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Abstract: Lifestyle habits, such as the consumption of a healthy diet, may prevent up to 30–50% of
breast cancer (BC) cases. Dietary fats are of specific interest, as research provides strong evidence
regarding the association of dietary fats and BC. However, there is limited research on the role of
different types of fats including polyunsaturated (PUFA), monounsaturated (MUFA), and saturated
fatty acids (SFA). The objective of this study was to determine the effects of lifelong exposure to
various dietary fats on mammary tumour development over a 20-week period. Female heterozygous
MMTV-neu (ndl) YD5 mouse models were fed five maternal diets containing (1) 10% safflower oil (n-6
PUFA, control), (2) 3% menhaden oil + 7% safflower oil (marine n-3 PUFA, control), (3) 3% flaxseed +

7% safflower oil (plant-based n-3 PUFA), (4) 10% olive oil (MUFA), or (5) 10% lard (SFA). The primary
measures, tumour latency, volume, and multiplicity differed by diet treatment in the following general
order, n-6 PUFA > plant n-3 PUFA, SFA, MUFA > marine n-3 PUFA. Overall, these findings show that
the quality of the diet plays a significant role influencing mammary tumour outcomes.

Keywords: fatty acid; breast cancer; n-3 PUFA; n-6 PUFA; MUFA; SFA

1. Introduction

Statistics show that 1 in 8 women will develop breast cancer (BC) during their lifetime [1]. A limited
number of breast cancers, 5–10%, occur as a result of genetic predisposition alone [2]. Aside from
non-modifiable risk factors, 30–50% of breast cancers can be prevented by lifestyle modifications such
as consumption of healthy diets [3]. Epidemiological evidence supports the benefits of healthy diets
in reducing BC risk. Specifically, in experimental and human studies, n-6 and n-3 polyunsaturated
fatty acids (PUFA) have been extensively studied and shown to promote or attenuate BC outcomes,
respectively [4–10].

Asian populations consuming diets rich in different n-3 PUFA, including marine-derived long-chain
n-3 PUFA eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), have a
reduced incidence of BC [4]. However, Western populations with a high intake of n-6 PUFA, such as
linoleic acid (LA, 18:2n-6), and n-3 PUFA intake lower than their Asian counterparts have a higher
incidence of BC [7]. Asian-American women in the West have a 60% higher risk of BC [5] partially
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attributed to the high consumption of n-6 PUFA in the Western diet. N-6 PUFA, such as LA and
arachidonic acid (AA, 20:4n-6), are thought to negatively affect health when present in large amounts
in the diet [9]. Although not as potent as marine-derived n-3 PUFA, previous research [11] has shown
that ALA from flaxseed oil also possesses protective effects in BC in a dose-dependent manner. It is
apparent that balance is important as consuming significant quantities of either n-6 or n-3 PUFA results
in different outcomes. For example, an in vitro study demonstrated that higher ratios of AA to EPA
and DHA resulted in differential growth of MCF-7 BC cells [12]. Similarly, a case-control study found
both eliminating fish from one’s diet combined with consuming high n-6:n-3 ratios independently
increased the risk of developing BC [13].

Mediterranean countries have reduced rates of cardiovascular diseases and cancers attributed
to Mediterranean dietary patterns rich in fish, nuts, fruit and vegetables, and olive oil [14–16].
Therefore, monounsaturated fatty acids (MUFA)—such as oleic acid (18:1n9, OA), which are abundant
in olive oil—are of particular interest when studying the potential beneficial effects of dietary fat.
A meta-analysis of postmenopausal BC showed that adherence to the Mediterranean diet was
significantly associated with a decrease risk in estrogen receptor negative (ER-) BC [17].

Saturated fatty acids (SFA) have been extensively studied in relation to cardiovascular health, but
less is known regarding the specific effects of SFA consumption on BC. A few studies have shown
a weak association between SFA consumption and BC risk [8,18,19]. However, a recent case-cohort
analysis found that BC risk was elevated in women with a greater percent incorporation of palmitic
acid (16:0, PA) into plasma phospholipids [20]. However, this may not be a direct reflection of intake
as SFA can be endogenously synthesized from acetyl CoA when consuming a high carbohydrate
diet [21]. A 2015 meta-analysis found a positive association between high SFA intake and BC incidence
in postmenopausal women from case-control studies but not cohort studies [22].

Based on current evidence, it is evident that different families of fatty acids may promote or
protect against BC. What remains to be studied, however, is a direct comparison between families of
fatty acids to better understand their relative impact on BC outcomes. Thus, the objective of this study
was to directly compare the effects of different families of dietary fatty acids, and specifically how they
influence mammary tumour latency, volume, and multiplicity in a mouse model of Her-2 breast cancer
(MMTV-neu(ndl)-YD5). Since Her-2 BC is prevalent in 10–25% of women [23], the MMTV-neu(ndl)-YD5
mouse is a relevant model for exploring prevention and treatment strategies. It was hypothesized that
mice fed n-3 PUFA and MUFA would have longer latency, fewer and smaller tumours compared to n-6
PUFA fed mice. Given the unhealthy associations with SFA, it was hypothesized that mice fed SFA
would have the poorest outcomes relative to all groups. This study contributes to the comprehensive
understanding of how diets rich in different families of fatty acids contribute to BC risk.

2. Materials and Methods

2.1. Animals and Diets

Each harem consisted of one male heterozygous MMTV-neu(ndl)-YD5 mouse and three female
FVB wild type mice. Harems were randomly assigned to one of five diets (Research Diets, Inc.,
New Brunswick, NJ, USA; Table 1): (1) 10% w/w safflower oil (n-6 PUFA control; n = 11), (2) 3%
w/w menhaden oil + 7% w/w safflower oil (marine n-3 PUFA control; n = 10), (3) 3% w/w flaxseed
oil + 7% w/w safflower oil (plant-based n-3 PUFA n = 9), (4) 10% w/w olive oil (MUFA; n = 6) and
(5) 10% w/w lard diets (SFA; n = 10). These are isocaloric and physiologically relevant diets based
on our previous work [11]. Mice were provided ad libitum access to diet and double-distilled water.
Food intake was recorded 3 times per week. Fatty acid composition of diets was confirmed by gas
chromatography (Table 1). Macronutrient composition of diets was provided by the manufacturer
(Appendix A). All experimental procedures were approved by the University of Guelph’s Animal Care
Committee (#3488) in 2015. Offspring were weaned and genotyped at three weeks of age as described
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previously [24]. Female transgenic offspring were placed on maternal diets and male offspring were
terminated. Mice were housed together in ventilated cages with a maximum number of 4 mice per cage.

Table 1. Fatty acid composition of diets.

Fatty Acid 10%
Safflower Oil

3%
Menhaden Oil

3%
Flaxseed Oil

10%
Olive Oil

10%
Lard

12:0 0.04 0.08 0.03 0.04 1.49
14:0 0.24 2.67 0.22 0.16 1.28
15:0 0 0.26 0.03 0 0.11
16:0 6.91 10.11 6.52 14.51 21.27
16:1c9 0.15 3.99 1.13 1.98 1.67
17:1c10 0 0.19 0.02 0.13 0.24
18:0 2.59 2.85 2.89 2.11 11.51
18:1c9 15.25 13.78 16.59 64.50 35.76
18:1c11 0.80 1.47 0.78 3.51 2.33
18:2n6 71.93 51.71 53.81 11.15 20.85
18:3n6 0.11 0.16 0 0 0.11
19:0 0 0 0 0 0.10
19:1c7 0 0.18 0 0 0
18:3n3 0.31 0.86 17.30 0.66 1.56
18:4n3 0.13 0.90 0.14 0 0.17
20:0 0.36 0.36 0.51 0.39 0.22
20:1c5&8 0.10 0 0 0 0
20:1c11 0.22 0.49 0.34 0.37 0.79
20:2n6 0.05 0.12 0.09 0 0.84
20:3n6 0 0.10 0 0 0.17
20:4n6 0 0.49 0 0 0.37
20:3n3 0 0.20 0 0 0.25
20:5n3 0.05 4.20 0 0 0
22:0 0.30 0.27 0.28 0.13 0
22:1n9 0.02 0.09 0.02 0.03 0.02
22:2n6 0 0.27 0 0 0
22:4n6 0.11 0.14 0 0 0.12
22:5n3 0 0.75 0 0 0.12
24:0 0.14 0.02 0.16 0.12 0.01
22:6n3 0 3.08 0 0 0
24:1 0.17 0.23 0.15 0.19 0
Total n-6 72.20 52.99 53.90 11.15 22.46
Total n-3 0.49 9.99 17.44 0.66 2.1
Total SFA 10.58 16.62 10.64 17.46 35.99
Total MUFA 16.71 43.19 19.03 70.71 40.81
Total PUFA 72.69 62.98 71.34 11.81 24.56

Fatty acid composition (%) of safflower, flaxseed, menhaden, olive and lard diets. Lipids were extracted and
analyzed from 3 separate pellets per diet and analyzed by gas chromatography. Averages are shown.

2.2. Mammary Tumour Measurements and Tissue Collection

Starting at 10 weeks of age, tumours were palpated and measured using a digital caliper. Tumour
measurements were taken 3 times per week when a new tumour was detected until termination at
20 weeks of age. Tumour volume was calculated using V = [length × (width2)]/2. Mice were terminated
at 20 weeks of age by CO2 overdose. If tumour dimensions exceeded 17 mm in length or width,
or had tumours more than 5000 mm3, mice were terminated prior to the 20-week endpoint. Mice were
terminated if in proestrus, estrus, or metestrus stages of the estrous cycle. If in the diestrus stage,
termination was delayed for a maximum of 2 days to control for hormonal fluctuations. To determine
stage of estrous cycle, the vagina was flushed with 30 µL of phosphate buffer solution. The solution
was observed under a microscope (Nikon Eclipse TS100, Neville Instruments, Melville, NY, USA) on
a glass slide. At time of termination, blood was collected by cardiac puncture. After 20 min of clot
time, blood was spun down at 357× g for 5 min) to separate red blood cells from plasma. The mouse
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pelt with mammary gland and tumours attached was removed for measurements of final tumour
dimensions, then tumours and mammary glands were removed, weighed, and stored at −80 ◦C for
future analysis.

2.3. Fatty Lipid Analysis

Lipid composition of tumours was determined by gas chromatography (GC) as described
previously [25]. Fatty acid composition was expressed as a percentage of total fatty acids. In brief,
lipids were extracted by chloroform:methanol and transmelthylated with boron trifluoride. They were
separated and analyzed by GC (7890A Agilent Technologies, SpectraLab, Markham, ON, Canada).

2.4. Statistical Analysis

SAS version 9.1 (SAS Institute, Cary, NC, USA) was used for all statistical analyses. The upper
limit of probability for statistical significance was set at p ≤ 0.05. A one-way ANOVA was conducted
to detect differences in tumour latency and fatty acid composition of tumours followed by Tukey’s
Studentized Range test. A repeated measures analysis was applied to tumour volume and multiplicity
to detect differences between diets over the 20-week experimental period.

3. Results

3.1. Tumour Latency and Tumour-Free Status

Tumour onset was significantly earlier in safflower-fed mice enriched in n-6 PUFA (Figure 1).
Average tumour latency was extended in mice fed olive oil, menhaden, and lard diets compared to the
safflower n-6 PUFA control, while flaxseed was intermediate (Figure 1). Safflower-fed mice reached
their T50, the median age when 50% of mice developed tumours, significantly faster than other diets
and no significant differences in T50 were observed between the other diets (Figure 2).Nutrients 2020, 12, x FOR PEER REVIEW 5 of 16 
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different letter are significantly different according to Tukey’s Studentized Range test (p < 0.05).
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Figure 2. Proportion of mice that remained tumour free over the 20-week experimental period fed
either 10% safflower oil diet (n = 11), 3% menhaden oil diet (n = 10), 3% flaxseed diet (n = 9), 10% olive
oil diet (n = 6), or 10% lard diet (n = 10). T50 denotes the time at which 50% of mice in a given group
developed tumours. Groups with a different letter are significantly different as determined by repeated
measures analysis (p < 0.05).

3.2. Tumour Volume

The menhaden n-3 PUFA control significantly reduced tumour volume compared to all other
diets, and the safflower n-6 PUFA control significantly increased tumour volume compared to all other
diets except flaxseed (Figure 3). No significant differences in tumour volume were found among the
flaxseed oil, olive oil, and lard diets (Figure 3).
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Figure 3. Average tumour volume per dietary intervention over the duration of the study in mice fed
either 10% safflower oil diet (n = 11), 3% menhaden oil diet (n = 10), 3% flaxseed diet (n = 9), 10% olive
oil diet (n = 6), or 10% lard diet (n = 10). Groups with a different letter are significantly different as
determined by repeated measures analysis (p < 0.05).
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3.3. Tumour Multiplicity

The safflower n-6 PUFA control significantly increased tumour multiplicity compared to all other
diets, and the menhaden control significantly decreased tumour multiplicity compared to all other
diets (Figure 4). No significant differences in tumour multiplicity were found among the flaxseed oil,
olive oil, and lard diets (Figure 4).
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either 10% safflower oil diet (n = 11), 3% menhaden oil diet (n = 10), 3% flaxseed diet (n = 9), 10% olive
oil diet (n = 6), or 10% lard diet (n = 10). Groups with a different letter are significantly different as
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3.4. Fatty Acid Composition of Tumour Phospholipids

Phospholipid analysis of mammary tumours was conducted to determine if the observed effects
on primary tumour outcomes could be attributed to the incorporation of specific dietary fatty acids
into the target tissue. The experimental diets enriched in different families of fatty acids were found to
be also enriched in the phospholipid fractions (phosphatidylcholine, PC; phosphatidylethanolamine,
PE) in mammary tumours. The percent composition is reported in Tables 2 and 3.

Table 2. Percent composition of fatty acids in PC fraction of mammary tumour phospholipids.

Fatty Acids 10%
Safflower

3%
Menhaden

3%
Flaxseed

10%
Olive

10%
Lard

12:0 0.04 ± 0.06 0.15 ± 0.09 0.09 ± 0.01 0.30 ± 0.29 0.07 ± 0.03
14:0 1.06 ± 0.31 1.25 ± 0.34 0.81 ± 0.06 0.83 ± 0.33 1.25 ± 0.16
15:0 0.24 ± 0.04 0.24 ± 0.17 0.22 ± 0.03 0.24 ± 0.05 0.25 ± 0.02
16:0 29.21 ± 1.16 29.39 ± 1.01 27.75 ± 2.08 25.81 ± 2.77 27.74 ± 3.07
18:0 8.32 ± 1.04 8.61 ± 2.58 8.24 ± 0.82 6.95 ± 1.68 7.25 ± 1.21
19:0 0.13 ± 0.08 0.14 ± 0.07 0.13 ± 0.02 0.15 ± 0.08 0.10 ± 0.03
20:0 0.11 ± 0.03 0.12 ± 0.05 0.19 ± 0.18 0.08 ± 0.02 0.08 ± 0.01
24:0 0.33 ± 0.13 B 0.56 ± 0.23 A 0.24 ± 0.05 B 0.24 ± 0.06 B 0.14 ± 0.07 B

Total SFA 39.44 40.47 37.68 34.60 36.88
16:1c-9 2.80 ± 0.79 3.34 ± 1.01 2.84 ± 0.33 3.62 ± 1.06 3.84 ± 0.44
18:1c-9 13.03 ± 1.60 C 13.76 ± 1.72 C 13.80 ± 1.61 C 23.63 ± 1.23A 19.88 ± 1.10 B

18:1c-11 5.16 ± 0.61 B 6.92 ± 1.94 AB 5.37 ± 0.92 B 7.86 ± 1.03 A 8.14 ± 1.28 A

20:1c-11 0.86 ± 0.31 0.83 ± 0.41 0.74 ± 0.33 1.28 ± 0.27 1.11 ± 0.20
22:1n-9 0.48 ± 0.14 0.37 ± 0.17 0.18 ± 0.09 0.37 ± 0.18 0.34 ± 0.24
24:1n-9 0.52 ± 0.25 0.59 ± 0.09 0.26 ± 0.05 0.57 ± 0.38 0.41 ± 0.08

Total MUFA 22.85 25.80 23.19 37.33 33.71
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Table 2. Cont.

Fatty Acids 10%
Safflower

3%
Menhaden

3%
Flaxseed

10%
Olive

10%
Lard

18:2n-6 13.11 ± 1.70 B 12.34 ± 1.83 B 17.33 ± 2.16 A 4.79 ± 0.37 C 7.20 ± 0.58 C

18:3n-6 0.22 ± 0.09 A 0.11 ± 0.05 B 0.17 ± 0.01 AB 0.13 ± 0.03 AB 0.10 ± 0.02 B

18:3n-3 0.21 ± 0.22 B 0.21 ± 0.08 B 0.49 ± 0.19 A 0.19 ± 0.08 B 0.18 ± 0.05 B

20:2n-6 2.24 ± 0.75 A 1.77 ± 0.65 AB 1.98 ± 0.61 A 0.45 ± 0.11 C 1.02 ± 0.17 BC

20:3n-6 3.40 ± 1.43 BC 2.92 ± 0.51 BC 4.18 ± 0.67 B 2.21 ± 0.36 C 2.47 ± 0.27 C

20:4n-6 13.89 ± 3.43 AB 8.85 ± 2.13 C 10.68 ± 1.93 BC 16.81 ± 2.50 A 15.03 ± 1.66 AB

20:5n-3 0.54 ± 0.73 BC 0.89 ± 0.31 B 0.50 ± 0.16 BC 0.16 ± 0.05 C 0.19 ± 0.04 BC

22:2n-6 0.31 ± 0.10 A 0.22 ± 0.06 AB 0.20 ± 0.07 AB 0.17 ± 0.09 AB 0.11 ± 0.07 B

22:4n-6 1.20 ± 0.16 A 0.51 ± 0.16 B 0.39 ± 0.06 B 0.74 ± 0.36 B 0.61 ± 0.06 B

22:5n-6 1.10 ± 0.34 A 0.47 ± 0.19 B 0.18 ± 0.04 B 0.46 ± 0.23 B 0.38 ± 0.09 B

22:5n-3 0.41 ± 0.31 B 1.49 ± 0.61 A 0.83 ± 0.03 B 0.36 ± 0.15 B 0.36 ± 0.10 B

22:6n-3 1.06 ± 0.50 B 3.95 ± 2.89 A 2.19 ± 0.29 AB 1.62 ± 0.22 B 1.77 ± 0.11 B

Total PUFA 37.70 33.73 39.13 28.07 29.41

Within a row, values not sharing a letter are significantly different according to a one-way ANOVA (p < 0.05).
Values are expressed as mean ± standard deviation (n = 6–11).

Table 3. Percent composition of fatty acids in PE fraction of mammary tumour phospholipids.

Fatty Acids 10%
Safflower

3%
Menhaden

3%
Flaxseed

10%
Olive

10%
Lard

12:0 0.04 ± 0.10 B 0.05 ± 0.08 B 0.13 ± 0.07 AB 0.26 ± 0.07 A 0.23 ± 0.12 A

14:0 0.40 ± 0.12 0.42 ± 0.19 0.39 ± 0.07 0.33 ± 0.14 0.53 ± 0.16
15:0 0.18 ± 0.14 0.09 ± 0.11 0.15 ± 0.09 0.20 ± 0.13 0.24 ± 0.11
16:0 6.79 ± 0.74 A 7.48 ± 0.65 A 7.22 ± 0.66 A 5.00 ± 0.50 B 6.70 ± 0.25 A

18:0 14.25 ± 1.28 13.93 ± 2.46 13.70 ± 1.12 12.03 ± 1.95 11.84 ± 1.32
19:0 0.14 ± 0.13 0.04 ± 0.07 0.12 ± 0.09 0.04 ± 0.10 0.08 ± 0.10
20:0 0.15 ± 0.03 0.11 ± 0.04 0.10 ± 0.02 0.14 ± 0.05 0.09 ± 0.09
24:0 0.79 ± 0.29 A 0.63 ± 0.28 AB 0.36 ± 0.19 B 0.54 ± 0.13 AB 0.33 ± 0.22 B

Total SFA 22.75 22.75 22.18 18.54 20.04
16:1c9 1.45 ± 0.34 B 1.90 ± 0.37 A 1.90 ± 0.22 A 1.27 ± 0.28 B 1.92 ± 0.17 A

18:1c9 17.55 ± 2.61 C 18.20 ± 4.59 C 19.96 ± 1.32 BC 25.04 ± 3.17 A 24.08 ± 0.73 AB

18:1c11 4.77 ± 0.96 B 5.65 ± 1.48 AB 5.38 ± 0.89 AB 5.83 ± 1.23 AB 6.83 ± 1.22 A

20:1c11 1.07 ± 0.34 AB 0.88 ± 0.45 AB 0.74 ± 0.31 B 1.34 ± 0.30 A 1.23 ± 0.28 AB

22:1n-9 1.36 ± 1.37 A 0.28 ± 0.09 AB 0.06 ± 0.10 B 0.34 ± 0.11 AB 0.21 ± 0.02 B

24:1n-9 0.23 ± 0.08 AB 0.10 ± 0.12 B 0.17 ± 0.06 AB 0.32 ± 0.10 A 0.15 ± 0.07 B

Total MUFA 26.44 27.02 28.21 34.14 34.41
18:2n-6 7.52 ± 0.80 B 8.75 ± 1.23 B 11.10 ± 1.98 A 2.41 ± 0.47 D 4.38 ± 0.37 C

18:3n-6 0.19 ± 0.16 A 0.05 ± 0.06 AB 0.12 ± 0.11 AB 0.01 ± 0.03 B 0.04 ± 0.04 AB

18:3n-3 0.22 ± 0.34 AB 0.02 ± 0.05 B 0.46 ± 0.26 A 0.13 ± 0.14 AB 0.23 ± 0.12 AB

20:2n-6 1.72 ± 0.55 A 1.14 ± 0.30 ABC 1.25 ± 0.29 AB 0.60 ± 0.18 C 0.72 ± 0.12 BC

20:3n-6 3.71 ± 1.54 AB 2.96 ± 0.84 AB 4.31 ± 0.44 A 2.31 ± 0.51 B 2.65 ± 0.30 B

20:4n-6 21.19 ± 4.59 BC 17.76 ± 3.98 C 19.01 ± 1.57 C 27.75 ± 1.91 A 25.49 ± 0.80 AB

20:5n-3 1.11 ± 1.67 AB 1.69 ± 0.42 A 0.86 ± 0.15 AB 0.29 ± 0.11 B 0.30 ± 0.05 B

22:2n-6 0.13 ± 0.10 AB 0.05 ± 0.10 B 0.00 ± 0.00 B 0.27 ± 0.12 A 0.03 ± 0.04 B

22:4n-6 4.13 ± 0.18 A 1.10 ± 0.52 C 0.88 ± 0.22 C 2.50 ± 0.99 B 1.67 ± 0.34 BC

22:5n-6 4.65 ± 1.80 C 0.65 ± 0.23 B 0.47 ± 0.13 B 1.25 ± 0.48 B 0.82 ± 0.18 B

22:5n-3 1.45 ± 1.18 BC 3.68 ± 1.06 A 2.63 ± 0.45 AB 1.08 ± 0.24 C 1.21 ± 0.13 C

22:6n-3 4.78 ± 1.70 C 12.38 ± 4.10 A 8.53 ± 1.38 B 8.72 ± 0.65 B 8.03 ± 0.59 BC

Total PUFA 50.81 50.23 49.61 47.32 45.55

Within a row, values not sharing a letter are significantly different according to a one-way ANOVA (p < 0.05).
Values are expressed as mean ± standard deviation (n = 6–11).

In the PC fraction (Table 2), the mammary tumours of mice fed olive oil or lard had higher amounts
of OA (18:1c9) compared to menhaden, safflower and flaxseed oil-fed mice, although olive oil had
higher OA amounts than lard. Mice fed flaxseed had the highest amount of LA (18:2n-6) present in
tumours, safflower, and menhaden had less than flaxseed, and lard and olive oil had the least amount
of LA (18:2n-6) out of all the fatty acids. EPA (20:5n-3) was increased in mice fed menhaden compared
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to olive oil, and DHA (22:6n-3) was increased in mice fed menhaden oil compared to all diets except
for flaxseed. Flaxseed had higher levels of ALA compared to all other diets in the PC fraction.

In the PE fraction (Table 3), mammary tumours of mice fed lard had higher amounts of OA
compared to mice fed safflower or menhaden. The mammary tumours of mice fed olive oil were
composed of higher quantities of OA (18:1c9) compared to all diets except for lard. The levels of LA
(18:2n-6) present in tumours were as follows, flax > menhaden, safflower > lard > olive oil. n-6 DPA
was significantly increased in mammary tumours of mice fed safflower oil compared to all other diets.
DHA (22:6n-3) was increased in mammary tumours of mice fed menhaden oil compared to all other
diets, and safflower had the least amount.

4. Discussion

Using the MMTV-neu (ndl)YD5 transgenic mouse model, the present study compared the effects
of different diets enriched in either n-6 PUFA, n-3 PUFA (marine and plant), MUFA, or SFA on BC
outcomes in the same animal study. A critical limitation of past studies is the relatively limited
comparisons typically between n-3 and n-6 PUFA, which has led to the conclusion that one type
of PUFA inhibits and the other promotes cancer, a potential over-simplification that needs to be
acknowledged. In the current work, including a broad range of all major families of fatty acids in
the same animal study showed that mice fed SFA did not have the poorest outcomes as originally
hypothesized. Rather, SFA exerted similar effects to MUFA and plant-derived n-3 PUFA with respect
to tumour outcomes. Importantly, findings from this study, which includes a more balanced inclusion
of all major families of fatty acids, support the long-standing view that n-6 PUFA promotes while
marine-derived n-3 PUFA mitigates tumour outcomes.

4.1. Role of Dietary Fat in Modulating Mammary Tumour Outcomes

Experimental findings show that a diet high in both ALA and LC n-3 PUFA attenuates
tumorigenesis in BC, inhibiting BC growth, angiogenesis and metastasis, compared to diets high in n-6
PUFA [11,26–31]. Although epidemiological evidence shows an association between increased dietary
n-3 PUFA content and decreased BC occurrence in humans [4,6,7], more conclusive findings have been
found in animal studies, especially regarding the dose-dependent effects by which both plant- and
marine-derived n-3 PUFA exert anti-tumourigenic properties [11,25]. A comparison of marine-derived
versus plant-derived n-3 PUFA [23] found that marine-derived n-3 PUFA (EPA and DHA) were more
effective at mitigating BC outcomes compared to the same w/w dose of plant-derived n-3 PUFA (ALA).
Interestingly, increasing the dose of plant-derived n-3 PUFA led to similar antitumourigenic effects as
the original w/w content of marine-derived n-3 PUFA, indicating that marine-derived n-3 PUFA are
more powerful than plant-derived n-3 PUFA on a w/w basis [23]. The present study extends this body
of work by demonstrating that relative to all other major families of fatty acids, marine-derived n-3
PUFA, EPA, and DHA, are clearly the most potent anti-tumourigenic fatty acids in this BC model.

According to our findings, olive oil was not as effective as marine-derived n-3 PUFA at reducing
BC outcomes at physiologically-relevant quantities, though it was better than n-6 PUFA. More research
into its dose-dependent effects are needed. In humans, the Primary Prevention of Cardiovascular
Disease with a Mediterranean Diet (PREDIMED) study found a 62% reduction in BC risk in participants
supplementing their diet with extra-virgin olive oil compared to the control group [14]. Furthermore, OA,
a MUFA found in olive oil, was found to inhibit tumour cell growth in a MCF-7 BC cell line [32], and also
had anti-proliferative effects in vitro through the modulation of cancer-promoting oncogenes [15].
A human cohort study of over 23,000 participants cataloging their food intake 7 days/week over
a 16-year period suggests OA intake lowered the incidence of pancreatic cancer [33]. Contrarily,
more recent evidence suggests the anti-cancer properties of olive oil might be attributed to the totality
of other compounds, such as phenolic acids present in the olive oil rather than the OA itself [16,34,35].
In vitro studies of prostate cancer [36] and gastric cancer [37] cells found that OA had pro-proliferative
effects. Pro-tumourigenic effects of OA in mice with cervical cancer have also been described [38].
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One study considered these discrepancies and analyzed the effects of olive oil as well its individual
constituents on colorectal cancer cell cultures [35]. In this study, cells treated with only OA compared to
OA and other components of olive oil have opposite effects on the proliferation of colorectal cells [35],
suggesting that anti-cancer effects of olive oil are attributed to other compounds in olive oil rather than
OA. Finally, an in vitro study found a negative correlation between quantity of these other compounds
and the proliferation of bladder cancer cells [39]. Further research is required to assess the specific
anticancer effects attributable to OA and phenolic compounds present in olive oil, particularly in
in vivo models.

Consistent with this growing body of literature, the present study demonstrated that SFA had
an intermediate effect on tumour outcomes and were not strongly pro-tumourigenic in this BC
model. Although traditionally viewed as having negative health effects, SFA may not necessarily
exert pro-tumourigenic effects as there is only a weak association between SFA consumption and BC
risk [8,18,19]. The association between SFA consumption and BC risk may be dependent on age and
duration of exposure, as one study found that younger women had an increased risk of BC associated
with SFA consumption, while older women had a reduced risk [20]. Though age was not a factor
in the present study, these results suggest the need to consider the age of subjects when conducting
diet-based studies. Research examining the effects of specific SFA found that lauric acid, a 12-carbon
SFA stimulated normal mammary gland development in vivo [40], while stearic acid, an 18-carbon
SFA, suppressed mammary gland development both in vivo and in vitro through the inhibition of the
PI3K/Akt signaling pathway [40]. Additionally, exposure to high levels of lard in utero decreased
BC risk later in life, an effect attributed to dietary modulation of mammary gland development [41].
An in vitro study found that palmitic acidhad proliferative effects on pancreatic cells through the
TLR4/ROS/NF-κB/MMP-9 signaling pathway [42], though they did not directly compare these effects
to other fatty acids. A cell-line study comparing similar groups of fatty acids as the present study
on normal and cancerous cells showed that stearic acid consistently resulted in lower cell numbers
among all the fatty acids in both cancerous and normal cell lines [43]. These in vitro studies suggest
that the length of SFA might be a factor influencing cancer outcomes. Observations also vary based on
the source of SFA, as dairy consumption exerts different effects compared to red meat consumption.
Total dairy consumption, not including milk, is associated with a reduced risk of BC [44]; however,
increased intake of red meat is associated with an increased risk of BC [45].

4.2. Tumour Fatty Acid Composition and Tumourigenesis

Evidence suggests that membrane fatty acid composition of tissues can affect cellular signaling
through the modification of lipid rafts. Lipid rafts in the cell membrane of a cell act as microdomains
to facilitate signaling events [46], particularly those involved in pro-tumourigenic activities promoting
tumour cell proliferation and survival [6,47]. Although we did not analyze lipid rafts directly, indirect
evidence is provided by examining the phospholipid fatty acid composition of PC and PE in mammary
tumours. Significant increases in OA in PC and PE fractions were observed in mice fed an olive oil or
lard diet compared to safflower, menhaden, and flax diets. OA was also significantly increased in the
PC and PE fractions in mice fed the lard diet compared to all other diets. This was surprising and may
be due to the fact that SFA can be converted to OA through elongation and desaturation of palmitic
and stearic acid precursors found in lard [48]. This evidence suggests that SFA and MUFA may exert
their biological effects through cell membrane mediated mechanisms.

Analysis of mammary tumours showed significant increases in n-3 PUFA, specifically DHA, in the
PC and PE fractions in mice fed a menhaden oil diet, as well as DPA in the PE fraction, suggesting
that EPA may be incorporated initially and further elongated. As the menhaden oil diet contained 7%
safflower oil, which is rich in n-6 PUFA, the presence of DPA and DHA in tumour tissue indicates
that n-3 PUFA are preferentially used as a substrate. This notion is important in eicosanoid synthesis,
as eicosanoids derived from AA are thought to promote inflammation and subsequent tumourigenesis
but have protective effects when derived from EPA and DHA [49–51]. Inflammation and eicosanoid
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synthesis from n-6 PUFA could explain the poor tumour outcomes observed in the safflower diet,
which had higher levels of most n-6 PUFA compared to other diets. It is important to note that
emerging views about AA have shown that different downstream metabolites of AA to be both
anti-inflammatory and pro-inflammatory, which suggests a complex balance of various metabolites
may be involved in tumour outcomes [52,53]. n-3 PUFA affect lipid raft composition and may inhibit
pro-tumourigenic signaling pathways engendered from highly organized lipid rafts. Incorporation
of n-3 PUFA negatively alters the organization of lipid rafts and potentially lipid raft-modulated
signaling compared to SFA. One study found that DHA treatment modulated levels of OA in lipid
rafts of T cells, therefore n-3 PUFA can modulate SFA and MUFA composition of lipid rafts although
the mechanism is unclear [54]. Specifically, in HER2+ BC, DHA reduced HER-2 signaling through the
disruption of lipid rafts. The modulation of lipid rafts by n-3 PUFA could potentially be used as an
anti-tumourigenic therapy to disrupt cancer-promoting signaling pathways [55]. DHA particularly has
an effect on downregulating the expression of onco-proteins through modulating apoptosis, which is
inhibited in cancer, therefore promoting tumour cell survival [48]. Therefore, inhibiting signaling
cascades that promote tumour growth may reduce tumour size and number. This property of n-3
PUFA could explain the better tumour outcomes observed in the menhaden diet compared to olive oil,
flax, and lard, which all had lower levels of EPA and DHA compared to menhaden.

4.3. Relevance of Model and Diets

The mouse mammary tumour virus MMTV-neu(ndl)-YD5 model was developed to provide a
murine equivalent to study HER2+ BC in humans. Due to its highly aggressive phenotype, this model
develops mammary tumours by 100 days of age, providing a relevant model to research dietary
strategies to modulate tumourigenesis in BC [56].

All diets in the present study provided mice with 22% of total caloric intake from fat, which is
physiologically reflective of a moderate fat intake in humans typically consuming ~30% of daily energy
from fat [57]. Relative to dietary fat composition, the experimental diets consumed by the mice were
also close approximations. On average, mice typically consume 2 g of food per day [11]. For mice
consuming the diet containing menhaden oil, this quantity translates to 1.6% of total daily energy from
EPA and DHA, while a traditional Japanese diet provides 1–2% of daily energy from EPA and DHA [7].
For safflower oil, mice consumed 16% of their daily energy from LA, which is modestly higher than the
average American intake of 5–6% and 5–10% recommended by the Institute of Medicine [58]. However,
observational studies of humans consuming up to 21% over 11 years have been noted to have no
adverse effects [58]. For the flaxseed oil treatment, mice consumed 3.8% of their daily energy as ALA,
which is higher than the average American consuming 0.2–0.7% (0.7–1.6 g/day) of total calories per
day as n-3 PUFA, most of which is ALA [59]. The lard diet provided 8% of the daily caloric intake
from saturated fatty acids, which approximates the 2015 US Dietary Guidelines Advisory Committee’s
recommendation of a 10% maximum daily intake [60]. The olive oil diet delivered 14% of daily caloric
intake from MUFA, and while there is no formal recommended intake for MUFA, a French opinion
suggests MUFA to encompass 15–20% of total daily energy intake [61].

5. Strengths, Limitations, and Future Directions

A major strength of this work is the evaluation of major families of fatty acids together in one
study, which provides a more complete picture of how fatty acids influence BC development. This is an
important study to direct future work, but some limitations are acknowledged that can be addressed in
future studies. There are many different forms of BC, therefore examining effects in hormone dependent
and hereditary types of cancers is needed. Further work investigating dose-dependent effects of MUFA
and SFA is required as this study only tested one level. It is important to consider that SFA and MUFAs
can be produced endogenously [48], thus the outcomes of the diets could have been influenced by fatty
acids synthesized de novo. To prevent such confounding, future studies using the fatty acid synthase
(FASN) and stearoyl-CoA desaturase 1 (SCD1) knockout models would be relevant [62,63]. In addition
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to the type of fat, the total amount of fat needs to be considered. This study employed a moderate
amount of dietary fat; comparison of low and high fat diets is also warranted given that obesity is risk
factor for BC. The adipose tissue surrounding tumours is also known to influence tumour progression;
thus, examination of lipid droplets around tumour tissues could provide more insight into factors
contributing to the tumour phenotype. Future studies should also explore the potential of dietary fats
to mitigate metastasis of tumours. Finally, future studies examining mechanisms of action—such as
inflammatory, cell cycle control, oncogene, and protein expression—are needed to understand the
fundamental basis by which individual fatty acids mediate their actions.

6. Conclusions

For simplicity, dietary studies often are a comparison of two different diets, which gives rise to a
‘good vs. bad’ dietary conclusion. By comparing all the major families of fatty acids together using
enriched oils, this study was able to provide a relativistic view of their influence on BC outcomes.
In conclusion, marine-derived n-3 PUFA best mitigates BC outcomes compared to other dietary fatty
acid examined in this study. MUFA, SFA, and plant-derived n-3 PUFA performed similarly and n-6
PUFA fed mice had the poorest BC outcomes. Overall, these findings highlight the need to carefully
consider the type of fatty acid in dietary lifestyle interventions for the prevention of BC.
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Appendix A

Table A1. Composition of modified AIN-93 G rodent diets (research diets).

10% Safflower a

(D04092701)
3% Menhaden b

(D04092703)
3% Flaxseed c

(D04092711N)
10% Olive d

(D16012101)
10% Lard e

(D16012401)

Macronutrient g% kcal% g% kcal% g% kcal% g% kcal% g% kcal%

Protein 21 20 21 20 21 20 21 20 21 20
Carbohydrate 60 58 60 58 60 58 60 58 60 58

Fat 10 22 10 22 10 22 10 22 10 22
Total 100 100 100 100 100
kcal/g 4 4 4 4 4

Ingredient g kcal g kcal g kcal g kcal g kcal

Casein 200 800 200 800 200 800 200 800 200 800
L-Cystine 3 12 3 12 3 12 3 12 3 12

Corn starch 337 1347 337 1347 337 1347 337 1347 337 134
Maltodextrin 10 132 528 132 528 132 528 132 528 132 528

Sucrose 100 400 100 400 100 400 100 400 100 400
Cellulose, BW200 50 0 50 0 50 0 50 0 50 0

Safflower oil 97 873 68 611 68 611 0 0 0 0
Menhaden oil 0 0 29 262 0 0 0 0 0 0

Flax oil 0 0 0 0 29 262 0 0 0 0
Olive oil 0 0 0 0 0 0 97 873 0 0

Lard 0 0 0 0 0 0 0 0 97 873
t-Butylhydroquinone 0.02 0 0.02 0 0.02 0 0.02 0 0.02 0
Mineral Mix S10022 35 0 35 0 35 0 35 0 35 0
Vitamin mix V10037 10 40 10 40 10 40 10 40 10 40

Choline bitartrate 2.5 0 2.5 0 2.5 0 2.5 0 2.5 0

Total 966 4000 966 4000 966 4000 966 4000 966 4000

AIN-93G rodent diets (research diets catalogue number) modified to contain a 10% safflower oil, b 3% menhaden oil
+ 7% safflower oil, c 3% flax oil + 7% safflower oil, d 10% olive oil or e 10% lard.
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