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Abstract 

 N-3 and n-6 fatty acids and conjugated linoleic (CLA) acid have been 

known to inhibit breast cancer cell growth, however, effects on normal cells and 

of single and mixtures of n-3 and n-6 pathway intermediates have not been 

thoroughly investigated.  The objective of this thesis was to determine the effects 

of fatty acids with potential anti-cancer activity and a fatty acid mixture, 

representing a new plant source, on breast cell viability and cell membrane 

composition.  Human tumorigenic MDA-MB-231 and MCF-7 cells lines and a 

non-tumorigenic MCF-12A cell line were studied.  All fatty acids, including the 

mixture representing a stearidonic acid (SDA) enriched flax oil (SO) reduced the 

viability of tumorigenic but not non-tumorigenic cells, compared to cells without 

fatty acids (p<0.05).  α-linolenic acid, docosahexaenoic acid (DHA), linoleic acid, 

and arachidonic acid (AA) from treatments were minimally converted down their 

respective pathways and incorporated into membranes as the original fatty acid.  

Intermediates SDA, eicosatetraenoic acid and eicosapentaenoic acid showed 

significant conversion down the n-3 pathway, but not to DHA.  N-6 γ-linolenic 

acid and dihomo-γ-linolenic acid (DGLA) treatments accumulated DGLA in the 

phospholipids, but not AA. SO treatment showed conversion to docosapentaenoic 

acid and DGLA in tumorigenic cell lines, but was not well converted in MCF-

12A cells.  C9, t11-CLA decreased tumorigenic growth (p<0.05) and was 

isomerized to a more potent isomer on cell viability.  Overall, our data 

demonstrates that in vitro, n-3 and n-6 fatty acid intermediates, CLA and a n-3 

and n-6 mixture decrease tumorigenic cell viability and are incorporated into 



membranes with significant conversion down their pathways.  Inhibitory effects 

of n-3 and n-6 fatty acid intermediates seem to be independent of conversion to 

biological endpoints, and c9, t11-CLA’s inhibitory effects may be due to its 

isomerization. 
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Chapter One – Study Rationale 

I.  Rationale  

 N-3 polyunsaturated fatty acids (PUFA) eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA), n-6 PUFA arachidonic acid (AA), and conjugated 

linoleic acid (CLA) have been reported to inhibit the growth of human breast 

cancer cells, however intakes of these fatty acids are low in the North American 

diet (1-5).   

Long chain PUFA EPA, DHA and AA, can be produced in the body from 

their short chained family member α-linolenic acid (ALA) and linoleic acid (LA) 

(6).  Despite this ability, synthesis is very low in humans due to the low catalytic 

activity of a Δ6-desaturase enzyme as well as the competition between the 

substrates ALA and LA for this enzyme (7-11).  Still, a number of metabolic 

intermediates exist in the n-3 and n-6 pathways, and it may be possible to supply 

pathway intermediates after the step involving a Δ6-desaturase enzyme to 

increase the content of endogenously synthesized long chain PUFA. There is also 

some support that n-3 and n-6 intermediates stearidonic acid (SDA) and γ-

linolenic acid (GLA), respectively, may possess anti-carcinogenic properties; 

however, whether their anti-carcinogenic properties are independent of their 

conversion to their downstream intermediates eicosatetraenoic acid (ETA) and 

dihomo-γ-linolenic acid (DGLA) or further to DHA and AA have yet to be 

elucidated (12, 13).  As changes in the membranes of tumours have not been 

thoroughly investigated, changes in membrane fatty acid composition due to 

dietary lipid supplementation are of a high interest in relation to the lipids’ anti-

carcinogenic properties. 

N-3 and n-6 pathway intermediates are present in trace amounts in the 

diet, and significant sources of these intermediates, if any, are not commonly 

eaten (14-17).  Therefore, new commercial crops enriched with fatty acid 

intermediates could become a possible source of these fatty acids.  Although 

novel oils have yet to be tested for their efficacies in breast cancer, the efficacy of 

fish oils seem to have similar effects to their individual components EPA and 
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DHA, and fatty acid mixtures with n-3 fatty acids have been shown to be 

converted through their metabolic pathway (18).  Therefore, the oil from these 

plants could have anti-carcinogenic properties in breast cancer, and be a new 

source of lipids in the diet for the population. 

Whether these n-3 and n-6 fatty acids have effects on non-tumorigenic 

cells have also not been thoroughly investigated in terms of viability and changes 

in the phospholipid (PL) composition.  Previous studies have shown that fatty 

acids are incorporated into tumorigenic breast cells much more readily than non-

tumorigenic cells(19, 20).  These fatty acids seem to reduce the n-6 fatty acid 

content in tumours, and it has been suggested that this tumour membrane 

enrichment may be a mechanism through which n-3 and n-6 fatty acids work (19, 

20). 

CLA can also be produced from ALA and LA by rumen anaerobes in the 

production of stearic acid, however, the predominate isomer, c9, t11-CLA, can 

only be produced from LA (21-23).  Although the human gut microflora have 

bacterial species with enzymes that can catalyze the conversion of ALA and LA 

to CLA, minimal conversion is observed, possibly due to the triglyceride form of 

LA that humans typically consume (24-26).  It has been reported that mammalian 

cells can, however, reverse part of this pathway, converting vaccenic acid to c9, 

t11-CLA (27).  Whether this reaction can go further, in that CLA can be 

retroconverted back to LA or ALA, or turn into vaccenic acid and stearic acid, has 

not been confirmed in transformed cells.  Although the c9, t11-CLA isomer has 

been found to reduce growth in human breast cancer cells, it is not well 

established if this effect is specific to tumorigenic breast cell lines.  It has also 

been shown that this isomer may exhibit anti-tumorigenic effects through its 

incorporation into the cell membrane lipids as a possible mechanism (29).  

However, whether this effect is specific to cancer cells and if it influences n-6 

fatty acid content in the membrane similarly to anti-tumorigenic n-3 and n-6 fatty 

acid treatments is unknown.  These points will be explored in the current thesis. 
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II. Objectives and Hypotheses 

The objective of this research is to determine whether the n-3 and n-6 

pathway intermediates, an SDA-enriched flax oil mixture, and c9, t11-CLA affect 

the viability of tumorigenic MDA-MB-231 and MCF-7 and non-tumorigenic 

MCF-12A breast cells, and whether these fatty acids are incorporated into PLs as 

the original fatty acids or are converted into other fatty acids. 

We hypothesized that: 

1. n-3 and n-6 fatty acids (n-3: ALA, SDA, ETA, EPA and DHA; n-6: LA, 

GLA, DGLA and AA) will decrease the growth of tumorigenic cells 

without affecting the growth of non-tumorigenic cells. 

2. individual n-3 and n-6 fatty acids will be incorporated into the PLs of all 

cells.  The proportion of n-3 and n-6 fatty acids incorporated into 

membrane PLs will be greater in tumorigenic cells than non-tumorigenic 

cells after incubations 

3. n-3 and n-6 fatty acid intermediate supplementation (SDA, ETA, GLA, 

and DGLA) will result in their conversion to their longer-chained 

counterparts and will be reflected in the fatty acid content of the cell PLs  

4. a mixture of fatty acids representative of the composition of an SDA-

enriched flax seed oil will reduce cell growth in tumorigenic but not non-

tumorigenic human breast cells 

5. fatty acids within an oil that represents the composition of an SDA-

enriched flax seed oil will exhibit fatty acid conversion to their longer-

chained counterparts and be incorporated into the PLs to a greater extent 

in tumorigenic cells than non-tumorigenic cells.  

6. c9, t11-CLA will not negatively affect the growth of non-tumorigenic 

breast cells 

7. c9, t11-CLA will alter fatty acid tumour PL composition, replacing  n-6 

fatty acids in the PL 
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III. Chapter Format 

The above hypotheses were tested in separate experiments and the results were 

divided into separate chapters. 

Chapter two provides an introduction and literature review on the topics 

investigated in this thesis. 

Chapter three provides details on the methods used to test the hypotheses. 

Chapter four investigates the effects of n-3 and n-6 pathway fatty acids on the 

viability of the breast cancer cell lines and cell membrane PLs.  This experiment 

tests the hypothesis that n-3 and n-6 fatty acids decrease the viability of 

tumorigenic cells without affecting non-tumorigenic cells.  We also test the 

hypothesis that n-3 and n-6 fatty acids past the step requiring the catalytic activity 

of Δ6-desaturase will be converted to DHA and AA, respectively, and 

incorporated into the membrane PLs as DHA and AA. 

Chapter five reports the effects of a fatty acid mixture that represents the oil 

composition of an SDA-enriched flax seed oil on the viability and membrane PLs 

of breast cancer cells.  These effects will be compared to those of the individual 

fatty acids that make up the oil.  It is hypothesized that this oil will have similar 

effects to the individual fatty acids in both viability and membrane PLs 

composition. 

Chapter 6 examines the effects of CLA on the viability and cell PLs of breast cells 

compared to the effects of its precursors on the cells.  Through these results, we 

want to determine the effects on normal breast cells and compare the results to the 

PL effects of n-3 and n-6 treatment effects. 

Chapter 7 summarizes the results of the thesis and discusses the implications and 

future directions for determining the anti-carcinogenic mechanisms of bioactive 

fatty acids and mixtures. 
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Chapter Two – Introduction & Literature Review 

I.  Breast Cancer 

In Canada, cancer is the leading cause of death, causing 30% of all deaths 

(1).  Currently, it is estimated that 40% of all women and 45% of all men will 

develop cancer during their lifetimes, of which 43% of new cancer cases and 61% 

of deaths will occur in people over 70 years of age (1).  Due to the aging 

Canadian population, the number of new cancer cases is only expected to 

increase, increasing the burden on the health care system.  Currently, there is a 

64% survival rate 5-years after diagnosis (1). 

Of all types of cancer, breast cancer is the type of cancer most commonly 

diagnosed in Canadian women, making up 28% of all new cancer cases and 15% 

of all cancer deaths (1).  Breast cancer occurs when cells in the breast tissue 

become malignant.  These cells are usually ductal cells, which make up about 

85% of breast cancer cases, or milk-producing lobule cells that make up about 

15% of breast cancer cases (2).  Despite the different histology types, overall 

breast cancer survival in populations of German, Australian, Italian and Dutch 

women have been found to be similar (3-6).  Instead, survival may be more 

dependent on other characteristics.  Breast tissue contains a large lymphatic 

system.  Through this lymphatic system, tumour cells can be easily transported to 

other parts of the body, leading to a higher degree of tumour metastasis and 

reoccurrence in comparison to other types of cancers (2).  Breast tumours are 

usually graded depending on their size, lymph node status and metastatic status, 

and are assigned a stage from I to IV, where IV indicates the most serious tumour 

(2).  The mortality rates of patients with stage IV cancer are over twice that of 

stage I cancer patients (7). 

Another unique characteristic of breast cancer is that it can be sensitive to 

circulating hormones in the body depending on which receptors it expresses—or 

its receptor status.  For breast cancer, the receptor status is determined by the 

expression of three receptors: the estrogen receptor (ER), the progesterone 

receptor (PR), and the human epidermal growth factor receptor 2 (HER2).  Cells 

that have either ER or PR increase cell proliferation in response to high estrogen 
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and progesterone levels, respectively, which may be of particular concern in 

women who are using hormone therapies.  A cohort of breast cancer patients have 

found that 63% of the cohort had an ER+PR+ breast cancer, while about 20% had 

ER-PR- breast cancer, and that women with cancers of the ER-PR- phenotype had 

a mortality risk over twice that of ER+PR+ breast cancers (7).  Breast cancers that 

have HER2 are associated with a more aggressive cancer that is more likely to 

reoccur (8-10).  By characterizing breast cancers, better predictors of cancer 

progression and better treatments can be determined in order to improve breast 

cancer outcomes.  Unlike tumour histology, hormone receptor status has been 

found to be an independent factor for cancer survival, where Fortunato et al. 

(2012) found a hazard ratio of 0.57 (95% confidence interval (CI) 0.40-0.81) 

when comparing positive to negative receptor status (6). 

Many other factors have been found to negatively affect cancer risk, 

progression and mortality.  15% of all breast cancer cases are due to heredity, 

mainly in the form of having specific mutation in the breast cancer genes BRCA1 

and BRCA2 (2).  Other non-modifiable risk factors for breast cancer include 

being female, age, age of menarche, and menopausal status (1, 2, 11-14). 

Modifiable factors have also been found to negatively impact the risk of 

breast cancer, as seen in Table 2.1.  

 

Table 2.1 Modifiable Risk Factors for Developing Breast Cancer 

Factor Reference 

Obesity/Weight Gain (15, 16) 

Lack of Exercise (17, 18) 

Alcohol (19) 

Smoking (20, 21) 

Radiation (22, 23) 

Hormone Replacement Therapy  (24, 25) 

High Fat Diet (18, 26-29) 
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 Of the identified risk factors, one of the most easily modifiable is a change 

in the diet, which will be further discussed. 

 

II.  Unsaturated Fatty Acids 

 ω-fatty acids are unsaturated fatty acids differentiated by the location of 

their final carbon-carbon double bond, in a cis-conformation, counted from the 

methyl-end of the fatty acid’s carbon-chain.  They can vary in length and degrees 

of unsaturation.  The most commonly recognized groups of ω-fatty acids are the 

ω-3 (n-3), ω-6 (n-6), and ω-9 (n-9) fatty acids, each of which can be obtained 

from the diet, and play a variety of important roles in the human body.  Although 

there are some monounsaturated fatty acids (MUFA) in these groups (mainly in 

the n-9 group), most of the common ω-fatty acids are polyunsaturated fatty acids 

(PUFAs).  Of the different families of ω-fatty acids, two of them have gained 

much attention: the n-3 fatty acid and the n-6 fatty acids.  Two of the fatty acids 

within these families are considered dietary essential fatty acids: α-linoleic acid 

(ALA, C18:3 n-3) and linoleic acid (LA, C18:2 n-6), as they cannot be produced 

in the body.  A source of these fatty acids is required in the diet to form the longer 

chained PUFAs that act as structural components of cells (lipid rafts and 

membrane phospholipids (PL)) and are part of signaling molecules like 

eicosanoids (30).  After ingestion, these fatty acids are then metabolized 

according to their respective pathways outlined in Figure 2.1 (31).  In these 

pathways, attention is typically drawn towards the longer fatty acids outside of 

their essential precursors: eicosapentaenoic acid (EPA, C20:5 n-3), 

docosahexaenoic acid (DHA, C22:6 n-3), and arachidonic acid (AA, C20:4 n-6).  

These fatty acids are precursors to a wide variety of eicosanoids that are 

considered either anti-inflammatory or pro-inflammatory, where AA-derived 

eicosanoids are generally considered more pro-inflammatory than EPA and DHA-

derived eicosanoids.  Although functions of the intermediate fatty acids in these 

pathways are less studied, they are gaining more attention due to their potential to 

have biological roles and function as precursors of their longer-chained 

counterparts. 
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Figure 2.1 Main N-3 and N-6 Metabolic Pathways in Humans.  Gray arrows 

indicate activity in the endoplasmic reticulum and white arrows indicate activity 

in the proxisome. 

A. N-3 Fatty Acids 

N-3 fatty acids are PUFAs with a cis-carbon-carbon double bond on the 

third carbon from the methyl end of the fatty acid.  Although there are many 

different fatty acids in this family, compared to the other fatty acids in the 
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pathway ALA, EPA and DHA are found in highest quantity in both the diet and 

body (31).  As mentioned before, of all the n-3 fatty acids in the n-3 metabolic 

pathway, the shortest one, ALA, is considered to be a dietary essential fatty acid.  

Humans lack the Δ12- and Δ15-desaturase enzymes required to desaturate fatty 

acid chains beyond the Δ9 position, and therefore need to be obtained through an 

exogenous source (30).  From ALA, its longer-chained n-3 fatty acids can be 

produced through the catalytic activities of a series of alternating desaturase and 

elongase enzymes to its biological end-product DHA, as seen in Figure 2.1.  ALA 

is desaturated by the catalytic activity of a Δ6-desaturase enzyme to stearidonic 

acid (SDA, C18:4 n-3), which is then elongated to eicosatetraenoic acid (ETA, 

C20:4 n-3), desaturated to EPA catalyzed by a Δ5-desaturase enzyme and 

elongated to docosapentaenoic acid (DPA, C22:4 n-3), before being further 

elongated, desaturated and oxidized to DHA.  In humans, however, this process is 

inefficient, where the conversion efficiency from ALA to DHA has been found to 

be 9% in women and 0.05% in men (32, 33).  Discrepancies between the sexes 

may be due to differences in hormonal factors and lower levels of β-oxidation in 

women, but the overall pathway inefficiency is suggested to be due to the first 

enzyme’s catalytic activity in this conversion—the Δ6-desaturase enzyme which 

has been found to have a low catalytic activity for substrates in the n-3 and n-6 

fatty acid pathways (32-34).  Due to this low conversion rate, EPA and DHA are 

sometimes considered conditionally essential fatty acids.  There is interest in 

providing pathway fatty acid intermediates to bypass the need for the Δ6-

desaturase enzyme. 

Despite the low conversion rates, humans do not need to depend on 

endogenous synthesis to obtain all of these longer chained n-3 fatty acids, as they 

can be obtained from our diet.  Shorter n-3 fatty acid ALA is commonly found in 

plant oils, where flax oil can contain 53% ALA, while walnut and canola oil 

contain about 10% and 9% ALA, respectively (35). Longer-chained counterparts 

EPA and DHA are found in oily cold water fish like sardines, salmon and 

mackerel which can contain 1.0%, 1.4% and 2.0% of EPA and DHA (35).  Unlike 

ALA, EPA and DHA, SDA and ETA are less common in the diet.  Various 
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species of Mediterranean fish have been found to have between 0-2% SDA or 0-

2% ETA in their muscle tissue, while a type of brown seaweed has been found to 

have between 0.0007-0.0017% SDA (36, 37).  Non-marine sources of these fatty 

acids include echium oil, with 12.5% SDA and 0.3% ETA, black currant seeds 

with 2.5-4.5% SDA, and borage leave with 0.57-0.90% SDA (38-40). 

 Although n-3 fatty acids are required for the production of eicosanoids, 

the intake of these n-3 fatty acids are reported to have additional beneficial effects 

on human health (41).  ALA has been found to have cardioprotective and anti-

carcinogenic effects, and intake is associated with a decreased the risk of 

depression (42-44).  EPA and DHA have been reported to have cardioprotective, 

anti-inflammatory and anti-carcinogenic properties, as well as possible 

neuroprotective and insulin sensitizing effects in animal and cell models of human 

disease (45-49).  Additionally, EPA has been tested as an anti-cachectic therapy in 

pancreactic cancer patients, where it improved quality of life (50).  As a pro-EPA, 

in that it increases levels of EPA, SDA supplementation has been associated with 

similar effects as EPA, including anti-inflammatory and anti-carcinogenic 

properties in mice (51, 52).  The studies providing SDA have used borage or 

echium oils which also provide other ω-fatty acids ALA and LA, which make up 

a significant portion of the oil and may also affect the oil’s bioactive properties.  

Because SDA is not abundant in the diet, there have been few studies that have 

explored the biological activity of this n-3 intermediate.  Even less is known about 

the biological activity of ETA.  Only a single paper showing that low ETA levels 

were associated with chronic heart failure mortality was found (53).  Despite the 

lack of literature concerning the intermediates, generally, the existing literature 

concludes that increasing the intake of fatty acids in the n-3 family are associated 

with positive biological effects.   

Health Canada recommends that people consume 2 servings of fish high in 

n-3 fatty acids each week to obtain about 500mg EPA and DHA/day (0.06-0.12% 

of energy), and set an adequate intake of total n-3 fatty acids as 1.6g/day for men 

and 1.1g/day for women 19-50 years old (about 0.6-1.2% energy) (54-57).  

Deficiencies in n-3 fatty acids have been associated with scaly and hemorrhagic 
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dermatitis, hemorrhagic folliculitis of the scalp, impaired wound healing and 

growth retardation (58).  Canadians generally meet total n-3 intake by consuming 

ALA, however, typically they do not meet the recommendation for fish intake to 

obtain the longer chained n-3 fatty acids (56).  Studies of an adult population in 

Quebec, long-term care facility patients in Waterloo, and cancer patients across 

Canada reported that the intake of fish, that provides EPA and DHA, fall well 

below 2 servings a week (59-62).  Even in pregnant women, where DHA is 

considered important for fetal development, most women fail to meet this 

recommendation (63).  Although Health Canada has not set an upper limit in 

regards to n-3 intake specifically, they have noted that this was due to the lack of 

definitive data and that adverse reactions have been associated with high n-3 

intake (57, 64).  For oil sources available in Canada, Health Canada has 

recommended that dosages of 5g (about 890mg GLA), 3g (about 1.2g EPA and 

DHA), and 32g (about 16g ALA)/day of borage, fish/seal oil and flaxseed oil not 

to be exceeded (65-68).  The evidence used for this statement is that there are 

reports of high consumption of long chain n-3 fatty acids being associated with 

impairment of the immune system, increased bleeding, and increased oxidative 

damage in various tissues (56, 69-72). 

Since most people have low intakes of long chain n-3 fatty acids, some 

researchers have been investing the enhancement of SDA content in commercial 

crops to provide an alternate dietary source of n-3 fatty acids or a precursor that 

does not need the Δ6-desaturase enzyme for endogenous synthesis of EPA and 

DHA.  Novel flax with 13.4% of its triacylglycerol being SDA, canola with 16-

23% SDA and soybeans with up to 4.2-28.2% SDA have all been produced (73-

76).  Despite the production of these novel plants, only one study has tested the 

efficacy of novel oils on chronic disease, where a 28.2% SDA-enriched soybean 

oil was evaluated in a clinical study on cardiovascular risk.  This study found that 

this oil significantly increased the ω-3 index that estimates cardiovascular disease 

risk, as well as increase EPA and DPA content in erythrocyte membranes (76).  

Using these crops, it may be possible to increase the intake of n-3 fatty acids of 

Canadians. 
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B. N-6 Fatty Acids 

N-6 fatty acids are characterized by their final carbon-carbon double bond 

located at the sixth carbon from the methyl end in a cis-conformation.  As with 

ALA, LA is also considered an essential fatty acid, due to the same absence of 

desaturase enzymes in the human body, and can be used by the body to produce 

its longer-chained counterparts.  LA can be desaturated by the catalytic activity of 

Δ6-desaturase enzyme to γ-linolenic acid (GLA, C18:3 n-6), which can then be 

elongated to dihomo-γ-linolenic acid (DGLA, C20:3 n-6), and then desaturated by 

the catalytic activity of a Δ5-desaturase to AA, the biological endpoint of this 

pathway (Figure 2.1) (31).  From this pathway, it can be seen that the enzymes 

required for the metabolism of n-6 fatty acids are the same as those in the n-3 

pathway.  Like in the n-3 pathway, conversions from LA to AA are also limited 

by the catalytic activity of desaturase enzymes (77).  The conversion from LA to 

AA was reported to be 1.5% in T-lymphocytes and 6.05% in fetal liver, 

suggesting that this rate varies between tissues, but are still not very high (78, 79) 

Like n-3 fatty acids, n-6 fatty acids found in the metabolic pathway can be 

obtained from the diet.  LA is mainly found in plant oils of sunflowers, corn, 

soybeans and peanuts, where they make up 71%, 57%, 54% and 33% of the oils, 

respectively (35).  AA is found in the diet primarily in animal products like meat, 

eggs and dairy, however, levels are not very high (80).  Intermediates GLA and 

DGLA are not as readily available in the diet.  Plant oils provide the only known 

dietary source of GLA and include evening primrose oil, black currant, echium 

and borage oil, where the GLA content is 8-10%, 11.1-22.7%, 11% and 1.7-25% 

respectively (38-40, 81).  DGLA is only found in trace amounts in some animal 

products, and at present, there are no commercial sources available. 

Adequate intakes for LA have been set to 17g/d for men and 12g/day for 

women 19-50 years old (about 5-10% of energy) (57).  With extreme LA 

deficiency, people can develop rough scaly skin and dermatitis, as well as have an 

increased plasma eicosatrienoic acid: AA ratio (82).  However, such an extreme 

deficiency is not usually seen in the Canadian population, as intake is estimated to 

be around 12-17g/day for men and 9-11g/day for women (56).  Upper limits for 
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LA intake have not been established, however, elevated intake levels have been 

associated with a pro-oxidant state that can aggravate diseases like coronary heart 

disease and cancer (80).  

Like the n-3 pathway fatty acids, most of the n-6 pathway fatty acids can 

be found in the diet, albeit some in very small amounts.  LA is the most 

commonly ingested PUFA, typically comprising 5-10% of energy in the diet (57).  

They are important for cell membrane structure (making up over 10% of cell 

membranes), cell signaling, as well as eicosanoid production from its conversion 

to AA (83, 84).  The longer chained AA, like its n-3 counterparts, is also a 

precursor to eicosanoids, however, some of the n-6-related eicosanoids are more 

strongly associated with pro-inflammatory responses in the body (85).  Despite n-

6 fatty acids’ often being considered pro-inflammatory, they play essential roles 

in the body.  Consumption of n-6 fatty acids are associated with a reduced risk of 

cardiovascular disease, lower total and LDL cholesterol levels, and a reduced risk 

of diabetes (86, 87).  For cancer, mixed effects have been observed.  N-6 fatty 

acids intake has been associated with increased incidence and progression of 

colorectal cancers and prostate cancer in men, as well as breast cancer in women, 

while links between AA intake and skin and pancreatic cancer incidence and 

progression have been observed (88).   However, decreases in lung cancer and 

ER+ breast cancer growth have been observed as well, showing inconsistency 

between and within types of cancer (88).  Typically LA and AA are the 

predominant fatty acids investigated.  Although there is less literature compared 

to LA and AA, the effects of the intermediates in the n-6 pathway have been 

found to differ from LA and AA.  GLA has been found to possibly have anti-

inflammatory and cardio-protective effects, enhance breast cancer chemotherapy 

sensitivity, reduce glucose-insulin indices, improve glucose transport in muscle, 

and slow down the development of diet-induced atherosclerosis in various animal 

and cell culture models (89-92).  Many of these effects are predicted to be due to 

GLA’s conversion to DGLA, but DGLA’s effects has not been well documented.  

DGLA has been found, however, to have anti-cancer effects on cervical and 

breast cancer in vitro (93, 94).  Overall, intake of n-6 fatty acids has been reported 
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to have a mix of positive and negative effects on the human health, especially 

cancer. 

Despite the beneficial effects of GLA and there being dietary sources of 

GLA, the sources are not readily available to Canadians resulting in a low dietary 

intake of GLA.  In attempt to increase GLA content in the diet, novel plants with 

a high GLA content are being produced for commercial purposes.  Novel 

soybean, fungus Mortierella alpina, and safflower plants have been reported to 

have average GLA contents of 2.16-4.21%, 10.7% (up to 50%), and 58.6% (up to 

77.4%), respectively (95, 96).  Similarly, there have been attempts at creating a 

high DGLA oil from Mortierella alpine, through which a 43.9% DGLA oil has 

been produced (97).  Like AA, DGLA is also used as a precursor to produce 

eicosanoids, however, these eicosanoids have been associated with more anti-

inflammatory effects.  Other effects of DGLA have not been tested directly.   

 

C. Interactions Between N-3 & N-6 Fatty Acids 

Considerable overlap exists in the metabolism of n-3 and n-6 fatty acids.  

Not only do they overlap in their content in some plant sources, but they also 

share the same elongase and low flux desaturase enzymes in their metabolic 

pathways.  These enzymes are also used in other pathways, so, when multiple 

types of fatty acids are ingested, these substrates compete for the same enzymes.  

Enzymes, however, also have substrate specificity, so they will catalyze some 

reactions more than others.  Δ6-desaturase has been found to prefer ALA > LA > 

C18:1n-9 (OA) as substrates (98).  Δ5-desaturase substrate preferences, however, 

are still unknown, as most of the studies have focused on the enzyme’s activity in 

the n-6 pathway and not its competition with the n-3 pathway.  Elongases have 

been shown to prefer GLA > C16:0 > AA > ALA > LA > DGLA (99).  Other 

than substrate preferences, enzyme activity can also be affected by substrate or 

product inhibition, as studies have shown ALA, EPA, DHA, LA and AA to 

inhibit LA conversion to AA (100-104).  Due to these differences, ratios in which 

n-3 and n-6 fatty acids in the diet should be considered to regulate the amounts of 

AA, EPA and DHA in tissues.  High ratios of n-6:n-3 will then inhibit n-3 fatty 



 

18 

 

acid conversion, while low ratios will inhibit n-6 fatty acid conversion.  But what 

is a good balance? 

N-3 fatty acid intake has been associated with decreased oxidative damage 

in the brain, and a low n-6:n-3 ratio has been suggested in the prevention of 

Alzheimer’s disease (105, 106).  A ratio of 4:1 was associated with partially 

alleviate learning and motor problems rats with simulated multiple sclerosis 

(107).  On top of brain-related functions, cardiovascular functions have also been 

assessed in regards to balance between n-6 and n-3 fatty acids.  Heart cells treated 

with a 0.9:1 n-6:n-3 ratio was able to respond normally to a high Ca
2+

 stimulus 

which usually makes normal cells experience an arrhythmia (108).  In humans, a 

study examining n-3 fatty acid intake and coronary heart disease risk found that a 

low n-6:n-3 significantly reduced the risk of sudden cardiac death by 35.1% and 

an almost significant 16.6% reduction of total fatal coronary events, but non-fatal 

myocardial infarction risk was not reduced (109).  Another study found that 

decreased n-6:n-3 ratios were associated with a 22% reduction of non-fatal 

myocardial infarction (110).  Inflammatory diseases like rheumatoid arthritis have 

also shown improvements with increased n-3 intake and a n-6:n-3 ratio of 2.7:1, 

due to the anti-inflammatory properties of n-3 fatty acids (111, 112).  In prostate 

cancer, a high n-6:n-3 ratio over 9.5:1 has been associated with a 355% increased 

risk versus ratios under 7:1 (113).  Statistical difference was even observed when 

comparing the n-6:n-3 ratios in healthy men (1.1:1) and men with prostate cancer 

(2:1) (114).  When comparing various levels of n-6:n-3 ratios, the 0.68:1 n-6:n-3 

level was the most efficient at decreasing the number of colon adenocarinoma 

tumours per rat compared to an n-6:n-3 of 100:1, although no differences were 

observed with adenomas (115).  In breast cancer, low n-6:n-3 ratios in tumour cell 

lipids decreased prostaglandin E2 production and proliferation and increased cell 

apoptosis, while low ratios in adipose tissue were significantly associated with a 

decreased risk of breast cancer (odds ratio (OR) 0.33, 95% CI 0.17-0.66) (116, 

117).  Overall, low n-6:n-3 ratios have been found to be beneficial for the 

prevention of various chronic diseases. 
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Despite the observed benefits, the dietary ratio is still fairly high and 

varies significantly throughout the world.  Dietary ratios of Indians living in urban 

populations and Western diets have been found to range from 38:1-50:1 and 15:1-

20:1, respectively, and have been linked to a higher risk of chronic disease (118).  

Even in Israel, where diets are typically low in total energy, fat, and high in 

cholesterol-lowering PUFA, it has been hypothesized that the dietary n-6:n-3 ratio 

of 22-26:1 contributes to the country’s similar rates of coronary artery disease, 

diabetes and cancer to the West (118).  In Japan, however, the ratio is about 4:1, 

and is hypothesized to contribute to the lower risk of cardiovascular disease and 

breast cancer in this population (118, 119).  The ratio, however, is slowly 

increasing due to the Westernization of the Japanese diet (119).  Japanese who 

have immigrated to Hawaii also showed significant increases in the occurrence of 

various cancers including prostate, lung and breast cancers, to levels higher than 

those of Japanese in Japan, and this observation has been suggested to be due to 

the Westernization of their diets (120).  Compared to the 2.4:1 n-6:n-3 ratio of the 

traditional hunter-gatherer diet and lifestyle and the estimated Palaeolithic 0.79:1 

ratio from which our genes have been selected from, our modern n-6:n-3 ratios 

are much higher (118).  Unlike the significant changes to our diets over the years, 

our genes have not changed, as mutations of DNA are estimated to be 0.05% per 

million years (118).  As genes are linked to disease susceptibility, changes in diet 

may be a reason for our increased chronic disease incidence.  Due to these 

differences, more effort needs to be put into decreasing these high ratios, by either 

increasing n-3 intake or lowering n-6 intake in order to reduce our risk for chronic 

diseases. 

 

III.  Dietary Fat & Breast Cancer 

About 35% of a North American’s diet’s calories come from fat, of which 

a third comes from saturated fat, and a third from monounsaturated fat (121, 122).  

Due to this large proportion, it is important to determine how fat could influence 

diseases when studying at the effects of diet on breast cancer.  A meta-analysis of 

100 animal studies showed that high caloric intakes as well as high fat intake, in 
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the form of corn oil, independently increased mammary tumour incidence (26).  

In a mice study examining different concentrations of corn oil on breast tumour 

growth, a 20% w/w corn oil diet group had much higher tumour volumes than 

those fed a 5% corn oil diet (27).  Rats fed a 20% lard diet, high in saturated fatty 

acids (SFA), also showed tumour-enhancing effects versus a 0.5% lard diet (28, 

29). 

Not all components of the diet have the same effects on all types of breast 

cancer cells, however.  An American study investigated diet quality in 

postmenopausal women and their risk of breast cancer, and found that women 

following the Alternate Healthy Eating Index, a Mediterranean diet, or had a high 

Recommended Food Score had a lower risk of ER- breast cancer (123).  These 

differences may be due to the regulation of different genes by different fatty acids, 

as observed by Alquobail et al. (2010) (124).  The importance of the quality of the 

diet is further supported when mice fed a 20% w/w corn oil diet had the greatest 

tumour volume, followed by a 20% w/w butter diet, a 19%w/w beef 

tallow/1%w/w corn oil diet, and then a 19%w/w fish oil/1%w/w corn oil diet in 

both ER+PR+ and ER-PR- breast tumours (27).  Another group studying PUFAs 

(mainly LA) and SFA found that the incidence of tumours was significantly 

higher in rats fed the PUFA diet versus the SFA diet regardless of what they were 

fed before tumour induction (125). 

Despite the negative associations between fat and breast cancer, not all 

fats have been negatively associated with breast cancer.  An animal study using a 

10% flax seed diet showed a significant reduction in growth rate and a 45% 

reduction in total breast cancer cell metastasis, including metastasis to lungs and 

lymph nodes (44).  The reasons for these decreases may be partially due to 

reductions in insulin-like growth factor I and epidermal growth factor receptor 

expression and increased lipid peroxidation, as well as changes in ER pathways 

and prolactin in the hypothalamic-pituitary system (27, 28, 44, 126). Although 

flax seeds are composed of more than just the oil, Saggar et al. found that 

although the lignans themselves could decrease breast cell proliferation and 

increase apoptosis significantly by 29% each, the oil was more effective, 
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decreasing cell proliferation by 35% and increasing apoptosis by 76% (126).  

Together, they did not show an additive effect, showing proliferation and 

apoptotic changes of 25% and 28% respectively (126).  Oils high in n-3 fatty 

acids have also been found to have positive effects on breast cancer outcomes.  

Reports indicate that the tumour growth rate was lower in mice fed either 

menhaden oil or fish oil concentrate diets in comparison to a corn oil diet, as well 

as decreased bone metastasis and increased efficacy to chemotherapy drug 

doxorubicin (127-129).  More specifically, DHA in the fish oil has also been 

shown to have inhibitory effects on breast cancer.  A significant 30% reduction in 

mammary tumour incidence was observed when rats were fed a 7% DHA diet 

compared to a 7% rapeseed/peanut oil diet, and rats fed a 16% n-3 diet had a 

lower incidence of induced breast tumours than a 16% n-6 diet (130, 131). 

Despite the supporting animal research, the negative effects of a high 

saturated fat diet on breast cancer are highly debatable in human studies.  Many 

studies show no or weak correlations between fat and breast cancer risk in 

humans, possibly due to the high variability of human diets (132-137).  Even 

examining a specific fatty acid, namely LA, the major component in corn oil, the 

results from epidemiological studies are highly variable in humans (35).  A meta-

analysis of epidemiological studies concluded that the relative risk for breast 

cancer was 0.84 (95% CI 0.71-1.00) in case-control studies and 1.05 (95% CI 

0.83-1.34) in prospective cohort studies when comparing high to low intakes of 

LA (138).  Despite this weak evidence, it has generally been considered that diets 

high in saturated and trans fat are considered to increase the risk of breast cancer, 

and instead, people should opt for diets high in fruits and vegetables, whole grains 

and n-3 fatty acids. 

 

IV.  Cell Membranes, Dietary Fat & Breast Cancer 

Within cells, membranes play an important role in the functioning of a 

cell.  Membranes not only protect the cell from its external environment, but 

control the flow of certain substances into or out of the cell, both passively and 

actively, with or without the aid of anchored proteins, or through endocytosis or 
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exocytosis.  Proteins in the membrane can be used to receive or transmit signals 

from or to other cells.  Cellular signaling activity is also concentrated in 

membrane microdomains in the plasma cell membrane called lipid rafts, which 

are enriched in SFA (139).   Membranes are essential to creating 

microenvironments within the cell for cell homeostasis (140). 

Membranes are composed of a variety of lipids, including PLs and 

cholesterol, of which the proportions vary depending on the organism, tissue, and 

membrane type.  Of the various membranes in cells, the largest membrane is that 

of the plasma membrane.  The most abundant lipids in cells are the amphipathic 

PL, which can make up 40-80% of the dried total lipid weight depending on the 

tissue (excluding adipose tissue) (141).  These lipids interact with each other and 

hold the membrane together, as well as anchor in proteins through various 

interactions like hydrophobic interactions and Van der Waals forces (140).  It has 

been found that mammalian cells will readily incorporate fatty acids and 

cholesterol from media into their membranes, while suppressing fatty acid 

synthesis in the cell (142). These observations lead to the possibility of changing 

cell membrane fatty acid composition through changes in the diet, which could be 

important due to the large amount of fat ingested daily.  As there are a wide 

variety of lipids, the composition of cell membranes can also change depending 

on the diet.  PL types, fatty acid chain length, degree of desaturation, and amount 

of cholesterol all change the membrane fluidity, and in turn, will influence the 

functions of the membrane (140, 141).  Of these differences, membrane fatty acid 

desaturation has been found to play a major role in regulating cell function.  

Hydrolysation of sn-2 fatty acyl groups in glycerophospholipids by phospholipase 

A2 has been found to alter glucose uptake and a sodium/potassium adenosine 

triphosphatase activity much more than the removal of PL head groups or the 

hydrolysation of phosphatidylcholine in erythrocyte cells (143).  Amino acid 

transport, adenylatecyclase, AA metabolism, and insulin binding have also been 

found to be moderated by SFA and PUFAs (83, 142, 144-146).   

 Due to the observed effects of membrane composition on cell signaling, 

various health concerns have also implicated differences in membrane 
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composition as a mechanism.  Cognitive decline was associated with high stearic 

acid (C18:0) (OR 1.91, 95% CI 1.16-3.15) and n-6 PUFA (OR 1.59, 95% CI 1.04-

2.44) in erythrocyte membranes, while high n-3 PUFA content was associated 

with decreased cognitive decline (OR 0.59, 95% CI 0.38-0.93) (147).  Changes in 

the composition of saturated fat palmitic acid (C16:0) and AA in muscle and 

adipocyte PLs have been found to alter insulin resistance (148, 149).  Vaccenic 

acid (C18:1 trans-11) and elaidic acid (C18:1 trans-9) fed obese rats were found 

to have improved T-cell-stimulated cytokine production, although LPS-stimulated 

cytokine responses were enhanced (150).  Many of the aforementioned fatty acids 

that change cell function are dietary fatty acids, suggesting a connection between 

dietary fat and disease progression. 

Breast cancer is no exception in regards to observed changes in disease 

progression and changes in membrane composition.  It has been reported that the 

fatty acid composition of malignant and normal fatty acid composition differ, in 

that cultured malignant cells have been reported to have lower PUFA content and 

higher SFA:PUFA ratios in whole cell lipids (151).  Of the fatty acids implicated, 

PUFA have been consistently found to influence growth and progression of 

human breast cancer cells and mammary tumours in animals.  Multiple PUFAs 

have been shown to play important roles in breast cancer progression, including 

ALA which has anti-carcinogenic properties, and LA which can promote or 

inhibit growth depending on the environment (152, 153).   However, of all the 

PUFAs, long chain PUFAs EPA and DHA have been found to be among the most 

potent in their anti-carcinogenic activity (152, 153).  There is evidence that the 

effects of these fatty acids on growth and death of breast cancer cells are due, at 

least in part, to changes in membrane composition. 

 One of the main mechanisms PUFAs are thought to exert their effects on 

breast cancer is through their incorporation into PL membranes.  Compared to 

normal breast cells in vitro, anti-cancer PUFAs have been found to be 

incorporated at much higher rates into tumour PLs than other lipid classes (152).  

The majority of PUFAs are incorporated into phosphatidylethanolamine, 

phosphatidylinositol (PI), phosphatidylserine (PS) and phosphatidylcholine (PC) 
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fractions in the whole cell, and are also incorporated into the PI, PS and PC of 

lipid rafts, despite the rafts having higher levels of SFA than the rest of the 

membrane (154).  Other fatty acids like conjugated linoleic acid (CLA, C18:2), 

which has been shown to reduce tumour growth when fed to animals or tumour 

cells, have also been reported to be incorporated into the PLs and caveolae 

membranes (a type of lipid raft) of breast cancer cells, suggesting a common 

mechanism for the anti-cancer effects of both CLA isomers and ω-fatty acids 

(155-157). 

 

V.  N-3 and N-6 Fatty Acids, Membranes & Breast Cancer 

Some of the most compelling evidence of the biological effects of n-3 and 

n-6 fatty acids has been reported against breast cancer.  This evidence comes from 

studies in variety of systems, including cell culture, animals, and humans, that 

have found anti- and pro-carcinogenic properties of these fatty acids in breast 

cancers of different receptor statuses.  However, evidence is weak concerning the 

effects of the intermediates SDA, GLA and DGLA on breast cancer cell growth, 

and generally only speculative, while literature regarding the specificities of the 

action of ETA on breast cancer has not been studied.  On the whole, these fatty 

acids intermediates have not been well studied in breast cancer. 

 

A.   Cell Culture Studies  

Cell culture studies are a way to determine the mechanisms through which 

the dietary lipids exert their effects on cancer progression/treatment.  For breast 

cancer, some of these mechanisms include changes in inflammatory molecule and 

angiogenic factor production, cell cycle signaling and metastasis, as well as 

changes in membrane composition, to which is the topic of this thesis (158, 159). 

Many studies have examined the effects of n-3 and n-6 fatty acids on 

breast cell viability and lipids, some of which are summarized in Table 2.2.  From 

this table, it can be summarized that ALA has inhibitory effects on tumorigenic 

MDA-MB-231 and MCF-7 cell lines and does not affect the growth of non-

malignant cells MCF-10A.  These effects were associated with the conversion of 
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ALA to DHA in both these tumorigenic cell lines’ lipids.  SDA, however, has not 

been as well studied, and no significant effects have been observed on MDA-MB-

231 cell viability, although significant conversion of SDA to DPA has been 

observed.  The effects of SDA on breast cells need to be further investigated on 

other breast cell lines including non-tumorigenic cells, in order to evaluate its 

safety as a supplement.  Effects of ETA have not been studied at all on breast 

cells, to our knowledge.  EPA and DHA’s anti-tumorigenic properties, on the 

other hand, are very well known.  They are consistently found to decrease breast 

cell growth, with DHA being more potent, and do not affect normal cell growth 

even at high concentrations.  EPA and DPA have also been found to increase the 

contents of EPA, DPA and DHA in the tumour lipids of MCF-7 cells.  

Conversely, the effects of LA are more contested: both inhibitory and promoting 

effects have been associated with LA, as well as the degree of conversion down 

the pathway is disputed.  However, LA may have an inverted U-shaped curve on 

cell viability, with inhibitory effects at both low and high concentrations, and 

promoting effects in mid-range concentrations.  Like SDA, research on GLA and 

DGLA’s effects on breast cells is limited.  Existing literature, does suggest that 

these two PUFAs possess anti-tumorigenic properties on breast tumour cells, 

however, little is known about its fate after treatment.  AA has also been found to 

have no or inhibitory effects on breast cells, and can be retroconverted to DGLA 

or elongated to C22:4n6 in tumorigenic MCF-7 and non-tumorigenic MCF-10A 

cells.  

Dietary supplementation of fatty acids seem to change tumour membrane 

composition, and it is possible that it is through incorporation into membranes, 

factors like membrane fluidity and protein delocalization from rafts, may activate 

anti- and/or pro-carcinogenic mechanisms.  Many of the proteins implicated in the 

progression of breast cancer are directly or indirectly involved in pathways 

involving membrane-bound proteins; therefore, changes in the membrane may 

affect their activity.  Fatty acid enzyme activity may be involved as well, as de 

novo fatty acid synthesis and PL remodeling pathways have been implicated in 

breast cancer tumour growth (160).  A study has reported that cell membrane 
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composition differs between normal and malignant lines (151).  Low levels of Δ6-

desaturase enzyme protein have also been associated with impaired breast cancer 

prognosis, which would affect n-3 and n-6 fatty acid conversion (161).  Whether 

n-3 and n-6 fatty acids exert their effects by modulating the activity of these 

enzymes has not been investigated in breast cancer, specifically. Links between 

desaturase activity and risk of diseases like cardiovascular disease and cystic 

fibrosis have been found previously (162, 163).  Overall, many n-3 and n-6 fatty 

acids have been found to have anti-cancer effects in vitro, however, the effects of 

the intermediates have not been well studied.  Whether their effects are due to 

their conversion down their respective metabolic pathways or are an intrinsic 

property of the fatty acid are unknown. 
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B. Animal Studies  

Unlike cell culture studies, animal studies focus more on the effects of 

these fatty acids within a living system rather than mechanisms, as other factors 

like the immune system and circulating hormones in the body may affect the anti-

cancer effects of fatty acids observed in cell culture studies.  When investigating 

the effects of feeding n-3 and n-6 fatty acids in animal models with breast cancer, 

animal studies correlate fairly well with in vitro studies, in terms of effects on 

growth, as shown in Table 2.3.  However, consistency is not as strong as that in 

cell culture, possibly due to other complicated variables that must be considered 

in animal models, like animal species and the other components of the diet, 

including the mixture of fatty acids that would be part of a diet. People typically 

do not consume a single fatty acid, but rather a mixture of fat sources.  These 

sources provide fat primarily in the form of triglycerides.  Therefore, animal 

studies usually use oils to make up the diet’s fat composition.  Differences 

compared to in vitro studies may be due to this difference, as usually free fatty 

acids, albumin-conjugated fatty acids or fatty acid esters are studied in vitro.  By 

using a mixture of fatty acids, the observed activity of bioactive fatty acids may 

be reduced in comparison to in vitro studies, as positive effects may be countered 

by other fatty acids.  Fatty acid proportions also vary between the same types of 

oils as well, and may also account for different activities on tumour progression.  

Due to this difference, some studies have also taken into account the n-6:n-3 

ratios of diets. 

In summary of Table 2.3, it was observed that feeding animals diets 

containing oils high in ALA generally showed decreased tumour progression, as 

well as some conversion to EPA and DHA and incorporation in tumour lipids to 

replace LA and AA.  Few studies have examined giving diets containing 

significant levels of SDA to animals, most likely due to lack of natural source to 

include in diets.  Diets using blackcurrant oil, which contains significant levels of 

SDA, still contain less than 10% SDA.  The inability to feed a higher dose 

(similar to EPA/DHA studies) may explain the lack of anti-tumorigenic activity 

reported for these diets on tumours.  Some conversion of SDA to EPA, DPA and 
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DHA has been observed.  No studies have examined the effects of ETA on 

tumour development in animals.  Extensive research has been done on fish oils 

containing both EPA and DHA.  The use of fish oil in the diet have consistently 

been found to decrease tumour growth in tumour-bearing animals, typically 

compared to corn oil control diets.  Incorporation of these fatty acids and 

conversion to DPA has also been observed in tumour cells and adipose tissue.  

Diets containing high levels of LA in the form of corn and safflower oils, have 

generally been used as control diets in these studies, so its anti-tumorigenic 

activities have not been well assessed.  However, low fat diets containing mainly 

LA have been found show decreased tumour progression compared to high fat 

diets, and has been shown to have anti-tumorigenic activity compared to a 

commercial diet.  Diets containing GLA have showed minimal benefits on tumour 

progression.  Like with studies examining SDA effects, these differences may be 

due to the low dosages of GLA.  Despite the minimal benefits, increases in GLA 

elongation-product DGLA have been observed with GLA treatment. 

In summary, it seems that many oils reduce the growth of breast cancer 

tumours in animal models; however, some of the dosages that were used in these 

experiments were unrealistically high for human consumption (even in a 

therapeutic scenario), so interpretation of the results need to be done with caution.  

These oils increased the content on their component fatty acids and some 

conversion down their metabolic pathways was observed in the tumour PLs.  As 

in the in vitro studies, anti-tumorigenic effects may be initiated by their changes 

in the membrane; however, a thorough investigation has not been done on 

changes in the membranes in animal models. 
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C. Human Studies 

From Table 2.4, it can be seen that many observational studies examining 

cohorts of women have found no consistent association between fish intake, 

dietary or serum n-3 or n-6 fatty acids, or even fat intake with breast cancer risk in 

various populations.  A problem with many of these observational studies’ 

populations is that the subjects do not have a wide variety of fish intake in the first 

place.  It is also difficult to accurately assess dietary content over a long time 

when only a 24 hour recall is used.  Dietary records are also reliant on a subject, 

and may be biased or incomplete.  The large variety of food available also poses 

challenges in the recording of accurate nutrient intakes.  It is also possible that 

gene polymorphisms that have been associated with positive or negative effects 

on breast cancer risk are not corrected for.  For example, LA intake was 

associated with a certain polymorphism in 5-lipoxygenase protein gene, which 

increases eicosanoid production from AA.  This gene has then been associated 

with a higher invasive breast cancer risk (OR 1.8, 95% CI 1.2-2.9) (203).  Certain 

low activity polymorphisms in the glutathione S-transferases, that eliminate 

peroxidation products, have also been associated with lower breast cancer risk in 

postmenopausal women (OR 0.71, 95% CI 0.52-0.96) (204). In intervention 

studies, study populations are typically very small, and due to drop outs, can 

sometimes lack statistical power. Dosages may also not be high enough to show 

significant effects, either.  There is also inconsistency between the effects of n-3 

and n-6 intake in the form of food or supplements on the prevention/risk of breast 

cancer.  In addition, any statistical significant results may not be significant 

physiologically, as many ratios are still close to 1.  The wide variation in the 

genetic makeup, environment, and diet of humans, as well as the researcher’s time 

constraints and methods to collect the data are just a few of the variables that 

make it difficult for researchers to find consistent relationships between fat and 

breast cancer.  Other difficulties with these studies lay in how many studies only 

examine total fat in the diets of patient, and possibly saturated, monounsaturated 

and polyunsaturated fat in general, but do not stratify the types of polyunsaturated 

fat.  As previously discussed in other biological systems, different types of 
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PUFAs have been shown to have different effects on cancer outcomes, and should 

be a point of examination in epidemiological studies.  Many intervention studies 

also investigate improving the whole diet quality, so the effects of any changes in 

fat intake are difficult to differentiate.  In the event that interventions supplement 

fatty acids, these supplements are usually in the form of fish oil.  The use of other 

oil supplements higher in levels of n-3 and n-6 intermediates like evening 

primrose oil has been recorded in patients, but its effect as well as the effects of 

novel plant oils high in n-3 and n-6 intermediates on breast cancer incidence or 

mortality has not been assessed in the human population.  Despite these 

inconsistencies, evidence suggests a possible link between increased total n-3, 

EPA and DHA, decreased total n-6 intake and n-6:n-3 ratios, and decreased breast 

cancer risk, but have yet to consistently support cell culture and animal studies.  

Although these changes may be due to changes in n-3 and n-6 lipids in the body, a 

thorough investigation has not been conducted in humans (231). 

Studies examining the treatment of cancer with n-3 fatty acids, however, 

have been more successful in a variety of cancer populations, and are more 

consistent with animal studies.  For example, the progression and survival of 

breast cancer patients have been shown to be improved with n-3 and GLA intake 

(90, 205-207).  These effects are not limited to breast cancer patients, either, as 

fish oil has also been found to improve chemotherapy response in nonsmall lung 

cancer patients, as well as improve side effects like cachexia in oesophageal, and 

head and neck cancers (208, 209).  
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Table 2.4 Human Studies of N-3 and N-6 Fatty Acids on Breast Cancer Risk 

Ref. Type of 

Study 

Results 

(210) Cohort 

(China) 

No associations between breast cancer risk and LA, AA, 

ALA and marine n-3 PUFA.  An interaction, however, was 

found between n-6 intake and marine n-3 PUFA and breast 

cancer, where high n-6 and low marine n-3 intake 

increased breast cancer risk (RR 2.06; 95% CI 1.27-3.34) 

(211) Cohort 

(France) 

Hazard ratios for breast cancer risk and total n-6, total n-3, 

LA, AA, ALA, long chain n-3, and n-6:n-3 were non-

significant.  When subdivided by food source, significant 

trends in ALA and LA intake and breast cancer risk were 

observed when ALA and LA were from vegetable oils, 

fruit and vegetables, and nut mixes. 

(212) Cohort 

(USA) 

Although there was a significant trend for fish intake and 

cancer mortality, no significant trend was observed for fish 

intake or n-3 intake and breast cancer incidence 

(213) Cohort 

(USA) 

Women with < 20% energy from fat had a slight increase 

in their risk for breast cancer compared to women with 

30% energy from fat.  5% increments of total, animal and 

vegetable fat, and PUFA slightly decreased risk of breast 

cancer, while 0.1% increases in n-3 from fish slightly 

increased breast cancer risk. 

(214) Cohort 

(USA) 

Higher EPA and DHA intake from food were associated 

with 25% decrease in breast cancer.  No association was 

observed with EPA and DHA from supplements and breast 

cancer risk. 

(215) Case-control 

(France) 

No significant differences between cases and controls for 

n-3 PUFA intake (total, ALA, EPA, DPA, DHA, from 

plants, or from animals), fatty fish intake, or n-6 PUFA 

intake 

(216) Case-control 

(France) 

Significant relative risk of breast cancer with decreased 

levels of ALA, DHA, total n-3, ALA:LA and long chain n-

3:n-6 in breast adipose tissue 

(217) Case-control 

(France) 

Significant relative risk of breast cancer with decreased 

levels of ALA in breast adipose tissue 

(218) Case-control 

(France) 

Significant relative risk of breast cancer metastasis with 

decreases levels of ALA in breast adipose tissue.  A trend 

towards low DHA levels in breast adipose tissue and the 

increased risk of metastasis was also observed, but was not 

significant. 

(219) Case-control 

(France) 

Inverse association between breast cancer metastasis and 

risk and ALA levels in adipose tissue 
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Table 2.4 Human Studies of N-3 and N-6 Fatty Acids on Breast Cancer Growth 

and Lipids Continued 

 Ref. Type of 

Study 

Results 

(220) Case-control 

(Greece) 

Cases had significantly lower total n-3, EPA, DPA and 

DHA levels and higher LA, C20:2n6 and DGLA levels in 

adipose tissue.  The ratio of n-6:n-3 fatty acids in adipose 

tissue was also higher in cases. 

(221) Case-control 

(Uruguay) 

Increase odds ratio for breast cancer with decreased levels 

of PUFA, LA, ALA 

(222) Case-control 

(USA) 

No associations between breast cancer risk and n-3 or n-6 

status, SFA, MUFA or trans fats in serum fatty acids. 

(223) Case-Control 

(USA) 

 

Fish oil supplement users were found to have decreased 

risks of breast cancer.  Dietary AA nor grapeseed 

supplements (high in LA) were not associated with breast 

cancer risk. 

(224) Case-control 

(USA) 

No associations between fatty acid intake and breast 

cancer risk was observed.  However, in premenopausal 

women, a trend towards decreased breast cancer risk was 

observed with low n-6:n-3 intake. 

(225) Case-control 

(USA) 

High fat intake was associated with breast cancer risk, but 

LA intake was not.  The use of LA-rich corn oil in cooking 

was associated with breast cancer risk. 

(226) Case-control 

(USA) 

↑ Age-adjusted n-6 PUFA levels in breast adipose tissue 

correlated with cases 

Trend for n-6 PUFA to correlate with protective n-3 EPA 

+DHA effects at given level 

Trend for increased n-6:n-3 ratio and breast cancer cases 

(227) Meta-

analysis 

Cohort studies: protective effect by n-3 PUFA on breast 

cancer 

Case control studies: ALA had a close, but non-significant 

protective effect on breast cancer 

No other significant findings were observed (total n-6, LA, 

AA, EPA, DHA, total n-3) 

(228) Meta-

analysis 

Cohort studies: significant RR between PUFA and breast 

cancer (1.091, 95% CI 1.001-1.184) 

Case-control studies: no significant relationship between 

fat and breast cancer in general. In postmenopausal 

women, however, relationships between breast cancer and 

total fat (1.042, 95% CI 1.013-1.073) and PUFA intake 

(1.22; 95% CI 1.08-1.381) were observed 

(229) Meta-analysis 

(Italy) 

Breast cancer risk was not associated with fish intake 
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Table 2.4 Human Studies of N-3 and N-6 Fatty Acids on Breast Cancer Growth 

and Lipids Continued 

 Ref. Type of 

Study 

Results 

(230) Intervention: 

6g corn 

oil/day or 6g 

DHA-rich 

algae oil /day 

(2.14g 

DHA/day) 

Algae oil decreased cholesterol but did not affect breast 

cancer risk (estimated by urinary 2-hydroxyestrone:16 α-

hydroxyestrone) in postmenopausal vegetarian women 

Abbreviations: AA arachidonic acid; ALA α-linolenic acid; CI confidence interval; 

DGLA dihomo-γ-linolenic acid; DHA docosahexaenoic acid; EPA eicosapentaenoic acid; 

LA linoleic acid; MUFA monounsaturated fatty acids; PUFA polyunsaturated fatty acids; 

RR relative risk; SFA saturated fatty acids; Tam tamoxifen 

 

VI. Conjugated Linoleic Acid 

Like LA, conjugated linoleic acid (CLA, C18:2) is a PUFA 18 carbons 

long with 2 carbon-carbon double bonds.  It is different, however, in that the two 

double bonds are conjugated, only differing in position by 2 carbons anywhere 

along the chain, unlike LA whose double bond location differs by 3 carbons and 

has a specific conformation.  With possibly over thirty-two positional (e.g. 9-11, 

10-12) and geometric (e.g. cis-cis, cis-trans) isomers identified, c9, t11-CLA, also 

known as rumenic acid, is the most common isomer, representing up to 80% of 

total CLA in food, and will be the focus of the proceeding discussion (232). 

CLA is mainly produced from the anaerobic Butyrivibrio bacteria in 

ruminants, as an intermediate in the conversion of ALA, LA and GLA to stearic 

acid (233-235).  However, the c9, t11-CLA isomer is made when Butyrivibrio 

fibrisolvens isomerizes LA to c9, t11-CLA, before hydrogenation to vaccenic acid 

(C18:1t11) and then stearic acid (C18:0) (233).  Rats fed LA in the free fatty acid 

form have been reported to have increased CLA content in tissues (supporting 

conversion in the gut), but this was not observed with LA in triglyceride form 

(236).  Humans fed LA in triglyceride form did not show increases in CLA 

content in tissues, either, however, Bifidobacterium species that are capable of 

converting LA in free fatty acid form to c9, t11-CLA, have been found in the 

human microflora, indicating potential for endogenous conversion (237-239).  
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Another pathway to create CLA in humans is through the desaturation of vaccenic 

acid to c9, t11-CLA catalyzed by the Δ9-desaturase (240, 241).  Although humans 

can produce CLA from dietary vaccenic acid, it is predicted that the endogenous 

synthesis of CLA is a minor source of CLA, and that CLA mainly comes from the 

diet (242). 

In the human diet, the main isomer of CLA consumed is c9, t11-CLA. It is 

mainly found in beef and beef products, where about 69% of CLA is from dairy 

and 24% of CLA is from beef in the American diet (243).  Other sources of CLA 

include pork and poultry, but, the CLA content may be due to the intake of beef 

products by the animals (243). 

In Americans, total CLA intake is estimated to be 212 mg/day in men and 

151 mg/day in women, where c9, t11-CLA intake is about 193 mg/day in men and 

140 mg/day in women. Estimations, however, are difficult as CLA content in food 

depends largely on animal breed and upbringing, and can even be different 

between animals of the same breed (243).  In addition, different processing 

methods and raw ingredient quality can alter the CLA content of dairy products 

like milk and cheese, further complicating the determination of CLA in the diet 

(244-246).  Despite the potential benefits of CLA, as is not required in the body, 

Canada has no recommendation regarding its intake.  It is, however, recognized as 

not being detrimental and is excluded from the estimations of total trans fatty 

acids in a food. 

 Concerning health, c9, t11-CLA has the potential to have many positive 

physiological effects on chronic diseases, including, but not limited to anti-

atherogenic, anti-diabetogenic and anti-carcinogenic effects and improvements in 

inflammation.  CLA diet supplementation was associated with improved lipid 

profiles and improved atherosclerosis (247, 248).  Higher levels of c9, t11-CLA in 

adipose tissue was also associated with decreased risk of diabetes, possibly due to 

lower plasma glucose and insulin, improved lipid profiles, decreased 

inflammation, increased adiponectin, and/or decreased endoplasmic reticulum 

stress (249, 250).  In cancer, c9, t11-CLA has shown significant decreases in 

breast, lung and colon tumour cell proliferation, but not prostate, melanoma or 
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glioblastoma cells (251, 252).  Improvements in the immune function due to CLA 

have also been found, and include decreased macrophage adhesion, as well as 

decreased levels of prostaglandin E2 and inflammatory cytokines like tumour 

necrosis factor-α, interleukin-1 and -6 (253-255).  Overall, c9, t11-CLA has been 

associated with many beneficial effects on health. 

 

VII. Conjugated Linoleic Acid, Membranes & Breast Cancer 

CLA isomers c9, t11-CLA and t10, c12-CLA alone and in mixtures have 

been consistently shown to inhibit breast tumour growth in both cell culture and 

animal experiments, where t10, c12-CLA is generally more potent then c9, t11-

CLA (Tables 2.5-6).  Some studies have found negative effects of CLA on breast 

cancer development in the mouse Erb B2 models, however, survival was not 

affected.  Despite the extensive research on breast tumour cells, few studies have 

examined the effects on non-tumorigenic breast cells.  A single study suggests 

that CLA isomers may inhibit normal cell growth at concentrations above 30μM.  

Comparing isomers, it seems that t10, c12-CLA consistently inhibits MCF-7 

growth more than the c9, t11-isomer.  Similar effects on MDA-MB-231 cells 

comparing the two isomers have also been observed, however, both no and an 

inhibitory effect have been found with c9, t11-CLA incubations.  From these 

experiments, many mechanisms for the anti-carcinogenic activities of CLA have 

been suggested.  One of these mechanisms includes changes to the membrane 

composition, which can change the membrane’s physical properties and protein 

organization (256).  Although changes in tumour membranes are not well 

documented in breast cells, the few studies examining lipids find significant 

incorporation into tumour lipids, more specifically PLs.  C9, t11-CLA and t10, 

c12-CLA have also been shown to be readily incorporated into caveolae, and the 

trans-linkages have the ability to decrease membrane fluidity and potentially 

change protein function (257, 258).  When CLA is incorporated into membranes 

and caveolae, decreases in membrane AA content have also been observed, and 

may account for decreased pro-inflammatory eicosanoid synthesis, which has 

been implicated in tumorigenesis (258, 259).  Therefore, the incorporation of 
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CLA may be compensated by decreases in n-6 fatty acid content. C9, t11-CLA 

has also been found to be isomerized into t10, c12-CLA, which may contribute to 

its anti-tumorigenic effects. 
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Despite extensive research of CLA in cell culture and in animal models, 

the evidence concerning the effects of CLA on breast cancer in humans have not 

been well studied.  CLA intake and content in breast adipose tissue was not 

significantly associated with breast cancer women in Sweden, France or the 

Netherlands, although some weak positive trends were observed in the 

Netherlands for breast cancer risk (283-285).  In Finland, however, CLA intake 

was associated with a 0.4 hazard ratio (95% CI 0.2-0.9) for the risk of breast 

cancer, and in America, c9, t11-CLA intake in pre-menopausal women showed 

significant correlation with ER- tumours (286, 287).  Overall, human evidence for 

risk of cancer is very weak and conflicting, concerning the relationship between 

CLA and breast cancer, possibly due to low intake.  An accurate assessment of 

CLA content in the diet is also a concern, as content can change significantly 

between similar products depending on the production method, as previously 

mentioned.  As with n-3 fatty acid, human studies aimed at treatment with CLA 

need to be done to clarify the relationship between CLA and breast tumour 

survival. 

 

VIII. Summary & Directions for Future Research 

Major n-3 and n-6 fatty acids have been studied extensively in their 

relationship with breast cancer and their changes to tumour membranes and 

tissues, however, there is a lack of literature on the specific activities of the 

pathway intermediates.  Current research suggests significant bioactivity of some 

of these intermediates, namely SDA, GLA and DGLA on breast cancer.  The 

bioactivity of another intermediate, ETA, is not known, but could possess anti-

cancer properties.  It has been suggested that these fatty acids may exert their anti-

carcinogenic properties through their conversion to their longer chained 

counterparts; however, confirmation has not been done.  It would be important to 

study these fatty acids to determine their bioactivity at physiological dosages as 

potential therapies in breast cancer, as well as determine whether their modes of 

action are due to the fatty acid itself or due to their conversion to their longer 

chained bioactive counterparts in the improvement of breast cancer outcomes, as 
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well as their safety.  Changes in the membrane have been implicated in the 

progression of breast cancer, however, have not been thoroughly investigated. 

 Most in vitro studies have focused on supplying single fatty acids to cells, 

while most fat we consume are in the form of oil mixtures, so it is important to 

assess the effects of fatty acid mixtures in vitro as well.  With the growing 

popularity of novel plant oils high in n-3 and n-6 pathway intermediates, their 

bioactivity needs to be studied further.  To our knowledge, none of these oils have 

been tested on breast cancer despite potential anti-carcinogenic effects, and 

therefore, mechanisms of action, if any, have not been suggested, either.  Fatty 

acid mixtures could possibly do anything from being biologically inactive to work 

synergistically compared to pure fatty acids.  As a potential novel commercial 

source of n-3 and n-6 fatty acid intermediates, the bioactivity of these oils in 

comparison to their individual components in breast cancer, as well as their 

modes of action and safety need to be resolved. 

While extensive research has been done on the anti-carcinogenic 

properties of c9, t11-CLA on breast cancer cells and animal models, its effects on 

non-tumorigenic breast cells have yet to be well established.  Additionally, the 

effect of CLA on membrane PL composition and the potential similarities to the 

effects of anti-cancer n-3 and n-6 fatty acids needs further study. 
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Chapter Three – Materials and Methods 

I.  Introduction 

 As the methods are referred to in each study are repeated, all of the 

methods and the rationale for their use were combined into a single chapter.  In 

this chapter, the techniques used for cell line maintenance, fatty acid preparations, 

and cell viability and PL composition determination, as well as the more 

complicated calculations used and statistical analysis are outlined. 

 

II. Cell Line Maintenance 

To study both ER+PR+ and ER-PR- breast cancer cells, two tumorigenic 

human cell lines, the MDA-MB-231 and MCF-7, were chosen as the models for 

our cell culture studies.  MDA-MB-231 is an ER-/PR- ductal breast cell line, 

representing about 20% of all breast cancer cases, while the MCF-7 cell line is a 

ductal ER+PR+ cell line representing about 63% of all breast cancer cases (1).  

Together, they represent over 80% of all breast cancer cases and provide 

relevance to a large population.  A non-tumorigenic breast cell line, the MCF-12A 

cell line, was chosen as a control to the tumorigenic cell lines, to determine 

whether treatments had effects on normal cells. 

MDA-MB-231 breast cancer cells obtained from the American Type 

Culture Centre (Manassas, VA, USA) were cultured in Iscove’s Modified 

Dulbecco’s Medium with L-glutamine and 25mM HEPES buffer (Invitrogen 

Corporation, Grand Island, NY) containing 5% v/v fetal bovine serum (Thermo 

Fisher Scientific Inc., Logan, UT, USA) and 1% v/v antibiotic-antimycotic 

solution (Mediatech Inc., Manassas, VA, USA).  MCF-7 breast cancer cells 

obtained from the American Type Culture Centre (Manassas, VA, USA) were 

cultured in minimal essential media with Earle’s salts, L-glutamine, and non-

essential amino acids (Invitrogen Corporation, Grand Island, NY) containing 5% 

v/v fetal bovine serum and 1% v/v antibiotic-antimycotic solution (as indicated 

above).  MCF-12A breast cells kindly provided by Dr. Michael Weinfeld’s lab of 

the Department of Oncology at the University of Alberta, were cultured with 

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (Ham) 1:1 
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(Invitrogen Corporation, Grand Island, NY) containing 0.1μg/mL cholera toxin 

(Calbiochem, Darmstadt, Germany), 20ng/mL human epidermal growth factor 

(EGF), 0.5μg/mL hydrocortisone, 10μg/mL bovine insulin (EGF, hydrocortisone 

and insulin purchased from Sigma-Aldrich Co. LLC., Oakville, ON), 10% v/v 

fetal bovine serum and 1% v/v antibiotic-antimycotic solution (as indicated 

above). 

Cells were maintained in 75cm
2
 tissue culture flasks (Fisher Scientific, 

Ottawa, Ont., Canada) at 37°C and 5% v/v CO2.  Media was changed 3 times per 

week and passaged regularly at 80-90% confluence.  Cells were washed twice 

with phosphate buffered saline before being detached from the flasks using 5mL 

HyClone Trypsin 0.25% (Thermo Scientific, Logan, UT, USA), stopped with 

their respective medias and centrifuged at 377x for 5 minutes in a 15mL sterile 

centrifuge tube (Fisher Scientific, Ottawa, ON).  Cells were resuspended in media 

and a 20μL aliquot was mixed with 20μL trypan blue 0.4% in normal saline.  

Viable cells were then counted using a Hausser Scientific Bright Line 

hemacytometer (Fisher Scientific, Ottawa, ON) and light microscope.  Cells were 

then used for experiments and/or cell maintenance in a flask. 

 

III. Fatty Acid Preparation and Complexing to Bovine Serum Albumin 

Treatment fatty acids were supplied to cells through conjugation to BSA.  

Fats obtained from the diet are usually in triglyceride form, and are broken down 

for absorption into the lymphatic system in the intestine, where they are 

reassembled and stored as triglycerides or PLs in the body.  When signals for the 

mobilization of lipids occur, triglycerides are catabolized by the liver and sent 

into circulation to be used by other tissues.  As free fatty acids are not water 

soluble, they are not very stable in the blood, and therefore not commonly found 

in the blood.  Instead, esterfied fatty acids travel as lipoproteins, while non-

esterfied fatty acids are bound to plasma albumin (2).  Although it is possible to 

incorporate lipids from liposomes into membranes, it has been shown that fatty 

acid incorporation is significantly higher when fatty acids are bound to albumin 

versus liposomes (3).   Therefore, we used fatty acids conjugated to BSA as not 
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only is it is physiological method by which fatty acids are moved around the body 

for use by tissues, but it also ensures a greater amount of fatty acid incorporation 

into the membranes. 

SDA, ETA, EPA, GLA, DGLA, stearic acid, 11(Z),14(Z)-eicosatrienoic 

acid  (Cayman Chemical Company, Ann Arbor, MI, USA), OA, ALA, DHA, AA, 

LA, c9, t11-CLA, and palmitic acid (Matreya, Pleasant Gap, PA, USA) were used 

in the following experiments.  Stock fatty acid solutions were prepared by 

dissolving the fatty acid in ethanol to a concentration of 10mg/mL and stored at –

20°C.  Fatty acids were then conjugated to fatty acid-free bovine serum albumin 

(BSA, Fisher Scientific, Ottawa, ON) at a 4:1 ratio as follows (4): 1.2 mL (12mg) 

of the stock solution was then dried down in a 15mL acid washed glass tube under 

nitrogen before being saponified with 1mL of 0.1M KOH in a shaking 50°C water 

bath for 10 minutes, mixing intermittently.  Fatty acids were then conjugated to 

BSA by adding 9mL of 7.5% BSA in doubly distilled water mixture and 

incubated at room temperature for 3 hours.  Mixtures were then left overnight at 

4°C before aliquoting into sterile 1.5mL eppendorf microcentrifuge tubes (Fisher 

Scientific, Ottawa, ON) and stored at –20°C until further use.  A fatty acid 

mixture was made using the above fatty acids to represent the fatty acid 

composition of a stearidonic acid-enriched flax oil (SO) created by Dr. Randall 

Weselake’s Bioactive Oils Program at the University of Alberta (Table 3.1), and 

stored at -20°C. 

 Table 3.1 Fatty Acid Composition of a Stearidonic Acid-Enriched Flax Oil 

(SO) 

Fatty Acid % Composition 

C16:0 6.02 
C18:0 3.08 

C18:1-n-9
 

13.4 

C18:2 n-6 3.40 

C18:3 n-6 15.0 

C18:3 n-3 31.2 

C18:4 n-3 26.1 

C20:2
 

0.72 

Total 98.9 
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IV.  Determination of Cell Viability in the Presence of Fatty Acid 

Cells were detached from 75cm
2
 flasks as described previously, and plated 

in triplicate at a density of 2.6x10
4
 cells per well for MDA-MB-231 and MCF-

12A cells, and 5.2x10
4 

cells per well for MCF-7 cells in a 24 well flat bottomed 

cell culture plate (Corning Inc., Corning, NY, USA) with 2mL of their respective 

media for 72 hours.  Media was replaced with fresh media containing 40μM OA 

and 40μM LA (OA/LA) to mimic a physiological membrane composition, as 

previously determined, as a control. 

Research has shown that the growth and development of breast tumour 

cells in vitro have been show to require OA and LA in low doses, as higher doses 

are associated with inhibitory effects (5, 6).   LA deficiency has been associated 

with increased tumour growth in animal models, further supporting the 

requirement of this essential fatty acid in the diet (6).  Therefore, our control 

treatment had both of these fatty acids to better represent what might occur in vivo 

and to ensure optimal growth.  Optimal concentrations of OA and LA for the 

growth of MDA-MB-231 cells have been suggested to be 0.25μg/mL and 

0.75μg/mL, respectively, translating to about concentrations of about 2μM and 

3μM, respectively by Rose et al. (5).  However, the culture conditions that these 

cells were grown in, including media, BSA-conjugation, fetal bovine serum, and 

ethanol, were different from those of our study, and therefore, these 

concentrations may not translate to the same effects in our culture experiments. 

We added these fatty acids, based on previous experiments, to ensure that the 

fatty acid concentration of n-6 essential fatty acids was sufficient to ensure both 

cell growth and presence of AA in the cell, as well as mimic physiological 

membrane composition (7, 8).   

In order to determine a working concentration for the fatty acid treatments, 

experiments were done examining cell viability over physiologically possible 

plasma concentrations, between 30μM-300μM (data not shown).  From this data, 

the concentration of 150μM was chosen as it exhibited significant inhibition of 

tumour growth with well known anti-carcinogenic fatty acids EPA and DHA.  

Using this concentration, we further supplemented 150μM of either ALA, SDA, 
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ETA, EPA, DHA, LA, GLA, DGLA, AA, CLA, or SO to cells in triplicate.  Wells 

with media free of additional fatty acids were also used.  Every 24 hours for 48 

hours, the media was replaced with treatment media.  After 48 hours, media was 

removed with an aspirator and cells were washed twice with phosphate buffered 

saline (PBS).  Cells were then detached with 200μL of Trypsin 0.25% as 

described above and moved into 1.5mL eppendorf microcentrifuge tubes.  Cell 

viability was assessed using the trypan blue exclusion method.  Cells were 

resuspended in media and a 20μL aliquot was taken and mixed with trypan blue 

0.4% w/v.  Live cells were then counted using a hemacytometer, as previously 

described. MDA-MB-231 and MCF-7 cancer cell lines treatments were done five 

times while MCF-12A treatments were done three times. 

We had previously attempted to use the WST-1 assay to determine cell 

proliferation by measuring the metabolic activities of our cells, however, we 

found a large discrepancy between the results from this assay and the number of 

cells observed under a light microscope, and opted for the trypan blue assay in 

order to determine cell viability. 

 

V.  Determination of Phospholipid Fatty Acid Composition 

Dietary fatty acids have been previously reported to be significantly 

incorporated in the cell plasma membrane of tumour cells (9).  Thus, we 

investigated the effect of our fatty acid treatments on the cell plasma membrane 

PL, to estimate conversion and incorporation of the treatment fatty acids into the 

structural and functional lipid in cell membranes.  Although intracellular 

membranes are also composed of PL, the majority of PLs are found in the plasma 

membrane; therefore, we decided to isolate whole cell PLs for our analyses and 

draw conclusions for the plasma membrane. 

Cells were detached from 75cm
2 

flasks as described above and aliquoted 

into flasks.  At about 50% confluence, cells were treated with fatty acid as 

described above for 48 hours.  Cells were then washed twice with PBS and 

detached with 5mL of Trypsin 0.25% as described above.   
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Lipids were then extracted from whole cell pellets using a modified Folch 

procedure as previously described (10, 11).  Total PLs were then separated on 

silica gel ‘G’ thin layer chromatography plates (Analtech Inc., Newark, DE, USA) 

using an 80:20:1 v/v/v ratio of petroleum ether: diethyl ether: glacial acetic acid 

for 40 minutes (8).  The PL band was visualized using 8-anilino-1-naphthalene-

sulfonic acid under ultraviolet light.   

PLs were methylated by heating samples in boron trifluoride and hexane 

at 110°C for 1hr.  1mL of double distilled water was then added per sample and 

stood overnight at 4°C.  CLA samples were methylated by incubating samples in 

1mL sodium methoxide and 1mL hexane at room temperature for 30 minutes.  

Double distilled water (300μL) was then added to each sample and stood 

overnight at 4°C.  Hexane layers from the methylation steps were then removed 

and dried down, before being reconstituted in 75μL hexane. 

Fatty acids were separated and quantified with an Agilent 7890A Gas 

Chromatograph System using a 100m CP-Sil 88 fused capillary column, (Agilent 

Technologies, Mississauga, ON, Can) following the method described by 

Sørensen et al. (12).  The capillary column is coated in a highly polar CP-Sil 

stationary phase (poly(bicyanopropyl siloxane)).  The sample adsorbs onto this 

phase, with some fatty acids being more strongly attracted to this phase than 

others, depending on their polarity. The stronger the attractions, the less likely the 

compound will be carried down the column by the mobile hydrogen phase, and 

vice versa, resulting in the polar molecules taking longer to elute from the 

column.  Also, as the oven temperature increases, more compounds reach their 

boiling point, go into their gaseous form and elute from the column, therefore, 

fatty acids with low boiling points will elute out the fastest.  Therefore, small non-

polar compounds with low boiling points will elute from the column first, while 

large polar compounds with high boiling points will elute last.  When compounds 

elute from the column, the flame ionizer ionizes the compounds, creating a 

current proportional to the amount of compound, which is then sensed by the 

detector and recorded as peaks based on the time of elution, or retention time.  
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Retention times can be compared to those from a standard to identify the peaks on 

the chromatogram, and peak areas can be used to quantify samples.   

 

VI.  Calculations 

Typical estimations of desaturase enzymes’ catalytic activity compare the 

ratios of only a few fatty acids: n-6’s LA and AA and n-3’s ALA, EPA, DHA and 

possibly DPA, neglecting the intermediates, as they are not commonly found in 

the diet.  As we supplied n-3 and n-6 pathway intermediates to cells, we had to 

come up with a different method to estimate desaturase activities that would 

include the intermediates and account for any conversion that occured.  In the 

end, we decided to estimate desaturase enzyme activities by dividing all of the 

enzyme’s downstream products by all the reactants within a pathway as seen in 

Figures 3.1-4. 

   desaturase activity
   

 
 (SDA  ETA  EPA  DPA  DHA)

ALA
 

Figure 3.1 Estimated Δ6-Desaturase Activity Formula in the N-3 Pathway 

   desaturase activity
   

 
 (GLA  DGLA  AA)

LA
 

Figure 3.2 Estimated Δ6-Desaturase Activity Formula in the N-6 Pathway 

   desaturase activity
   

 
 (EPA  DPA  DHA)

  ALA  SDA  ETA 
 

Figure 3.3 Estimated Δ5-Desaturase Activity Formula in the N-3 Pathway 

   desaturase activity
   

 
AA

  LA+GLA+DGLA 
 

Figure 3.4 Estimated Δ5-Desaturase Activity Formula in the N-6 Pathway 

 

VII.  Statistical Analysis 

Statistical analyses were conducted using SPSS, version 18.0.0 to compare 

the effects of fatty acid treatment on the viability of different cell lines.  A normal 
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distribution was confirmed using the Kolmogorov-Smirnov test statistic.  A one-

way analysis of variance was used to determine significant treatment effects.  

When a significant difference was determined (p<0.05), a Dunnett test was used 

for post-hoc analysis against a control to determine treatment effect within a cell 

line.  When equal variances could not be assumed through Levene’s test, 

Dunnett’s T3 test was used.  OA/LA treatments were used as a control in all 

experiments cell lines except in the viability assays where untreated cells were 

used as a control.  Tukey’s test and independent t-tests were performed for cell 

line comparisons when 3 and 2 lines were compared, respectively, in PL analyses.  

Data is presented as means ± SEM. 
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Chapter Four – N-3 and N-6 Fatty Acids on Cell Viability and Phospholipid 

Composition in Breast Cells 

I.  Introduction 

The anti-carcinogenic effects of long chain n-3 (PUFAs EPA and DHA) as 

well as an n-6 PUFA (AA) on breast cancer have been well documented in cell 

culture (1-3).  However, due to low intakes in the North American diet, their 

beneficial effects are not realized in order to reduce the progression of breast 

cancer (4). 

Humans production of these long chain PUFAs from dietary precursors 

ALA and LA are very low due to the low catalytic activity of the Δ6-desaturase 

enzyme that catalyses these fatty acids’ conversion to SDA and GLA, respectively 

(5-10).  To increase the endogenous synthesis of long chain PUFA, it may be 

possible to supply intermediates in the n-3 and n-6 pathways to bypass this low-

activity enzyme.  A number of metabolic intermediates exist in these pathways: 

SDA and ETA in the n-3 metabolic pathway for their conversions to EPA and 

DHA, as well as GLA and DGLA to be converted to AA in the n-6 metabolic 

pathway.  SDA and GLA have been shown to exhibit anti-carcinogenic properties 

in breast cancer, however their mechanisms have yet to be elucidated (11, 12).  

Whether these intermediates have anti-carcinogenic effects that do not harm 

normal cells have yet to be confirmed. 

Since dietary fatty acids have been shown to be incorporated into tumour 

membranes, and changes in membrane composition have also been found to play 

important roles in cancer progression (13).  Changes regarding the cell membrane 

composition with fatty acid intermediates are important to determine as a possible 

mechanism for the effects these fatty acids may exhibit.  Literature has predicted 

that SDA and GLA exhibit their anti-tumorigenic effects from their conversions 

to at least EPA and DGLA, respectively, if not further, rather than through direct 

anti-tumorigenic properties, however, this hypothesis has yet to be confirmed.  

Therefore, the objective of this study is to determine the anti-tumorigenic 

properties of fatty acid intermediates SDA, ETA, GLA and DGLA, and to 

determine whether their effects are due to their own properties or to their 
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conversions to other fatty acids.  We also want to determine the safety of their use 

in regards to effects on normal cells. 

By supplying tumorigenic and non-tumorigenic breast cells with 

intermediates SDA, ETA, GLA and DGLA, their bioactivities can be assessed in 

vitro.  Then, from PL analysis, it can be determined whether these intermediates 

are incorporated directly into membranes or are converted down their respective 

pathways to long chain PUFAs.   

 

II.  Materials and Methods 

 Please refer to chapter three. 
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III. Results 

A.   N-3 Fatty Acid Treatments 

i. Cell Viability 

 

Figure 4.1 Cell Viability of MDA-MB-231, MCF-7 and MCF-12A Cells 

Incubated with 150μM of N-3 Fatty Acid.  Values are mean ± SEM, expressed as 

percentage of the media only treatment (n=3 per cell line per treatment).  ETA, 

EPA, and DHA treatments were not studied with MCF-12A cells.  * indicates a 

significant difference compared to the cell line’s respective media treatment (p < 

0.05). Different letters within a treatment indicates a significant difference 

between cell lines (p < 0.05).  

 No significant differences were observed between the media and the fatty 

acid control treatments in the two tumorigenic lines (Figure 4.1).  In our non-

tumorigenic MCF-12A cell line, providing additional fatty acid (control OA/LA 

fatty acids, ALA or SDA) significantly increased cell viability in comparison to 

our media treatment that did not contain added fatty acids.  In the MDA-MB-231 

cell line, significant decreases in cell viability (to about 60%) were observed with 

all n-3 treatments, except ALA.  All n-3 treatments decreased MCF-7 cell 

viability. 

 When comparing between cell lines within a treatment, the non-

tumorigenic MCF-12A cells’ viability was significantly higher than either of the 

tumorigenic cell lines after all of the fatty acid treatments studied, including the 
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OA/LA treatment.  ALA and ETA treatment resulted in a significantly greater 

decrease in viability in MCF-7 cells as compared to MDA-MB-231 cells. 

 

ii. Phospholipid Composition 

Complete whole cell PL profiles are shown in Tables 4.1-3 for MDA-MB-

231, MCF-7 and MCF-12A cells, respectively, treated with n-3 treatments ALA, 

SDA, ETA, EPA and DHA, as well as comparisons within and between cell lines. 

This data will be illustrated in the subsequent sections to compare the effect of 

fatty acid treatments on fatty acid changes in PLs and to compare the effects on 

the different cell lines. 
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Table 4.3 Whole Cell Phospholipid Composition of MCF-12A Cells Incubated 

with 150μM ALA or SDA 

Fatty Acid Fatty Acid Treatment 
Media OA/LA ALA SDA 

C14:0 2.19±0.03
B
 1.47±0.05 1.04±0.05 1.16±0.02 

C16:0 23.3±0.5
C
 16.9±0.6 14.3±0.4

 B
 15.2±0.3 

C16:1n9 4.59±0.28
B
 1.48±0.06 1.13±0.05

 
1.33±0.04

C
 

C17:0 0.52±0.03
C
 0.51±0.04 0.67±0.04 0.70±0.02

 B
 

C18:0 13.6±0.6
C
 13.4±0.1

 BC
 17.6±0.3

 BC
 18.1±0.3

 BC
 

C18:1t11 0.31±0.12
BC

 0.11±0.04
 BC

 0.22±0.05
 BC

 0.13±0.02
 

BC
 C18:1n9  33.5±0.4

C
 28.7±0.2

 B
 19.1±0.4

 B
 22.0±0.5

 B
 

C18:1c11 0.08±0.00
BC

 0.05±0.00 0.08±0.01 0.07±0.01
 
 

C18:2n6  2.58±0.09 20.5±0.8
C
 15.1±0.2 15.7±0.1

 
 

C20:0 0.15±0.01
 

0.07±0.00
 
 0.09±0.00

 
0.11±0.01

 
 

C18:3n6  0.03±0.03
C
 0.04±0.00 0.05±0.05 0.05±0.03 

C18:3n3  0.89±0.05 0.79±0.04 13.5±0.8
 BC

 0.21±0.04 

C18:4n3  0.17±0.04 0.05±0.01 0.02±0.02 2.48±0.22
C
 

C20:2n6 0.14±0.01 2.25±0.02
 BC

 0.83±0.03
 
 0.23±0.01

 
 

C20:3n6 

DGLA 

1.34±0.10
 

0.83±0.02
 C

 0.88±0.00 1.09±0.04
 

C20:3n3 0.03±0.03 0.02±0.02 ND ND 

C20:4n6  8.01±0.09
BC

 6.29±0.04
 BC

 9.61±0.25
 BC

 4.63±0.13
 

BC
 C20:4n3  0.07±0.02 0.05±0.00

 
 0.30±0.08

BC 
9.51±0.41

 

BC
 C20:5n3  1.05±0.03

 0.32±0.01
 

0.67±0.10
 B

 3.50±0.14
 

BC
 C22:3n3 0.87±0.02

C 
0.17±0.14 0.50±0.01 0.03±0.01

 
 

C22:4n6 0.05±0.01 0.28±0.13 0.20±0.01
C
 0.48±0.06 

C22:1n9 1.60±0.06
BC 

2.78±0.09
 BC

 1.89±0.07
 BC

 1.20±0.04
 

BC
 C22:5n6 0.23±0.00

BC
 0.63±0.02

 B
 0.49±0.06

 
 0.16±0.01 

C22:5n3  2.00±0.07
B C

 1.10±0.04
 B C

 1.06±0.10
 B

 1.52±0.11
 B

 
C22:6n3  2.71±0.17

B C 
1.20±0.09

 B C 
0.74±0.07

 B C
 0.52±0.06

 B 

C
 ΣSFA 39.8±0.3

C
 32.3±0.5

 C
 33.7±0.4

 BC
 35.2±0.3

 C 

ΣMUFA 40.1±0.5
B
 33.1±0.2

 
 22.4±0.5

 B
 24.7±0.5

 B
 

ΣPUFA 20.2±0.4
B
 34.6±0.7

 BC
 43.9±0.8

 BC
 40.1±0.6

 BC
 

    Σn-3 7.79±0.15
 B

 3.70±0.05
 B

 16.8±0.6
 BC

 17.8±0.6
 BC

 

    Σn-6 12.4±0.2
 
 30.9±0.7

BC
 27.2±0.2

 BC
 22.3±0.1

C
 

Values are mean percent composition ± SEM (n=3 per treatment).  Bold values 

indicate significant difference compared to OA/LA (p<0.05).  
B 

and 
C  

indicate 

significant differences compared to MDA-MB-231 and MCF-7 values, 

respectively (p < 0.05).  ND indicates not detectable. 
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Figure 4.2 Phospholipid N-3 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells After Incubation with OA/LA Control Media.  Values are mean 

percent composition ± SEM (n=3-5 per cell line).  Different letters within a fatty 

acid indicate a significant difference between cell lines (p < 0.05). 

 In Figure 4.2, it can be seen that n-3 fatty acid concentration in PLs was 

low in all the cell lines incubated with the OA/LA treatment.   MCF-12A cells, 

however, have significantly higher levels of DPA and DHA in PLs than either 

MDA-MB-231 or MCF-7 cells.  This n-3 fatty acid profile will serve as the 

control to which n-3 treatments’ n-3 fatty acid profiles are compared to. 
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Figure 4.3 Phospholipid N-3 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells After Incubation with 150μM ALA. Values are mean percent 

composition ± SEM (n=3-5 per cell line).  Black horizontal bars indicate the 

concentration of the fatty acid after treatment with OA/LA (Figure 4.2).  * 

indicate a significant difference (p<0.05) in the incorporation into the PLs in 

comparison to the OA/LA treatment.  Different letters within a fatty acid indicate 

a significant difference between cell lines (p < 0.05). 

 ALA was significantly incorporated into the cell PLs in all three cell lines 

in Figure 4.3.  Between cell lines, ALA incorporation was the greatest in MCF-

12A cells.  ETA, EPA and DPA content was significantly lower in MCF-7 cells 

compared to either MDA-MB-231 and MCF-12A cells. The only significant 

increase in downstream fatty acid levels was observed in MDA-MB-231 cells, 

where there was an significant increase in the ETA content, compared to the 

OA/LA treatment.  It should be noted that ALA treatment also increased C20:3n3 

content in the cell membranes of MDA-MB-231 cells (Table 4.1).  C20:3n3 is an 

intermediate in an alternate pathway, where ALA is elongated to C20:3n3 before 

it is desaturated by the catalytic activity of Δ8-desaturase to ETA, bypassing 

conversion to SDA.  This activity was not observed in the other cell lines (Table 

4.2 and Table 4.3). 
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Figure 4.4 Phospholipid N-3 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells After Incubation with 150μM SDA. Values are mean percent 

composition ± SEM (n=3-5 per cell line).  Black horizontal bars indicate the 

concentration of the fatty acid after treatment with OA/LA (Figure 4.2).  * 

indicate a significant difference (p<0.05) in the incorporation into the PLs in 

comparison to the OA/LA treatment.  Different letters within a fatty acid indicate 

a significant difference between cell lines (p < 0.05). 

 SDA treatment increased SDA PL content in MCF-7 and MCF-12A cell 

lines, but not the MDA-MB-231 cells (Figure 4.4).  Instead, MDA-MB-231 cells 

showed significantly increased contents of ETA and EPA in PLs.  MCF-12A cells 

also showed significantly higher concentrations of ETA, EPA and DPA in cell 

PLs after ALA treatment.  No significant incorporation of downstream fatty acids 

were observed in MCF-7 cells.  Between cell lines, SDA, ETA, EPA and DHA 

content in PLs was higher in MCF-12A cells compared to MDA-MB-231 cells. 
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Figure 4.5 Phospholipid N-3 Fatty Acid Profile of MDA-MB-231 and MCF-7 

Cells After Incubation with 150μM ETA. Values are mean percent composition ± 

SEM (n=3-5 per cell line).  Black horizontal bars indicate the concentration of the 

fatty acid after treatment with OA/LA (Figure 4.2).  * indicate a significant 

difference (p<0.05) in the incorporation into the PLs in comparison to the OA/LA 

treatment.  Different letters within a fatty acid indicate a significant difference 

between cell lines (p < 0.05). 

 ETA treatment showed significant incorporation of ETA into the PLs of 

both tumorigenic cell lines (Figure 4.5).  Increased levels of EPA and DPA was 

observed in MDA-MB-231 cells, however, only changes in the EPA content was 

significant.  MCF-7 cells did not show significant changes downstream to EPA, 

DPA or DHA.  ETA treatment was not tested on MCF-12A cells. 
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Figure 4.6 Phospholipid N-3 Fatty Acid Profile of MDA-MB-231 and MCF-7 

Cells Incubated with 150μM EPA. Values are mean percent composition ± SEM 

(n=3-5 per cell line).  Black horizontal bars indicate the concentration of the fatty 

acid after treatment with OA/LA (Figure 4.2).  * indicate a significant difference 

(p<0.05) in the incorporation into the PLs in comparison to the OA/LA treatment.  

Different letters within a fatty acid indicate a significant difference between cell 

lines (p < 0.05). 

 From Figure 4.6, EPA was significantly incorporated into both 

tumorigenic cell lines and significant increases in DPA content, but not DHA 

content was observed in both tumorigenic cell lines.  EPA and DPA levels were 

significantly higher in MDA-MB-231 cells than MCF-7 cells.  No significant 

changes were observed in other n-3 fatty acid levels.  EPA treatment was not 

tested on MCF-12A cells. 
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Figure 4.7 Phospholipid N-3 Fatty Acid Profile of MDA-MB-231 and MCF-7 

Cells After Incubation with 150μM DHA. Values are mean percent composition 

± SEM (n=3-5 per cell line).  Black horizontal bars indicate the concentration of 

the fatty acid after treatment with OA/LA (Figure 4.2).  * indicate a significant 

difference (p<0.05) in the incorporation into the PLs in comparison to the OA/LA 

treatment.  Different letters within a fatty acid indicate a significant difference 

between cell lines (p < 0.05). 

 DHA was incorporated into MDA-MB-231 and MCF-7 cells significantly, 

as seen in Figure 4.7, but incoporation was much higher in MDA-MB-231 cells 

than MCF-7 cells.  No significant changes in the content of other n-3 fatty acids 

were observed in PLs.  DHA treatment was not tested on MCF-12A cells. 
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iii. N-6:N-3 Ratios 

Treatment Cell Line   

 MDA-MB-231 MCF-7 MCF-12A 

Media 1.55±0.30
a 

2.73±0.32
b 

1.59±0.03
 ab

 

OA/LA 7.14±1.02
 
 17.5±4.1

 
 8.34±0.38

 

ALA 1.77±0.14 1.67±0.06
 

1.63±0.07 
SDA 1.56±0.13

 a
 3.64±0.20

b 
1.26±0.05

 a
 

ETA 1.15±0.09
 

1.21±0.05
 

 

EPA 1.65±0.13
a 

5.43±0.33
 b
  

DHA 2.63±0.25
 a
 8.39±0.57

 b
  

Table 4.4 N-6:N-3 Ratios of Whole Cell Phospholipids of MDA-MB-231, MCF-

7 and MCF-12A Cells Incubated with 150μM ALA, SDA, ETA, EPA or DHA. 

Values are means ± SEM (n=3-5 per cell line per treatment).  Bold values indicate 

a significant difference compared to the cell line’s respective OA/LA control (p < 

0.05).  Different letters within a treatment indicate a significant difference 

between cell lines (p < 0.05).  ETA, EPA and DHA treatments were not studied 

with MCF-12A cells. 

 N-6:n-3 ratios in whole cell PLs were under 10, varying between 1.15-

2.63 in the MDA-MB-231 cell line and 1.67-8.39 in the MCF-7 cell line, and did 

not vary significantly within the tumorigenic cell lines (Table 4.4).  However, a 

significant decrease in the ratio was observed in MCF-12A cell lines, dropping 

down from 8.34 to 1.63 and 1.26 in ALA and SDA treatments, respectively, 

compared to the OA/LA control.   Between cell lines, MCF-7 cells showed 

significant higher ratios in SDA, EPA and DHA treatments.  A significant 

increase in n-6:n-3 ratio was also observed in MCF-7 cells compared to MCF-

12A cells with SDA treatment. 
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iv. Estimated Desaturase Activity 

 

 

Figure 4.8 Estimated Δ6-Desaturase Activity in MDA-MB-231, MCF-7 and 

MCF-12A Cells in the N-3 Pathway. Values are means ± SEM (n=3-5 per cell 

line).  Different letters within a treatment indicates a significant difference 

between cell lines (p < 0.05). 

 Fatty acid ratios used to estimate Δ6-desaturase’s catalytic activities are 

below 1.0 in all cell lines in Figure 4.8.  Estimation of desaturase activity using 

the ALA treatment’s PL percent composition values was significantly lower in 

MCF-7 cells compared to both MDA-MB-231 and MCF-12A cells.  Using this 

ratio, the Δ6-desaturase’s catalytic activity to convert ALA to SDA could not be 

distinguished from the use of the Δ8-desaturase pathway. 
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Figure 4.9 Estimated Δ5-Desaturase Activity in MDA-MB-231and MCF-7 Cells 

in the N-3 Pathway. Values are means ± SEM (n=3-5 per cell line).  Different 

letters within a treatment indicates a significant difference between cell lines (p < 

0.05).   

 Estimated Δ5-desaturase catalytic activity in both tumorigenic cell lines 

are well below 1.0 (Figure 4.9).  Activity in MCF-7 cells is significantly lower 

than that of MDA-MB-231 cells. ETA treatment was not studied with MCF-12A 

cells. 
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B. N-6 Fatty Acid Treatments 

i. Cell Viability 

 

Figure 4.10 Cell Viability of MDA-MB-231, MCF-7 and MCF-12A Cells 

Incubated with 150μM of N-6 Fatty Acid.  Values are mean ± SEM, expressed as 

percentage of the media only treatment (n=3-5 per cell line per treatment).  DGLA 

and AA treatments were not studied with MCF-12A cells.  * indicates a 

significant difference compared to the cell line’s respective media treatment (p < 

0.05).  Different letters within a treatment indicates a significant difference 

between cell lines (p < 0.05). 

 When cells were incubated with n-6 fatty acids, the non-tumorigenic 

MCF-12A cells also showed an increase in cell viability in comparison to the 

media control with LA and GLA treatment, however, only the LA treatment’s 

growth reached significance (Figure 4.10).  In the tumorigenic MDA-MB-231 cell 

line, decreases in cell viability were observed with all n-6 fatty acid treatments 

except LA.  On the other hand, MCF-7 cells showed decreases in cell viability 

with all n-6 fatty acids except AA. 

 Between cell lines, once again, MCF-12A cells’ viability was significantly 

different from the tumorigenic cell lines for all treatments.   MCF-7 cells had 

significantly lower viability than that of MDA-MB-231 cells with LA and DGLA 

treatments, while MDA-MB-231 cells have a lower viability than MCF-7 cells 

only with AA treatment. 
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ii. Phospholipid Composition 

Complete whole cell PL profiles are shown in Tables 4.4-6 for MDA-MB-

231, MCF-7 and MCF-12A cells, respectively, treated with n-6 treatments LA, 

GLA, DGLA and AA. Comparisons within and between cell lines are also shown. 

Again, this data will be illustrated in the subsequent sections to compare the effect 

of fatty acid treatments on fatty acid changes in PLs and to compare the effects on 

the different cell lines. 
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Table 4.7 Whole Cell Phospholipid Composition of MCF-12A Cells Incubated 

with 150μM LA or GLA 

Fatty Acid Fatty Acid Treatment 
Media OA/LA LA GLA 

C14:0 2.19±0.03
B
 1.47±0.05 1.02±0.02 1.27±0.04 

C16:0 23.3±0.5
C
 16.9±0.6 14.2±0.4

 
 15.5±0.4

 B
 

C16:1n9 4.59±0.28
B
 1.48±0.06 0.96±0.05 1.19±0.02 

C17:0 0.52±0.03
C
 0.51±0.04 0.64±0.03

 
0.68±0.02 

C18:0 13.6±0.6
C
 13.4±0.1

 BC
 16.1±0.3

 BC
 17.0±0.4

 BC
 

C18:1t11 0.31±0.12
BC

 0.11±0.04
 BC

 0.17±0.06
 
 0.19±0.04

 B
 

C18:1n9  33.5±0.4
C
 28.7±0.2

 B
 15.5±0.1 20.4±0.2

 B
 

C18:1c11 0.08±0.00
BC

 0.05±0.00 0.07±0.00 0.07±0.01
 

C18:2n6  2.58±0.09 20.5±0.8
C
 35.9±1.0

C
 12.9±0.6

C
 

C20:0 0.15±0.01
 

0.07±0.00
 
 0.09±0.01

 
 0.04±0.02 

C18:3n6  0.03±0.03
C
 0.04±0.00 ND 4.70±0.18

 BC
 

C18:3n3  0.89±0.05 0.79±0.04 0.36±0.03 0.13±0.03 

C18:4n3  0.17±0.04 0.05±0.01 0.03±0.02 0.04±0.02 

C20:2n6 0.14±0.01 2.25±0.02
 BC

 4.03±0.20
B 

0.45±0.02
 B

 

C20:3n6 

DGLA 

1.34±0.10
 

0.83±0.02
 C

 0.68±0.02
C 

12.4±0.2
 B

 

C20:3n3 0.03±0.03 0.02±0.02 ND ND 

C20:4n6  8.01±0.09
BC

 6.29±0.04
 BC

 4.65±0.17
 BC

 8.03±0.20
BC 

C20:4n3  0.07±0.02 0.05±0.00
 
 0.21±0.11 0.06±0.02 

C20:5n3  1.05±0.03
 0.32±0.01

 
0.28±0.13 0.09±0.01 

C22:3n3 0.87±0.02
C 

0.17±0.14 0.02±0.00 0.81±0.01
 
 

C22:4n6 0.05±0.01 0.28±0.13 0.42±0.03 0.80±0.16 

C22:1n9 1.60±0.06
BC 

2.78±0.09
 BC

 1.84±0.13
 B

 1.24±0.07
 B

 
C22:5n6 0.23±0.00

BC
 0.63±0.02

 B
 1.30±0.04

 B
 0.21±0.01

 
 

C22:5n3  2.00±0.07
B C

 1.10±0.04
 B C

 0.73±0.04
 B C

 0.76±0.04
 B C

 
C22:6n3  2.71±0.17

B C 
1.20±0.09

 B C 
0.75±0.06

 B C
 0.72±0.09

 BC
 

ΣSFA 39.8±0.3
C
 32.3±0.5

 C
 32.0±0.5

 C
 34.5±0.5

BC 

ΣMUFA 40.1±0.5
B
 33.1±0.2

 
 18.6±0.2 22.7±0.2

 B
 

ΣPUFA 20.2±0.4
B
 34.6±0.7

 BC
 49.4±0.7

 BC
 42.1±0.8

 BC
 

    Σn-3 7.79±0.15
 B

 3.70±0.05
 B

 2.37±0.11
 

2.62±0.08
 

    Σn-6 12.4±0.2
 
 30.9±0.7

BC
 47.0±0.6

 BC
 39.5±0.7

 BC
 

Values are mean percent composition ± SEM (n=3 per treatment).  Bold values 

indicate significant difference compared to OA/LA (p < 0.05).  
B 

and 
C  

indicate 

significant differences compared to MDA-MB-231 and MCF-7 values, 

respectively (p < 0.05).  ND indicates not detectable. 
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Figure 4.11 Phospholipid N-6 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells  After Incubation with OA/LA Control Media. Values are mean 

percent composition ± SEM (n=3-5 per cell line).  Different letters within a fatty 

acid indicate a significant difference between cell lines (p < 0.05). 

 LA from the OA/LA control media was incorporated to a significant 

degree into the PLs by all cell lines in comparison to cells grown in plain media 

(Table 4.1-3, Figure 4.11).  Low levels of the intermediates GLA and DGLA were 

found in all cell lines, although there was significantly more DGLA in MDA-MB-

231 cells than MCF-7 or MCF-12A cells.   AA levels were significantly higher in 

MCF-12A cells than MDA-MB-231 cells which had higher levels than MCF-7 

cells.  This n-6 fatty acid profile will be used as the control for n-6 fatty acid 

treatments’ n-6 fatty acid profiles. 
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Figure 4.12 Phospholipid N-6 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells After Incubation with 150μM LA. Values are mean percent 

composition ± SEM (n=3-5 per cell line).  Black horizontal bars indicate the 

concentration of the fatty acid after treatment with OA/LA (Figure 4.11).  * 

indicate a significant difference (p<0.05) in the incorporation into the PLs in 

comparison to the OA/LA treatment.  Different letters within a fatty acid indicate 

a significant difference between cell lines (p < 0.05). 

 From Figure 4.12, LA treatment resulted in significant increases in LA PL 

content in all cell lines.  No significant changes to levels of downstream 

counterparts was observed, except for a significant decrease in AA content in 

MCF-12A cells.  Incorporation was the greatest in MCF-7 and MCF-12A cells. 

 LA treatment also increased C20:2n6 content in the cell membranes of all 

cell lines, however only MDA-MB-231’s C20:2n6 increase was signficant 

(Tables 4.5-7).  C20:2n6 is an intermediate in an alternate pathway where LA is 

elongated to C20:2n6 before it is desaturated by the catalytic activity of Δ8-

desaturase to DGLA, bypassing conversion to GLA. 
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Figure 4.13 Phospholipid N-6 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells After Incubation with 150μM GLA. Values are mean percent 

composition ± SEM (n=3-5 per cell line).  Black horizontal bars indicate the 

concentration of the fatty acid after treatment with OA/LA (Figure 4.11).  * 

indicate a significant difference (p<0.05) in the incorporation into the PLs in 

comparison to the OA/LA treatment.  Different letters within a fatty acid indicate 

a significant difference between cell lines (p < 0.05). 

 GLA treatment resulted in significant increases in GLA content in the PLs 

of all cell lines, as seen in Figure 4.13.  All cell lines also showed significant 

increases in levels of DGLA.  Incorporation of GLA was greatest by MCF-7 cells, 

however, increases in DGLA content was the greatest in MDA-MB-231 and 

MCF-12A cells. 
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Figure 4.14 Phospholipid N-6 Fatty Acid Profile of MDA-MB-231 and MCF-7 

Cells After Incubation with 150μM DGLA. Values are mean percent composition 

± SEM (n=3-5 per cell line).  Black horizontal bars indicate the concentration of 

the fatty acid after treatment with OA/LA (Figure 4.11).  * indicate a significant 

difference (p<0.05) in the incorporation into the PLs in comparison to the OA/LA 

treatment.  Different letters within a fatty acid indicate a significant difference 

between cell lines (p < 0.05). 

 DGLA was significantly incorporated into the PLs of both tumorigenic 

cell lines to a similar degree, however, no significant changes downsteam to AA 

was observed (Figure 4.14).  DGLA treatment was not tested on MCF-12A cells. 
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Figure 4.15 Phospholipid N-6 Fatty Acid Profile of MDA-MB-231 and MCF-7 

Cells After Incubation with 150μM AA. Values are mean percent composition ± 

SEM (n=3-5 per cell line).  Black horizontal bars indicate the concentration of the 

fatty acid after treatment with OA/LA (Figure 4.11).  * indicate a significant 

difference (p<0.05) in the incorporation into the PLs in comparison to the OA/LA 

treatment.  Different letters within a fatty acid indicate a significant difference 

between cell lines (p < 0.05). 

 AA from the AA treatment was significantly incorporated into the PLs of 

MDA-MB-231 and MCF-7 cell lines, where the incorporation into MDA-MB-231 

cells was significantly higher than that of MCF-7 cells (Figure 4.15).  No 

significant changes were observed in other n-6 fatty acid levels.  AA treatment 

was not tested on MCF-12A cells. 
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iii. N-6:N-3 Ratios  

Table 4.8 N-6:N-3 Ratios of Whole Cell Phospholipids of MDA-MB-231, 

MCF-7 and MCF-12A Cells Incubated with 150μM LA, GLA, DGLA or AA 

Treatment Cell Line   

 MDA-MB-

231 

MCF-7 MCF-12A 

Media 1.55±0.30
a 

2.73±0.32
b 

1.59±0.03
 ab

 

OA/LA 7.14±1.02
 
 17.5±4.1

 
 8.34±0.38

 

LA 10.7±0.9
a 

26.9±5.0
b 

20.0±1.0
ab 

GLA 6.27±0.93
a
 20.9±2.7

b
 15.1±0.5

b 

DGLA 7.65±0.90 7.76±1.04  

AA 13.3±3.3
 a
 34.1±3.8

 b
  

Values are means ± SEM (n=3-5 per cell line per treatment).  Bold values indicate 

a significant difference compared to the cell line’s respective OA/LA control (p < 

0.05).  Different letters within a treatment indicate a significant difference 

between cell lines (p < 0.05).  DGLA and AA treatments were not studied with 

MCF-12A cells. 

 In Table 4.8, it can be seen that n-6:n-3 ratios vary greatly with n-6 

treatments. In MDA-MB-231 cells, the ratios vary between 6.27-13.25, while 

MCF-7 ratios vary between 7.76 and 34.07.  Despite the variation, these ratios 

were not significantly different from the OA/LA control’s ratio.  The n-6:n-3 ratio 

significantly increased with LA and GLA treatments in MCF-12A cells.  MCF-7 

cells’ n-6:n-3 ratio was generally higher than those of MDA-MB-231 or MCF-

12A cells, however, only LA, GLA and AA treatments resulted in significantly 

higher than MDA-MB-231 ratios. 
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iv. Estimated Desaturase Activity 

 

Figure 4.16 Estimated Δ6-Desaturase Activity in MDA-MB-231, MCF-7 and 

MCF-12A Cells in the N-6 Pathway. Values are means ± SEM (n=3-5 per cell 

line per treatment).  * indicates a significant difference between treatments (p < 

0.05). Different letters within a treatment indicates a significant difference 

between cell lines (p < 0.05). 

 From Figure 4.16, estimated Δ6-desaturase’s catalytic activity is 

significantly lower with a higher treatment concentration of LA in all cell lines.  

MCF-7 cells’ estimated Δ6-desaturase activity is also significantly lower than 

those of MDA-MB-231 and MCF-12A cells.  Use of the Δ6-desaturase pathway 

could not be distinguished from the use of the Δ8-desaturase pathway in cells. 
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Figure 4.17 Estimated Δ5-Desaturase Activity in MDA-MB-231 and MCF-7 

Cells in the N-6 Pathway. n=3/5  Values are means ± SEM (n=3-5 per cell line).  

Different letters within a treatment indicates a significant difference between cell 

lines (p < 0.05).  

 Estimated Δ5-desaturase activity is below 1.0 in both tumorigenic cell 

lines in Figure 4.17.  Estimated Δ5-desaturase activity of MCF-7 cells is 

significantly lower than that of MDA-MB-231 cells. DGLA treatment was not 

studied with MCF-12A cells. 
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IV. Discussion 

A.   Cell Viability 

Using an untreated media control as a guide for optimal tumour growth, 

we compared the viability of tumour cells incubated with OA/LA to untreated 

media cells and found no significant differences in viability (Figure 4.1).  As we 

observed no significant differences in viability in the tumorigenic cell lines, we 

determined that these dosages of each OA and LA were not high enough to 

exhibit inhibitory effects.  The non-tumorigenic MCF-12A cells, however, 

exhibited significantly higher cell growth with the OA/LA fatty acid control 

media in comparison to normal media, showing that OA/LA is required for 

enhanced growth.  Incorporation of LA into the membrane would also ensure that 

growth changes are not due to changes in essential fatty acid content in the PLs. 

In Figure 4.1, ALA was shown to have inhibitory effects on the viability 

of MCF-7 cells but not MDA-MB-231 cells.  Previous findings have shown that 

ALA concentrations less than 150μM significantly inhibit MDA-MB-231 cell 

growth (11, 14).  Some of the differences between our results and these studies 

may be due to differences in culture conditions, as not only were the type of 

media used different, but no OA or LA were provided, and ALA was in the form 

of methyl esters dissolved in ethanol instead of BSA conjugates.  In MCF-7 cells 

in vitro, similar inhibitory effects were observed at ALA concentrations up to 

100μM (15).  Flaxseed, which has a high ALA content, has also been found to 

inhibit MCF-7 cell growth in mice, however, whether effects are due to the ALA 

or other components of the oil were not distinguished (16, 17).  Our observation 

that ALA was not observed to inhibit MCF-12A cell growth, and appeared to 

promote growth, to our knowledge, has not been previously studied, and 

illustrates the tumour-specific action of ALA. 

In this study, SDA was shown to significantly inhibit the growth of both 

breast cancer cell lines to similar degrees, while MCF-12A showed significant 

increases in growth.  The effects of SDA on breast cancer have not been studied 

extensively, but a previous study has showed treatment with SDA up to 100μM 

showed a trend towards inhibiting MDA-MB-231 cell growth within 24 hours 
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(11).  The longer incubation period and higher concentration we used may have 

contributed to the greater inhibitory effect on viability, as inhibitory effects of 

DHA have been found to increase with time (18). 

ETA was found to significantly inhibit the viability of both tumorigenic 

cell lines; however, the effect was significantly greater in MCF-7 cells than 

MDA-MB-231 cells.  To our knowledge, this is the first time that ETA has been 

shown to have anti-tumorigenic activity.  This property of ETA further supports 

the importance of long chain PUFAs in the progression of breast cancer and 

increase the interest in ETA as a bioactive fatty acid.  ETA may not have been 

previously studied as there are few dietary and supplemental sources.  

Additionally, few biological functions have been attributed to ETA, compared to 

SDA and GLA which can make up a significant amount of certain plant oils, or 

DGLA which can be used to synthesize eicosanoids. 

EPA significantly inhibited the viability of both MDA-MB-231 and MCF-

7 cells.  These observations confirm the inhibitory effect of EPA in MCF-7 and 

MDA-MB-231 cells (13, 14, 19).   

DHA also inhibited MDA-MB-231 and MCF-7 viability, however, at the 

concentration used in this study, the effect was significantly lower in MCF-7 

cells.  The inhibitory effects agree with existing literature in both cell lines (13, 

19-22).  Comparing the growth effects between cell lines, however, have not been 

determined in the same study.  A study has shown that DHA has similar effects on 

the two lines in terms of increasing oxidative stress, which contributes to toxicity 

(23).  However, DHA was delivered at 30μM in the absence of other fatty acids, 

the dosage was much lower than the one we used.  Since DHA has been shown to 

inhibit cell growth in breast tumour cells in a dose-dependent manner, the 

conclusions from that study are less relevant to our study or the in vivo situation.  

The different inhibitions between cell lines indicate a possible connection 

between fatty acid inhibition and breast cancer receptor status, as ER+ and ER- 

cells have been found to activate different pathways in response to incubation 

with EPA and AA (24). 
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Like ALA, we found that LA treatment significantly lowered the viability 

of MCF-7 cells but not MDA-MB-231 cells.  A previous study of LA methyl 

esters at 100μM was not found to inhibit the growth of MCF-7 cells (25).  

However, another study using albumin bound LA found a slight but significant 

inhibition of MCF-7 cells at 30μM, though not at 6-24μM, suggesting that method 

of fatty acid delivery may impact anti-tumorigenic activity (13).  In comparison to 

this latter study, we used a much higher concentration which may account for the 

changes in MCF-7 viability.  The effect of LA free fatty acid treatments on MDA-

MB-435 and MDA-MB-231 cells have been suggested to have an inverted U-

shaped curve with no LA and high concentrations of LA inhibiting tumour growth 

(26-28).  As we only used one concentration, it is difficult to compare results.  In 

non-tumorigenic cells, the increase in growth observed in MCF-12A cells has not 

been previously reported, however, LA treatment in MCF-10A cells, another non-

tumorigenic cell line, has been examined.  It was found that at low concentrations 

(6-12μM) of LA methyl esters increased the growth of MCF-10A cells, however, 

high concentrations (30μM) inhibited growth in comparison to their control.  

Differences in results may be accountable to the different cell line and media 

conditions. 

GLA significantly inhibited the growth of both tumorigenic cell lines 

similarly.  Literature is in conflict over the anti-tumorigenic properties of GLA.  

Chajes et al. (1995) found variable effects of GLA at 20μg/mL (about 70μM) on 

breast tumour growth depending on the cell line, however, MDA-MB-231 and 

MCF-7 were not found to be affected by GLA supplementation.  Menendez et al. 

(2002), however, found inhibitory effects on MCF-7 cells at over 200μM, and 

strongly suggested synergistic effects of GLA with chemotherapy drug 

vinorelbine, used to treat metastatic breast cancer, in MCF-7 and MDA-MB-231 

cells at 40μg/mL (about 143μM) (29).  Although cell viability was not assessed 

directly in MDA-MB-231 cells by Menendez et al., GLA given with anti-mitotic 

vinorelbine and pre-treatment before vinorelbine at the same dosages suggest 

some anti-tumorigenic activity by GLA on MDA-MB-231 cells (29).  The non-

significant increase in cell viability when MCF-12A cells were treated with GLA 
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has not been previously studied in literature, and suggests a tumour-specific 

activity by GLA. 

DGLA also significantly inhibited the growth of both tumorigenic cell 

lines, with a more pronounced in MCF-7 than MDA-MB-231 cells.  These results 

are in agreement with previous findings in MDA-MB-231 cells, however, to our 

knowledge, this is the first time DGLA has been shown to have anti-tumorigenic 

activity in MCF-7 cells (30, 31).  It has been predicted that GLA exerts its anti-

tumorigenic effects through its conversion to DGLA, and now we have confirmed 

anti-tumorigenic activity of DGLA in two breast cell lines (30, 31). 

AA only inhibited MDA-MB-231 cell growth and not MCF-7 cells.  

Bocca et al. found that AA provided as a free fatty acid inhibited both MDA-MB-

231 and MCF-7 cells at concentrations below 50μM (3).   AA methyl esters 

(100μM) were also shown to have inhibitory effects on MCF-7 cells (25).  Some 

of these differences may be due to culture conditions and AA delivery method.   

To our knowledge, this is the first time that the bioactivities of ETA and 

DGLA on multiple tumorigenic breast cell line and a non-tumorigenic breast cell 

line have been examined.  From these findings, it is possible that SDA and GLA 

exhibit their anti-carcinogenic effects through their conversion to downstream 

counterparts ETA and DGLA, respectively, however, whether the conversion 

stops at ETA and DGLA or continues further down the pathway has yet to be 

thoroughly investigated.  SDA supplementation has been shown to increases 

levels of EPA in breast cancer cell culture, so it is possible that SDA, as well as 

ETA, exhibit anti-tumorigenic effects through conversion to EPA rather than ETA 

(11). 

Our results clearly demonstrate the inhibitory effects of the n-3 and n-6 

pathway fatty acids on the growth of breast cancer cells.  Inhibitory effects of 

common fatty acids ALA, EPA, DHA, LA and AA were confirmed by our 

studies.  Pathway intermediates SDA and GLA had similar effects on both 

tumorigenic cell lines, while longer chained fatty acids ETA and DGLA showed 

more inhibition in MCF-7 than MDA-MB-231 cells.  It has been proposed that we 

might have produced fatty acid toxicity on the cells, as total fatty acid treatment is 
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230μM (32).  However, growth inhibition was not significant for MDA-MB-231 

cells with ALA or LA treatment, or with MCF-7 cells with LA treatment, and no 

inhibitory effects on MCF-12A growth were observed at this total fatty acid 

concentration.  As Jiang et al. did not use a mixture of fatty acids, like our OA/LA 

treatment, and single fatty acids may be more toxic to cells, our results are not 

comparable.  By adding LA to the media, inhibitory effects from LA deficiency 

and anti-tumorigenic effects of treatment fatty acids can be isolated (19, 33).  

Inhibitory effects on cell viability observed in tumorigenic cells were not 

observed in the non-tumorigenic MCF-12A cells, suggesting tumour-specific 

activities of ALA, SDA, LA and GLA.  Therefore, fatty acid toxicity is unlikely 

to have played a role in decreasing cell growth of tumour cells with our 

treatments. 

 

B. Phospholipid Composition 

We compared all treatments to the OA/LA control, as both OA and LA 

were added to all treatments, and OA/LA would change the lipid composition of 

the cells in comparison to media that does not contain fatty acids.  Comparisons to 

media without any fatty acids would not represent an in vivo condition.  

Using the main n-3 and n-6 pathways, we assumed that any increases in 

pathway fatty acid levels from control levels that were not supplied directly 

through the media were due to the conversion of the treatment fatty acid through 

the main pathway.  First examining the n-3 fatty acid treatments, we found that 

ALA treatment did not significantly change the content of most downstream n-3 

fatty acids in the main pathway, suggesting impairment in the catalytic activity of 

the Δ6-desaturase enzyme (Figure 4.3).  The only significant conversion with 

ALA was observed in MDA-MB-231 cells to ETA, however, no changes in SDA 

levels were observed.  Although it is possible that any SDA created from the 

desaturation of ALA was immediately converted to ETA, significant increases in 

C20:3n3 content suggests that the ETA may have been created through an 

alternate pathway involving the elongation of ALA to C20:3n3, before Δ8-

desaturase catalyzes the reaction converting C20:3n3 to ETA in MDA-MB-231 
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cells.  Therefore, caution has to be taken when analyzing fatty acid conversion 

data in the n-3 pathway, as it is possible that an alternate pathway may be used.  

More research needs to be done to differentiate the activity of these two pathways.  

Previous studies have noted impaired Δ6-desaturase enzyme activity in humans 

and breast tumours; however, investigation into the alternate pathway using the 

Δ8-desaturase enzyme is lacking (6, 7, 10, 34). 

SDA treatment showed fatty acid conversion downstream, however, 

although there was a trend towards conversion to DPA, only the conversion of 

SDA to EPA was significant in MDA-MB-231 cells.  Therefore, the increased 

levels of longer-chained fatty acids may contribute to the anti-tumorigenic effects 

of SDA on MDA-MB-231 cells.  Due to the lack of conversion in MCF-7 cells, 

anti-tumorigenic effects of SDA on cell viability may be due to effects by SDA 

itself, rather than to its conversion products.  Similar observations have been 

found in MDA-MB-231 cells, but, SDA treatment on MCF-7 cells have not been 

previously studied (11).  This lack of fatty acid conversion may be due to 

differences in metabolic rates compared to the MDA-MB-231 cell line.  More 

conversion may have been observed with longer incubations. 

When tumour cells were treated with ETA, similar to SDA treatment, 

conversion to EPA was only observed in MDA-MB-231 cells although there was 

a trend towards conversion to DPA.  Therefore, the anti-tumorigenic activity 

observed in Figure 4.1 could be due to properties of ETA rather than its 

conversion.  The observed lack of significant conversion of ETA to EPA suggests 

some impairment in the function of Δ5-desaturase, that catalyses this reaction.  To 

our knowledge, these results are the first to study the effects of ETA on PUFA 

conversion, and gives insight to possible anti-tumorigenic mechanisms exhibited 

by ETA through changes in breast tumour membrane PL composition. 

EPA was found to be readily elongated to DPA in both tumorigenic cell 

lines.  The lack of conversion to DHA by Δ6-desaturase further supports the low 

catalytic activity of this enzyme.  DHA treatment only resulted in the 

accumulation of DHA into the PL membranes, and no further changes in n-3 fatty 

acid levels were observed, confirming that the biological end product of this 
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pathway to be DHA. The conversion from EPA to DHA and the accumulation of 

DHA with no retroconversion has been previously shown in literature with EPA 

and DHA supplementation, respectively (35). 

In the n-6 treatments, LA treatment did not show significant changes in 

levels of downstream n-6 pathway fatty acids, indicating no significant 

conversion (Figure 4.12).  An increase was observed in the levels of C20:2n6, the 

n-6 intermediate in an alternate pathway in all cell lines, however, only the 

increase in MDA-MB-231 cell lines was significant, showing that this cell line 

uses this pathway.  This pathway would bypass the creation of GLA in the n-6 

pathway.  Therefore, the catalytic conversion of LA may be through the use of 

another pathway using a Δ8-desaturase enzyme rather than the pathway using the 

Δ6-desaturase enzyme.  Grammatikos et al. (1994) has previously shown the 

inability for LA to be converted to AA in MCF-7 cells and increases in C20:2n-6 

levels in tumour PLs. 

GLA treatment showed significant conversion to DGLA, however, not to 

AA in all cell lines (Figure 4.13).  Therefore, anti-tumorigenic properties of GLA 

may be through their conversion to DGLA.  However, GLA may have its own 

anti-tumorigenic properties as conversion was less in the MCF-7 cells (as seen by 

lower DGLA content) and similar anti-tumorigenic effects were observed 

between MCF-7 and MDA-MB-231 cell lines.  The conversion of GLA has not 

been previously examined on breast tumour cells.  To our knowledge, our 

experiments are the first ones that indicate the conversion of GLA to DGLA. 

DGLA was not further converted to AA in the DGLA treatment in the 

tumorigenic cell lines (Figure 4.14).  Therefore, anti-tumorigenic properties 

observed in the cell viability experiment are most likely due to DGLA itself.  

These results are the first of their kind to our knowledge, and suggest anti-

tumorigenic properties of DGLA treatment itself on breast tumour cells. 

AA treatment only resulted in AA accumulation in the PL, although some 

conversion was observed downstream to C22:4n6 in both tumorigenic cell lines 

but was only significant in MDA-MB-231 cell lines (Figure 4.15, Table 4.5-6).  

Other treatments did not show this change.  This result suggests dysfunction of 
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the catalytic activity of the Δ5-desaturase enzyme in the conversion of DGLA to 

AA.  It also suggests that part of the inhibitory effect of AA on MDA-MB-231 

could be possibly due to this extra conversion.  Through this conversion, there is 

less AA available to produce pro-inflammatory eicosanoids that have been 

associated with aggravating tumour cell growth.  It is also possible that the 

observed elongation of AA creates a product which is not a precursor for 

eicosanoids.  

Overall, fatty acids not impeded by the requirement of the catalytic 

activity of a desaturase enzyme, especially the Δ6-desaturase enzyme, were 

readily converted down their metabolic pathways in MDA-MB-231 cells.  

Conversion rates tended to be much greater in MDA-MB-231 and MCF-12A cells 

than MCF-7 cells, which may be due to the higher metabolic rates of these cell 

lines, as their doubling time was about twice that of MCF-7 cells. 

Treatment of MCF-12A cells with the fatty acids of the n-3 and n-6 

pathways show the ability for normal cells to convert PUFAs.  ALA was not able 

to be converted to downstream products, emphasizing the low catalytic activity of 

Δ6-desaturases as found in literature.  However, once past the requirement of the 

Δ6-desaturase, SDA treatment fatty acids were readily elongated and desaturated 

to DPA, where it encountered the Δ6-desaturase enzyme again, which may have 

limited conversion to DHA.  Similar observations were found in the n-6 pathway, 

where the desaturation of LA to GLA by the Δ6-desaturase enzyme was not 

observed.  However, past it, GLA was readily elongated to DGLA.  Unlike in the 

n-3 pathway, the Δ5-desaturase did not show significant catalytic activity 

converting DGLA to AA, suggesting a fatty acid substrate preference of ETA 

over DGLA.  Overall, in normal breast cells, the desaturase enzymes significantly 

hindered the conversion of PUFAs, which is similar to the conversion abilities 

observed in tumorigenic cells.  Grammatikos et al. (1994), however, observed 

significant conversion of fatty acids in both n-3 and n-6 pathways in non-

tumorigenic MCF-10A cells, however, cells were incubated with for four days 

and estrogen was provided in the media, which would stimulate fatty acid 

conversion in the cells.  In MCF-12A cells, significant decreases in LA and long 
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chain PUFAs were observed with the short-chain treatments ALA, SDA and LA, 

as well.  These results suggest that these treatment fatty acids may replace the 

content of other PUFAs or are preferentially taken into the cell over LA.  

 

C. N-6:N-3 Ratios 

N-6:n-3 ratios of the treatments were compared to those of the OA/LA 

control as all treatments contained these fatty acids.  The addition of OA/LA to 

the media would increase LA content in PL, thus, increasing the n-6:n-3 ratio.  As 

expected, n-6:n-3 ratios were lower with n-3 fatty acid treatment than n-6 fatty 

acid treatment.  Despite lower and higher ratios with n-3 and n-6 fatty acid 

treatments, respectively, they were not significantly different from the OA/LA 

control, possibly due to large variability between replicates or impaired cell 

regulation with high supplementation of fatty acids.  It would have been predicted 

that lower ratios would be associated with higher reduced viability, however, in 

the current study, changes in the ratio did not predict changes in viability in either 

tumorigenic cell line.  Significant increases in cell viability with MCF-12A cells 

were not associated with changes in the n-6:n-3 ratios with n-3 and n-6 fatty acid 

treatments, as well.  This lack of any significant associations in membrane PLs 

does not support the predicted importance of n-6:n-3 ratios on breast cancer 

progression, as supported by other groups (36-38).  Many other human studies did 

not find significant effects regarding n-6:n-3 ratios and breast cancer risk (39, 40).  

A problem with the n-6:n-3 ratio is that it does not take into account types of n-3 

and n-6 fatty acids.  Instead, it generally groups all n-3 fatty acids as having equal 

positive effects on health, while all n-6 fatty acids as having negative effects on 

health.  From our viability results, all of the tested fatty acids showed some anti-

tumorigenic activity.  Therefore, the n-6:n-3 ratio may not be the best predictor of 

disease progression or health status, and it may be more important to examine 

individual fats, rather than ratios of total n-6 and total n-3 levels. 
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D.  Estimated Desaturase Activity 

It has been noted that the desaturation of fatty acids in the n-3 and n-6 

pathway is very low in humans (41).  Low Δ6-desaturase protein levels have also 

been previously associated with breast cancer compared to normal breast tissue, 

where women with the poorest prognosis had the lowest levels of Δ6-desaturase 

(42).  However, desaturase activity has not been previously studied in breast cells 

in vitro.  We estimated desaturase activity in the current study by calculating the 

ratio of the percent composition of fatty acids downstream of the desaturase in 

question to those upstream of the desaturase within a pathway.  Using this 

estimate, we observed low activity under 1.0 in all the cell lines studied.  Despite 

the inverse association between Δ6-desaturase protein levels and breast cancer 

prognosis, we observed similar estimated desaturase activity ratios between 

tumorigenic MDA-MB-231 cells and non-tumorigenic MCF-12A cells with both 

n-3 and n-6 fatty acid stimulation.  However, as we did not perform a radio-

labeled experiment, Δ6- and Δ8-desaturase activity could not be distinguished.  

Δ8-desaturase is the enzyme used in an alternate pathway that elongates ALA to 

C20:3n3 before it catalyzes the desaturation of C20:3n3 to ETA, thereby 

bypassing SDA production.  Similarly LA is elongated to C20:2n6 before 

desaturation to DGLA, bypassing GLA production.  The use of this pathway 

could have artificially increased our apparent Δ6-desaturase activity due to our 

assumption that all conversion would be through the catalytic activity of the Δ6-

desaturase.  MCF-7 cells, however, have considerably lower activity, which 

concurs with previous studies that showed MCF-7 cells lack Δ6-desaturase 

activity (13).  We have also examined different concentrations of LA 

supplementation on the Δ6-desaturase ratio, and found that higher concentrations 

of LA significantly decreased the estimated Δ6-desaturase activity in both 

tumorigenic and non-tumorigenic cell lines.  Although this suppression has not 

been previously studied in breast cells, this observation has been observed in 

humans (10). 

In the estimated Δ5-desaturase activity, we found a significantly higher 

ratio in MDA-MB-231 cells than MCF-7 cells in both n-3 and n-6 pathways.  It 
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has previously been found that MCF-7 cells lack Δ5-desaturase activity, agreeing 

with our findings (13).  To our knowledge, Δ5-desaturase activity or protein 

levels has not been previously assessed in MDA-MB-231 cells. 

Despite the apparent changes in estimated activity with both Δ5- and Δ6-

desaturases, these estimates are not accurate, especially with the differentiation 

between Δ6- and Δ8-desaturase activities.  In order to distinguish these activities, 

an investigation using with radio-labeled fatty acids and examining enzyme 

proteins levels would be required, as these have not been previously investigated 

in breast cells. 

Estrogen has also been found to enhance desaturase activity, and may be 

of interest in the use of these fatty acids in the treatment of breast cancer (6, 7, 

34).  As estrogen would also have effects on ER+ breast tumours, it would be 

interesting to determine whether the enhancements of tumour growth would be 

offset by desaturase activity and higher levels of long chain PUFAs with fatty 

acid intermediate treatments. 

 

V. Summary 

  N-3 and n-6 fatty acids SDA, ETA, EPA, DHA, GLA and DGLA 

inhibited the growth of both tumorigenic cell lines tested, while ALA, LA and AA 

showed different degrees of inhibition between cell lines.  Although inhibitory 

effects of ALA, SDA, EPA, DHA, LA, GLA and AA have been previously 

studied in breast tumours, our research shows the results concerning the inhibitory 

effects of ETA and DGLA.  Treatments with fatty acids that did not require a 

desaturase step, especially the Δ6-desaturase in the next step of the metabolic 

pathway, were readily converted downstream in MDA-MB-231 cells, however, 

conversion was limited in MCF-7 cells.  Although discrepancies between cell 

lines may be due to the higher metabolic rate of MDA-MB-231 cells, similar 

inabilities to convert fatty acids through the catalytic activity of the Δ6-desaturase 

were found within cell lines, as there was limited conversion of ALA, EPA and 

LA to SDA, EPA and GLA. 
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  In non-tumorigenic cells, we found that none of the treatments studied 

negatively affected the viability.  Grammatikos et al. (1994) has also show similar 

results with MCF-10A cells.  In cell PL, conversion of SDA to DPA and GLA to 

DGLA, but no other conversions in the treatments tested was observed.  Whether 

supplementation of ETA and DGLA will result in increased levels of downstream 

fatty acids down to DHA and AA, respectively is not know and may be of interest 

in normal cells.  A previous study has found that fatty acid conversion in non-

tumorigenic MCF-10A cells is much greater than in tumorigenic MCF-7 cells, 

where the cells converted fatty acids down to DHA and AA (13). 

  Investigation of n-6:n-3 ratios of whole cell PLs showed that low ratios do 

not correlate with changes in cell viability.  Therefore, it should not be used as a 

method to predict tumour progression.  Fatty acid composition (considering both 

chain length and degrees of desaturation) is of importance, as some n-6 fatty acids 

have been found to significantly inhibit breast tumour growth like GLA and 

DGLA, and should be taken into account when predicting tumour progression 

(13). 

  Using ratios of fatty acids in the PLs along the pathway our data suggests 

there were low catalytic activities of Δ6- and Δ5-desaturases in all cell lines 

tested.  This has been previously reported in vivo (6, 7, 34).  The Δ6-desaturase 

enzyme activity estimate was also higher with lower concentrations of LA than 

higher levels.  This difference in activity also matches that found in literature, 

where high levels of LA can inhibit Δ6-desaturase activity (13).  We also found 

evidence of the use of an alternate pathway that involves a Δ8-desaturase.  We 

could not distinguish the activities of Δ6- and Δ8-desaturases in our ratio 

calculations.  More investigation towards the use of this alternate pathway needs 

to be done. 
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Chapter Five – SDA-Enriched Flax Seed Oil Mixture on Cell Viability and 

Phospholipid Composition in Breast Cells 

 

I.  Introduction 

N-3 and n-6 pathways intermediates SDA and GLA have been found to 

have anti-carcinogenic properties, but, they are usually only present in trace 

amounts in the diet and are found in foods that are not typically part of the North 

American diet (1-6).  Novel sources of these intermediates, however, are being 

created in the form of commercial plants enriched with fatty acid intermediates, 

and could become a possible source of these fatty acids.  Plants with enriched 

SDA content include linseed, canola and soybeans which have been found to have 

SDA contents of 13.4%, 16-23%, and 4.2-28.2%, respectively (7-10).  Soybean, 

fungus and safflower plants have been enriched to have GLA contents of 2.16-

4.21%, 10.7%, and 58.6%, respectively, while a fungus has been enriched to have 

a DGLA content of 43.9% (11-13). 

With these novel sources of n-3 and n-6 pathway intermediates, it would 

be possible to supplement the diet with these plants or their extracts in order to 

gain their anti-carcinogenic properties.  However, it is first important to explore 

whether these oils can exhibit their bioactive properties in breast cancer cells.  

Since fish oils containing EPA and DHA have been shown to have similar 

properties to EPA and DHA individually, it may be possible for these novel oils 

to exhibit their anti-carcinogenic properties on breast cancer cells.  As oils come 

as mixtures of fatty acids, it is possible that fatty acids could have opposing 

effects and negate any positive effects on tumour cells.  Therefore, it would be 

important to compare these oils to their components to see whether their anti-

carcinogenic properties and effects on the cell membranes are similar.  The safety 

of these plants is also of consumer concern, so it is also important to assess their 

safety on normal cells. 

In partnership with Dr. Randall Weselake’s Bioactive Oils Program at the 

University of Alberta, we obtained oil from an SDA-enriched flax seed plant with 

an SDA content of 26.1%.  A mixture of fatty acids representing the composition 
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of this oil was incubated with tumorigenic and non-tumorigenic cells to determine 

its anti-carcinogenic properties and effect on membrane PL composition.  The 

main components of this mixture are ALA, SDA and GLA. 

 

II.  Materials and Methods 

 Please refer to chapter three. 

 

III.  Results 

A.   Cell Viability 

 

Figure 5.1 Cell Viability of MDA-MB-231, MCF-7 and MCF-12A Cells 

Incubated with 150μM of ALA, SDA, GLA or SO.  Values are mean ± SEM (n=3 

per cell line per treatment), expressed as percentage of the media only treatment.  

* indicates a significant difference compared to the cell line’s respective media 

treatment (p < 0.05).  Different letters within a treatment indicates a significant 

difference between cell lines (p < 0.05). 

 From Figure 5.1, it can be seen that each  of the main fatty acids (with the 

exception of ALA treatment on MDA-MB-231 cells) contained in SO and the SO 

mixture significantly decreased cell viability as determined by live cell counts in 

both the MDA-MB-231 and MCF-7 tumorigenic cell lines.  SDA, GLA and SO 
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decreased cell viability similarly between the tumorigenic cell lines.  None of the 

treatments decreased the cell viability of MCF-12A cells, but, n-3 treatments 

ALA and SDA significantly increased cell viability.   

B. Phospholipid Composition 

Tables 5.1-5.3 show the complete PL composition of the cell lines treated 

with ALA, SDA, GLA and SO, as well as comparisons to OA/LA control and 

between cell lines. This data will be illustrated in the subsequent sections to 

compare the effect of fatty acid treatments on fatty acid changes in PLs and to 

compare the effects on the different cell lines. 
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Table 5.1 Whole Cell Phospholipid Composition of MDA-MB-231 Cells 

Incubated with 150μM of ALA, SDA, GLA or SO. 

Fatty Acid Fatty Acid Treatment   

OA/LA ALA SDA GLA SO 

C14:0 1.22±0.07 1.50±0.14 1.41±0.26 1.86±0.23 0.78±0.06 
C16:0 15.1±0.6 16.2±0.8

 
 16.6±1.5

 
 17.7±0.7

 
 14.4±0.3

 C
 

C16:1n9 1.02±0.16
 A

 0.87±0.12
 
 0.86±0.07

 

AC
 

0.91±0.11
 
 1.04±0.07

 A
 

C17:0 0.64±0.09 1.14±0.35 1.05±0.17 0.76±0.06 0.45±0.07 

C18:0 18.5±0.4
 AC

 24.3±0.5
C
 23.8±0.8

 AC
 22.0±1.1

 C
 20.3±0.4

 A
 

C18:1t11 3.42±0.44
 

AC
 

2.94±0.15
 

AC
 

3.73±0.81
 C

 1.99±0.53
 A

 0.29±0.16
 

C18:1n9  29.9±1.2
 A

 17.9±1.1
 A

 19.8±1.0
 A

 20.9±1.2
 
 23.1±0.

 A 

C18:1c11 0.19±0.11 0.25±0.11 0.22±0.09 0.04±0.04 0.01±0.01
 

AC
 C18:2n6  13.4±1.3

 AC
 15.7±1.7

 
 14.1±1.3

 
 7.99±0.39

 

AC
 

13.2±0.3
 AC

 

C20:0 0.12±0.07 0.05±0.05 0.05±0.05 1.03±0.85 ND
C
 

C18:3n6  0.60±0.33 0.15±0.15
 
 0.03±0.03

 
 2.57±0.18

 

AC
 

0.78±0.03
 

AC
 C18:3n3  0.46±0.16

 
 8.67±0.80

 C
 0.29±0.20

 
 0.26±0.18

 
 2.53±0.14

 

AC
 C18:4n3  0.11±0.05

 
0.05±0.05

 
1.08±0.18

A

C 

0.13±0.13
 

0.28±0.02
 

AC
 C20:2n6 1.50±0.18

 

AC
 

0.98±0.21
 A

 0.30±0.12
 
 0.29±0.09

 
 0.85±0.03

 

AC
 C20:3n6 

DGLA 

1.47±0.14
 

AC
 

0.85±0.25
 
 1.18±0.22

 
 12.6±0.3

 A
 4.77±0.15

 

AC
 C20:3n3 ND 1.2±0.4 0.24±0.24 ND 0.34±0.08

C
 

C20:4n6  4.26±0.19
 

AC
 

4.17±0.44
 

AC
 

2.30±0.26
 

AC
 

4.76±0.29
 

AC
 

5.16±0.08
A

C C20:4n3  0.10±0.05
 
 0.54±0.07

 

AC
 

6.74±0.33
 

AC
 

0.04±0.02
 
 3.00±0.13

 

AC
 C20:5n3  0.06±0.03

 
0.98±0.17

A 
1.92±0.14

 

AC 

0.52±0.52
 

1.73±0.03
 

AC
 C22:3n3 0.99±0.41 1.08±0.35

 
 0.54±0.30

 
 1.80±0.44

 A
 0.25±0.00

 

AC
 C22:4n6 1.65±0.49

 
 1.02±0.22

 C
 1.04±0.38

 
 0.38±0.25

 
 1.03±0.13

 A
 

C22:1n9 1.48±0.15
 

AC 

0.53±0.15
C 

0.59±0.06
C
 1.73±0.29

 A
 1.69±0.09

 

AC
 C22:5n6 0.34±0.12 0.28±0.18 0.50±0.10

 A
 0.46±0.38 0.36±0.02

 

AC
 C22:5n3  0.46±0.01

 C
 1.46±0.19

A
 1.66±0.20

 A
 0.50±0.06

 A 

C
 

3.17±0.07
 

AC
 C22:6n3  0.40±0.10

 A 

C 

0.14±0.09
 C 

0.20±0.09
 C 

0.26±0.04
 C 

0.44±0.02
 A

 

ΣSFA 35.5±0.8
C
 43.2±0.9

C 
41.4±1.5

C
 41.8±1.2

C
 35.9±0.2

 AC
 

ΣMUFA 35.1±2.2 22.4±1.1
 A

 26.1±0.3
 A

 25.4±0.7
 
 26.1±0.7

 A
 

ΣPUFA 26.2±0.7
 C 

34.5±1.0
 AC

 29.8±1.9
C
 32.0±1.3

AC 
37.9±0.7

 AC
 

    Σn-3 3.32±0.38
A 

14.1±0.7
 AC

 12.7±1.3
 AC

 4.14±0.71
A
 11.8±0.3

 AC
 

    Σn-6 23.4±0.8
C
 22.3±0.8

AC
 17.8±1.0

 C
 28.5±0.9

AC 
26.2±0.4 

Values are mean percent composition ± SEM (n=5 per treatment).  Bold values 

indicate a significant difference in comparison to the OA/LA control (p < 0.05).  
A
 

and 
C
 indicate significant differences compared to MCF-7 and MCF-12A cell 

lines, respectively (p < 0.05).  ND indicates not detectable. 
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Table 5.2 Whole Cell Phospholipid Composition of MCF-7 Cells Incubated with 

150μM of ALA, SDA, GLA or SO. 

Fatty Acid Fatty Acid Treatment    

OA/LA ALA SDA GLA SO 

C14:0 1.46±0.19 1.22±0.36 1.22±0.20 1.51±0.21 0.85±0.04
 
 

C16:0 17.1±0.5 17.6±0.4
 B

 16.5±0.5 18.5±0.6
 B

 15.9±0.3
 B

 

C16:1n9 1.80±0.12
 

A
 

1.12±0.15 1.53±0.12
 

A
 

1.04±0.29 2.58±0.04
 

AB
 C17:0 0.51±0.02 0.67±0.03 0.64±0.01

 
 0.57±0.14 0.23±0.10

 

B
 C18:0 16.7±0.5

 A 

B
 

22.4±1.2
 B

 21.2±0.3
 A 

B
 

22.2±1.2
 B

 16.8±0.2
 

AB
 C18:1t11 5.14±0.46

 

A B
 

4.50±0.39
 

A B
 

3.64±0.81
 

B
 

4.50±0.63
 

A B
 

0.02±0.01 

C18:1n9  33.8±0.4
 A 

B
 

23.7±0.9
 A 

B
 

28.6±0.5
 A 

B 

23.8±0.5
 B

 29.7±0.1
 

AB C18:1c11 0.22±0.14 0.27±0.17 0.01±0.01
 
 0.04±0.04 0.04±0.1

 

AB
 C18:2n6  18.9±0.2

 A
 14.3±0.4 17.5±0.4 12.3±0.2

 A
 18.3±0.2

 

AB
 C20:0 ND

 
 ND

 
 ND

 
 ND ND

 B
 

C18:3n6  0.08±0.03 0.27±0.09 0.19±0.09 7.09±0.22
 

A B
 

1.34±0.03
 

AB
 C18:3n3  0.44±0.13 9.59±0.32

 

B
 

0.29±0.07 0.23±0.13 3.71±0.06
 

A
 C18:4n3  0.02±0.02 0.06±0.05 3.09±0.25

 

A
 

0.04±0.02 0.42±0.01
 

A
 C20:2n6 0.80±0.16

 

A B
 

0.32±0.09
 

A 
 

0.06±0.04
  

0.05±0.03
B 

0.40±0.00
 

AB
 C20:3n6 

DGLA 

0.41±0.11
 

A 
 

0.51±0.14 0.99±0.15 3.31±0.06
 

A B
 

3.10±0.06
 

AB
 C20:3n3 ND 0.02±0.02 ND ND 0.18±0.01

 
 

C20:4n6  1.52±0.11
 

A B
 

1.04±0.24
 

A B
 

1.19±0.13
 

A B
 

2.20±0.16
 

A B
 

2.93±0.07
 

AB
 C20:4n3  0.01±0.01

 
 ND

 AB
 1.07±0.18

A

B 

0.03±0.03 0.68±0.02
 

AB
 C20:5n3  0.26±0.12 ND

 A B
 0.47±0.13

 

A B
 

0.22±0.16 0.72±0.03
 

AB
 C22:3n3 0.29±0.14 0.32±0.10 0.28±0.04

 
 0.42±0.06

 

A 
 

0.07±0.01
 

A
 C22:4n6 0.66±0.14 0.55±0.14 0.49±0.18 0.61±0.11 0.43±0.03

 

AB
 C22:1n9 ND

 A B
 0.17±0.16

 

B
 

0.17±0.15
 

B
 

ND
 A B

 0.80±0.04
 

AB
 C22:5n6 0.18±0.09

 

B
 

0.06±0.03
 
 0.13±0.08

 

A
 

0.02±0.02
 
 0.12±0.02

 

A
 C22:5n3  0.31±0.10

 

B
 

0.19±0.03
 

A B
 

0.51±0.11
 

A B
 

0.24±0.06
 

A B
 

1.04±0.05
 

A 
 C22:6n3  0.03±0.02

 

A B
 

0.02±0.02
 

B 
 

0.06±0.05
 

B
 

0.23±0.14
B 

0.19±0.01
 

AB
 ΣSFA 35.8±0.4

 
 40.6±0.8

 B 
39.5±0.7

  
44.0±1.4

B 
33.8±0.1

AB 

ΣMUFA 40.8±0.8
 
 29.7 ±1.2

 A 

B 

34.0±0.8
 A 

B
 

29.4±1.3
 B

 32.6±0.1
 A 

B
 ΣPUFA 23.8±0.6

  B
 27.2±0.9

 A 

B
 

25.4±0.4
 B

 27.0±0.5
 A 

B
 

33.6±0.2
 A 

 

    Σn-3 1.55±0.32
 

AB
 

10.2±0.4
 A 

B
 

5.76±0.52
 

A B
 

1.12±0.14
A
 7.02±0.08

 

AB
     Σn-6 22.5±0.3

 B
 17.0±0.6

 

AB
 

20.6±0.5
 
 25.6±0.4

 

AB
 

26.6±0.1
 
 

Values are mean percent composition ± SEM (n=5 per treatment).   Bold values 

indicate a significant difference in comparison to the OA/LA control (p < 0.05).  
A
 

and 
B
 indicate significant differences compared to MDA-MB-231 and MCF-12A 

cell lines, respectively (p < 0.05).  ND indicates not detectable. 
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Table 5.3 Whole Cell Phospholipid Composition of MCF-12A Cells Incubated 

with 150μM of ALA, SDA, GLA or SO. 

Fatty Acid Fatty Acid 

Treatment 

    

OA/LA ALA SDA GLA SO 

C14:0 1.47±0.05 1.04±0.05 1.16±0.02 1.27±0.04 0.64±0.03
 
 

C16:0 16.9±0.6 14.3±0.4
 B

 15.2±0.3 15.5±0.4
 B

 17.8±0.3
 BC

 

C16:1n9 1.48±0.06 1.13±0.05
 

1.33±0.04
C
 1.19±0.02 1.07±0.12

 

B
 C17:0 0.51±0.04 0.67±0.04 0.70±0.02

 

B
 

0.68±0.02 0.60±0.03
 

B
 C18:0 13.4±0.1

 BC
 17.6±0.3

 BC
 18.1±0.3

 BC
 17.0±0.4

 BC
 20.3±1.1

 B
 

C18:1t11 0.11±0.04
 

BC
 

0.22±0.05
 

BC
 

0.13±0.02
 

BC
 

0.19±0.04
 

B
 

0.56±0.11 

C18:1n9  28.7±0.2
 B

 19.1±0.4
 B

 22.0±0.5
 B

 20.4±0.2
 B

 23.3±0.2
 B

 

C18:1c11 0.05±0.00 0.08±0.01 0.07±0.01
 
 0.07±0.01

 
0.07±0.01

 

BC
 C18:2n6  20.5±0.8

C
 15.1±0.2 15.7±0.1

 
 12.9±0.6

C
 14.4±0.3

 BC
 

C20:0 0.07±0.00
 
 0.09±0.00

 
0.11±0.01

 
 0.04±0.02 0.67±0.01

 

BC
 C18:3n6  0.04±0.00 0.05±0.05 0.05±0.03 4.70±0.18

 

BC
 

ND
 BC

 

C18:3n3  0.79±0.04 13.5±0.8
 BC

 0.21±0.04 0.13±0.03 3.57±0.06
C
 

C18:4n3  0.05±0.01 0.02±0.02 2.48±0.22
C
 0.04±0.02 0.39±0.02

C
 

C20:2n6 2.25±0.02
 

BC
 

0.83±0.03
 
 0.23±0.01

 
 0.45±0.02

 

B
 

0.65±0.07
B

C
 C20:3n6 

DGLA 

0.83±0.02
 

C
 

0.88±0.00 1.09±0.04
 

12.4±0.2
 B

 3.77±0.26
 

BC
 C20:3n3 0.02±0.02 ND ND ND ND

 C
 

C20:4n6  6.29±0.04
 

BC
 

9.61±0.25
 

BC
 

4.63±0.13
 

BC
 

8.03±0.20
B

C 

6.09±0.09
 

BC
 C20:4n3  0.05±0.00

 
 0.30±0.08

B

C 

9.51±0.41
 

BC
 

0.06±0.02 2.31±0.24
B

C C20:5n3  0.32±0.01
 

0.67±0.10
 

B
 

3.50±0.14
 

BC
 

0.09±0.01 1.04±0.06
B

C C22:3n3 0.17±0.14 0.50±0.01 0.03±0.01
 
 0.81±0.01

 
 0.14±0.06

C 

C22:4n6 0.28±0.13 0.20±0.01
C
 0.48±0.06 0.80±0.16 0.89±0.02

 

B
 C22:1n9 2.78±0.09

 

BC
 

1.89±0.07
 

BC
 

1.20±0.04
 

BC
 

1.24±0.07
 

B
 

0.25±0.12
 

BC
 C22:5n6 0.63±0.02

 

B
 

0.49±0.06
 
 0.16±0.01 0.21±0.01

 
 0.08±0.08

C 

C22:5n3  1.10±0.04
 

B C
 

1.06±0.10
 

B
 

1.52±0.11
 

B
 

0.76±0.04
 

B C
 

1.19±0.02
 

C
 C22:6n3  1.20±0.09

 

B C 

0.74±0.07
 

B C
 

0.52±0.06
 

B C
 

0.72±0.09
 

BC
 

0.35±0.05
 

B
 ΣSFA 32.3±0.5

 C
 33.7±0.4

 BC
 35.2±0.3

 C 
34.5±0.5

BC 
38.7±0.9

BC
 

ΣMUFA 33.1±0.2
 
 22.4±0.5

 B
 24.7±0.5

 B
 22.7±0.2

 B
 25.1±0.3

 B
 

ΣPUFA 34.6±0.7
 BC

 43.9±0.8
 BC

 40.1±0.6
 BC

 42.1±0.8
 BC

 35.4±0.2
 C

 

    Σn-3 3.70±0.05
 

B
 

16.8±0.6
 BC

 17.8±0.6
 BC

 2.62±0.08
 

9.18±0.14
B

C
     Σn-6 30.9±0.7

BC
 27.2±0.2

 BC
 22.3±0.1

C
 39.5±0.7

 BC
 26.3±0.1 

Values are mean percent composition ± SEM (n=3 per treatment).   Bold values 

indicate a significant difference in comparison to the OA/LA control (p < 0.05).  
B
 

and 
C
 indicate significant differences compared to MCF-7 and MDA-MB-231 cell 

lines, respectively (p < 0.05).  ND indicates not detectable. 
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Figure 5.2 Phospholipid N-3 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells After Incubation with 150μM SO.  Values are mean percent 

composition ± SEM (n=3-5 per cell line).  Black horizontal bars indicate the 

concentration of the fatty acid after treatment with OA/LA(Figure 4.2.  * indicate 

a significant difference (p<0.05) in the incorporation into the PLs in comparison 

to the OA/LA treatment).  Different letters within a fatty acid indicate a 

significant difference between cell lines (p < 0.05). 

 ALA and SDA from the SO treatment were significantly incorporated into 

the MCF-7 and MCF-12A cell membranes as ALA and SDA, respectively (Figure 

5.2).  In MDA-MB-231 cells, only ALA was significantly incorporated into the 

cell membrane.  Significant increases in levels of downstream fatty acids down to 

DPA and DHA  were observed in MDA-MB-231 and MCF-7 cells, respectively.  

ETA, EPA and DPA levels were significantly higher in MDA-MB-231 cells than 

the other cell lines, while ALA and SDA levels were significantly lower.  An 

increase in  ETA content in membrane lipids was observed in MCF-12A cells, but 

was not significant (p = 0.06). 

 A significant increase in C20:3n3 was also observed in MCF-7 cells only 

(Table 5.2).  
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Figure 5.3 Phospholipid N-6 Fatty Acid Profile of MDA-MB-231, MCF-7 and 

MCF-12A Cells Incubated with 150μM SO. Values are mean percent 

composition ± SEM (n=3-5 per cell line).  Black horizontal bars indicate the 

concentration of the fatty acid after treatment with OA/LA(Figure 4.2.  * indicate 

a significant difference (p<0.05) in the incorporation into the PLs in comparison 

to the OA/LA treatment).  Different letters within a fatty acid indicate a 

significant difference between cell lines (p < 0.05). 

 N-6 fatty acids analysis is shown in Figure 5.3.  GLA was only 

significantly incorporated in the PLs of MCF-7 cells as GLA, but a significant 

increase in the amount of DGLA was observed in the PLs of all cell lines.  

Significant increases in AA content was also observed in MCF-7 cells.  LA and 

GLA levels were significantly higher in MCF-7 cells than either MDA-MB-231 

or MCF-12A cells, but DGLA and AA levels were significantly lower.   
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C.  N-6:N-3 Ratios 

Table 5.4 N-6:N-3 Ratios of Whole Cell Phospholipids of MDA-MB-231, MCF-

7 and MCF-12A Cells Incubated with 150μM Fatty Acid Treatment. 

Treatment Cell Line   

 MDA-MB-231 MCF-7 MCF-12A 

Media 1.55±0.30
a 

2.73±0.32
b 

1.59±0.03
 ab

 

OA/LA 7.14±1.02
 
 17.5±4.1

 
 8.34±0.38

 

ALA 1.77±0.14 1.67±0.06
 

1.63±0.07 
SDA 1.56±0.13

 a
 3.64±0.20

b 
1.26±0.05

 a
 

GLA 6.27±0.93
a
 20.9±2.7

b
 15.1±0.5

b 

SO 2.23±0.04
 a
 3.79±0.04

b 
2.86±0.05

c 

Values are means ± SEM (n=3-5 per cell line per treatment).  Bold values indicate 

a significant difference compared to the cell line’s respective OA/LA control (p < 

0.05).  Different letters within a treatment indicate a significant difference 

between cell lines (p < 0.05). 

 N-6:n-3 ratios were low with SO and n-3 ALA and SDA treatments in 

Table 5.4, varying between 1.26-3.79 in all cell lines.  The ratio was higher with 

GLA treatments, ranging from 6.27-20.90.  Despite this difference, none of the 

treatment’s n-6:n-3 ratios were significantly different from the OA/LA control 

within the tumorigenic cell lines.  Ratios were significantly lower with ALA, 

SDA and SO treatments compared to the OA/LA control in the MCF-12A cell 

line, while it was significantly higher with GLA treatment.  MCF-7 n-6:n-3 ratios 

were higher than MDA-MB-231 ratios with media, SDA, GLA and SO treatment, 

and were higher than MCF-12A ratios in SDA and SO treatments. 

 

IV. Discussion 

A. Cell Viability 

Similar inhibition of cell viability by the SO mixture was observed on our 

tumorigenic cell lines compared to each of its main individual components, ALA, 

SDA and GLA, showing that the anti-tumorigenic effects observed by these fatty 

acids individually also work when presented in a fatty acid mixture.  The lack of 

an effect of the SO treatment on the MCF-12A cells indicates a tumour-specific 

action, similar to individual ALA, SDA and GLA treatments.  Although this 

particular fatty acid mixture or any other oils with a similar composition have not 
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been tested on breast cells before, previous studies have shown that fatty acid 

mixtures composed of anti-tumorigenic fatty acids also have anti-tumorigenic 

properties in culture and animal studies.  Other mixtures of EPA and DHA were 

found to significantly inhibit MDA-MB-231 cell growth, as well as mixtures with 

either EPA or DHA with LA, and mixtures with all three fatty acids (14).  A 

mixture of 5% w/w EPA and 5% w/w DHA diet also resulted in reduced tumor 

incidence in N-methyl-N-nitrosourea-induced tumours in rats similar to that of a 

10% w/w EPA diet, but was less suppressive than 10% w/w DHA diet alone, 

suggesting that the effects of mixtures of n-3 fatty acid have anti-cancer properties 

but their effects may not be additive when fed in diets (15).   

The use of dietary oils composed of various n-3 and n-6 fatty acids that 

make up a significant amount of their oils have also been found to have inhibitory 

effects on breast cancer.  Mistol oil (22% ALA, 14% LA of fat), evening primrose 

oil (68% LA, 13% GLA of fat), fish oil (12% LA, 10% EPA, 5% DHA of fat) and 

linseed oil (34% ALA, 19% LA of fat) all have been found to inhibit breast 

tumour growth (16, 17).  From these results, it is possible that the SO oil used in 

the current study also possesses anti-tumorigenic activity, as over 70% of this 

mixture is composed of fatty acids we have shown to have anti-tumorigenic 

activity on both ER+PR+ and ER-PR- human breast cancer cell lines.   

 

B. Phospholipid Composition  

As with the PLs in chapter four, we assumed that increases in fatty acid 

levels past the supplied fatty acids in SO was due to the conversion of the 

supplied fatty acids to their longer chained counterparts.  Using this assumption, 

we found that the ALA and SDA in the SO treatment were significantly converted 

down the n-3 metabolic pathway to DPA in both the MDA-MB-231 and MCF-7 

cell lines (Figure 5.2).  These effects seem to be a combination of the effects of 

ALA and SDA alone (Figure 4.3-4), where, in brief, ALA from the ALA 

treatment was incorporated into the membrane and was only significantly 

converted to ETA in the MDA-MB-231 cell line.  SDA from the SDA treatment 

was significantly incorporated into the MCF-7 and MCF-12A cell lines and 
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significant conversion to EPA was observed in the MDA-MB-231 cell line, and to 

DPA in the MCF-12A cell line but no significant conversion was observed in the 

MCF-7 cell line.  Previous studies have found that a mixture of EPA and DHA 

resulted in increased DPA levels, supporting that fatty acids in mixtures can be 

converted through the pathway (15).  However, mixtures in literature have 

focused on fish oil mixtures with EPA and DHA.  Conversion is limited at the end 

of the pathway, and there is little literature that has examined fatty acid mixtures 

with n-3 or n-6 pathway intermediates regarding PL composition. 

Comparing the SO treatment to the ALA and SDA treatments, 

significantly more fatty acid conversion down the n-3 metabolic pathway was 

observed with SO treatment than ALA and SDA treatments alone.  Although the 

percent composition of each individual fatty acid was lower with SO treatment, 

this effect is most likely due to the lower concentrations of each of these fatty 

acids in this treatment, which was 47μM ALA and 39μM SDA in the 150μM SO 

treatment.  This difference between conversion ability between ALA and SDA 

treatments and the SO treatment may be due to inhibition of the enzymes in the 

pathway by the very high levels of substrate, as our results in Figure 4.16 and 

previous literature have indicated (18-22). 

A significant increase was also observed in C20:3n3 levels in MCF-7 

cells, indicating the use of an alternate metabolic pathway in MCF-7 cells, and 

may have enhanced conversion of ALA to longer-chained n-3 PUFAs.  The use of 

this pathway was not observed in MCF-7 cells in with ALA treatment in chapter 

four, and may be due to ALA’s high concentration of fatty acid that can inhibit 

Δ6-desaturase catalytic activity.  The use of this pathway in MDA-MB-231 cells 

with ALA treatment, however, was not significant with SO treatment, although, a 

trend was observed.  This difference may be due to lack of substrate, as the high 

levels of ALA did not seem to inhibit Δ8-desaturase’s catalytic activity, and 

various fatty acids seem to have inhibitory effects on Δ6-desaturase (Figure 4.16) 

(18-22).  To our knowledge, this is the first time fatty acid conversion has been 

investigated with the use of enriched plant oils, or in the Δ8-desaturase pathway 
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in breast tumour cells.  As in chapter 4, our findings suggest the use of Δ8-

desaturase enzymes in breast tumour cells. 

In the n-6 fatty acid profile shown in Figure 5.3, the increases in DGLA 

content were most likely due to the conversion of GLA in the SO treatment to 

DGLA.  This result matches that of the GLA treatment (Figure 4.13), where GLA 

was significantly converted to DGLA in all cell lines.  However, further 

conversion in the MCF-7 cell line of GLA in SO to AA was also observed, which 

may be due to less inhibition of the pathway enzymes due to lower concentrations 

of inhibiting fatty acids, as previously discussed. 

Between tumorigenic cell lines, MDA-MB-231 cells showed significantly 

higher levels of downstream conversion products ETA, EPA, DHA and DGLA 

than MCF-7 cells suggesting higher levels of conversion in these cells.  This 

difference may be due to the higher metabolic rate of MDA-MB-231 cells, as the 

doubling rate is about twice that of MCF-7 cells.  A non-significant trend towards 

conversion to EPA was observed in the MCF-12A cell line.  As ALA from the 

ALA treatment was not converted downstream in MCF-12A cells (Figure 4.3), 

SDA is most likely the main substrate in the conversions.  Compared to the SDA-

only treatment (Figure 4.4), where significant conversion up to DPA was 

observed, there seems to be an inhibition of the converting ability of MCF-12A 

cells with SO treatment.  This observation suggests that the PUFA converting 

ability in this cell line may not be as high as the tumorigenic cell lines, as MCF-

12A’s growth rate is similar to that of the MDA-MB-231 cells.  However, there 

may also be regulatory mechanisms in normal cells that would normally control 

fatty acid conversion, and warrants further study.  It has previously been shown 

that non-tumorigenic MCF-10A cells have a great ability to convert fatty acids 

from LA to AA (28%), ALA to EPA (21%), and EPA to DHA(14%) (23).  

However, culture conditions were different, including the supplementation of 

estrogen, which could stimulate fatty acid conversion. 

Significant displacement of DHA observed in the MCF-12A cell line with 

the ALA, SDA and SO treatments further supporting the suggestion that these 

treatments preferentially replace some of the DHA in the membrane upon 
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incorporation of other fatty acids in the membrane.  As no negative effects on cell 

viability were observed, low levels of DHA in the PLs may not have a negative 

effect on cells, and suggest that there may be a balance between fatty acids in the 

membrane of normal cells that still allow it to function properly.  This regulation 

of fatty acid balance, namely DHA levels, was not observed in tumorigenic cells 

in the present study, and may contribute to the tumour-specific effects of the 

essential fatty acids on cell growth in the current study.  Changes in non-tumour 

cell membrane PLs have not been studied previously in oils or fatty acid mixtures 

and are a novel contribution of this thesis. 

Overall, the SO treatment showed fatty acid conversion similar to that of a 

combination of each of its main components, ALA, SDA and GLA in all cell 

lines, where conversion to EPA and DGLA was observed in MDA-MB-231 cells, 

to DGLA in MCF-7 cells, and to DPA and DGLA in MCF-12A cells.  Although 

the individual content of each fatty acid was lower with SO treatment than with 

ALA, SDA or GLA treatment, fatty acids were converted further down the 

pathway with the SO treatment than with any of the individual fatty acids.  In 

MDA-MB-231 cells, conversion to DPA and DGLA was observed, while in 

MCF-7 cells conversion to DHA and AA was observed.  These results may 

possibly be due to less inhibition of the catalytic activities of the Δ5- and Δ6-

desaturases from fatty acids in tumorigenic cell lines.  MCF-12A cells, however, 

only showed conversion to DGLA, suggesting possible PUFA metabolism 

dysfunction or regulation not observed in tumorigenic cells, and requires further 

study. 

 

C. N-6:N-3 Ratios 

Many experiments have examined the effects of dietary n-6:n-3 ratios on 

breast tumour progression and found that the diets with lower n-6:n-3 ratios were 

associated with a significantly lower development of mammary cancer in rats (24, 

25). Despite the support for the use of the n-6:n-3 ratios in predicting tumour 

progression, many of these studies are limited by their comparisons of only LA to 

ALA, EPA and DHA.  Other pathway intermediates are not taken into account in 
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these calculations, most likely due to their low abundance in the diet.  An 

experiment studying evening primrose oil, fish oil and linseed oil supplemented 

diets with n-6:n-3 of  22.73, 0.65 and  0.57, respectively, for rats showed the 

highest mammary tumour incidence in the linseed oil diet and the lowest in the 

evening primrose diet which has high levels of GLA (17).  These results show the 

potential of other pathway intermediates to have anti-carcinogenic properties, as 

well as suggest the n-6:n-3 ratio may not be accurate (17).    

The oil used in our experiment had an n-6:n-3 ratio of 0.32, which would 

predict anti-tumorigenic activity.  The n-6:n-3 ratios in the PLs with SO 

treatment, however,  do not reflect the prediction that lower ratios are related to 

decreased cell viability in breast cancer cells, as the ratios were not significantly 

different from the OA/LA control.  These observations are possibly due to the 

wide variability of the replicates.  Although viability between the MDA-MB-231 

cells and MCF-7 cells were similar, the n-6:n-3 ratio was significantly higher in 

MCF-7 cells than MDA-MB-231 cells.  A significantly lower ratio than the 

control in MCF-12A cells also did not reflect an increase in cell growth, either, 

which supports the suggestion that whole cell PL composition may not be a good 

predictor of cell viability, and that there may be a finer balance of membrane of 

fatty acids that is required for normal cell function.  These observations further 

support data presented in chapter four, that n-6:n-3 ratios in whole cell PLs may 

not play a significant role in determining the anti-tumorigenic effects of SO, and 

anti-tumorigenic effects are dependent on specific fatty acid properties.  Plant oils 

enriched with n-3 or n-6 pathway intermediates have not been tested on breast 

cancer previously.  Therefore, to our knowledge, this is the first time that an oil 

enriched with an n-3 pathway intermediate, SDA, has been found to significantly 

decrease the n-6:n-3 ratio in normal cell PL, but not tumorigenic PLs. 

 

V. Summary 

  The inhibitory activity of an SDA-enriched flax oil was found to be 

similar to those of its main individual components ALA, SDA and GLA.  The 

fatty acids in the oil appeared to be taken up by the cells and converted down their 
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respective pathways to DPA and DGLA in MDA-MB-231 and DHA and DGLA 

in MCF-7 cells.  This was not observed with individual fatty acids, where 

conversion only went as far as ETA with SDA treatment and DGLA with GLA 

treatment in MDA-MB-231 cells, and conversion to DGLA from GLA treatments 

in MCF-7 cells.  This increased conversion may be due to the effects of mixtures 

of fatty acids in different concentrations on enzymes in the n-3 and n-6 metabolic 

pathways as previously reported (18-22).  Increases in C20:3n3 levels in MCF-7 

PLs were also observed, suggesting metabolism through an alternate fatty acid 

metabolic pathway.  The presence of these longer chain fatty acids in cellular PLs 

may explain some of the anti-tumorigenic effects observed with this oil mixture 

on tumorigenic breast cells. 

  In non-tumorigenic MCF-12A cells, conversion was also observed, 

however, not to the same extent as tumorigenic cells or treatments of the 

individual components, suggesting either lower conversion ability or possibly 

controlling mechanisms that suppress fatty acid conversion, and needs to be 

elucidated through further analysis of enzyme activity and protein levels. 

  Changes in the n-6:n-3 ratio in membrane PLs with SO treatment did not 

predict tumour viability.  This observations further supports our observations in 

chapter 4, where n-6:n-3 ratios in PLs did not predict tumour growth, possibly due 

to the inhibitory effects of n-6 pathway intermediates GLA and DGLA and 

inconsistent inhibitory effects of ALA on tumour growth as observed in chapter 4, 

Figure 4.1.  The work in this chapter suggests that the composition of the 

individual long chain n-6 and n-3 fatty acids is an important characteristic to take 

into account when predicting tumour progression. 
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Chapter Six – C9, t11-CLA on Cell Viability and Phospholipid Composition in 

Breast Cells 

I.  Introduction 

The major dietary source of CLA is produced by anaerobe Butyrivibrio 

fibrisolvens found in ruminants from ALA, GLA and LA during their 

hydrogenation to CLA, vaccenic and stearic acid (1, 2).  Of the possible isomers 

produced, the c9, t11-CLA isomer is the most common, and in the rumen can only 

be produced from the hydrogenation of LA (3).  Humans have been found to have 

microbial species within their intestinal microflora capable of converting ALA 

and LA to CLA, however only minimal conversion has been observed (4-6).  

Humans can, however, convert vaccenic acid from the diet to c9, t11-CLA (7). 

C9, t11-CLA has been found to have anti-carcinogenic properties in breast 

cancer in vitro and in vivo in animal models (8-10).  Although c9, t11-CLA has 

been shown to be incorporated into PL membranes in order to exert their anti-

carcinogenic properties, a thorough investigation of the effects of CLA on 

changes in membrane composition has yet to be done (10).  Whether CLA has 

effects on normal cells has not been well established, nor is it known if 

incorporation of CLA into membrane PLs displaces other long chain essential 

fatty acids. Using the most common CLA isomer, c9, t11-CLA, its effects on non-

tumorigenic breast cells will be tested, as well as whether c9, t11-CLA 

incorporation into membranes is balanced by reductions in n-6 fatty acid content. 

 

II.  Materials and Methods 

 Please refer to chapter three, sections I-IV and VI. 
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III.  Results 

A. Cell Viability 

 
Figure 6.1 Cell Viability of MDA-MB-231, MCF-7 and MCF-12A Cells 

Incubated with 150μM of ALA, LA or c9, t11-CLA.  Values are mean ± SEM 

(n=3 per cell line per treatment), expressed as percentage of the media only 

treatment.  * indicates a significant difference compared to the cell line’s 

respective media treatment (p < 0.05).  Different letters within a treatment 

indicate a significant difference between cell lines (p < 0.05). 

 The potential precursors (by microbes) for CLA, ALA and LA decreased 

viability in the ER+PR+ MCF-7 cell line, but not in the ER-PR- MDA-MB-231 

cell line as illustrated in Figure 6.1. Treatment with c9, t11-CLA significantly 

suppressed the viability of both MDA-MB-231 and MCF-7 tumorigenic cell lines 

compared to the media and OA/LA controls.  This effect was not observed in the 

non-tumorigenic MCF-12A cell line with c9, t11-CLA treatment; however, unlike 

CLA’s precursors ALA and LA, c9, t11-CLA did not significantly increase the 

viability of MCF-12A cells.  Between cell lines, MCF-7 cells showed the lowest 

viability after treatment with ALA, LA and CLA of the three cell lines, while 

MCF-12A showed the highest viability. 

 

 

a a a 

* 

a 

a 
* 

b 

* 

b 

* 

b 

* 

b * 

c 

* 

c 
c 

0% 

20% 

40% 

60% 

80% 

100% 

120% 

140% 

160% 

Media OA/LA ALA LA c9t11 CLA 

C
el

l 
C

o
u

n
ts

 (
%

 o
f 

M
ed

ia
 C

o
n

tr
o

l)
  

Treatment 

MDA-MB-231 MCF-7 MCF-12A 



 

157 

 

B. Phospholipid Composition 

Tables 6.1-6.3 show the whole cell PL composition of each cell line with 

ALA, LA and CLA treatment, as well as comparisons to OA/LA control and 

between cell lines. This data will be illustrated in the subsequent sections to 

compare the effect of fatty acid treatments on fatty acid changes in PLs and to 

compare the effects on the different cell lines. 
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Table 6.1 Whole Cell Phospholipid Composition of MDA-MB-231 Cells 

Incubated with 150μM of ALA, LA or CLA. 

Fatty Acid Fatty Acid 

Treatment 

   
OA/LA ALA LA c9, t11-CLA 

C14:0 1.22±0.07 1.50±0.14 1.33±0.20 0.66±0.03
 A

 
C16:0 15.1±0.6 16.2±0.8

 
 17.0±1.7

 
 8.72±0.60

 A
 

C16:1n9 1.02±0.16
 A

 0.87±0.12
 
 0.75±0.11

 A
 0.48±0.09

 A
 

C17:0 0.64±0.09 1.14±0.35 0.68±0.05 0.38±0.05 

C18:0 18.5±0.4
 AC

 24.3±0.5
C
 23.0±1.6

 C
 12.0±1.0 

C18:1t11 3.42±0.44
 AC

 2.94±0.15
 AC

 3.07±0.81
 
 10.5±0.3

 C
 

C18:1n9  29.9±1.2
 A

 17.9±1.1
 A

 18.0±1.2
 
 12.2±0.7

 A
 

C18:1c11 0.19±0.11 0.25±0.11 0.11±0.11 ND 

C18:2n6  13.4±1.3
 AC

 15.7±1.7
 
 26.2±1.2

 AC
 6.09±0.51

AC
 

C20:0 0.12±0.07 0.05±0.05 0.10±0.06 ND
C 

C18:3n6  0.60±0.33 0.15±0.15
 
 0.12±0.04

 
 0.04±0.02 

C18:3n3  0.46±0.16
 
 8.67±0.80

 C
 0.28±0.10

 
 0.29±0.18

 
 

C18:2c9t11 ND ND ND 37.0±2.9 

C18:4n3 0.11±0.05
 

0.05±0.05
 

0.05±0.05
 

1.22±0.22
 

C18:2t10c12 ND ND ND 3.3±0.2
C
 

C20:2n6 1.50±0.18
 AC

 0.98±0.21
 A

 3.43±0.16
 A

 0.79±0.23 

C20:3n6 

DGLA 

1.47±0.14
 AC

 0.85±0.25
 
 1.55±0.24

 AC
 0.62±0.08

 
 

C20:3n3 ND 1.2±0.4 ND ND 

C20:4n6  4.26±0.19
 AC

 4.17±0.44
 AC

 3.14±0.22
AC

 3.03±0.47
 C

 

C20:4n3  0.10±0.05
 
 0.54±0.07

 AC
 0.01±0.01

 
 0.67±0.22

 
 

C20:5n3  0.06±0.03
 

0.98±0.17
A 

0.20±0.07
 

0.02±0.01
C 

C22:3n3 0.99±0.41 1.08±0.35
 
 0.90±0.32

 
 0.02±0.02

 
 

C22:4n6 1.65±0.49
 
 1.02±0.22

 C
 0.57±0.25

 
 0.82±0.12

 AC
 

C22:1n9 1.48±0.15
 AC 

0.53±0.15
C 

1.57±0.22
 A

 0.01±0.01
C 

C22:5n6 0.34±0.12 0.28±0.18 0.70±0.21 0.01±0.01 

C22:5n3  0.46±0.01
 C

 1.46±0.19
A
 0.28±0.09

 C
 0.27±0.07

 C
 

C22:6n3  0.40±0.10
 A C 

0.14±0.09
 C 

0.30±0.08
 C 

0.20±0.08
 C 

ΣSFA 35.5±0.8
C
 43.2±0.9

C 
42.1±3.3

C 
22.1±1.6 

ΣMUFA 35.1±2.2 22.4±1.1
 A

 24.1±1.4 23.0±1.0 

ΣPUFA 26.2±0.7
 C 

34.5±1.0
 AC

 37.1±1.5
C
 53.9±2.1 

    Σn-3 3.32±0.38
A 

14.1±0.7
 AC

 2.52±0.46 2.44±0.18 

    Σn-6 23.4±0.8
C
 22.3±0.8

AC
 35.2±1.1

C
 14.2±0.3

C
 

Values are mean percent composition ± SEM (n=5 per cell line per treatment).  

Bold values indicate a significant difference in comparison to the OA/LA control 

(p < 0.05).  
A
 and 

C
 indicate significant differences compared to MCF-7 and MCF-

12A cell lines, respectively (p < 0.05).  ND indicates not detectable. 
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Table 6.2 Whole Cell Phospholipid Composition of MCF-7 Cells Incubated with 

150μM of ALA, LA or CLA. 

Fatty Acid Fatty Acid 

Treatment 

  
OA/LA ALA LA c9, t11-CLA 

C14:0 1.46±0.19 1.22±0.36 1.53±0.33 0.93±0.05
 A

 
C16:0 17.1±0.5 17.6±0.4

 B
 17.7±0.8

 
 12.6±0.3

 AB
 

C16:1n9 1.80±0.12
 A

 1.12±0.15 1.24±0.11
 A

 0.95±0.09
 A

 

C17:0 0.51±0.02 0.67±0.03 0.40±0.14 0.39±0.02 

C18:0 16.7±0.5
 A B

 22.4±1.2
 B

 21.3±0.8
 B

 12.9±0.7 

C18:1t11 5.14±0.46
 A B

 4.50±0.39
 A B

 3.38±0.91
 
 6.90±2.77 

C18:1n9  33.8±0.4
 A B

 23.7±0.9
 A B

 17.5±0.9 16.8±1.0
 A

 

C18:1c11 0.22±0.14 0.27±0.17 0.13±0.09 0.47±0.20 

C18:2n6  18.9±0.2
 A

 14.3±0.4 33.3±0.8
 A

 10.9±1.6
A 

C20:0 ND
 
 ND

 
 ND

 
 ND 

C18:3n6  0.08±0.03 0.27±0.09 0.14±0.07 0.04±0.03 

C18:3n3  0.44±0.13 9.59±0.32
 B

 0.35±0.15 0.19±0.09 

C18:2c9t11 ND
 
 ND

 
 ND

 
 28.3±1.3

 
 

C18:4n3  0.02±0.02 0.06±0.05 0.01±0.01 0.81±0.35 

C18:2t10c12 ND
 
 ND

 
 ND

 
 3.31±0.35

 B
 

C20:2n6 0.80±0.16
 A B

 0.32±0.09
 A 

 1.40±0.11
 A B

 0.38±0.10
 
 

C20:3n6 

DGLA 

0.41±0.11
 A 

 0.51±0.14 0.19±0.05
 A 

 0.33±0.09
  B

 

C20:3n3 ND 0.02±0.02 ND ND 

C20:4n6  1.52±0.11
 A B

 1.04±0.24
 A B

 1.21±0.29
 A B

 1.67±0.45
 B

 

C20:4n3  0.01±0.01
 
 ND

 AB
 0.10±0.08 0.16±0.07 

C20:5n3  0.26±0.12 ND
 A B

 0.06±0.04 0.02±0.01
 B

 

C22:3n3 0.29±0.14 0.32±0.10 0.08±0.08 ND
 B

 

C22:4n6 0.66±0.14 0.55±0.14 0.27±0.13 0.26±0.08
 A

 

C22:1n9 ND
 A B

 0.17±0.16
 B

 0.09±0.09
 A B

 0.13±0.07
 B

 

C22:5n6 0.18±0.09
 B

 0.06±0.03
 
 0.30±0.15

 B
 0.06±0.04 

C22:5n3  0.31±0.10
 B

 0.19±0.03
 A B

 0.29±0.07
 B

 0.49±0.14
 B

 
C22:6n3  0.03±0.02

 A B
 0.02±0.02

 B 
 0.07±0.05

 B
 0.25±0.10

 B
 

ΣSFA 35.8±0.4
 
 40.6±0.8

 B 
39.3±0.6

  
26.6±1.1

 
 

ΣMUFA 40.8±0.8
 
 29.7 ±1.2

 A B 
22.1±1.4 24.4±2.0

 B 

ΣPUFA 23.8±0.6
  B

 27.2±0.9
 A B

 36.3±0.6
 B

 47.7±2.3
 B

 

    Σn-3 1.55±0.32
 AB

 10.2±0.4
 A B

 0.96±0.24
 
 2.25±0.55 

    Σn-6 22.5±0.3
 B

 17.0±0.6
 AB

 36.2±0.6
 B

 15.2±1.8
 
 

Values are mean percent composition ± SEM (n=5 per cell line per treatment).  

Bold values indicate a significant difference in comparison to the OA/LA control 

(p < 0.05).  
A
 and 

B
 indicate significant differences compared to MDA-MB-231 

and MCF-12A cell lines, respectively (p < 0.05).  ND indicates not detectable. 
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Table 6.3 Whole Cell Phospholipid Composition of MCF-12A Cells Incubated 

with 150μM of ALA, LA or CLA.  

Fatty Acid Fatty Acid 

Treatment 

  
OA/LA ALA LA c9, t11-CLA 

C14:0 1.47±0.05 1.04±0.05 1.02±0.02 0.85±0.06 
C16:0 16.9±0.6 14.3±0.4

 B
 14.2±0.4

 
 9.51±0.49

 B
 

C16:1n9 1.48±0.06 1.13±0.05
 

0.96±0.05 0.87±0.04 

C17:0 0.51±0.04 0.67±0.04 0.64±0.03
 

0.38±0.01 

C18:0 13.4±0.1
 BC

 17.6±0.3
 BC

 16.1±0.3
 BC

 11.3±0.1 

C18:1t11 0.11±0.04
 BC

 0.22±0.05
 BC

 0.17±0.06
 
 0.13±0.11

C
 

C18:1n9  28.7±0.2
 B

 19.1±0.4
 B

 15.5±0.1 14.1±0.7 

C18:1c11 0.05±0.00 0.08±0.01 0.07±0.00 0.03±0.02 

C18:2n6  20.5±0.8
C
 15.1±0.2 35.9±1.0

C
 12.2±0.3

C
 

C20:0 0.07±0.00
 
 0.09±0.00

 
0.09±0.01

 
 0.03±0.02

BC 

C18:3n6  0.04±0.00 0.05±0.05 ND 0.09±0.01 

C18:3n3  0.79±0.04 13.5±0.8
 BC

 0.36±0.03 0.10±0.10
 

C18:2c9t11 ND ND ND 36.7±2.1
 
 

C18:4n3  0.05±0.01 0.02±0.02 0.03±0.02 0.32±0.04
 

C18:2t10c12 ND ND ND 1.08±0.05
 BC

 

C20:2n6 2.25±0.02
 BC

 0.83±0.03
 
 4.03±0.20

B 
0.81±0.07

 
 

C20:3n6 

DGLA 

0.83±0.02
 C

 0.88±0.00 0.68±0.02
C 

0.70±0.04
 B

 

C20:3n3 0.02±0.02 ND ND ND 

C20:4n6  6.29±0.04
 BC

 9.61±0.25
 BC

 4.65±0.17
 BC

 7.19±0.33
 BC

 

C20:4n3  0.05±0.00
 
 0.30±0.08

BC 
0.21±0.11 0.10±0.02 

C20:5n3  0.32±0.01
 

0.67±0.10
 B

 0.28±0.13 0.15±0.02
 BC

 

C22:3n3 0.17±0.14 0.50±0.01 0.02±0.00 0.05±0.01
 B

 

C22:4n6 0.28±0.13 0.20±0.01
C
 0.42±0.03 0.07±0.04

C
 

C22:1n9 2.78±0.09
 BC

 1.89±0.07
 BC

 1.84±0.13
 B

 1.15±0.11
 BC

 

C22:5n6 0.63±0.02
 B

 0.49±0.06
 
 1.30±0.04

 B
 0.02±0.01 

C22:5n3  1.10±0.04
 B C

 1.06±0.10
 B

 0.73±0.04
 B C

 0.97±0.06
 B C

 
C22:6n3  1.20±0.09

 B C 
0.74±0.07

 B C
 0.75±0.06

 B C
 1.08±0.02

 B C
 

ΣSFA 32.3±0.5
 C

 33.7±0.4
 BC

 32.0±0.5
 C

 22.1±0.5
 
 

ΣMUFA 33.1±0.2
 
 22.4±0.5

 B
 18.6±0.2 16.3±0.7

 B
 

ΣPUFA 34.6±0.7
 BC

 43.9±0.8
 BC

 49.4±0.7
 BC

 61.6±1.1
 B

 

    Σn-3 3.70±0.05
 B

 16.8±0.6
 BC

 2.37±0.11
 

2.77±0.11
 

    Σn-6 30.9±0.7
BC

 27.2±0.2
 BC

 47.0±0.6
 BC

 22.2±0.5
C
 

Values are mean percent composition ± SEM (n=3 per cell line per treatment).  

Bold values indicate a significant difference in comparison to the OA/LA control 

(p < 0.05).  
B
 and 

C
 indicate significant differences compared to MCF-7 and 

MDA-MB-231 cell lines, respectively (p < 0.05).  ND indicates not detectable. 
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Figure 6.2 ALA, LA and CLA Content in Whole Cell Phospholipids of MDA-

MB-231, MCF-7 and MCF-12A Cells After Incubation with OA/LA Control 

Media.  Values are mean percent composition ± SEM (n=3-5 per cell line).  

Different letters within a fatty acid indicate a significant difference between cell 

lines (p < 0.05). 

 Cells grown in the OA/LA fatty acid control media have very low levels 

of ALA, and CLA isomers could not be detected in the PLs (Figure 6.2).  LA 

from this media was readily incorporated into the cell membranes, making up 

13.8-20.54% of the PL, where MDA-MB-231 cells had significantly lower levels 

of LA in comparison to the other two cell lines.  This fatty acid profile will be 

used as the comparison for the subsequent treatments being investigated. 
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Figure 6.3 ALA, LA and CLA Content in Whole Cell Phospholipids of MDA-

MB-231, MCF-7 and MCF-12A Cells After Incubation with 150μM ALA. 

Values are mean percent composition ± SEM (n=3-5 per cell line).  Black 

horizontal bars indicate the concentration of the fatty acid after treatment with 

OA/LA (Figure 6.2).  * indicate a significant difference (p<0.05) in the 

incorporation into the PLs in comparison to the OA/LA treatment.  Different 

letters within a fatty acid indicate a significant difference between cell lines (p < 

0.05). 

 ALA levels significantly increased in comparison to the control values 

with ALA treatment (Figure 6.3).  MCF-12A cells incorporated ALA significantly 

more than the tumorigenic cell lines.  LA levels significantly decreased in 

comparison to the OA/LA control in the MCF-7 and MCF-12A cell lines.  CLA 

isomers could not be detected with ALA treatment in any cell line. 
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Figure 6.4 ALA, LA and CLA Content in Whole Cell Phopholipids of MDA-

MB-231, MCF-7 and MCF-12A Cells After Incubation with 150μM LA. Values 

are mean percent composition ± SEM (n=3-5 per cell line).  Black horizontal bars 

indicate the concentration of the fatty acid after treatment with OA/LA (Figure 

6.2).  * indicate a significant difference (p<0.05) in the incorporation into the PLs 

in comparison to the OA/LA treatment.  Different letters within a fatty acid 

indicate a significant difference between cell lines (p < 0.05). 

 Cells incubated with LA showed significant increases in LA content in 

comparison to the control values in all cell lines (Figure 6.4).  ALA content in the 

PLs remained low, and a significant decrease was observed in MCF-12A cells.  

CLA isomers could not be detected with LA treatment. 
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Figure 6.5 ALA, LA and CLA Content in Whole Cell Phospholipids of MDA-

MB-231, MCF-7 and MCF-12A Cells After Incubation with 150μM c9, t11- 

CLA. Values are mean percent composition ± SEM (n=3-5 per cell line).  Black 

horizontal bars indicate the concentration of the fatty acid after treatment with 

OA/LA (Figure 6.2).  * indicate a significant difference (p<0.05) in the 

incorporation into the PLs in comparison to the OA/LA treatment.  Different 

letters within a fatty acid indicate a significant difference between cell lines (p < 

0.05). 

 In Figure 6.5, it can be seen that c9, t11-CLA incubation significantly 

increased both c9, t11-CLA and t10, c12 CLA levels in the PL of all cells lines.  

The c9, t11-CLA content was higher than t10, c12-CLA content, ranging from 

about 26-37% of PL compared to 1-3%, respectively.  The content of t10, c12 

CLA content was much higher in tumorigenic cells than MCF-12A cells, 

however, this difference was not observed in c9, t11-CLA content.  ALA and LA 

content in the PL decreased after treatment with c9, t11-CLA, however, only the 

decrease in LA levels in MCF-12A cells reached significance. 
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C. N-6:N-3 Ratios 

Table 6.4 N-6:N-3 Ratios of Whole Cell Phospholipids of MDA-MB-231, MCF-

7 and MCF-12A Cells Incubated with 150μM Fatty Acid Treatment. 

Treatment Cell Line   

 MDA-MB-231 MCF-7 MCF-12A 

Media 1.55±0.30
a 

2.73±0.32
b 

1.59±0.03
 ab 

OA/LA 7.14±1.02
 
 17.5±4.1

 
 8.34±0.38

 

ALA 1.77±0.14 1.67±0.06
 

1.63±0.07 
LA 10.7±0.9

a 
26.9±5.0

b 
20.0±1.0

ab 

CLA 5.93±0.53
 
 9.39±1.65

 
 8.02±0.36 

Values are means ± SEM (n=3-5 per cell line per treatment).  Bold values indicate 

a significant difference compared to the cell line’s respective OA/LA control (p < 

0.05).  Different letters within a treatment indicate a significant difference 

between cell lines (p < 0.05).   

 From Table 6.4, we can see that the n-6:n-3 ratios did not change 

significantly with CLA treatment compared to the OA/LA control.  The n-6:n-3 

ratios did not differ between cell lines with CLA treatment. 

 

IV. Discussion 

A.   Cell Viability 

Of the numerous CLA isomers available, we chose to investigate the 

effects of the c9, t11-CLA isomer, as it is the most common CLA isomer in the 

diet (3).  C9, t11-CLA was found to inhibit the growth of both our tumorigenic 

cells lines.  Literature reports concentrations from 25-200μM c9, t11-CLA was 

able to significantly inhibit the growth of MCF-7 cells in a dose dependent 

manner, but, MDA-MB-231 cell growth was not affected (11-13).  However, 

inhibitory effects of c9, t11-CLA have also been reported on MDA-MB-231 cells 

(14).  Our data confirms the MCF-7 results and agrees with literature indicating 

an inhibitory effect of this isomer on MDA-MB-231 cells.  The discrepancy with 

previous studies using this cell line may be due to our different culturing 

conditions, as in our studies we provided sufficient LA which has been found to 

both limit and enhance tumour growth (15).  However, we did observe a 

significantly greater reduction in cell viability after CLA incubation in MCF-7 
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cells compared to MDA-MB-231, which agrees with the current literature and 

suggests a possible effect via the ER in response to CLA (16-19). 

Our data suggests that the anti-tumorigenic activity of c9, t11-CLA is 

different from that of its precursors for bacterial cells LA and ALA, despite 

common chain length, as non-significant tumour cell inhibition was observed in 

the MDA-MB-231 cell line with both ALA and LA treatments.  LA has two cis- 

bonds at C9 and C12, while ALA has three cis-bonds at C9, C12 and C15.  LA 

has been previously compared to c9, t11-CLA in terms of effects on cell growth 

in MCF-7 cells, and results indicate a significant difference between the fatty acid 

treatments (13).  Previous experiments have also found different anti-tumorigenic 

activities between CLA isomers, as the t10, c12-CLA isomer has been found to 

inhibit breast tumour growth more than the c9, t11-isomer (20).  Therefore, the 

placements of double bonds along the fatty acid chain and possibly bond 

configuration (cis- or trans-) have a greater effect on anti-tumorigenic activity 

than chain length or number of bonds.  Which bond locations are the most 

important for fatty acids to exhibit anti-tumorigenic activity warrants further 

investigation. 

To our knowledge, cell viability has not been previously assessed the 

MCF-12A cell line.  However, in the non-tumorigenic breast MCF-10A cell line, 

c9, t11-CLA did not inhibit cell viability at any concentration up to 20μM 

compared to untreated control cells, but at higher concentrations significant 

inhibition was observed (21). Considering our CLA concentration was much 

higher, there is a discrepancy between our results.  However, these differences 

may be accounted for by the different cell line, media conditions and that the 

CLA used in the cited reference was isolated from methyl esters before 

conjugation to BSA.  The method through which fatty acids are delivered to 

breast cells have been found to affect cell growth differently (15).  LA at low 

dosages under 30μM have also been found to stimulate MCF-10A cell growth by 

as much as 50%, which could counter some of the inhibitory effects on growth by 

CLA (15).  LA has not been previously supplemented to MCF-12A cells prior to 

testing the anti-cancer activity of other fatty acids, to our knowledge. 
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Overall, c9, t11-CLA inhibited the growth of both MDA-MB-231 and 

MCF-7 tumorigenic cell lines but not the non-tumorigenic MCF-12A cells line 

like other anti-cancer fatty acids we have tested (ALA, SDA, LA, GLA).  Due to 

this similarity, it is possible that n-3 and n-6 fatty acids and c9, t11-CLA have a 

common anti-cancer mechanism. 

 

B. Phospholipid Composition 

CLA was significantly incorporated into the membranes of both 

tumorigenic cell lines as well as a non-tumorigenic cell line.  Previous findings 

also show incorporation of CLA into tumorigenic cell lines, however, 

incorporation into non-tumorigenic breast cell lines has not been previously 

recorded to our knowledge (10).  This study confirmed that human breast cancer 

cell lines, similar to non-tumorigenic cells, are unable to convert ALA or LA to 

c9, t11-CLA.  This finding is consistent with previous studies from our group in 

MCF-7 cells (10).  We also demonstrated that treatment with c9, t11-CLA 

significantly increased the content of t10, c12-CLA in all three cell lines, but to a 

greater extent in the MCF-7 and MDA-MB-231 cells.  CLA isomerism has been 

previously observed for breast cancer and hepatoma cells (10, 22-24).  T10, c12-

CLA has been found to have anti-tumorigenic effects stronger than c9, t11-CLA 

on breast cancer cells, so the conversion to this isomer may contribute to the anti-

tumorigenic effects of the c9, t11-CLA treatment observed in this study (10, 25).   

CLA treatment resulted in lower concentration of LA in MCF-12A cell 

PLs but not in the other cell lines.  These results suggest that CLA may replace 

LA levels in the PL membrane, similarly to other single n-3 and n-6 fatty acid 

treatments in MCF-12A cells as discussed in chapter four.  However, previous 

findings have found that CLA did not replace LA in phosphatidylcholine and 

phosphatidylethanolamine fractions of mammary tissues, indicating that further 

analysis of our treatments may be required of different PL classes, as they have 

different functions in the cell (26).  No other significant changes in n-3 and n-6 

fatty acid levels with CLA treatment on the tumorigenic cell lines indicate the 

anti-tumorigenic activity may not be determined by LA content in membrane PLs.  
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Previous studies in MCF-7 cells found decreases in DGLA, AA and DHA content 

in membranes in a c9, t11-CLA and LA mixture in comparison to untreated cells, 

however, due to a different background fatty acid mixture being used, our results 

cannot be compared (10).  CLA also did not change the n-6:n-3 ratio in 

comparison to the OA/LA control for any of the cell lines, possibly due to the 

wide variability between replicates.  Instead, we found that CLA significantly 

decreased total SFA levels in the membrane, which was not observed with n-3 or 

n-6 treatments.  This difference could contribute to c9, t11-CLA’s anti-

tumorigenic effects.  Also, c9, t11-CLA seemed to be incorporated more readily 

into the membranes than n-3 and n-6 fatty acids.  These changes in membrane 

composition caused by c9, t11-CLA are different from those that occur with the n-

3 and n-6 fatty acid treatments, suggesting that there may be different 

mechanisms through which these fatty acids act on through changes in the 

membrane.  Future work could isolate PL classes and lipid rafts, which are 

important in cell signaling. 

In MCF-12A cells, significant decreases in various longer fatty acid levels 

were also found, which is similar to our results in single n-3 and n-6 fatty-acid 

treatments and the SO treatment, further supporting the suggestion that there may 

be a fatty acid balance with in the composition of the PL membrane that is more 

important than the content of the longer-chained fatty acids.  This balance may 

not be maintained in the tumorigenic cells, leading to the anti-carcinogenic effects 

of bioactive lipids.  To our knowledge, the effects of CLA isomers have not been 

studied on normal breast cells in terms of viability and changes in the PL 

membrane composition, and these results show the changes normal cells undergo 

with c9, t11-CLA incubation. 

 

V. Summary 

  In conclusion, we confirmed that treatment with c9, t11-CLA has 

inhibitory effects on MDA-MB-231 and MCF-7 cells.  These inhibitory effects 

are accompanied by significant incorporation of c9, t11-CLA into membrane PLs 

and conversion to and incorporation of t10, c12-CLA.  These effects were 
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different from its 18-carbon precursors ALA and LA, suggesting that bond 

position and configuration may be important in determining fatty acid anti-

tumorigenic activity.  Some of the changes in PLs after CLA treatment were 

similar to those of n-3 and n-6 treatments, but others were unique to c9, t11-CLA 

treatment.  These differences suggest different mechanisms in terms of changes in 

lipid composition and anti-tumour activity between c9, t11-CLA and n-3 and n-6 

fatty acid treatments.  We also found that the growth of non-tumorigenic breast 

cells was not affected by c9, t11-CLA treatment at this dose, which has not been 

previously studied in this cell line.  These cells showed a different response in 

terms of changes in PL composition, as we observed significant decreases in 

levels of various longer fatty acid only in MCF-12A cells, and not MDA-MB-231 

and MCF-7 cells.  These observations were also seen with n-3 and n-6 fatty acids 

incubation on MCF-12A cells as well, suggesting that normal breast cell 

membrane homeostasis mechanisms exist that are not in tumorigenic cells.  These 

mechanisms may contribute to the lack of change in cell viability with c9, t11-

CLA treatment.  By identifying important changes in membrane composition that 

affects anti-tumorigenic activity, more efficient breast cancer therapies can be 

identified.  However, further investigations into changes in PL classes are 

required, due to the different functions of different PL classes in cells.  

Incorporation may be different between classes, which would affect cell signaling. 

 

VI.  References  

1. Kepler CR, Hirons KP, Mcneill JJ, Tove SB. Intermediates and products of 

biohydrogenation of linoleic acid by butyrivibrio fibrisolvens. J Biol Chem. 1966 

1966;241(6):1350,&.  

2. Kemp P, Lander DJ. The hydrogenation of gamma-linolenic acid by pure 

cultures of 2 rumen bacteria. Biochem J. 1983 1983;216(2):519-22.  

3. Schmid A, Collomb M, Sieber R, Bee G. Conjugated linoleic acid in meat and 

meat products: A review. Meat Sci. 2006 May;73(1):29-41.  



 

170 

 

4. Herbel BK, McGuire MK, McGuire MA, Shultz TD. Safflower oil 

consumption does not increase plasma conjugated linoleic acid concentrations in 

humans. Am J Clin Nutr. 1998 Feb;67(2):332-7.  

5. Rosberg-Cody E, Ross RP, Hussey S, Ryan CA, Murphy BP, Fitzgerald GF, et 

al. Mining the microbiota of the neonatal gastrointestinal tract for conjugated 

linoleic acid-producing bifidobacteria. Appl Environ Microbiol. 2004 Aug 

2004;70(8):4635-41.  

6. Coakley M, Ross RP, Nordgren M, Fitzgerald G, Devery R, Stanton C. 

Conjugated linoleic acid biosynthesis by human-derived bifidobacterium species. 

J Appl Microbiol. 2003 2003;94(1):138-45.  

7. Turpeinen AM, Mutanen M, Aro A, Salminen I, Basu S, Palmquist DL, et al. 

Bioconversion of vaccenic acid to conjugated linoleic acid in humans. Am J Clin 

Nutr. 2002 Sep 2002;76(3):504-10.  

8. De La Torre A, Debiton E, Durand D, Chardigny JM, Berdeaux O, Loreau O, 

et al. Conjugated linoleic acid isomers and their conjugated derivatives inhibit 

growth of human cancer cell lines. Anticancer Res. 2005 Nov-Dec 

2005;25(6B):3943-9.  

9. Ip C, Chin SF, Scimeca JA, Pariza MW. Mammary cancer prevention by 

conjugated dienoic derivative of linoleic acid. Cancer Res. 1991 Nov 

15;51(22):6118-24.  

10. Amaru DL, Field CJ. Conjugated linoleic acid decreases mcf-7 human breast 

cancer cell growth and insulin-like growth factor-1 receptor levels. Lipids. 2009 

May;44(5):449-58.  

11. Tanmahasamut P, Liu J, Hendry LB, Sidell N. Conjugated linoleic acid blocks 

estrogen signaling in human breast cancer cells. J Nutr. 2004 Mar;134(3):674-80.  

12. Chujo H, Yamasaki M, Nou S, Koyanagi N, Tachibana H, Yamada K. Effect 

of conjugated linoleic acid isomers on growth factor-induced proliferation of 

human breast cancer cells. Cancer Lett. 2003 Dec 8;202(1):81-7.  

13. Durgam VR, Fernandes G. The growth inhibitory effect of conjugated linoleic 

acid on MCF-7 cells is related to estrogen response system. Cancer Lett. 1997 Jun 

24;116(2):121-30.  

14. Miglietta A, Bozzo F, Bocca C, Gabriel L, Trombetta A, Belotti S, et al. 

Conjugated linoleic acid induces apoptosis in MDA-MB-231 breast cancer cells 

through ERK/MAPK signalling and mitochondrial pathway. Cancer Lett. 2006 

Mar 28;234(2):149-57.  



 

171 

 

15. Grammatikos S, Subbaiah P, Victor T, Miller W. N-3 and N-6 fatty-acid 

processing and growth effects in neoplastic and non-cancerous human mammary 

epithelial-cell lines. Br J Cancer. 1994 Aug;70(2):219-27.  

16. Choi Y, Park Y, Storkson JM, Pariza MW, Ntambi JM. Inhibition of stearoyl-

CoA desaturase activity by the cis-9, trans-11 isomer and the trans-10,cis-12 

isomer of conjugated linoleic acid in MDA-MB-231 and MCF-7 human breast 

cancer cells. Biochem Biophys Res Commun. 2002 Jun 21;294(4):785-90.  

17. Bocca C, Bozzo F, Cannito S, Colombatto S, Miglietta A. CLA reduces breast 

cancer cell growth and invasion through ER alpha and PI3K/Akt pathways. Chem 

Biol Interact. 2010 Jan 5;183(1):187-93.  

18. Wang L, Huang Y, Liu S, Yan P, Lin YC. Conjugated linoleic acid induces 

apoptosis through estrogen receptor alpha in human breast tissue. BMC Cancer. 

2008 Jul 24;8:208.  

19. Majumder B, Wahle K, Moir S, Schofield A, Choe S, Farquharson A, et al. 

Conjugated linoleic acids (CLAs) regulate the expression of key apoptotic genes 

in human breast cancer cells. Faseb Journal. 2002 Jul;16(9):1447,+.  

20. Lau DSY, Archer MC. The 10t,12c isomer of conjugated linoleic acid inhibits 

fatty acid synthase expression and enzyme activity in human breast, colon, and 

prostate cancer cells. Nutr Cancer. 2010;62(1):116-21.  

21. Rakib MA, Kim YS, Jang WJ, Choi BD, Kim JO, Kong IK, et al. Attenuation 

of 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced gap junctional 

intercellular communication (GJIC) inhibition in MCF-10A cells by c9, t11-

conjugated linoleic acid. J Agric Food Chem. 2010 Nov 24;58(22):12022-30.  

22. Huot PS, Sarkar B, Ma DW. Conjugated linoleic acid alters caveolae 

phospholipid fatty acid composition and decreases caveolin-1 expression in MCF-

7 breast cancer cells. Nutr Res. 2010 Mar;30(3):179-85.  

23. Ma D, Field C, Clandinin M. An enriched mixture of trans-10,cis-12-CLA 

inhibits linoleic acid metabolism and PGE(2) synthesis in NWA-MB-231 cells. 

Nutrition and Cancer-an International Journal. 2002;44(2):202-12.  

24. Igarashi M, Miyazawa T. The growth inhibitory effect of conjugated linoleic 

acid on a human hepatoma cell line, HepG2, is induced by a change in fatty acid 

metabolism, but not the facilitation of lipid peroxidation in the cells. Biochimica 

Et Biophysica Acta-Molecular and Cell Biology of Lipids. 2001 Feb 26;1530(2-

3):162-71.  



 

172 

 

25. Drouin G, Douillette A, Lacasse P, Paquette B. Radiosensitizing effect of 

conjugated linoleic acid in MCF-7 and MDA-MB-231 breast cancer cells. Can J 

Physiol Pharmacol. 2004 Feb;82(2):94-102.  

26. Ip C, Briggs SP, Haegele AD, Thompson HJ, Storkson J, Scimeca JA. The 

efficacy of conjugated linoleic acid in mammary cancer prevention is independent 

of the level or type of fat in the diet. Carcinogenesis. 1996 May 1996;17(5):1045-

50.  

  



 

173 

 

Chapter Seven – General Discussion and Conclusions 

I. Summary of Results 

A.   N-3 and N-6 Fatty Acids 

In this thesis, the effects of n-3 and n-6 fatty acids and their intermediates 

on two human tumorigenic breast cell lines, ER-PR- MDA-MB-231 and ER+PR+ 

MCF-7, and one non-tumorigenic breast cell line, MCF-12A were studied.  After 

48 hours of incubation with 150μM fatty acid, we assessed the treatment’s effects 

on the cell viability and whole cell PLs compared to a no fatty acid or OA/LA 

control treatment.  From our experiments we wanted to determine if: 

i. n-3 and n-6 fatty acids (n-3: ALA, SDA, ETA, EPA and DHA; n-6: 

LA, GLA, DGLA and AA) will decrease the growth of tumorigenic cells 

without affecting the growth of non-tumorigenic cells 

First investigating cell viability, we found that n-3 and n-6 metabolic 

pathway intermediates SDA, ETA, GLA and DGLA inhibited the viability of two 

tumorigenic breast cell lines.  SDA and GLA did not negatively affect the 

viability of a non-tumorigenic cell line, as hypothesized.  ALA and LA only 

inhibited MCF-7 cell viability, while AA only inhibited MDA-MB-231 cell 

viability.  As expected, EPA and DHA inhibited the growth of both tumorigenic 

cell lines. 

ii. individual n-3 and n-6 fatty acids will be incorporated into the PLs 

of all cells.  The proportion of n-3 and n-6 fatty acids incorporated into 

membrane PLs will be greater in tumorigenic cells than non-

tumorigenic cells after incubations 

In the whole cell PL, we found that each of the five n-3 treatment fatty 

acids (ALA, SDA, ETA, EPA and DHA) and four n-6 fatty acids (LA, GLA, 

DGLA, and AA) were incorporated into the membranes of both tumorigenic cell 

lines, which the exception of SDA in MDA-MB-231 cells, possibly due to its 

immediate conversion to ETA (Figure 7.1-2).  Similar PL incorporation was 
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observed in MCF-12A cells with ALA, SDA, LA and GLA treatments (Figure 

7.3). 

iii. n-3 and n-6 fatty acid intermediate supplementation (SDA, ETA, 

GLA and DGLA) will result in their conversion to their longer-chained 

counterparts and will be reflected in the fatty acid content of the cell PL 

Examining changes in n-3 and n-6 fatty acid content in breast cells by 

fatty acid intermediates in the n-3 and n-6 fatty acid pathway, we did not find 

significant increases in levels of pathway intermediates and products after ALA 

and LA incubation most likely due to a low catalytic activity of Δ-6 desaturase, as 

summarized in Figures 7.1-3.  However, increases in Δ8-desaturase substrates 

C20:3n3 and C20:2n6 were found, suggesting the use of an alternate pathway.  

Treatments with n-3 pathway intermediates SDA and ETA showed significant 

increases in the ETA and EPA content in MDA-MB-231 cell PL, while they only 

accumulated in MCF-7 cell PLs. SDA treatment accumulated ETA, EPA and 

DPA in MCF-12A cells. EPA treatment only increased DPA and DHA content in 

both tumorigenic cell lines.  N-6 intermediate GLA treatment resulted in increases 

in DGLA PL content, while AA treatment increased levels of C22:4n6.  Although 

conversions of fatty acids through the catalytic activity of the Δ6-desaturase were 

observed, it was not to pathway endpoints DHA and AA, as expected.  We also 

found significant increases in C20:3n3 and C20:2n6 levels with ALA and LA 

treatment, respectively, in MDA-MB-231 cells, suggesting the use of an alternate 

pathway involving a Δ8-desaturase enzyme for metabolism to longer chain 

intermediates. 

We also examined n-6:n-3 ratios in whole cell PL, and found that none of 

the n-6:n-3 ratios in breast cell PLs were significantly different from control 

OA/LA treatment in tumorigenic cells; however, ratios of all treatments with 

MCF-12A cells were significantly different from the control (decreased with n-3 

ALA and SDA treatment, and increased with n-6 LA and GLA treatment).  These 

changes in ratios did not match the results on cell viability, suggesting that this 

ratio in whole cell PLs is not a useful estimation for tumour viability.  It also 

suggests that tumour cells compensate differently than non-tumorigenic cells 
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when n-3 and n-6 fatty acids are incorporated into the membrane PLs.  In 

addition, we estimated desaturase activity based on whole cell PLs and found it 

was low in all cell lines.  Comparison of estimated activities between two 

different concentrations of LA suggested increased activity with a lower 

concentration of LA. 

Overall, we found that n-3 and n-6 fatty acid intermediates inhibited breast 

tumour cell growth without negatively affecting normal cell growth, and that 

these intermediates have anti-cancer effects themselves, independent of their 

conversion and incorporation into pathway endpoints in PLs. 
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Figure 7.1 Fatty Acid Conversion of N-3 and N-6 Fatty Acid and SO Treatment 

Incorporated into MDA-MB-231 Cell Phospholipids.  Large arrows pointing at 

fatty acids in the pathway indicate treatment fatty acid.  Small solid arrows 

between pathway fatty acids indicate the main metabolic pathway in humans, 

while patterned arrows indicate conversion of treatment fatty acids.  Boxes 

indicate significant fatty acid incorporation into PLs.  
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Figure 7.2 Fatty Acid Conversion of N-3 and N-6 Fatty Acid and SO Treatment 

Incorporated into MCF-7 Cell Phospholipids.  Large arrows pointing at fatty 

acids in the pathway indicate treatment fatty acid.  Small solid arrows between 

pathway fatty acids indicate the main metabolic pathway in humans, while 

patterned arrows indicate conversion of treatment fatty acids.  Boxes indicate 

significant fatty acid incorporation into PLs. 
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Figure 7.3 Fatty Acid Conversion of N-3 and N-6 Fatty Acid and SO Treatment 

Incorporated into MCF-12A Cell Phospholipids.  Large arrows pointing at fatty 

acids in the pathway indicate treatment fatty acid.  Small solid arrows between 

pathway fatty acids indicate the main metabolic pathway in humans, while 

patterned arrows indicate conversion of treatment fatty acids.  Boxes indicate 

significant fatty acid incorporation into PLs. 
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6 pathway intermediates, cell viability and whole cell PLs were assessed in cells 

treated with this mixture. Through these experiments, we wanted to determine 

whether: 

i. a mixture of fatty acids representative of the composition of an 

SDA-enriched flax seed oil will reduce cell growth in tumorigenic but 

not non-tumorigenic human breast cells 

As predicted, SO treatment showed similar inhibitory effects on the 

viability of tumorigenic cell MDA-MB-231 and MCF-7 cells, as compared to 

providing its main components ALA, SDA and GLA.  This same mixture, 

however, did not negatively affect the growth of normal MCF-12A cells, in 

agreement with the effects of its main components. 

ii. fatty acids within an oil that represents the composition of an SDA-

enriched flax seed oil will exhibit fatty acid conversion to their longer-

chained counterparts and be incorporated into the PLs to a greater 

extent in tumorigenic cells than non-tumorigenic cells 

Changes in the membrane PLs were similar to that of the individual fatty 

acid treatments of its major components: ALA, SDA and GLA.  SDA was 

converted to EPA and GLA was converted to DGLA, in MDA-MB-231 cells, 

while conversion of GLA to DGLA was observed in MCF-7 cells with SO 

treatment (Figures 7.1-2).  ALA and SDA from the SO were converted further to 

DPA in MDA-MB-231 cells and DHA in the MCF-7 cells.  Significant 

conversion of GLA to AA was also observed with SO treatment.  In MCF-12A 

cell lines, incorporation of converted fatty acids was less extensive, only 

increasing levels of ALA, SDA and DGLA in PLs (Figure 7.3).  Therefore, there 

was less incorporation of converted SO fatty acids in the PLs of MCF-12A cells, 

compared to the tumorigenic cell lines. This difference in PL incorporation may 

relate to their anti-growth activity in tumorigenic cells. 

Overall, we found that SO has inhibitory effects on cell viability specific 

to tumorigenic breast cell lines, similarly to its main components ALA, SDA and 

GLA.  This inhibitory effect was accompanied by fatty acid conversion and 
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incorporation into whole cell membrane PLs further down the n-3 and n-6 

metabolic pathways than its main individual components, suggesting that 

providing mixtures of fatty acids alters the ability of cells to convert and 

incorporate the downstream longer chain products of reactions involving 

desaturase and elongase enzymes. 

 

C. C9, t11-CLA  

 The effects of another anti-carcinogenic lipid, c9, t11-CLA on cell 

viability and whole cell PLs was also investigated in this thesis, using the same 

cell lines and treatment conditions as the n-3 and n-6 fatty acid experiments.  In 

these experiments, we wanted to ascertain whether:  

i. c9, t11-CLA will not negatively affect the growth of non-

tumorigenic breast cells  

 C9, t11-CLA treatment was found to inhibit the viability of both 

tumorigenic cell lines.  As hypothesized, incubation with c9, t11-CLA did not 

inhibit the viability of non-tumorigenic MCF-12A breast cells. 

ii. c9, t11-CLA will alter fatty acid tumour PL composition, 

replacing  n-6 fatty acids in the PL 

 In whole cell PL, we examined CLA and n-3 and n-6 fatty acid content 

with c9, t11-CLA treatment.  We found c9, t11-CLA content increased in all cell 

lines with c9, t11-CLA treatment.  Unexpectedly, increases in t10, c12-CLA 

levels, and decreases in total SFA (not observed with n-3 and n-6 fatty acid 

treatments in tumorigenic cells) were observed with c9, t11-CLA treatment in all 

cell lines.  Decreases in LA content in tumorigenic MDA-MB-231, and decreased 

LA and EPA content in non-tumorigenic MCF-12A cells were also observed 

compared to OA/LA control treatments within the same cell line.  Compared to 

tumorigenic cells, MCF-12A cells also showed significant decreases in the 

content of EPA, DPA, DHA and AA into the PLs with c9, t11-CLA treatment like 

with n-3 and n-6 fatty acid treatments.  This finding suggests there are specific 

compensations for the incorporation of this lipid into PLs.  Similar to our 
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observations with n-3 and n-6 fatty acid treatments, the n-6:n-3 ratios did not 

change significantly in tumour cells, and did not correlate with viability results.  

In summary, c9, t11-CLA treatment selectively decreased cell viability of 

tumorigenic cells, possibly due to CLA isomerisation. 

 

II. Implications 

  Previously, it was shown that dietary fat can affect the progression of 

breast cancer, especially n-3 fatty acids EPA and DHA, n-6 fatty acid AA, and the 

two major CLA isomers (1-5).  Mechanisms through which these fatty acids act 

include interference with the cell cycle, apoptosis induction, and interference with 

growth factor signaling, as well as incorporation into cell membrane PLs (6, 7).  

Changes in tumour cell membrane composition from these fatty acids have been 

previously associated with inhibitory effects of breast cancer tumours in vitro and 

are suggested to be a mechanism for their anti-cancer effects (8-12). 

  Despite their benefits, intake of the essential fatty acids (greater than 18 

carbons), with demonstrated anti-cancer properties, is low in the North American 

diet (1).  Although humans can convert the dietary available essential fatty acids 

ALA to EPA and DHA, and LA to AA, conversion rates in the body have been 

found to be limited by low catalytic activity of the Δ6-desaturase enzyme (13-15).  

However, we have shown that by bypassing this desaturase enzyme and directly 

providing pathway intermediates SDA and GLA, significant conversion of these 

fatty acids to longer-chained counterparts and incorporation of these fatty acids 

into the membrane PLs can occur, and these changes were associated with 

decreased tumour cell but not normal cell viability at the same concentration.  

Interestingly, providing intermediates in the n-6 and n-3 pathway upstream from 

DHA and AA did not increase the membrane content of DHA or AA—two fatty 

acids with established anti-tumorigenic properties.  These results suggest that 

these intermediates have anti-tumorigenic activity independent of their conversion 

and incorporation to biological pathway endpoints in PLs.  These results may 

spark more interest in these fatty acid intermediates as a potential anti-cancer 
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therapies and their incorporation into current therapies, as EPA and DHA have 

been found to enhance chemotherapy toxicity in breast cancer patients (16, 17).  

  Our findings suggesting the use of a Δ8-desaturase pathway in tumour 

cells is also of interest, as it is not a pathway that has been well studied in 

humans.  To our knowledge, our research is the first to identify the potential 

presence of an active Δ8-desaturase pathway in breast tumour cells.  Depending 

on the activity of this enzyme in tumorigenic cells compared to the Δ6-desaturase 

enzyme, other intermediates, C20:2n6 and C20:3n3, may also have anti-

tumorigenic activities or can be converted to anti-tumorigenic fatty acids, such as 

the intermediates investigated in this study.  

  Despite the observed benefits of n-3 and n-6 metabolic pathway 

intermediates, there are few sources of these fatty acids in our current food 

supply.  Therefore, by using a novel oil that has higher levels of these 

intermediates, it may be possible to increase the intake of these intermediates and 

to provide more potent anti-cancer activity.  Our results show that our fatty acid 

mixture representing an SDA-enriched flax oil has potential anti-tumorigenic 

effects on breast cancer cells in vitro without affecting the viability of normal 

cells.  These results not only demonstrate the potential efficacy of this novel oil 

on breast cancer cells, but also confirm that there are no negative effects in vitro 

on non-tumorigenic cells.  Our results will be useful for determining the 

commercial potential of this plant oil.  This oil appears to have beneficial effects, 

similar to that of DHA, on breast cancer cells.  The incorporation of converted 

long chain essential fatty acids was higher in cells incubated with this fatty acid 

mixture than single fatty acids in tumorigenic cells, suggesting that these fatty 

acids may be more effective when provided in a mixture of fatty acids than 

individually in a higher dose in terms of fatty acid conversion.    

  We also observed that changes in the n-6:n-3 ratios in the membranes of 

tumour cells did not predict changes in cell viability.  Therefore, the n-6:n-3 ratio 

in membrane PLs may not a good predictor of breast tumour growth, as 

previously suggested (18, 19).  As we observed that not all n-3 and n-6 fatty acids 

have the same inhibitory effect on the same cells, future studies should investigate 
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which fatty acid is provided and in what mixture when attempting to optimize the 

retardation of tumour progression. 

  Through our study with c9, t11-CLA, we found that normal breast cell 

viability is not affected by c9, t11-CLA, confirming the safety of using this fatty 

acid as a possible breast cancer treatment.  Some of the effects of c9, t11-CLA on 

the n-3 and n-6 membrane PLs were similar to the effects of n-3 and n-6 fatty 

acids, like decreasing long chain PUFA content.  Therefore, c9, t11-CLA may 

induce the same changes as n-3 and n-6 fatty acids to exhibit their anti-

tumorigenic effects.  However, changes in SFA levels and isomerisation to t10, 

c12-CLA were also observed with c9, t11-CLA treatment.  These unique changes 

may also contribute to the anti-tumorigenic activity of c9, t11-CLA, as SFA has 

been implicated in breast cancer progression and t10, c12-CLA has been shown to 

be more potent than c9, t11-CLA on breast cell viability (20, 21).  These unique 

changes suggest a mechanism different from n-3 and n-6 fatty acid treatment on 

cell viability.  Despite these changes in membrane composition, similar PL 

changes were observed in non-tumorigenic cells, suggesting changes in whole cell 

PLs may not be a good indicator of anti-tumorigenic activity.  Future studies 

should investigate the differences in treatment fatty acid localization in PL classes 

and lipid raft-based cell signaling on tumorigenic and non-tumorigenic cells.  

Through these experiments, which changes in the membrane are the most 

important in determining anti-cancer effects have yet to be elucidated and need to 

be investigated. 

  Our study investigated the effects of our treatment fatty acids in a more 

physiological environment than previous studies, with concentrations of OA and 

LA added into the cell culture media that mimic physiological membrane 

composition.  We investigated the effects of the n-3 and n-6 metabolic pathway 

intermediates as well as a novel SDA oil on breast cancer, which have not been 

well studied, if at all.  We also specifically studied the incorporation of converted 

fatty acids as a potential anti-cancer mechanism, which has not been previously 

studied.  A strength of our study is the use of a control cell line, rarely used in 

other cell culture studies, as well as two tumorigenic cell lines to enable a wider 
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application of the studied treatment fatty acids.  Our study revealed that the use of 

an n-6:n-3 ratio in whole cell PLs to predict breast cancer cell viability to be 

ineffective, which has been debated in literature, and determined estimated 

desaturase enzyme activity, which has not been investigated thoroughly in breast 

cancer cells.  From these points, new knowledge is added to the existing pool of 

literature. 

 

III. Future Directions 

  The effects of n-3 and n-6 fatty acid intermediates SDA, ETA, GLA and 

DGLA, and novel plant oils on chronic disease progression are fairly new 

concepts and have not been investigated thoroughly, nor have the effects of novel 

plant oils on chronic disease.  Because of these new ideas, there are many avenues 

through which these fatty acids and oils can be investigated. 

  Our experiments are somewhat limited in that only a single concentration 

was tested on the cell lines.  With only one concentration, it could not be 

determined whether the n-3 and n-6 fatty acid intermediates exhibited a dose 

response relationship with cell viability, similar to EPA and DHA, as previously 

determined (22).  By examining multiple concentrations, we would be able to 

determine the potency and acceptable dosage of these fatty acids on breast tumour 

cells.  Literature has suggested dose-response relationships exist with other fatty 

acids such as EPA, DHA, LA and AA (4, 23, 24).  We also did not study PL 

classes in the membrane lipids, nor did we study lipid raft composition, which 

may be important in determining the changes in cell signaling that leads to 

decreased cell viability in tumour cells, yet no negative changes in normal breast 

cells.  Previous studies have examined the effects of dietary fatty acids on 

different PL classes and lipid rafts and have found that changes in their 

composition result in different protein localizations that affect cell signaling (2, 

11). 

  As we focused on the n-3 and n-6 pathway products, we used membrane 

incorporation as predictors of desaturase activity rather than measuring actual 

enzyme activity and protein levels with our various treatments.  Future studies 
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should confirm our predictions by determining whether there are decreases in 

desaturase protein levels and use radio-labeled fatty acids to determine actual 

fatty acid conversion.  Not only have the activity and protein levels of Δ5- and 

Δ6-desaturase enzymes yet to be investigated, but the Δ8-desaturase should also 

be investigated.   It would be of interest especially when using the intermediates 

as an anti-cancer therapy to determine mechanisms through which it acts.  Our 

results suggest that total membrane PL incorporation may not be a strong 

predictor of the effect of these fatty acids on tumour cell growth.  It is very 

possible that the fatty acids or the downstream product were not incorporated into 

the PL, and directly or indirectly affect mechanisms like eicosanoids production 

(prostaglandin E2 and cyclooxygenase-2), chemokine receptor 4 levels, epidermal 

growth factor receptor delocalization from lipid rafts, and tumour suppressor 

syndecan-1 that can affect tumour growth, metastasis and apoptosis (2, 11, 12, 25, 

26). 

  Although we studied two tumorigenic cell lines representing the most 

common types of breast cancer, it is possible that our results only hold in vitro. 

The use of cell lines is the first step in determining the anti-cancer activity of a 

dietary treatment.  The next step would be to move to use an appropriate animal 

model and determine whether the effects seen in vitro are similar to those in a 

living system, where circulating hormones and eicosanoids, and the diet 

(including carbohydrates, proteins and other fats) may play a role.  Also, through 

using an animal model, fatty acids can be fed as triglycerides, the major form of 

dietary fat.  The most accurate way to represent physiological conditions in the 

way fatty acids are delivered to the body has been contested in literature.  By 

eliminating this variable and using an animal model, the animal’s natural 

digestion, absorption and processing of the fat would be the best way to deliver 

fatty acids in the most accurate physiological method.  Animal models would also 

expose tumours to other factors like circulating hormones and immune system 

modulators in the body which may have an effect on the progression of cancer.  

Circulating hormones are of special interest in breast cancer due to the presence 

of estrogen and progesterone receptors on some types of breast cancer.  These 
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hormones can aggravate the growth and progression of breast cancers when these 

receptors are present and are proposed to be one of the mechanisms by which n-3 

fatty acids mediate their effect on tumour growth/death (27, 28).  Desaturase 

activity is also dependent on circulating estrogen levels, and would affect fatty 

acid conversion (29).  Pro-inflammatory cytokines have also been implicated in 

the progression of breast cancer (30, 31).  Since many of the fatty acids 

investigated are eicosanoids precursors, it would be interesting to evaluate 

whether the fatty acid intermediates induce changes in the immune system in 

order to activate their anti-carcinogenic effects.  Previous studies with the more 

common fatty acids EPA and DHA have found that these fatty acids change the 

inflammatory state of the body (31). 

  In this thesis, we studied the fatty acid composition of one novel plant oil.  

It would be interesting to see if other novel plants with enriched SDA as well as 

plants enriched with other n-3 and n-6 fatty acid intermediates have similar effects 

on the viability and PL composition of breast cells.  Whether it was the mixture 

we used that was effective or if any plant oil enriched with intermediates have 

similar effectiveness on breast cancer viability has not been tested.  It would also 

be important to test this oil within a mixture of fats that are more representative of 

what is consumed by the population, as people usually do not limit their diet to a 

single plant oil.  When a variety of oils mix within a diet, not only may the 

proportional dosage of this oil may be considerably lower but other oils may 

negate the positive effects of this novel oil on breast cancer. 

   From our observations, CLA and n-3 and n-6 fatty acids exhibit both 

similar and different effects on the cell membrane PL composition.  It may be 

interesting to see if there is a specific change in the composition that causes 

changes in tumour viability and will not affect normal cells, as a possible target 

for dietary intervention.  We also determined that bond positioning may be 

important in terms of anti-tumorigenic activity, therefore, studying at other 

isomers like t10, c12-CLA may also be of interest.  As we only investigated one 

CLA isomer, examining different isomers could be interesting to see if there are 

certain bonds or combination of bonds important for anti-tumorigenic effects. 
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