast cancer (yes. %)* 10 (4.0) 25 (10.0) 24 (15.6) 0.001
Menopausal status (yes. %)* 70 (28.0) 72 (28.8) 59 (38.3) 0.8
Use of hormonal treatment for menopause (yes. %)* 67 (26.8) 71 (28.4) 62 (40.3) 0.6
Number of biologic children* 1.9%+1.1 1.9%+1.2 2.0£1.2 0.6

2Mean + SD (all such values).

3In first or second degree relatives.
“In women only.
doi:10.1371/journal.pone.0090442.t001

supplementation and plasma fatty acids could not be formally
tested. However, stratified analyses were performed by running
the models separately in supplemented and non-supplemented
subjects. In sensitivity analyses, models were also performed on the
absolute values of fatty acids. All statistical tests were two-sided,
and P<<0.05 was considered statistically significant, however, we
also pointed out results that remained statistically significant with a
more conservative threshold (P<<0.01). Analyses were performed
with SAS software (v9.2; SAS Institute Inc, Cary, North Carolina).

Results

A total of 250 incident cancer cases were diagnosed during
follow-up: 154 breast and 96 other cancer cases (42 prostate, 20
colorectal, 19 lung, and 15 upper aerodigestive tract cancers). In
breast cancer cases, 63 were premenopausal and 91 were
postmenopausal. 81% were estrogen receptor positive (ER+) and
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'P value for the comparison of overall cancer cases and controls by conditionnal logistic regression.

71% were progesterone receptor positive (PR+). 69% of breast
cancers were ductal, 13% were lobular and 18% derived from
other histological types. Mean tumor size was 16.2 (£11.75) mm
for breast tumor. 250 controls were randomly selected and
matched to cases. Median follow-up time was 3.7 y for cancer
cases and 7.9 y for controls. The characteristics of overall and
breast cancer cases and controls are described in Table 1. Cancer
cases were less frequently overweight but more frequently obese,
more often current smokers, had higher alcohol intake and had
more often family history of breast cancer (for women). Means
(£SDs) of the percentages of each plasma fatty acids are shown in
Table 2 for overall cancer cases, breast cancer cases and controls.
In this crude analysis, plasma concentrations of dihomo-y-linolenic
acid, mead acid and the dihomo-7y-linolenic/linoleic acids ratio
were lower in cancer cases than in controls. In addition, as
expected due to the random design, no difference in baseline
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plasma fatty acid levels was observed between the placebo and the
supplemented group (p>0.05 for all studied fatty acids, data not
tabulated).

Associations between plasma fatty acids and overall cancer
risk are presented in Table 3. Dihomo-y-linolenic acid
(ORguvs.01 =0.49 95%CI=0.28-0.85, Pyena=0.002), the di-
homo-y-linolenic/linoleic acids ratio (ORg4vs.01 =0.46, 95%CI =
0.25-0.85, Pyena = 0.001), mead acid (ORg4ys.01 = 0.35 95%CI =
0.19-0.65, Py;ena = 0.0004), and palmitoleic acid (ORqg4ys.01 = 0.55
95%CI=0.30-1.01, Pyena=0.02) were inversely associated with
overall cancer risk. The arachidonic/dihomo-y-linolenic acids
ratio (ORquys.01 =1.90, 95%CI=1.09-3.30, Pyena=0.02) and
linoleic acid (ORqguys1 =1.91, 95%CI=1.06-3.43, Pycna=
0.02) were directly associated with overall cancer risk. The
assoclations between mead acid, linoleic and dihomo-y-linolenic
acids and cancer risk persisted after mutual adjustment for each

PLOS ONE | www.plosone.org

Table 2. Plasma concentrations of fatty acids at baseline among cases and controls.
Fatty acids Controls Overall cancer Breast cancer p?

(n=250) cases (n=250) cases (n=154)

% of total fatty acids (+ SD)
Total SFAs 28.39*2.34 28.05*+2.36 27.78*2.14 0.1
14:0 (myristic acid) 1.06+0.44 1.01£0.44 0.97+0.43 0.2
16:0 (palmitic acid) 20.60+1.97 20.32£2.08 20.06+1.97 0.2
18:0 (stearic acid) 6.71+0.77 6.66+0.80 6.69+0.86 0.5
20:0 (arachidic acid) 0.06+0.02 0.06+0.02 0.06+0.02 0.8
Total MUFAs (cis) 21.67+3.11 21.58+3.18 21.06*2.73 0.7
16:1 n-7 (palmitoleic acid) 2.23+0.79 2.15+0.84 2.06+0.68 0.3
18:1 n-7 cis (vaccenic acid) 1.42+0.24 1.47+0.75 1.49+0.94 03
18:1 n-9 (oleic acid) 18.02+2.58 17.95*+2.55 17.52%2.21 0.7
Total n-6 PUFAs 44.50*4.57 44.62+4.83 45.38*4.21 0.8
18:2 n-6 (linoleic acid) 33.73£4.70 34.06+4.67 34.83+4.17 0.4
18:3 n-6 (A-linolenic acid) 0.53*+0.22 0.49+0.19 0.45*+0.18 0.05
20:2 n-6 (eicosadienoic acid) 0.21+0.05 0.21+0.05 0.21+0.05 0.5
20:3 n-6 (dihomo-y-linolenic acid) 1.61+0.37 1.52+0.33 1.51+0.36 0.003
20:4 n-6 (arachidonic acid) 8.19+1.53 8.13£1.59 8.18+1.60 0.6
22:4 n-6 (docosatetraenoic acid) 0.2 1+0.09 0.21+0.08 0.20+0.07 0.7
Total n-3 PUFAs 5.09+1.54 5.43+2.50 547+2.71 0.08
18:3 n-3 (a-linolenic acid) 0.51*0.15 0.52*0.17 0.52*0.16 0.2
20:5 n-3 (eicosapentaenoic acid) 1.34*0.82 1.52*+1.42 1.50*1.55 0.1
22:5 n-3 (docosapentaenoic acid) 0.55*0.14 0.57+0.20 0.57*0.21 0.2
22:6 n-3 (docosahexaenoic acid) 2.69+0.77 2.82+1.05 2.88+1.10 0.1
n-9 PUFAs
20:3 n-9 (mead acid) 0.15+0.09 0.13£0.05 0.13£0.05 0.01
Total PUFAs 49.58+4.72 50.05+4.67 50.85+3.78 0.2
Ratio
n-3/n-6 0.12+0.03 0.13+0.08 0.13+0.09 0.09
20:4 n-6/20:3 n-6 5.32+1.58 5.59+1.53 5.70*1.61 0.05
20:3 n-6/18:2n-6 0.05*+0.01 0.04+0.01 0.04%+0.01 0.004
18:1n-9/18:0 2.73%+0.52 2.73+0.49 2.66+0.48 0.9
Quantity of total fatty acids (umol/L)2 11038.23+2013.56 11330.45+2732.49 10870.56+1953.79 0.3
'P for the comparison of overall cancer cases and controls by unadjusted conditional logistic regression (only matching factors).
2Mean and SD for total quantity of fatty acids. This information was available for 174 cancer cases (among which 113 breast cancers) and 174 controls).
doi:10.1371/journal.pone.0090442.t002

other. Results for dihomo-y-linolenic acid, mead acid and the
dihomo-7y-linolenic/linoleic  acids ratio remained statistically
significant when a p-value of 0.01 for significance was
considered.

When analyses were stratified by intervention group (Table 3),
no significant association was observed in the antioxidant group.
In contrast, in the placebo group, previous significant associations
tended to be strengthened, and further associations appeared:
total PUFAs were directly associated with overall cancer risk
(ORguvs.01 =2.88, 95%CI=1.20-6.92, P ena=0.02) whereas
v-linolenic acid (ORg4vsn1 =0.20, 95%CI=0.08-0.50; Pyena=
0.001), total SFA (ORquys01 =0.35 95%CI=0.16-0.78; Pyena =
0.01), and palmitic acid (ORg4yvsq1 =0.28, 95%CI=0.11-0.29,
Prena=0.004) were associated with decreased overall cancer risk.
Among these results, those regarding v-linolenic and palmitic
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"Adjusted for gender, age, intervention group (except in the models stratified on this variable), body mass index, height, smoking status, physical activity, alcohol intake, educational level and family history of cancer.
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acids remained statistically significant when a p-value of 0.01 for
significance was considered.

Similar trends were observed for breast cancer specifically
(Table 4) regarding all results (overall and stratified by
intervention group) except for findings related to dihomo-y-
linolenic acid that were not statistically significant and for a direct
association that was observed between eicosadienoic acid and
breast cancer risk in the placebo group (ORguyso)=4.10,
95%CI =0.92-18.39, Puena=0.03). However the later result was
no longer statistically significant if a p-value threshold of 0.01 was
considered.

Further adjustment for energy, total lipid, and fruit and
vegetable intakes, and number of dietary records did not modify
the findings, neither did the sensitivity analyses excluding cases
(n = 30) diagnosed during the first year of follow—up nor excluding
the in-situ breast cancer cases (n=20) (data not shown). Results
were also similar when analyses were performed on the absolute
values of fatty acids, for subjects with such available data (n=174
cases and 174 controls) (data not shown).

Discussion

In this prospective study, we observed inverse associations
between dihomo-y-linolenic acid, the dihomo-y-linolenic/linoleic
acids ratio, 7-linolenic acid (placebo group), mead acid,
palmitoleic acid and overall cancer risk, and direct associations
between the arachidonic/dihomo-y-linolenic acids ratio, linoleic
acid and overall cancer risk. Similar results were observed for
breast cancer specifically. In addition, to our knowledge, this
study was the first to prospectively examine the potential
modulatory role of an antioxidant supplementation on the
relationships between circulating SFAs, MUFAs and PUFAs
and overall and breast cancer risk. Interestingly, no association
was observed in the antioxidant-supplemented group, whereas all
previously described associations were found in the placebo
group. Some associations were even observed only in the placebo
group, such as a direct association between total PUFAs and
overall and breast cancer risk.

We observed inverse associations between dihomo-y-linolenic
acid, the ratio of dihomo-7y-linolenic/linoleic acids (indicator of the
A6 desaturase and elongase which converts linoleic acid into
dihomo-7y-linolenic acid), y-linolenic acid (placebo group) and
overall cancer risk. Consistently, a prospective case-control study
nested in the Carotene and Retinol Efficacy Trial (CARET),
including 641 cases, reported an inverse association between
dihomo-7y-linolenic acid and non-aggressive prostate cancer risk
[16]. In contrast, some prospective studies reported direct
associations between dihomo-7y-linolenic and gastric adenocarci-
noma [23] and prostate cancer [19] risk. Although these
associations require further investigation, our findings are
supported by mechanistic studies: dihomo-y-linolenic acid inhibits
both motility and invasiveness of human colon cancer cells by
increasing the expression of E-cadherin, and it reduces tumor-
endothelium adhesion, a key factor in the establishment of distant
metastases [35]. Dihomo-y-linolenic acid interferes in cellular lipid
metabolism and eicosanoid (cyclooxygenase and lipoxygenase)
biosynthesis. It can be further converted by inflammatory cells to
15-(S)-hydroxy-8,11,13-eicosatrienoic acid and prostaglandin E1
(PGE1), that possess both anti-inflammatory and anti-proliferative
properties. PGEl could also induce growth inhibition and
differentiation of cancer cells [35]. Regarding y-linolenic acid, it
has been shown to inhibit the overexpression and hyperactivity of
fatty acid synthase oncogene closely linked to malignant transfor-
mation of mammary cells [36].
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1.14 (0.32-3.99)
0.26 (0.05-1.33)
0.88 (0.24-3.19)

0.59 (0.18-1.93)

1.30 (0.39-4.39)
1.61 (0.52-4.96)
0.97 (0.23-4.01)
0.61 (0.18-2.05)

1
1
1
1

1.13 (0.50-2.58)0.76 (0.32-1.80)1.02 (0.45-2.30)0.8

1

n-3/n-6 PUFAs
20:4 n-6/20:3 n-6
20:3 n-6/18:2n-6

18:1n-9/18:0

3.21 (0.65-16.01) 0.08

0.70 (0.21-2.35)
0.49 (0.15-1.62)

1.61 (0.42-6.14)
0.43 (0.10-1.83)

1.31 (0.59-2.88)1.32 (0.56-3.10)2.06 (0.87-4.85)0.1
1.31 (0.55-3.09)0.67 (0.30-1.49)0.47 (0.19-1.14)0.03

0.4
0.8

1.90 (0.56-6.44)
0.30 (0.07-1.24)

0.07

1
1

1.0

0.53 (0.16-1.81)

0.55 (0.24-1.27)0.76 (0.35-1.62)0.69 (0.31-1.53)0.5

Adjusted for gender, age, intervention group (except in the models stratified on this variable), number of dietary records, body mass index, height, smoking status, physical activity, alcohol intake, educational level, family history

of breast cancer, menopausal status, use of hormonal treatment for menopause and number of children.

doi:10.1371/journal.pone.0090442.t004
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To our knowledge, the inverse association observed in the
present study between mead acid and the risk of overall and breast
cancer has not been previously documented in epidemiologic
studies. Mechanistic data support this result. Mead acid is
converted to C3 and D3 leukotrienes, which have an anti-
mflammatory effect [37], and opposes 2-series prostaglandin
(PGE-2) production from arachidonic acid [38].

Linoleic acid was directly associated with overall and breast
cancer risk. Prospective epidemiological studies have generally
failed to establish clear evidence of an association between
linoleic acid and cancer risk [18,20,22], though a significant
inverse association has been reported in some studies with breast
[9,13,15] and prostate [19] cancers. However, our finding on
linoleic acid is consistent with animal and in vitro models, which
have shown its ability to promote breast and prostate cancer
growth [39].

This result is also consistent with the previously discussed
inverse association observed between mead acid and cancer risk.
Indeed, under normal physiological conditions, n-9 derivatives are
formed in small amounts, and a significant increase in mead acid
status (a metabolite of oleic acid) suggests a deficiency of n-6 (and
n-3) essential fatty acids [40]. Thus, both results are probably
interrelated. However, these associations persisted after mutual
adjustment for each of these fatty acids.

We found that an increasing concentration of palmitoleic acid
was associated with a decreased risk of overall and breast cancer.
Consistent with our findings, a case-control study [41] including
291 cancer cases reported a significant reduction in breast cancer
risk associated with palmitoleic acid in adipose tissue. In contrast, a
meta-analysis conducted in 2004 and involving 3 prospective
studies [9] observed direct association between palmitoleic acid
and post-menopausal breast cancer risk and one prospective study
observed direct association with prostate cancer risk [21]. Cis-
palmitoleic acid is mainly found in dairy products, thus, we cannot
rule out the fact that its observed association with cancer risk
reflects in fact a potentially protective effect of other components
of dairy products, such as vitamin D.

The ratio of arachidonic/dihomo-vy-linolenic acids (indicator of
the A5 desaturase activity) was associated with an increased risk of
overall cancer. In line with this finding, a Swedish nested case-
control study observed a borderline non-significant increase in
breast cancer risk associated with this ratio [14]. This result is
supported by mechanistic plausibility: dihomo-y-linolenic is
converted to arachidonic acid that can be converted, via the
cyclooxygenase pathway, in PGE-2 that stimulate cancer cell
proliferation [35].

One of the most salient and original findings of our study is the
fact that antioxidant supplementation strongly modulated the
assoclations between circulating SFAs, MUFAs, PUFAs and
cancer risk. In the ATBC Study, serum linoleic acid was inversely
associated with prostate cancer risk only among men who received
high-dose a-tocopherol supplements (50 mg/day) [31]. In con-
trast, in our study, no association was found in the intervention
group, whereas all previously described associations were observed
and generally strengthen in the placebo group. Total PUFAs were
associated with increased overall and breast cancer risk in the
placebo group, whereas this relationship was not observed in the
antioxidant-supplemented group. These results are consistent with
mechanisms observed in some experimental studies [4,26,27].
Indeed, in addition to the specific and contrasted effects of n-3 and
n-6 PUFAs, these studies suggested that when unprotected (low
antioxidant status), PUFAs in general could be metabolized and
transformed into peroxides that may convey genotoxic effects,
whereas antioxidants protect PUFAs from peroxidation, thereby
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potentially cancelling these carcinogenic properties. In addition, in
vitro and in vivo models showed that several PUFAs increased
cytotoxic activity of anthracyclines during cancer treatment, but
this mechanism was abolished by antioxidant addition (notably o-
tocopherol) [42]. The overall PUFA level observed in the present
study was similar to the one observed in another French cohort
[43] and an Italian study [10]. However, caution is needed in the
comparison of circulating fatty acid levels across studies since
measurement method may be different [8].

Similarly, the previously discussed inverse association between
mead acid and overall and breast cancer risk was observed in the
placebo but not in the antioxidant-supplemented group. Indeed,
antioxidant supplementation, by preserving essential PUFAs from
peroxidation, may limit the synthesis of mead acid.

This modulation by antioxidant intake may explain discrep-
ancies between previous studies investigating the associations
between circulating PUFAs and cancer risk [9,10,15,22].

Our results showed an inverse association between SFAs (and
more specifically palmitic acid) and the risk of overall and breast
cancers in the placebo group only. In contrast, several prospective
epidemiological studies have reported direct associations between
palmitic acid and prostate [20-22] or breast [9] cancer risk, and
between total SFAs and breast cancer risk [44]. SFAs can be
synthesized endogenously. Palmitic acid is the major fatty acid
produced by de novo lipogenesis from acetyl CoA and malonyl
CoA and 1s further desaturated to palmitoleic acid or elongated to
stearic acid [45]. Thus, plasma concentrations of SFAs do not
systematically reflect SFA intakes but rather endogenous de-novo
fatty acid synthesis [46,47]. Circulating palmitic acid could favour
palmitoylation of estrogen B-receptors allowing their tumor
suppressor function [48].

Strengths of our study include its prospective design, the wide
range of circulating SFAs, MUFAs and PUFAs studied and, for
the first time in an epidemiological study, the investigation of a
potential modulatory role of an antioxidant supplementation in
the association between plasma fatty acids and overall and breast
cancer risk.

Some limitations should be acknowledged. First, plasma
composition of fatty acids was evaluated only once, at baseline.
It would have been interesting to evaluate how this composition
varied in time after inclusion, overall and by antioxidant
supplementation group, but this information was not available.
Indeed, several factors may have modified plasma fatty acids
profiles during follow-up, such as variation in endogenous
lipogenesis or dietary factors. In addition, it cannot be ruled out
that other factors than antioxidant supplementation may also have
modified the associations between fatty acid levels and cancer risk
during follow-up, such as use of specific drugs or weight change
over time. However, these could not be investigated in the present
study. Second, the fatty acid composition of plasma was
determined based on total lipids. Other biomarkers such as fatty
acid composition of plasmatic phospholipids or fatty acids from
adipose tissue are more appropriate to reflect long-term fatty acid
intake [6]. This limitation could explain why we did not detect
some associations. For instance, we observed no relationship
between n-3 PUFAs and cancer risk. Another explanation could
be that n-3 PUFA intake is too low to exert a protective effect, as
suggested in the ESN Study [43]. However, this finding is in
agreement with most prospective studies conducted in Western
countries [16,20,44]. Third, several studies suggested an increasing
risk of breast, prostate or colorectal cancer associated with
increasing concentrations of some individual #ans-MUFAs
[24,43,49], but no information was available for plasma concen-
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trations of #ans fatty acids in the present study. Fourth, as
participants received a combination of antioxidants, it was not
possible to identify if one of them was more particularly involved
in the modulation of the association between plasma fatty acids
and cancer risk. However, it can be postulated that the fat-soluble
vitamin E may have played a central role, as previously suggested
[31]. Next, regarding the multiple testing, several fatty acids were
mvestigated, thus significant associations occurring purely by
chance cannot be excluded. However, we strove to specify our
models well, adjusting for the most pertinent covariates to
minimize the potential for Type I error. Our initial protocol
stipulated an alpha level of 0.05. We did not employ an overly
conservative alpha level in order not to decrease the available
statistical power and also in order not to increase the likelihood of
a Type II error. Our results are hypothesis driven and supported
by biologic plausibility, and the number of statistically significant
results observed in our study was far above the 5% error of the first
kind. Besides, all significant results were observed only in the
placebo group, whereas type I error would have led to randomly
distributed significant results across supplementation groups.
Thus, the observed findings cannot be explained entirely by
chance. Next, matching of cases and controls for the supplemen-
tation group prevented us from testing the statistical significance of
observed interactions between antioxidant supplementation and
plasma fatty acids. This should be investigated in future
prospective studies. Finally, since the present study is observational
and not interventional, causality of observed associations cannot
be established. Levels of plasma fatty acids are related to each
other. Thus, despite mechanistic plausibility of each observed
association, it cannot be ruled out that these relationships may not
be causal, but may in fact reflect complex mechanisms that involve
interrelated fatty acids.

In conclusion, this prospective study highlighted several inverse
or direct associations between specific plasma SFAs, MUFAs,
PUFAs and cancer risk that were supported by mechanistic
plausibility. Notably, for the first time, we have found a negative
association between mead acid and overall and breast cancer
risk. Our initial hypothesis of a modulatory effect of an
antioxidant supplementation on these relationships was verified.
To our knowledge, this had never been investigated before in
any epidemiological study on circulating fatty acids and overall
or breast cancer risk. Additional prospective studies and
mechanistic data are needed to better apprehend the influence
of antioxidants on the potential pro- and anti-carcinogenic effects
of fatty acids.

Acknowledgments

The authors thank Sandrine Bertrais and Luc Dauchet for their
contribution to the setting of the nested case-control study. The authors
also thank Gwenael Monot, Younes Esseddik, Paul Flanzy, Mohand Ait
Oufella, Yasmina Chelghoum, and Than Duong Van (computer scientists),
Florence Charpentier (dietitian), Nathalie Arnault, Véronique Gourlet,
Fabien Szabo, Laurent Bourhis, and Stephen Besseau (statisticians), and
Rachida Mehroug (logistics assistant) for their technical contribution to the

SU.VIL.MAX study.

Author Contributions

Conceived and designed the experiments: CP MT. Performed the
experiments: FL. PG SH. Analyzed the data: CP. Wrote the paper: CP.
Contributed to the data interpretation and revised each draft for important
intellectual content: VC FL EKG PG SH PLM MT. Had primary
responsibility for the final content ans supervised the study: MT.

February 2014 | Volume 9 | Issue 2 | 90442



References

1.

20.

21.

22.

23.

24.

Pauwels EK, Kairemo K (2008) Fatty acid facts, part II: role in the prevention of
carcinogenesis, or, more fish on the dish? Drug News Perspect 21: 504-10.

. Larsson SC, Kumlin M, Ingelman-Sundberg M, Wolk A (2004) Dietary long-

chain n-3 fatty acids for the prevention of cancer: a review of potential
mechanisms. Am J Clin Nutr 79: 935-945.

. Welsch CW (1987) Enhancement of mammary tumorigenesis by dietary fat;

review of potential mechanisms. Am J Clin Nutr 45: 192-202.
Serini S, Fasano E, Piccioni E, Cittadini ARM, Calviello G (2011) Dietary n-3
Polyunsaturated Fatty Acids and the Paradox of Their Health Benefits and
Potential Harmful Effects. Chem Res Toxicol 24: 2093-2105.

. Bingham SA, Luben R, Welch A, Wareham N, Khaw KT, et al. (2003) Are

imprecise methods obscuring a relation between fat and breast cancer? Lancet
362: 212-214.

. Arab L (2003) Biomarkers of Fat and Fatty Acid Intake. J Nutr 133: 9255-932S.
. Zock PL, Mensink RP, Harryvan J, de Vries JHM, Katan MB (1997) Fatty Acids

in Serum Cholesteryl Esters as Quantitative Biomarkers of Dietary Intake in
Humans. Am J Epidemiol 145: 1114-1122.

. Byers T, Giescker K (1997) Issues in the design and interpretation of studies of

fatty acids and cancer in humans. Am J Clin Nutr 66: 1541S-1547S.
Saadatian-Elahi M, Norat T, Goudable Jl, Riboli E (2004) Biomarkers of dietary
fatty acid intake and the risk of breast cancer: A meta-analysis. Int ] Cancer 111:
584-591.

. Pala V, Krogh V, Muti P, Chajés V, Riboli E, et al. (2001) Erythrocyte

Membrane Fatty Acids and Subsequent Breast Cancer: a Prospective Italian

Study. J Natl Cancer Inst 93: 1088-1095.

. Chajés V, Hultén K, Van Kappel AL, Winkvist A, Kaaks R, et al. (1999) Fatty-

acid composition in serum phospholipids and risk of breast cancer: An incident
case-control study in Sweden. Int J Cancer 83: 585-590.

Saadatian-Elahi M, Toniolo P, Ferrari P, Goudable J, Akhmedkhanov A, et al.
(2002) Serum fatty acids and risk of breast cancer in a nested case-control study
of the New York University Women’s Health Study. IARC Sci Publ 156: 227
30.

. Takata Y, King I, Neuhouser M, Schaffer S, Barnett M, et al. (2009) Association

of serum phospholipid fatty acids with breast cancer risk among postmenopausal
cigarette smokers. Cancer Causes Control 20: 497-504.

. Wirfalt E, Vessby B, Mattisson I, Gullberg B, Olsson H, et al. (2004) No relations

between breast cancer risk and fatty acids of erythrocyte membranes in
postmenopausal women of the Malmo Diet Cancer cohort (Sweden). Eur J Clin
Nutr 58: 761-770.

. Rissanen H, Knekt P, Jarvinen R, Salminen I, Hakulinen T (2003) Serum Fatty

Acids and Breast Cancer Incidence. Nutr Cancer 45: 168-175.

. Cheng TYD, King IB, Barnett MJ, Ambrosone CB, Thornquist MD, et al.

(2013) Serum Phospholipid Fatty Acids, Genetic Variation in Myeloperoxidase,
and Prostate Cancer Risk in Heavy Smokers: A Gene-Nutrient Interaction in the
Carotene and Retinol Efficacy Trial. Am J Epidemiol 177: 1106-1117.

. Gann PH, Hennekens CH, Sacks FM, Grodstein F, Giovannucci EL, et al.

(1994) Prospective Study of Plasma Fatty Acids and Risk of Prostate Cancer.
J Natl Cancer Inst 86: 281-286.

. Brasky TM, Till C, White E, Neuhouser ML, Song X, et al. (2011) Serum

Phospholipid Fatty Acids and Prostate Cancer Risk: Results From the Prostate
Cancer Prevention Trial. Am J Epidemiol 173: 1429-1439.

. Chavarro JE, Stampfer MJ, Li H, Campos H, Kurth T, et al. (2007) A

Prospective Study of Polyunsaturated Fatty Acid Levels in Blood and Prostate
Cancer Risk. Cancer Epidemiol Biomarkers Prev 16: 1364-1370.

Crowe FL, Allen NE, Appleby PN, Overvad K, Aardestrup IV, et al. (2008)
Fatty acid composition of plasma phospholipids and risk of prostate cancer in a
case-control analysis nested within the European Prospective Investigation into
Cancer and Nutrition. Am J Clin Nutr 88: 1353-1363.

Harvei S, Bjerve KS, Tretli S, Jellum E, Robsahm TE, et al. (1997)
Prediagnostic level of fatty acids in serum phospholipids: Om-3 and Om-6 fatty
acids and the risk of prostate cancer. Int J Cancer 71: 545-551.

Park SY, Wilkens L, Henning S, Le Marchand Lec, Gao K, et al. (2009)
Circulating fatty acids and prostate cancer risk in a nested case-control study: the
Multiethnic Cohort. Cancer Causes Control 20: 211-223.

Chajes V, Jenab M, Romieu I, Ferrari P, Dahm CC, et al. (2011) Plasma
phospholipid fatty acid concentrations and risk of gastric adenocarcinomas in the
European Prospective Investigation into Cancer and Nutrition (EPIC-EUR-
GAST). Am J Clin Nutr 94: 1304-1313.

Kojima M, Wakai K, Tokudome S, Suzuki K, Tamakoshi K, et al. (2005) Serum
Levels of Polyunsaturated Fatty Acids and Risk of Colorectal Cancer: A
Prospective Study. Am J Epidemiol 161: 462-471.

Jolas S, Germain E, Arab K, Maheo K, Goupille C, et al. (2005) a-Tocopherol
Suppresses Mammary Tumor Sensitivity to Anthracyclines in Fish Oil-Fed Rats.
Nutr Cancer 51: 178-183.

PLOS ONE | www.plosone.org

10

26.

27.

28.

29.

30.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

Plasma Fatty Acids, Antioxidants and Cancer Risk

Nohl H, Rohr-Udilova N, Gille L, Bieberschulte W, Jurek D, et al. (2005)
Suppression of Tumour-promoting Factors in Fat-induced Colon Carcinogen-
esis by the Antioxidants Caroverine and Ubiquinone. Anticancer Res 25: 2793~
2800.

Welsch CW (1995) Review of the effects of dietary fat on experimental
mammary gland tumorigenesis: role of lipid peroxidation. Free Radic Biol Med
18: 757-73.

Verhoeven DTH, Assen N, Goldbohm RA, Dorant E, van ’t Veer P, et al.
(1997) Vitamins C and E, retinol, beta-carotene and dietary fibre in relation to
breast cancer risk: a prospective cohort study. Br J Cancer 75: 149-155.
Michels KB, Holmberg L, Bergkvist L, Ljung H, Bruce A, et al. (2001) Dietary
antioxidant vitamins, retinol, and breast cancer incidence in a cohort of Swedish
women. International Journal of Cancer 91: 563-567.

Thiébaut ACM, Chajés V, Gerber M, Boutron-Ruault MC, Joulin V, et al.
(2009) Dietary intakes of Omega-6 and Omega-3 polyunsaturated fatty acids
and the risk of breast cancer. International Journal of Cancer 124: 924-931.

. Mannnisto S, Pietinen P, Virtanen MJ, Salminen I, Albanes D, et al. (2003)

Fatty Acids and Risk of Prostate Cancer in a Nested Case-Control Study in Male
Smokers. Cancer Epidemiol Biomarkers Prev 12: 1422-1428.

. Nkondjock A, Shatenstein B, Ghadirian P (2003) A case-control study of breast

cancer and dietary intake of individual fatty acids and antioxidants in Montreal,
Canada. Breast 12: 128-135.

. Hercberg S, Galan P, Preziosi P, Bertrais S, Mennen L, et al. (2004) The

SU.VL.MAX study: a randomized, placebo-controlled trial of the health effects
of antioxidant vitamins and minerals. Arch Intern Med 164: 2335-2342.

. WHO (1993) ICD-10, International classification of diseases and related health

problems.10th revision.

. Wang X, Lin H, Gu Y (2012) Multiple roles of dihomo-gamma-linolenic acid

against proliferation discases. Lipids Health Dis 11: 25.

. Menendez JA, Ropero S, Mehmi I, Atas E, Colomer R, et al. (2004)

Opverexpression and hyperactivity of breast cancer-associated fatty acid synthase
(oncogenic antigen-519) is insensitive to normal arachidonic fatty acid-induced
suppression in lipogenic tissues but it is selectively inhibited by tumoricidal
alpha-linolenic and gamma-linolenic fatty acids: A novel mechanism by which
dietary fat can alter mammary tumorigenesis. Int J Oncol 24: 1369-1383.
Hammarstrom S (1981) Conversion of 5,8,11-eicosatrienoic acid to leukotrienes
C3 and D3. J Biol Chem 256: 2275-2279.

Jakschik BA, Morrison AR, Sprecher H (1983) Products derived from 5,8,11-
eicosatrienoic acid by the 5-lipoxygenase-leukotriene pathway. J Biol Chem 258:
12797-12800.

Rose DP (1997) Effects of dietary fatty acids on breast and prostate cancers:
evidence from in vitro experiments and animal studies. Am J Clin Nutr 66:
15135-1522S.

Comba A, Lin YH, Eynard A, Valentich M, Fernandez-Zapico Mn, et al. (2011)
Basic aspects of tumor cell fatty acid-regulated signaling and transcription
factors. Cancer Metastasis Rev 30: 325-342.

Simonsen NR, Fernandez-Crehuet Navajas J, Martin-Moreno JM, Strain [], et
al. (1998) Tissue stores of individual monounsaturated fatty acids and breast
cancer: the EURAMIC study. European Community Multicenter Study on
Antioxidants, Myocardial Infarction, and Breast Cancer. Am J Clin Nutr 68:
134-141.

Colas S, Mahéo K, Denis F, Goupille C, Hoinard C, Champeroux P, Tranquart
F, Bougnoux P (2006) Sensitization by Dietary Docosahexaenoic Acid of Rat
Mammary Carcinoma to Anthracycline: A Role for Tumor Vascularization.
Clin Cancer Res 12: 5879-5886.

Chajés V, Thiébaut ACM, Rotival M, Gauthier E, Maillard V, et al. (2008)
Association between Serum trans-Monounsaturated Fatty Acids and Breast
Cancer Risk in the E3N-EPIC Study. Am J Epidemiol 167: 1312-1320.
Bassett JK, Severi G, Hodge AM, Maclnnis R], Gibson RA, et al. (2013) Plasma
phospholipid fatty acids, dietary fatty acids and prostate cancer risk. Int J Cancer
133: 1882-1891.

. Wakil SJ, Stoops JK, Joshi VC (1983) Fatty Acid Synthesis and its Regulation.

Annu Rev Biochem 52: 537-579.

Food and Agriculture Organization of the United Nations Food and Nutrition
(2010) Fats and fatty acids in human nutrition: report of an expert consultation.
Paper 91. FAO, Rome.

Chajés V, Joulin V, Clavel-Chapelon F (2011) The fatty acid desaturation index
of blood lipids, as a biomarker of hepatic stearoyl-CoA desaturase expression, is
a predictive factor of breast cancer risk. Curr Opin Lipidol 22: 6-10.

Marino M, Ascenzi P (2008) Membrane association of estrogen receptor o and
influences 17p-estradiol-mediated cancer cell proliferation. Steroids 73: 853—
858.

King IB, Kristal AR, Schaffer S, Thornquist M, Goodman GE (2005) Serum
Trans-Fatty Acids Are Associated with Risk of Prostate Cancer in B-Carotene
and Retinol Efficacy Trial. Cancer Epidemiol Biomarkers Prev 14: 988-992.

February 2014 | Volume 9 | Issue 2 | 90442



