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ABSTRACT 

 

A variety of soybean oils (SOs) were developed with improved functional properties. Some of 
the modified SOs contain altered fatty acid (FA) composition by selective breeding methods. 
Currently, low α- linolenic acid soybean oil (LLSO) and low α- linolenic acid and mid oleic acid 
soybean oil (LLMOSO) are available FA modified SOs in the market. The consumption of FA 
modified SOs has been  increased because the United States Food and Drug Administration 
required listing trans fat content in food products sold in U.S. as an effort to reduce possible 
health risks caused by trans fat beginning 2006. However, the effects of these FA modified SOs 
on human chronic diseases including breast cancer (BC) have not been studied.  BC has become 
the most frequently diagnosed cancer and is the second leading cause of cancer death among 
American women. The type of dietary fat, FA composition, and n-6/n-3 ratio are known to 
influence BC development. Therefore, it is possible that the changed FA composition and n-6/n-
3 ratio in the FA modified SOs may affect BC progression, and its critical health concern needs 
to be investigated. Increased human epithelial growth factor receptor 2 (Her-2/neu) and fatty acid 
synthase (FAS) are associated with BC progression. In fact, FAS activity and expression are 
affected by dietary FA composition and FA metabolism. Hypothesis of this research is that 
LLSO and LLMOSO may affect Her-2/neu and FAS expressing human BC (SK-Br3) cell 
growth in vitro and in vivo. To test our hypothesis, we investigated the potential adverse or 
beneficial effects of LLSO and LLMOSO in comparison with conventional SO and lard on 
human BC cells and then examined the possible mechanisms of action by evaluating the 
expression level of genes markers involved in growth factor mediated signal transduction 
pathway, specifically Her-2/ne- PI 3-kinase (phophoinositide 3- kinase)-FAS signal transduction 
pathway. In vitro study demonstrated that all of the tested oils at 0-2 µl/ml had cytotoxic effects.  
LLMOSO showed less cytotoxic effects on the growth of SK-Br3 cells compared to SO. 
However, there was no difference in SK-Br3 cell growth between LLSO and SO.   The apoptotic 
protein markers (mutant p53 and caspase-3) analysis revealed that the cell growth inhibition by 
oil treatments was cytotoxic by triggering apoptosis. Western blot analysis demonstrated that 
LLSO- and LLMOSO- induced changes on cell growth involve Her-2/neu and FAS signaling 
transduction pathway and sterol regulatory element binding protein-1 (SREBP-1), mitogen 
activated protein kinase (MAPK), and phosphatidylinositol 3-kinase (PI 3-kinase) were possible 
down-stream effectors of Her-2/neu signaling pathway. We also evaluated the dietary effects of 
LLSO (20% fat of total calorie), SO (20%), and lard (20%) on the growth of SK-Br3 tumors 
implanted in athymic mice. Changes in tumor surface area, body weight, and food intake were 
monitored during the 6 months feeding study. After termination, tumor net weight, Her-2/neu 
and FAS mRNA expression in tumors, FAS protein expression in liver, lipid composition in diets, 
abdominal fat, and serum, as well as plasma total cholesterol and triglyceride levels were 
analyzed. In vivo study showed that there were no statistical differences in tumor size and tumor 
net weight among SO, LLSO, and lard groups. No differences in FAS mRNA and protein 
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expression levels between the LLSO and SO groups were observed. Tumors from the lard group 
expressed higher Her-2/neu and FAS mRNA than those from the LLSO and SO group. The lipid 
analysis demonstrated that LLSO was not significantly distinct from SO in trans fat 
concentration after metabolism. Serum cholesterol and triglyceride levels were unchanged in 
LLSO fed compared to SO fed mice. In summary, LLSO which contained modification in αLA 
concentration showed similar effects on SK-Br3 as SO in both in vitro and in vivo. However, 
LLMOSO which contained more drastic modifications on FA composition exhibited less 
cytotoxicity compared to SO in vitro. 
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1 Literature Review 

1.1 Breast cancer (BC) and dietary fatty acids (FAs) 

BC has become the most frequently diagnosed cancer and is the second leading cause of cancer 

death among American women (1). In 2010, a prediction estimated 207,090 new cases of 

invasive BC among women and approximately 39,840 death from BC (2). BC prognosis and 

survival rate are closely related to cancer type and stage (3). Prognosis has strong influence in 

treatment decisions because patients with a good prognosis are more likely to receive less 

invasive treatments such as lumpectomy and sometimes radiation (4), while patients with poor 

prognosis may have to go through more aggressive treatment, such as more extensive 

mastectomy and possibly multiple chemotherapy drugs (3). For example, a type of BC cells that 

expresses estrogen receptor (ER) can be treated with drugs such as antiestrogens and aromatase 

inhibitors, to block ER-mediated BC cell functions, and generally have a better prognosis (3,5). 

In contrast to ER(+) BC, a type of BC that expresses human epithelial growth factor receptor 2 

(Her-2/neu) had a worse prognosis (6) and they respond to drugs such as the monoclonal 

antibody, trastuzumab (in combination with conventional chemotherapy) (7). Epidemiological 

studies showed that lifestyle, including dietary patterns, may influence BC development (8-10). 

migrant studies supported a positive relationship between high-fat intake and an increased risk 

for BC due to patterns shift from a low-fat diet to a high-fat diet (11). In addition to its role as an 

energy source and  membrane lipid composition, dietary fat has important effects on gene 

expression leading to changes in metabolism, growth, and cell differentiation (12). FAs are 

organic compounds consisting of a hydrocarbon chain and a terminal carboxyl group. They can 

be categorized into saturated fatty acid (SFA) or unsaturated fatty acid (USFA) which includes 
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monounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA) depending on the 

number of double bond. Essential fatty acids are types of PUFAs that cannot be synthesized in 

the body and therefore must be obtained through food intake (9). Two families of essential fatty 

acids are n-6 (linoleic acid group) and n-3 (linolenic acid group). Animal studies have provided 

strong data supporting a relationship between dietary fats and BC incidences (13,14). N-6 

PUFAs, especially linoleic acid (LA), have shown a stimulating effects (13,14). Diets with a high 

in SFAs have appeared to have a tumor-enhancing effect, although such effect is less severe than 

the effect exerted by LA (15). On the other hand, high levels of n-3 PUFA, including α-linolenic 

acid (αLA; C18:3), eicosapentaenoic acid (EPA; C20:5), or docosahexaenoic acid (DHA; C22:6) 

have shown inhibitory effects on BC incidence (16-19). The role of MUFA, such as oleic acid 

(OA) appears to be protective although some inconsistent results have been reported (20). 

Studies in rodents showed that not only quality (the type of fat) but also the quantity of fat is an 

important modulator of BC risk (15,18). The ratio of n-6/n-3 appears to be one of the important 

factors on BC development because excessive amounts of n-6 and a high n-6/n-3 ratio are linked 

with pathogenesis of many diseases including cardiovascular disease, cancer, and inflammatory 

diseases (21). The n-6/n-3 ratios of 2:1 to 4:1 have been associated with reduced mortality from 

cardiovascular disease and BC (21).  

1.2 Possible Mechanisms of dietary fat on Her-2/neu and FAS overexpressing BC 

The specific mechanisms of the effect of the dietary fat on BC  have not been well established 

but alterations in hormonal status, structure and function of cell membranes, cell signal 

transduction pathways, oxidative stress, gene expression and the immune system have been 

reported (10,22,23). One potential mediator of the effect of specific FAs on mammary 

tumorigenesis is fatty acid synthase (FAS), a key anabolic enzyme that catalyzes the terminal 

steps in the de novo biosynthesis of FAs (24) Dietary fats have shown to regulate the FAS 
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expression in animal studies (25,26).  The expression of hepatic FAS in the high linolenic (LA) 

lard group (4.1% LA) was lower than in the control lard group (0.4% LA) indicating that the 

intake of high linolenic lard suppressed the FAS expression in rats (25). FAS provides 

proliferating tumor cells with endogenously synthesized FAs that can be incorporated into 

membrane lipids (27). In BC, elevated FAS expression is associated with more advanced disease 

and portends a poor diagnosis (28,29). Pharmacological inhibition of FAS is selectively 

cytotoxic to tumor cells in culture and in vivo (30,31), and thus represents an experimental 

strategy for cancer therapy. It was known that FAS regulation is closely related to Her-2/neu 

expression in BC cells (32-34). Her-2/neu overexpression stimulates the FAS promoter and 

ultimately mediates increased endogenous FA synthesis (35). Her-2/neu belongs to a family of 

cell surface tyrosine kinase receptors, the ErbB, also known as epidermal growth factor receptor 

(EGFR) family (36). In tumorigenesis, ErbB receptors are activated by mechanisms such as gene 

mutation, gene amplification and abnormal production of epidermal growth factor family ligands 

(36). The activation of tyrosine kinase domain activates intracellular signaling pathways and 

eventually regulates diverse biological responses including proliferation, differentiation, cell 

motility, and survival (36). Aberrant expression of Her-2/neu, in particular, is known to increase 

cell proliferation, resistance to apoptosis, and metastatic behavior through the PI 3-kinase and the 

mitogen-activated protein kinase (MAPK) pathways (36). The transduction cascades induced by 

Her-2/neu drive the constitutive activation of sterol regulatory element binding protein 1-c 

(SREBP-1c), resulting in the induction of FAS gene (32,33,37,38). Figure 1 illustrates possible 

FAS- involved signal transduction pathway. Dietary fats may regulate the expression levels of 

Her-2/neu as well as FAS through down-stream effectors (i.e. SREBP-1c, MAPK, and/or PI 3-

kinase) of Her-2/neu signaling pathway therefore modulate the BC proliferation and survival. 
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1.3 FA modified SO oils, LLSO and LLMOSO 

SO occupies 75-80% of vegetable oil consumed in the United States.  Conventional SO is low in 

SFAs (less than 15%), high in UFAs (61% of PUFAs and 24% of MUFAs) (39,40).  SO requires 

hydrogenation or partial hydrogenation process for longer shelf life and better texture. 

Hydrogenation oils are produced at high temperature with metal catalysts and pressurized 

hydrogen. In the process of hydrogenation, double bonds between the carbon atoms of the FA 

are broken and hydrogen is added. This process of hydrogenation acts to weaken the double 

bonds and causes a large percentage of the natural cis double bonds to change trans double 

bonds. In last few decades, a variety of SOs were developed with improved functional properties, 

such as physical characteristics and chemical stability, by selective breeding or genetic 

modification (41).  These oils are low α- linolenic acid soybean oil (LLSO), low α- linolenic acid 

and mid oleic acid soybean oil (LLMOSO), and low α- linolenic acid and high oleic acid 

soybean oil (LLHOSO). The primary intent of FA modifications in SOs is to avoid trans fat 

generation during hydrogenation process of SO. Decreasing the relative proportion of trans FAs 

and SFAs may make oil more desirable from a heart disease prospective because trans fats raise 

the level of low- density lipoproteins (LDL) increasing the risk of coronary heart diseases 

(42,43). Lichtenstein et al., demonstrated that all varieties of SOs including LLSO and  LLHOSO, 

resulted in more favorable lipoprotein profiles than the partially hydrogenated conventional SOs 

therefore claimed the FA modified SOs as viable alternatives of conventional SO (43). However, 

the influences of the FA modified SOs have not been evaluated on BC.  In this study, we 

investigated the effects of the FA modified SOs, LLSO and LLMOSO in particular, on a FAS 

and Her-2/neu over-expressing SK-Br3 cells.  
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Chapter 1 

The effects of LLSO and LLMOSO on the growth of Her-2/neu and FAS- overexpressing 
human BC (SK-Br3) cells, in vitro 

1.  Introduction  

In the United States, BC is the second leading cause of cancer health in women and has been 

increasing in men (44). Risk factors for BC incidence include age, country, reproductive status, 

exogenous hormones and lifestyle risk factors (alcohol, diet, obesity, and physical activity) (45). 

A number of studies have demonstrated that the influence of dietary fats on BC depends not only 

on the quantity but also on the type of lipids (15,18). SO is the most widely used oil in the U.S., 

accounting for 75-80% of vegetable oil consumed. However, SO has to undergo hydrogenation 

for a longer shelf life and a better texture and as a side effect of the hydrogenation process, a 

large percentage of the natural cis double bonds are changed to trans double bonds (trans fat). 

Consumption of the dietary trans FAs results in raised levels of LDL thus increasing the risk of 

heart diseases (42,43) and also related with increased BC risks (46). In 2006, Food and Drug 

Administration mandated that all food products containing trans fats greater than 0.5g per 

serving must be properly identified on the nutrition facts label. As a consequence, a variety of 

SOs were developed to reduce trans fat contents in the oil. LLSO and LLMOSO, in particular 

are developed to avoid trans fat generation during hydrogenation process of SO. According to 

gas chromatography analysis, LLSO and LLMOSO were distinguished from SO by the 

quantities of aLA, LA, and OA (Table 1A). The changes in the amount of aLA, LA, and OA 

affect to the concentrations of 1) total SFA, MUFA and/or PUFA and  2) the ratio of n-6/n-3 in 

LLSO and LLMOSO compared to SO (Table 1B).  

Specifically, αLA content of the LLSO diet was 0. Due to the reduced amount of αLA in LLSO, 
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the n-6/n-3 ratio for LLSO was 6.2-fold elevated compared to that in SO. The amount of other 

FA, for example palmitic acid (PA), stearic acid (SA), OA, and LA remained very close to the 

amount in SO.  On the other hand, the LLMOSO contained about 2-fold increased the amount of 

OA compared to SO. LLMOSO also contained 3.6-fold lower amount of αLA compared to that 

in SO, making the ratio of n-6/n-3 approximately 6.7-fold higher than that of SO. The amount of 

total SFA, MUFA, and PUFA of LLSO was similar to that of the SO.  In contrast to LLSO, 

LLMOSO had greater changes in total amount of SFA, MUFA, and PUFA. The inconsiderable 

modification in the amount of total SFA, MUFA, and PUFA found in LLSO was originated from 

the fact that the aLA content which was a main modification in LLSO was not significant in SO 

(5.81% of total lipids).   

The modification of the total amount of SFA, MUFA, and PUFA and changes in n-6/n-3 ratio 

can lead to unexpected effects on BC biology because the influence of dietary fats on cancer 

depends on the quantity and the type of lipid; n-6 PUFA and n-3 PUFA differ in their ability to 

affect mammary tumor formation and growth (47).  A high n-6/n-3 ratio are linked with 

pathogenesis of many diseases including cancer, and inflammatory diseases (21).  For example, 

the substitution of canola oil for corn oil in the diet (8 % in diet) slowed the growth of low- FAS 

expressing human BC (MDA-MB-231) tumors in athymic mice (48). The substitution of canola 

oil for the corn oil reduced the amount of LA and decreased the n-6/n-3 ratio from about 341.70 

to 146.20 (48). The n-6/n-3 ratio in SO, LLSO, and LLMOSO were 8.46, 52.36, and 54.70, 

respectively (Table 1B). Therefore, it is highly likely that the modifications of FA profiles in SO 

variants modulate the growth of BC cells.  In our lab, LLSO has shown to stimulate the growth 

of ER(+) and ER(-) human BC cells in vitro (unpublished study  by Ji Eun Kwak). LLSO 

treatments (≥ 1 µl) significantly increased the growth of human ER(-) BC (MDA-MB-231)cells 

compared to SO.  LLSO (≥ 1 µl) also increased ER(+) human BC (MCF-7) cell growth. Whereas 
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SO, at the selected concentration range, did not alter the growth MDA-MB-231 and MCF-7 cells.  

The possible mechanism that LLSO stimulate BC cell growth is not clear at this point. In this 

chapter, the effects of FA modified SOs on FAS and Her-2/neu overexpressing BC cells will be 

examined and the possible mechanisms of their action will be investigated   
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2 Rationale, Hypothesis, and Specific Aims   

2.1 Justification of Research  

 

This study is designed to determine the effects of LLSO and LLMOSO on SK-Br3 cell lines in 

vitro. The preliminary studies conducted in our lab showed that LLSO stimulated the growth of 

BC cells (MDA-MB-231 and MCF-7) in vitro. However the mechanism by which LLSO acted 

on BC was unclear. By using SK-Br3 which overexpresses both Her-2/neu and FAS, the possible 

involvements of the FAS and Her-2/neu pathways as well as their main effectors (SREBP-1, 

MAPK/ERK, PI 3-kinase/Akt) can be investigated.    

2.2 Hypothesis 

My hypothesis is that LLSO and LLMOSO might have potential adverse effects on SK-Br3 cell 

growth due to its reduced content of αLA and elevated ratio of n-6/n-3 by altering the protein 

expressions involved in Her-2/neu-FAS signal transduction pathway.  We hypothesized that FA 

modifications made in LLSO or LLMOSO might modulate the Her-2/neu expression and 

therefore regulate FAS which is a downstream effector of Her-2/neu. I plan to test this 

hypothesis by pursuing the following two specific aims:  

2.3 Aims 

2.3.1  Aim 1. To determine the effect of LLSO, LLMOSO in comparison to SO and lard 
on cell viability, proliferation and apoptosis of SK-Br3 cells in vitro 

To test if LLSO and LLMOSO stimulate the SK-Br3 cell growth, we will test the effects of and 

oils (SO, LLSO, LLMOSO, and lard at 0-2 µl/ml) and FAs (at 0-0.1 µl/ml media) on SK-Br3 cell 

viability using (4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. We will 

further evaluate whether the oil induced changes in SK-Br3 cell viability evolves cellular 

proliferation and apoptosis by 5-bromo2′-deoxyuridine (BrdU) assay and by western blot 

(mutant p53 and caspase 3). 
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2.3.2  Aim 2. To evaluate the protein expression levels of Her-2/neu, FAS, SREBP1, p-
ERK, and p-Akt that are involved in Her-2/neu and FAS signal transduction 
pathway.  

To test if the stimulatory effects by LLSO and LLMOSO involves Her-2/neu and FAS signal 

transduction pathway, we will examine the LLSO or LLMOSO induced changes on the 

expressions of Her-2/neu and FAS as well as the protein expressions of their downstream 

effectors (SREBP1, p-ERK, and p-Akt) in SK-Br3 cells at transcription and translation levels 

using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) and western blot 

analyses.  
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3 Material and Methods 

3.1 Cell culture 

SK-Br3 BC cells were obtained from the American Type Culture Collection (ATCC, Manassas, 

VA). SK-Br3 cells were originally derived from 43-year-old Caucasian woman at Memorial 

Sloan-Kettering Cancer Center in 1970 (49). The cells were maintained in McCoy’s 5A 

(Mediatech Inc, VA) supplemented with 10% (v/v) bovine calf serum and 1% penicillin (100 

units/ml) and streptomycin (100 µg/ml) in an incubator at 37 °C with a constant supply of 5% 

CO2.  

3.2 Cell Viability Assay 

The effects of individual FAs (αLA, LA, and OA) (Sigma, MO) and the FA modified SOs 

(LLSO and LLMOSO, Asoya, IA) on SK-Br3 cell viability were tested by using MTT assay. The 

results were expressed as an average of three independent experiments. 

 Individual FA: SK-Br3 cells (5 × 104 cell/ml) were seeded in 24-well culture plates. One 

day after seeding, cells were treated with various concentrations (0 - 0.1 µl/ml, equivalent to 0.3 

- 300 µM) of FAs every 48 h for 96 h. These concentrations were in the relevant range of free 

FA in serum. In human serum, the circulating free FAs is ~500 µM (50) and the free FA 

concentration in human BC tissue is 150 - 400 nM (51).  The FAs were dissolved in 100% 

ethanol and stored as stock solution (1 g/ml, and 3 M) at -20°C. For experimental use, all FAs 

were freshly prepared from stock solution and diluted with growth media. Media containing 

ethanol was used as a negative control.  After 96 h treatment, medium was then removed and 50 

µl of MTT solution (1 mg/ ml in phosphate buffered saline) in 450 µl of media was added to 

each well. The cells were additionally incubated at 37°C for 5 h.  The blue formazan crystals 

were dissolved in 500 µl of l mg/ml SDS in 0.1 N HCl. After overnight incubation, the optical 
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density (OD) was measured at 570 nm using a spectrophotometer (Bio-Tek Instrument, Inc., 

Winooski, VT). OD values were normalized to numbers of cells based on a standard growth 

curve. 

 Oils:  SK-Br3 cells (5×104 cell/ml) were treated with 0-2 µl/ml of SO, LLSO, LLMOSO, 

and lard in 24-well culture plate every 48 h for 96 h.  These concentrations were selected because 

the molarity of each FA in these oils concentration ranges was equivalent to the FA 

concentrations used in cell viability assay.  For better delivery of oils to the cell, the oils were 

mixed with dimethylsulfoxide (DMSO) at a ratio of 1:1 (52).  DMSO in media without oil was 

included as a negative control.  The rest of the experimental processes were identical as 

described in the cell viability assay with individual FAs.  

3.3 Cellular Proliferation Assay 

To assess whether the oils- induced growth inhibition was resulted from the reduced cell 

proliferation, the immunodetection of BrdU incorporation by S-phase cells was employed. BrdU 

cell proliferation assay kit (Roche Applied Science, Mannheim, Germany) was used to measure 

cell proliferation by quantifying BrdU incorporated into the newly synthesized DNA of 

replicating cells.  Briefly, SK-Br3 cells (1×104 cells/100 µl/well) were incubated for 24 h in 96-

well flat bottom culture plates in CO2 incubator at 37 °C. The cells were then treated with oils 

(0.2 µl SO, LLSO, LLMOSO, or lard in 100 µl media) and incubated for 96 h at 37°C. The oils 

were replaced with fresh oils/media after 48 h incubation. After addition of BrdU solution (10 

µl/well), the culture was re-incubated for additional 24 h. After this period of BrdU incorporation, 

the medium was removed by aspiration. Cells were fixed and denatured by incubating FixDenat 

(for simultaneous fixation and denaturation of DNA) (200 µl/well) at room temperature for 30 

min. After the incubation, BrdU incorporated cells were detected by anti-BrdU-POD 
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(peroxidase-conjugated anti-BrdU antibody) (100 µl/well) and its substrate solutions. The color 

development was measured in an enzyme-linked immunosorbent assay (ELISA) reader at 370 

nm (Bio-Tek Instrument, Inc., Winooski, VT). The results were expressed as an average of three 

independent experiments. The molarities of αLA, OA, and LA in 0.2µl oils/100 µl media were as 

follow; SO (OA:LA:αLA=15.75 µM:29.70 µM:0.64 µM) , LLSO (OA:LA:αLA=12.89 

µM:29.52 µM:0.08 µM), LLMOSO (OA:LA:αLA=23.28 µM:18.54 µM:0.99 µM) lard 

(OA:LA:αLA=20.23 µM:11.88 µM:0.67 µM). The molarity of each FA in oils was equivalent to 

the concentrations of 0.005 - 0.01 µl/ml in cell viability assay for individual FAs. The only 

exception was αLA; its quantities in the experimental oils were very low and this concentration 

was not included in cell viability assay with individual assay. 

3.4 FA Composition analysis  

3.4.1 Lipid Extraction and Methylation  

In collaboration with Dr. Ben Corl (Dairy Science, Virginia Tech), FA composition of oil-treated 

SK-Br3 cells was determined by gas chromatography (GC). Triplicate samples of   SK-Br3 cells 

(1×105 cell/ml) were treated with 2 µl/ml of SO, LLSO, LLMOSO, and lard every 48 h for 96 h. 

The concentration of 2 µl oils/ml was selected because the difference between oil treatments on 

SK-Br3 cell viability and proliferation was the most drastic at this concentration. The cells were 

harvested with Trypsin-EDTA incubation for 5 min followed by centrifugation at 800 rpm for 5 

min. Total lipids in the cell pellet were extracted after homogenization in hexane-isopropanol 

(3:2) solution according to the procedure of Hara and Radin (53,54).  FAs from cell pellets were 

methylated using the base-catalyzed transmethylation procedure for esterified FAs as described 

by Christie (54). The lipids were methylated using 1% methanolic sulfuric acid (50°C for 2 h) to 

methylate both the esterified and non-esterified FAs.  
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3.4.2 GC 

FA composition was determined using a GC (Agilent 6890N, Santa Clara, CA) equipped with a 

100 m CP-Sil 88 capillary column (i.d., 0.25 µm, film thickness, 0.20 µm; Varian, Palo Alto, 

CA) and a flame ionization detector. At the time of sample injection, the column temperature 

was 80°C and then the temperature was ramped at 2°C/min to 190°C and maintained for 13 min. 

Temperature was then ramped again at 2°C/min to 210°C and maintained for 20 min. Inlet and 

detector temperatures were 250°C. The split ratio was 100:1. The flow rate for H2 carrier gas was 

1 mL/min. Most FA peaks were identified and quantified using a quantitative mixture of pure 

methyl ester standards (Nu Chek Prep, Elysian, MN).  

3.5 qRT-PCR Analysis of mRNA Expression in Cells 

FA modified SO-induced changes in FAS and Her-2/neu mRNA expressions were analyzed by 

qRT-PCR using the iQTM SYBR Green Supermix (Bio-Rad, Hercules, CA). Major changes in 

FAS and Her-2/neu were evaluated. Primer pairs were designed using Becon Designer (Premier 

biosoft international, CA) and the sequences are listed in Table 2. SK-Br3 cells (2×105 cells/ ml) 

were incubated with 2 µl oils/ml for 48 h. Total RNA was prepared from cell pellet (30 mg) 

using Qiagen reagents (Qiagen, CA) according to the manufacturers’ protocol. RNA quality was 

assessed by GeneQuant II (Pharmacia Biotech, NJ). cDNA was prepared by reverse transcription 

of 10 ng of total RNA using iScript Reverse Transcription Reagents (Bio-Rad, CA). PCR 

reactions were amplified and analyzed using iCycler (Bio-Rad, CA). Data were analyzed using a 

comparative threshold cycle (Ct) method. Each sample was run as triplicates in separate tubes to 

permit quantification of target genes normalized to a control, glyceraldehyde 3-phosphate 

dehydrogenase (GADPH). At the end of the PCR, samples were subjected to a melting analysis 

to confirm the specificity of the amplicon.  
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3.6 Western Blot Analysis  

Changes in the expression levels of proteins that are involved in Her-2/neu-FAS signaling 

pathway (Her-2/neu, FAS, SREBP-1, p-ERK-1, p-Akt) and apoptotic marker proteins (caspase-3 

and mutant p53) were evaluated by western blot analysis. SK-Br3 cells (1×105/ml) were 

incubated with 2 µl oils/ml every 48 h for 96 h. Cells were lysed in RIPA lysis buffer (25 mM 

Tris-HCl pH 7.6, 15 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing 10 

mM 2-mercaptoethanol, 10 µg/ml PMSF, 15 µl/ml Triton X-100, and protease inhibitor cocktail 

and the protein concentration was determined by Bradford assay (Bio-Rad, CA) . Protein extracts 

(10 µg/well) were separated by 7.5% SDS/PAGE and electrophoretically transferred onto 

nitrocellulose membrane. Blocking was carried out in 5% non-fat milk followed by incubating 

the membrane with primary antibody [rabbit anti-Her-2/neu; 1:4,000, rabbit anti-FAS; 1:20,000, 

mouse anti-p53; 1:5,000, rabbit anti-SREBP-1; 1:5.000, mouse anti-caspase-3; 1:5,000, mouse 

anti-p-ERK-1; 1:1,000, rabbit anti-p-Akt; 1:1,000, or goat anti-actin; 1:20,000] overnight at 4 °C. 

Excess antibodies were removed by washing with TBS–Tween 20 (TBS-T). Incubation with 

secondary antibody conjugated to horseradish peroxidase [anti-mouse IgG, anti-goat IgG or anti-

rabbit IgG, diluted 1:200,000 in 1× TBS-T] was performed for 1 h at room temperature. After 

three washes, the reaction was developed by the addition of SuperSignal West Femto Maximum 

Sensitivity Substrate (Thermo Scientific, IL).  The emitted light was captured on X-ray film. 

Beta-actin was used as a loading control. The protein expression levels were quantified using a 

densitometer with Image-Pro Plus software (Bethesda, MD). The relative level was calculated as 

the ratio of each protein expression to beta-actin level. The results were expressed as an average 

of three independent experiments. 
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3.7 Statistical Analysis  

All experiments were done in triplicates. The results were represented as mean ±SEM. One-way 

ANOVA (analysis of variance) with Tukey’s post hoc test was used to calculate P values using 

SigmaStat 3.5 (Systat Software Inc, CA). A probability of p<0.05 was taken as denoting a 

significant difference between samples. 
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4 Results 

4.1 The effects of αLA, OA, and LA on the growth of SK-Br3 cells 

Cell viability assays indicated that all three FAs (0.001 µl – 0.1 µl/ml media) induced significant 

dose- dependent growth inhibitory effects on SK-Br3 cells (Figure 2). 

 αLA inhibited SK-Br3 cell viability by 34.60 % at 0.0001 µl/ml (0.33 µM), 67.70% at 

0.001 µl/ml (3.29 µM), 72.90% at 0.005 µl/ml (16.50 µM), 76.00% at 0.01 µl/ml (32.90 µM), 

87.70% at 0.05 µl/ml (164.50 µM), and 100% at 0.1 µl/ml (329 µM) compared to the vehicle 

control  (p<0.05) (Figure 2A).  

 LA inhibited SK-Br3 cell viability by 8.30% at 0.0001 µl/ml (0.32 µM),14.60% at 0.001 

µl/ml (3.21 µM), 49.60% at 0.005 µl/ml (16.05 µM), 72.40% at 0.01 µl/ml (32.10 µM), 71.10% 

at 0.05 µl/ml (160.50 µM), and 74.50% at 0.1 µl/ml (321 µM), compared to the vehicle control  

(p<0.05) (Figure 2B).  

 OA inhibited SK-Br3 cell viability by 15.80% at 0.0001 µl/ml (0.28 µM), 44.80% at 

0.001 µl/ml (2.77 µM),, 62.70% at 0.005 µl/ml (13.85 µM), 69.40% at 0.01 µl/ml (27.70 µM), 

70.00% at 0.05 µl/ml (138.50 µM), and 75.30% at 0.1 µl/ml (277 µM), compared to the vehicle 

control  (p<0.05) (Figure1) (Figure 2C).  

 At 0.01 µl/ml media, the cell viability following αLA treatment was significantly lower 

than that of LA treatment (p<0.05) (Figure 2D). At 0.05 µl/ml and 0.1 µl/ml, the cell viability 

after αLA treatment was significantly lower than that of OA and LA (p<0.05) (Figure 2D).  

Although all three FAs inhibited the growth of cells, αLA showed the strongest inhibitory effect 

among the tested FAs (p<0.05).  
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4.2 The effects of SO, LLSO, LLMOSO, and lard on viability and proliferation of SK-

Br3 cells  

Cell viability: Dose-response studies of SO, LLSO, LLMOSO, and lard (0-2 µl/ml) were 

conducted to evaluate their effects on cell viability of SK-Br3 cells. The magnitudes of growth 

inhibitory effects of oils were found increase with higher concentrations (0.5- 2µl/ml) (Figure 3). 

SO inhibited cell viability by 49.20% at 0.5 µl/ml, 55.10% at 1 µl/ml, and 56.10% at 2 µl/ml 

compared to the control (p<0.05) (Figure 3A).  LLSO inhibited cell viability by 13.80% at 0.5 

µl/ml, 39.70% at 1 µl/ml, and 50% at 2 µl/ml compared to the control (p<0.05) (Figure 3B). Lard 

inhibited cell viability by 17.10% at 0.5 µl/ml, 28.40% at 1 µl/ml, and 44.00% at 2 µl/ml 

compared to the control (p<0.05) (Figure 3C).  LLMOSO inhibited cell viability by 15.50% at 

0.5 µl/ml, 27.90% at 1 µl/ml, and 31% at 2 µl/ml compared to the control (p<0.05) (Figure 3D). 

According to the cell viability assay, SO treatment induced the greater growth inhibition effect 

than LLSO, lard, and LLMOSO (p<0.05) at concentration of 0.5-2 µl/ml (Figure 3E).  

Cellular Proliferation: The effects of oil treatments on SK-Br3 cellular proliferation were 

examined using BrdU incorporation method (Figure 4). Cells treated with oils (2 µl/ml) showed 

drastic reduction of proliferating cells. The BrdU positive cells after SO treatment were 54.30% 

and the BrdU positive cells after LLSO, lard, and LLMOSO treatments were 65.20%, 68.10%, 

and 77.10%, respectively. There was a statistical significance between SO and LLMOSO 

treatments (p<0.05).  However, no statistically significant differences were found among the SO, 

LLSO, and lard groups.   
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4.3 FA composition analysis of SK-Br3 cells after oil treatments.  

The FA composition analysis was performed to determine the uptake of lipid by SK-Br3 cells. 

The FA compositions of SK-Br3 cells after oil treatments were presented in Table 3.  

The contents of C18:1 n-9 in oil itself were 23.51% in SO, 25.56% in LLSO, 35.73% in lard, and 

46.80% in LLMOSO  (Table 1A) and the values in SK-Br3 after oil treatments were 23.97% in 

SO, 25.62% in LLSO, 33.66% in lard, and 41.67% in LLMOSO. The value of C18:1 n-9 in the 

vehicle control was 29.16%. The C18:1 n-9 value of the control was not significantly different 

from the oil-treated groups. However the C18:1 n-9 value of LLMOSO was significantly 

different from the control (p<0.05).  

C18:2 n-6 values in oil itself were 49.57% in SO, 52.36% in LLSO, 12.15% in lard, and 31.82% 

in LLMOSO (Table 1A), respectively.  C18:2 n-6 values in the oil treated SK-Br3 cells were 

5.71% for the control, 40.11% in SO, 43.64% in LLSO, 11.09% in lard, and 27.92% in 

LLMOSO, respectively. The C18:2 n-6 value of the control was significantly different from the 

oil-treated groups (p<0.05).  

C18:3 n-3 values in SO, LLSO, lard, and LLMOSO in oil itself were 5.81% in SO, 0% in LLSO, 

0.6% in lard, and 1.62% in LLMOSO (Table 1A), and their values after oil uptake by SK-Br3 

were 4.49% in SO, 0.87% in LLSO, 0.52% in lard, and 1.46% in LLMOSO. The C18:3 n-3 

value for control was 0.16% and the C18:2 n-6 values of SO, LLSO, and lard were significantly 

differently from the control (p<0.05). However the C18:3 n-3 value of LLMOSO was not 

significantly different from the control. 

4.4 Comparison of Her-2/neu and FAS protein expression levels in BC cell lines 

The expression levels of Her-2/neu and FAS protein in a panel of human BC cells, including SK-

Br3, MCF10A, MCF10AT1, MCF-7, T47-D, MDA-MB-231, and MDA-MB-468 were analyzed 
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using Western blot analysis (Figure 5). The expression levels of Her-2/neu and FAS protein were 

graded from ++++ (overexpression) to -/+ (low expression) based on relative density (Table 4). 

Table 4 shows that SK-Br3 is the only cell line that overexpresses both Her-2/neu and FAS 

among the BC cell lines analyzed. Other cell lines have low (MDA-MB-231) to moderate 

(MCF10A, MCF10AT1, MCF-7, and T47-D) expression of FAS but they barely express Her-

2/neu.  

4.5 The effects of SO, LLSO, lard and LLMOSO treatments on mutant p53, caspase-3, 
Her-2/neu, FAS, SREBP-1, p-Akt, and p-ERK-1 protein expression 

To investigate the mechanism of SO-, LLSO-, lard-, and LLMOSO- induced cytotoxic effect on 

SK-Br3 cells, the expression of apoptotic markers, mutant p53 and caspase-3 were measured. 

The effects of oils on protein expression of Her-2/neu, FAS, and downstream affecters of FAS 

signaling pathway (SREBP-1, p-Akt, and p-ERK-1) were examined (Figure 6). 

 Mutant p53: As shown in Figure 6A, the relative mutant p53 protein expression was 0.91 

± 0.10, 1.01 ± 0.09, 0.80 ± 0.15, 0.80± 0.21 for SO, LLSO, lard, and LLMOSO, respectively. SO, 

LLSO, lard, and LLMOSO treatments reduced mutant p53 protein expression by 50.70 ± 0.03%, 

46 ± 0.03%, 57.10 ± 0.04%, 56.80 ± 0.06%, respectively, compared to the vehicle control 

(Figure 6A). There was no statistical difference among the oil treatment groups.  

 Caspase-3: The caspase-3 protein expression was increased by the oil treatments (Figure 

6B). The relative caspase-3 protein expression was 2.10 ± 0.21, 2.44 ± 0.33, 1.62 ± 0.13, 2.12 ± 

0.16 for SO, LLSO, lard, and LLMOSO, respectively. SO, LLSO, lard, and LLMOSO treatments 

increased caspase-3 protein expression by 250 ± 0.40%, 290 ± 0.60%, 190 ± 0.20%, 250 ± 

0.20% compared to the control (p<0.05).  There was no statistical difference among SO, LLSO, 

and LLMOSO treatments (Figure 6B). 

 Her-2/neu: As shown in Figure 6C, the relative Her-2/neu protein expression was 0.63 ± 
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0.10, 0.84 ± 0.10, 0.81 ± 0.10, 0.76 ± 0.20 for SO, LLSO, lard, and LLMOSO, respectively. SO 

significantly down-regulated Her-2/neu protein expression by 34.70 ± 0.02% compared to the 

control (p<0.05). However, the LLSO, lard, and LLMOSO did not change Her-2/neu protein 

expression. 

  FAS: SO, LLSO, lard, and LLMOSO treatments significantly down-regulated FAS 

protein expression in SK-Br3 cells compared to the control (p<0.05) (Figure 6D). The relative 

FAS protein expression was, 0.95 ± 0.10, 0.92 ± 0.10, 1.25 ± 0.20, 1.33 ± 0.10 for SO, LLSO, 

lard, and LLMOSO, respectively. SO treatment reduced FAS protein expression by 51.00 ± 

0.01%, LLSO by 52 ± 0.01%, lard by 19.60 ± 0.02%, and LLMOSO by 24.50 ± 0.02%, 

compared to the control. A statistical difference between SO and LLMOSO treatments was 

found (p<0.05). There was no statistical significance among SO, LLSO, and lard.  

 SREBP-1: The relative SREBP-1 protein expression was 1.06± 0.15, 0.94 ± 0.12, 1.41 ± 

0.10, 0.33 ± 0.20 for SO, LLSO, lard, and LLMOSO, respectively (Figure 6E). SO, LLSO, lard, 

and LLMOSO significantly inhibited the SREBP-1 protein expression by 63 ± 0.01%, 58.10 ± 

0.01%, 37 ± 0.01%, and 85.30 ± 0.02%, respectively compared to the control (p<0.05). There 

were statistical differences in SREBP-1 protein expression between SO and lard, and between 

SO and LLMOSO (p<0.05).  However, no difference SO and LLSO was observed.  

 p-ERK-1: As shown in Figure 6F, the relative p-ERK-1 protein expression was 0.51 ± 

0.11, 0.87 ± 0.15, 1.32 ± 0.12, 0.78 ± 0.19 for SO, LLSO, lard, and LLMOSO, respectively. 

LLSO and lard treatments significantly increased the expression of p-ERK by 158 ± 0.20% and 

240 ± 0.20%, respectively (p<0.05). SO inhibited p-ERK-1 expression by 92.50 ± 0.03% and 

LLMOSO stimulated p-ERK-1 expression by 150 ± 0.40% compared to the control however 

their expressions were not significantly different from the control. A statistical significance was 



 

 

 

21 

found between SO and LLSO (p<0.05). There was no statistical difference between SO and 

LLMOSO. 

 p-Akt: All oil treatments significantly suppressed p-Akt expression compared to the 

control (p<0.05) (Figure 6G). The relative p-Akt protein expression was 2.11± 0.10, 1.36 ± 0.20, 

1.85 ± 0.24, 2.10 ± 0.12 for SO, LLSO, lard, and LLMOSO, respectively. The p-Akt expression  

after SO was 30.60 ± 0.03%, after LLSO was 55.10 ± 0.05%, after lard was 39.10 ± 0.05%, and 

after LLMOSO was 30.80 ± 0.04% of the control. However, there was no significant difference 

between SO, lard, and LLMOSO on p-Akt protein expression. A statistical difference was found 

between SO/lard/LLMOSO and LLSO (p<0.05). 

4.6 The effects of SO, LLSO, Lard and LLMOSO treatments on Her-2/neu and FAS 

mRNA expression in SK-Br3 cells. 

Relative Her-2/neu mRNA expression were 0.71 ± 0.10 for SO, 1.33 ± 0.10 for LLSO, 1.15 ± 

0.07 for lard, and 0.86 ± 0.10 for LLMOSO (Figure 7A). None of the oil treatments altered Her-

2/neu mRNA expression significantly. Relative FAS mRNA expressions were observed to be 

0.95 ± 0.17 for SO, 1.15 ± 0.08 for LLSO, 0.90 ± 0.10 for lard, and 0.95 ± 0.16 for LLMOSO 

(Figure 7B). SO treatment significantly inhibited FAS mRNA expression whereas LLSO 

treatment significantly stimulated FAS mRNA expression (p<0.05) (Figure 7B).  



 

 

 

22 

5 Discussion 

Experimental studies showed that dietary effects not only depend on the quantity but also 

quantities of fat (15,18). In this chapter, we evaluated the effects of the modified FAs 

compositions in LLSO and LLMOSO on SK-Br3 human BC by evaluating their effects on SK-

Br3 cell viability, proliferation, and apoptosis.  The effects of aLA, LA, and OA on SK-Br3 cell 

viability were tested first because SO mainly differs from the LLSO and LLMOSO in these three 

FAs (Table 1). Our cell viability assay with individual FAs (aLA, LA, and OA) demonstrated 

that they had different magnitudes of inhibitory effects on SK-Br3 cell growth (Figure 2). Even 

though all of these FAs significantly inhibited SK-Br3 cell growth, aLA (0.33-329 µM) showed 

the stronger inhibitory effect than OA (0.28-277 µM) or LA (0.32-321 µM) (Figure 2). The 

greatest inhibitory effect of aLA can be partially due to its role in the FA metabolism. αLA is a 

substrate for synthesis of DHA and EPA which have been shown to suppress growth of most 

cancer cells (55). Consistent with our findings, OA at 10 µM induced cell growth inhibition in 

FAS overexpressing SK-Br3 (33).  Interestingly, OA and LA showed the stimulatory effects on 

other BC cell lines; OA slightly stimulated the cell growth at high concentration (210.70-1686.30 

µM) in low-FAS expressing MDA-MB-231 cell (56) and LA dose-dependently (0-3.57 µM) 

stimulated the growth of moderately-FAS expressing T47D cells (13,33). These conflicting 

results on different cell lines might be explained in part by the Her-2/neu and/or FAS expression 

status in various cell lines. Among the human BC cells tested, SK-Br3 was the only cell line that 

overexpresses both Her-2/neu and FAS (Figure 5). MDA-MB-231 expresses low level of FAS 

and no Her-2/neu whereas T47D expresses moderate amount of FAS with low level of Her-2/neu.  

(Figure 5). A previous study demonstrated that cerulenin, a component of fungi 

(Cephalosporium caerulens), induced cytotoxicity, and irreversibly inhibited FAS expression in 

SK-Br3 cells (57); cerulenin-induced cytotoxicity in SK-Br3 cells was more significant than 
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MCF-7 cells and MDA-MB-231 cells suggesting that the levels of FAS expression in BC cell 

lines can be used as an indicator of cytotoxic effects of a drug (33). Based on the FA 

composition analysis of LLSO and LLMOSO and the SK-Br3 cell viability assays with 

individual FAs (OA, LA, and αLA), we hypothesized that LLSO and LLMOSO might have 

potential adverse effects on SK-Br3 cells because of their high n-6/n-3 ratio and the reduced 

amount of αLA and the cell growth regulations by LLSO and LLMOSO might be mediated by 

FAS expression.  

To test our hypothesis that LLSO and LLMOSO differentially modulate FAS-overexpressing 

SK-Br3 cell growth, we evaluated the effects of SO, LLSO, LLMOSO with reference to lard on 

SK-Br3 cell viability. The concentrations of oils (0-2 µl/ml), which were used for cell viability 

assay, did not exceed the circulating free FAs in human serum (50). The molarity of total FAs in 

2 µl/ml SO, LLSO, lard, and LLMOSO was approximately 50 µM. In human serum, the 

circulating free FAs is ~500 µM (50). SO reduced SK-Br3 cell viability (Figure 3). Unlike our 

hypothesis, both LLSO and LLMOSO also showed inhibitory effects on SK-Br3 cells (Figure 3). 

However, LLSO and LLMOSO showed less growth inhibitory effects compared to SO 

demonstrating that these FA modified SOs were less cytotoxic to SK-Br3 cells than the 

conventional SO. It was interesting that lard, which contains high SFA and therefore implicated 

in higher BC risk (15,58), also exhibited SK-Br3 cell growth inhibitory effects (Figure 3). The 

growth inhibition by lard could be explained partially by the findings from the European 

Prospective Investigation on dietary fat and BC (59). Sieri et al found that saturated fat was 

greatly associated with BC risk but total fat was not associated with the risk.  They concluded 

that when the subtypes of fat were mutually adjusted, SFA and MUFA consumption was not 

significantly associated with risk (59). FA compositions of SK-Br3 cell pellet after oil treatments 

appropriately reflected FA compositions of oil samples indicating a selective incorporation of FA 
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by SK-Br3 cells (Table 3). We further evaluated whether the FA modified SOs induced 

inhibitory effects on cell viability involves anti-proliferation and apoptosis by evaluating cellular 

proliferation (Figure 4) and expression of apoptotic protein markers (mutant p53 and caspase-3) 

at 2 µl /ml concentration (Figure 6). The treatments of SK-Br3 cells with oils were associated 

with a decrease in cell proliferation reflected by reduced BrdU incorporation in all treatments 

(Figure 4). Consistent with the patterns found in cell viability assay at 2 µl /ml concentration 

(Figure 3), SO exhibited the greatest anti-proliferation effect and LLMOSO had the least anti-

proliferative effect. The oil treatments suppressed the mutant p53 protein expression compared to 

the control indicating that the oils can suppress cancer cell growth by down-regulating pro-tumor 

protein, however, there was no statistical difference among oil treatments (Figure 6A). It was 

previously reported that OA at 1.75 µM, which was about 10 folds lower concentration than that 

was used in our oil treatments, induced apoptosis by down-regulating mutant p53 protein in SK-

Br3 cells (33). Previous studies showed that SK-Br3 cell growth inhibition as represented by 

down-regulation of mutant p53 might be mediated by FAS inhibition (60-62). Therefore, the SK-

Br3 apoptosis induced by the oil treatments might be due to FAS inhibition. To obtain further 

evidence that the oil treatments induce apoptosis, we examined the caspase-3 protein expression 

level. The caspase-3 protein was significantly induced by SO, LLSO, and LLMOSO, but there 

was no statistical difference among these three oil treatments. (Figure 6B). The cell proliferation 

assay taken together with apoptosis analysis demonstrated that the reduced SK-Br3 cell viability 

induced by oil-treatments were associated with reduced cell proliferation, and were mediated by 

promoting apoptosis. Since there was no statistical difference between SO and LLSO treatments 

on SK-Br3 cell proliferation and apoptosis, it can be concluded that n-6/n-3 ratio was not an 

important factor in modulating SK-Br3 cell growth. However, the reduced cytotoxic effects by 

LLMOSO implied that reduced n-6/n-3 ratio together with modified total amounts of MUFA and 
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PUFA were possible factors that altered SK-Br3 cell growth. 

The possible cell signaling pathway involved in SK-Br3 cell growth inhibition by oil treatments 

was speculated to be Her-2/neu and FAS. From the cell viability, proliferation, and apoptosis, it 

was hypothesized that SO and FA modified SOs down-regulate expressions of Her-2/neu and 

FAS and as well as downstream effectors (SREBP-1, MAPK/ERK, and PI 3-kinase/Akt) of Her-

2/neu. As we hypothesized, the FAS protein expression was down-regulated by all oils 

treatments (Figure 6C). FAS protein suppressions by SO and LLSO were greater than that of lard 

and LLMOSO. The pattern of FAS suppression was somewhat similar to the pattern of cell 

viability and proliferation assay results (Figure 3 and Figure 4). LLMOSO showed the least 

growth inhibition and its effect on FAS suppression was the minimum among the oils tested. The 

effects of oils on Her-2/neu were less drastic than their effects on FAS; only SO down-regulated 

Her-2/neu and LLSO and LLMOSO did not affect Her-2/neu protein expression when compared 

to the control (Figure 6D). However, Her-2/neu mRNA expression levels were not changed by 

any of the oil treatments (Figure 7A).  Interestingly, FAS mRNA expression was reduced by SO 

and increased by LLSO indicating that there was no relationship between FAS mRNA and 

protein expression by oil treatments (Figure 6C and Figure 7B). It has been previously reported 

that dietary FAs, especially OA (1.75 µM) exposure significantly reduced both FAS and Her-

2/neu protein expressions in SK-Br3 cells  (32,33,63). αLA treatment (20 µM) also suppressed 

the Her-2/neu oncoprotein expression (64). Our findings suggest the possible involvement of 

Her-2/neu in the FAS signaling pathway in oil- induced cytotoxic effects. To examine the 

involvement of the SREBP-1, MAPK/ERK, and PI 3-kinase/Akt signaling pathways in oil-

induced FAS down-regulation, we tested the effects of the oils on the expression of SREBP-1, p-

Akt (PI 3-kinase/Akt signaling pathway), and p-ERK-1 (MAPK/ERK signaling pathway) 

proteins. We found that the all oil treatments inhibited SREBP-1 protein expression (Figure 6E). 
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The pattern of SREBP-1 down-regulation was similar to that of FAS down-regulation (Figure 

6C) except LLMOSO suggesting the involvement of SREBP-1 in the oil-mediated FAS signaling 

pathway. Similarly, dietary supplementations of PUFA inhibited hepatic SREBP-1 mRNA 

expression in rats (65). The p-Akt protein expression was also suppressed by SO, LLSO, lard, 

and LLMOSO (Figure 6G). This result was consistent with the previous finding that OA (5 and 

10 µM) treatment-mediated Her-2/neu repression involved  p-Akt protein inhibition in SK-Br3 

(32). Unexpectedly, LLSO and lard increased p-ERK-1 expression by 150% and 240% compared 

to the control, respectively, whereas SO and LLMOSO had no effect on the expression of p-

ERK-1 (Figure 6F). The p-ERK-1 up-regulation by LLSO and lard seemed to contradictory to 

their down-regulatory effects on p-Akt protein since both p-ERK-1 and p-Akt provide cell 

survival and proliferation signals. Previous studies showed that exogenous OA supplementation 

inhibited Her-2/neu expression through MAPK/ERK and PI 3-kinase/Akt in SK-Br3 by 

inhibiting both p-MAPK and p-Akt protein (32,33). However, recent studies have revealed that 

many chemotherapeutic agents also triggered cell survival pathways, potentially limiting the 

effectiveness of the chemotherapy. Aberrantly activated MAPK/ERK signaling pathway was 

being increasingly observed in response to chemotherapy (66). A variety of anticancer drugs 

which stimulated apoptosis had shown to down-regulate the Akt pathway and up-regulate ERK 

pathway (67,68). Similarly, exposure to cerulenin increased p-ERK-1 expression level in SK-Br3 

cells (33). A possible explanation for the up-regulation of  p-ERK-1 by cerulenin was that 

perturbation of FAS was one of the cellular injury that can induce aberrant expression of 

MAPK/ERK signaling (33). Although the SREBP-1, p-ERK-1, and p-Akt expression levels were 

not exactly matched with the expression levels of FAS and Her-2/neu, our data supported the 

involvements of SREBP-1, MAPK/ERK, and PI 3-kinase/Akt in FAS signaling pathway. The 

differences in expression patterns of the FAS and Her-2/neu pathway downstream effectors 
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might implicate that oils exert their modulatory effects on SK-Br3 cells through a different 

effectors combination of FAS and Her-2/neu pathways. 

In summary, our findings provided a scientific evaluation of newly developed FA modified SO 

products (LLSO and LLMOSO) in comparison to the conventional SO on the growth of FAS-

overexpressing BC (SK-Br3) cells. SO and FA modified SOs inhibited FAS overexpressing SK-

Br3 cell growth altering proliferation and apoptosis. Unlike our hypothesis, the altered n-3 and n-

6/n-3 ratio in the LLSO did not change SK-Br3 BC cell growth compared to SO. However 

LLMOSO, which had modification on n-6/n-3 ratio as well as total MUFA and PUFA compared 

to SO, showed less growth inhibitory effects than SO.  Her-2/neu and FAS protein expressions 

were down-regulated by SO, LLSO, or LLMOSO indicating Her-2/neu and FAS signaling 

pathway as a possible mechanism of action. Our data also revealed that SREBP-1, MAPK/ERK, 

and PI 3-kinase/Akt were possible intermediates in the oil-regulated Her-2/neu signaling 

pathway. 
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Chapter 2 

The effects of LLSO on the growth of Her-2/neu and FAS- overexpressing human BC (SK-
Br3) cells, in vivo 
 

1 Introduction 

The consumption of dietary FAs or oils in relation to BC risk has been examined extensively 

(23,25,48,52,69). Animal studies provided strong evidence supporting a positive relationship 

between dietary fat consumption and incidence of  BC (15,25,48,70). In chapter 1, we 

demonstrated no significant difference between SO and LLSO on FAS and Her-2/neu expressing 

BC cell growth in vitro.  Previously in our lab, however, dietary LLSO stimulated both ER(-) 

MDA-MB-231 tumors (unpublished study by JeeEun Kwak) and human pre-malignant BC 

(MCF10AT1) tumor growth (manuscript by Elaine McCall under revision) compared to SO in 

athymic mice. LLSO (20% total energy intake) treatment for 10 weeks stimulated the MDA-MB-

231 tumor growth by 1.5 folds compared to SO.  Dietary LLSO (20%) treatment for 24 weeks 

accelerated the malignant transformation of MCF-10AT1 tumors compared to SO. To further 

evaluate the effects of LLSO and to extend our in vitro observations into in vivo study, a feeding 

study of oils will be conducted using human BC xenograft in athymic mice. We will evaluate the 

biological effects of dietary intake of LLSO on the growth of SK-Br3 tumors and elucidate the 

mechanism of LLSO on FAS expressing tumor growth. 
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2 Rationale. Hypothesis and Specific Aims  

2.1 Justification of Research 

Even though testing of LLSO in cell culture indicated that the effect of LLSO on the growth of 

SK-Br3 were not significantly different from that of the conventional SO (chapter 1), it has to be 

examined on animal model since mice are more relevant to human than cell culture model in the 

fact that mice are capable of desaturating and elongating 18 carbon FAs to 20 or 22 carbon FAs 

like human (48). We selected 20% oil diet which was within the context of typical Western diet 

and as used in many previous experiments (48). By using animal model, we can evaluate how 

biological effects of dietary intake of LLSO is different from SO in BC growth, lipid metabolism, 

and the levels of cholesterol and triglyceride. 

2.2 Hypothesis and Specific Aims  

We hypothesize that LLSO had no stimulatory effect on the growth of SK-Br3 cells implanted in 

athymic mice, and did not alter Her-2/neu and FAS signaling pathways as observed in vitro study. 

2.3  Specific Aims :Determine the effect of SO, LLSO, and lard on the growth of SK-
Br3 implanted in athymic mice. 

To test our hypothesis, a feeding study of LLSO (20% of calories), SO (20%), and lard (20%) in 

athymic mice implanted with SK-Br3 cells will be conducted and LLSO-induced changes in 

tumor surface area, tumor weight, and mammary glands will be investigated. Also, the effects of 

LLSO on FAS and Her-2/neu mRNA expression in tumors and FAS protein expression in livers; 

on FA compositions in abdominal fat, and serum; and on triglyceride and total cholesterol levels 

in serum will be evaluated.   
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3 Materials and Methods 

3.1 Feeding Study 

Dietary effects of SO, LLSO, and lard were evaluated by conducting a feeding study. Female 

athymic mice (5 weeks old, n=36) were purchased from Harlan (Indianapolis, IN). Mice were 

kept in a ventilated rack with controlled humidity, 12 h day/night cycles at 22°C. We used 

American Institute of Nutrition 93 growth semi-purified diet (AIN93G, Dyets Inc, PA) as a base 

diet. AIN93G has been established as meeting the nutritional requirement of mice (71). After 1 

week acclimation, all mice received SK-Br3 cells (1×105/40 µl Matrigel/site, 4 sites/animal) 

subcutaneously.  Right after the cell injection, the mice were divided into four treatment groups; 

SO (n=10), LLSO (n=10), or lard (n=10), chow (n=6), and the dietary treatment was begun.  The 

treatment diets contained substituted fat (20% of total calories; 85.4g/kg diet) with SO, LLSO, or 

lard. A feeding study of regular chow diet (diet 2018, Harlan Laboratories, WI) was carried out 

after initial oil diet study to see whether SK-Br3 is tumorigenic.  Chow diet  contained less fat 

(17% of total calories, 62.5g/kg diet) than the other oils (Table 4) Tumor growth and body 

weight were measured weekly for 6 months, and tumor cross-sectional area was determined 

using the formula [length (mm)/2×width (mm)/2×π] (72).. At the end of study, blood was 

collected by cardiac puncture under isoflurane anesthetization, after blood collection mice were 

sacrificed by cervical dislocation. Blood and tissues including tumors, liver, mammary gland, 

uterine, and abdominal fat were collected, weighed, and stored in appropriate reagent for later 

analysis. 

3.2 qRT-PCR Analysis of mRNA Expression in Tumors 

The tumors were collected and stored in RNA later (Qiagen, CA) for Her-2/neu and FAS mRNA 

analysis. Since the tumor size was too small to analyze individual tumors, tumors from same 
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treatment group (SO [n=10], LLSO [n=10], lard [n=10], and chow diet [n=6]) were pooled prior 

to total RNA extraction. Total RNA was prepared from the pooled tumors (100 mg) using 

Qiagen reagents (Valencia, CA). cDNA preparation and qRT-PCR analysis were performed as 

described in chapter 1. Each sample was run in triplicates for qRT-PCR analysis. 

3.3 Total Protein Extraction from the Liver of Mice  

Protein was extracted from mouse liver using the modified method of Menendez et al. (33). 

Liver was used because FA synthesis by FAS occurs in liver (24). Briefly, a mouse was 

sacrificed and the liver (0.7-1 g) was collected, SO (n=10), LLSO (n=10), or lard (n=10) chow 

diet (n=6). The liver was kept in 2 ml of homogenized buffer (154 mmol/L KCl, 50 mmol/L 

Tris-HCl, and 1 mmol/L EDTA buffer, pH 7.4) and homogenized individually by PowerGen 

(Fisher Scientific, NJ). The homogenized suspension was centrifuged at 10,000 ×g for 20 min, 

followed by re-centrifugation of the supernatant at 105,000 ×g for 60 min using Beckman 

ultracentrifuge (Beckman Coulter, Inc., CA). The supernatant was considered as the cytosol and 

used for Western Blot (see general procedures of western blot analysis written above for protein 

markers and dilutions). The aliquots of cytosol fraction were stored at -80°C until the analysis 

was performed.  

3.4 FA Composition in Diets, Serum, and Abdominal Fat 

3.4.1 Lipid Extraction and Methylation and GC  

FA composition of diets (300mg), abdominal fat (300mg) and total plasma (100 µl) lipids was 

determined by GC.  Pooled samples of blood and abdominal fats from the same treatment groups, 

SO (n=10), LLSO (n=10), or lard (n=10), and chow diet (n=6) were employed for the analysis. 

Total lipids in diets, abdominal fat, and plasma were extracted after homogenization in hexane-
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isopropanol (3:2) solution according to the procedure of Hara and Radin (53,54). Lipid 

methylation and GC analysis were performed as described under FA composition analysis in 

chapter 1.   

 

3.5  Measurement of total blood cholesterol and triglyceride level 

Blood from each mouse in treatment groups (SO; n=10, LLSO; n=10, lard; n=10, and chow; 

n=6) was collected by cardiac puncture upon termination of study. The plasma was prepared by 

centrifuge at 3000 rpm for 20 min at 4°C. Then the plasma was stored at -20°C for later use. 

Total cholesterol and triglyceride were measured using enzymatic reagents from Stanbio 

Laboratories (Boerne, TX).  One hundred µl of each mouse plasma was used for the assay. 

3.6 Statistical Analysis  

The results were expressed as mean ±SEM. One-way ANOVA with Tukey’s post hoc test was 

used to calculate P values using SigmaStat 3.5 (Systat Software Inc, CA). A probability of 

p<0.05 was taken as denoting a significant difference between samples.  
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4 Results 

4.1 The effects of dietary SO, LLSO, and lard on the growth of SK-Br3 implanted in 

athymic mice. 

Figure 8 showed the tumor growth (surface area) during 25-week dietary treatment. At week 10, 

the tumor size reached about 20 mm2 in SO, LLSO, and lard groups. The average tumor size got 

smaller from week 12 and reduced in size to 10-11 mm2 by the time of termination (chow group; 

10.91 ± 0.85 mm2, SO group; 10.88 ± 0.71 mm2, LLSO group; 10.37 ± 0.84 mm2, lard group; 

11.18 ± 0.44 mm2) (Figure 8). Tumor incidences were 85%, 90%, 97.5%, and 91.7% for the 

LLSO, SO, lard, and chow groups, respectively. At the time of termination, there was no 

significant difference in average tumor surface area, body weight, tumor weight, uterine gland 

weight, mammary gland weight, and abdominal fat weight among treatment groups (data not 

shown). During the feeding study, the average food intake was also monitored every month and 

there were no significant differences on food intake among groups (data not shown). 

4.2 The effects of dietary SO, LLSO, and lard on the expression of Her-2/neu and FAS 

mRNA and protein expression in tissues. 

Her-2/neu and FAS mRNA Expressions in Tumors: Relative Her-2/neu mRNA expression 

over the SO was observed to be 0.19 ± 0.04 for LLSO, and 3.02 ± 0.61 for lard (Figure 9A).  . 

Relative FAS mRNA expression over the SO was observed to be 0.13 ± 0.03 for LLSO, and 1.87 

± 0.14 for lard (Figure 9B).  

FAS Protein Expression in the Liver:  We investigated the effects of SO, LLSO, and lard diets 

on the expression of FAS protein in mouse liver. Relative expression of FAS protein in SO group 

was 1.25 ± 0.12, LLSO group was 1.70 ± 0.16, lard group was 2.47 ± 0.18 (Figure 10). There 

was no statistical difference in FAS expression levels among SO, and LLSO diets. However FAS 



 

 

 

34 

level in the SO group was significantly lower than that in the lard group.  (p<0.05)     

4.3 The FA compositions in diets, plasma, and abdominal fat 

The FA composition of diets was analyzed (Table 6A). Directly comparing the values for SO, 

LLSO, and lard was confounded by differences in dietary fat content.  

αLA (C18:3 n-3): As expected, LLSO diet contained about 82% less αLA than SO diet (Table 

6A). This relative composition difference was reflected in the FA compositions of abdominal fat 

and plasma (Table 6B and 6C). After the mice consumed the LLSO diet, the amount of αLA in 

abdominal fat was 84% lower than mice that consumed the SO diet. After the mice consumed the 

LLSO diet, the amount of αLA in plasma was 81% lower than after the mice that consumed the 

SO diet.  

LA (C18:2 n-6): There was no difference in LA between LLSO and SO in diet, abdominal fat, 

and plasma (Table 6).  

OA (C18:1 n-9): The amount of OA was slightly higher in SO diet than LLSO. Even though the 

OA intake was higher with SO diet, after metabolizing, the resulting concentration of OA in 

abdominal fat and plasma was similar (Table 6). 

Other FAs: Little effect of the diets was observed in abdominal fat and plasma of each diet 

group on the relative proportion of C16:0 (PA, palmitic acid) and C18:0 (SA, stearic acid), 

possibly attributable to endogenous synthesis (Table 6B and 6C).  

 Trans Fat: We also analyzed the amounts of trans fat in diets, abdominal fat, and plasma 

because LLSO was developed to avoid trans fat generation. The trans fat content was 3-fold 

higher in SO diet than in LLSO diet (LLSO 0.02% vs. SO 0.06%) (Table 7A), but these were 

minor amounts. However, the trans fat contents in abdominal fat and plasma from LLSO and SO 
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group were similar (Table 7B and 7C). Lard diet contained about 11-fold higher trans fat than 

SO diet. Adipose tissue and plasma trans fat levels in lard fed mice were 6.4-fold and 2-fold 

higher than SO fed mice, respectively (Table 7B).  

n-6/n-3: By reducing the amount of αLA,  the total amount of n-3 FAs were decreased resulting 

in increased ratio of n-6/n-3 in the diet (Table 7A). The ratio of n-6/n-3 in LLSO diet was 396 

and in SO diet was 48.04. The ratio of n-6/n-3 for LLSO remained high in both abdominal fat 

and plasma. In abdominal fat, n-6/n-3 ratio for LLSO was 80.82 and for SO was 14.64. In plasma, 

the ratio of n-6/n-3 for LLSO was 22.17 and for SO was 9.11 (Table 7B and 7C).  

4.4 The effects of SO, LLSO, and lard on total cholesterol and triglyceride in mice 

serum  

Total cholesterol: The total serum cholesterol is shown in Figure 11A. The average amount of 

cholesterol was 51.29 ± 6.90 mg/dL for SO, 62.02 ± 7.37 mg/dL for LLSO, and 65.08 ± 5.09 

mg/dL for lard group, respectively (Figure 11A). Total cholesterol levels in SO and LLSO 

groups were significantly lower than the level in lard group, however there was no difference 

between SO and LLSO groups. 

Triglyceride: As shown in Figure 11B, the average serum triglyceride levels are 107 ± 5.38 

mg/dL for the SO, 123.17 ± 6.20 mg/dL for the LLSO, and 123.92 ± 7.94 mg/dL for lard group, 

respectively. There were no significant differences among SO, LLSO, and lard diets.   



 

 

 

36 

5 Discussion 

FA modified oils with altered functional or nutritional characteristics are being introduced into 

the marketplace (41). The high OA and low αLA type oils were developed to enhance oxidative 

stability and these oils are targeted mainly to salad dressing, frying, and food coating 

applications (41). Concomitant with the development of new varieties of oil, there is a dearth of 

information about the effect of these oils on BC. We tested two of the FA modified SOs, LLSO 

and LLMOSO on human BC (SK-Br3) cells in vitro (chapter1). We found that SO and FA 

modified SOs exhibited cytotoxic effects on the growth of SK-Br3 cells by reducing FAS and 

Her-2/neu protein expression in the cells.  However, there was no difference in cytotoxic effect 

between SO and LLSO. LLMOSO was less cytotoxic than SO, but it was not different from 

LLSO. We further tested weather dietary intake of LLSO modulated the growth of SK-Br3 

tumors using a mouse xenograft model in chapter 2.  LLSO induced changes in comparison with 

SO-, lard- induced effects were also evaluated. LLMOSO was not included in animal study since 

it was not commercially available by the time of experiment. The six months feeding study 

showed that dietary SO, LLSO, and lard had no effect on SK-Br3 tumor growth (Figure 8). The 

tumor growth was very slow and the tumors actually stopped growing after 12 weeks of diet 

treatment. A feeding study of chow diet was conducted later to see whether SK-Br3 is 

tumorigenic (Figure 8).  SK-Br3 cells were predicted as tumorigenic in athymic mice by matrigel 

outgrowth assay (73) and 3D culture model (74).  Whereas, some studies showed that SK-Br3 

was not tumorigenic in athymic mice (75-78). According to Honjo et al., SK-Br3 was not 

tumorigenic in nude mice because it did not express galectin-3, which has been associated with 

alterations in cell growth, transformation, and metastasis (74,79). Therefore no tumor growth we 

observed might not be due to oil treatment, but due to the non-tumorigenic character of SK-Br3. 

Although LLSO, SO, lard and chow diet did not affect SK-Br3 tumor growth, the FAS and Her-
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2/neu mRNA expressions seemed to be regulated by the diet treatments. LLSO and SO inhibited 

both Her-2/neu and FAS mRNA expression in tumors compared to lard (Figure 9). The reduced 

FAS and Her-2/neu mRNA expression by SO and LLSO suggested that SO and LLSO might be 

able to inhibit the tumor growth of other tumorigenic FAS expressing BC because FAS and Her-

2/neu inhibition by these oils have shown to induce apoptosis in chapter 1. FAS protein 

expression levels in mice liver were lower in SO and LLSO groups than lard group indicating 

possible FAS protein inhibition by SO and LLSO (Figure 10). Less inhibition of FAS gene and 

protein by lard group might be due to its high content of saturated fat because induction of 

lipogenic gene expression by high fat diet and high in saturated fat diet was reported in rodent 

liver (26). Expression of FAS gene was induced in mice fed a diet high in saturated fat diet (17.1 

kcal/day) compared to standard chow (12.3 kcal/day) fed mice and partial replacement of the 

saturated fat within the high fat diet by fish oil (16.8 kcal/day) strongly suppressed hepatic FAS 

gene expression (26). The dietary LLSO induced changes in FAS and Her-2/neu in SK-Br3 

tumors were different from those in pre-malignant human BC (MCF10AT1) tumors. LLSO 

accelerated the transformation of MCF-10AT1, and increased Her-2/neu and FAS mRNA 

expression in tumors compared to SO. The difference on regulation of Her-2/neu and FAS 

mRNA expression by SO and LLSO between MCF10AT1 and SK-Br3 was possibly due to the 

fact that the effects of the lipid on BC depends on the types of lipid in addition to the BC stage 

(23). Our tumor growth analysis and mRNA and protein analysis demonstrated that LLSO did 

not alter the growth of SK-Br3 tumors. There was no significant difference between SO group 

and LLSO group on SK-Br3 tumor growth rate and mRNA and protein expression of FAS in 

SK-Br3 supporting our cell culture analysis in chapter 1.  

The effects of dietary LLSO intakes on BC risk were further evaluated by the FA composition of 

plasma and adipose tissue (abdominal fat), and diet (Table 6). By analyzing the FA compositions 
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in these samples, we could evaluate the influence of LLSO on the trans fat content, and the ratio 

of n-6/n-3 in abdominal fat and plasma after feeding study. The lipid composition analysis 

showed that LLSO diet contained about 82% less αLA than SO diet (Table 6A). The reduction of 

αLA in LLSO in the diet was well- reflected in FA composition of abdominal fat and plasma 

(Table 6B and 6C). After the mice consumed the LLSO diet, the amounts of αLA in abdominal 

fat and plasma were 84% and 81%, respectively (Table 6B and 6C). This indicated that the FA 

compositions of lipids in abdominal fat and plasma were influenced by dietary fat. SO was 3-fold 

greater in trans fat content compared to SO (Table 7A). Trans FAs have adverse physiologic 

effects because trans fat impairs PUFA metabolism. More specifically, trans fat  inhibits the 

enzymatic desaturation of linoleic and linolenic acid therefore reduce production of the 3-series 

eicosanoids (80) and the perturbation of eicosanoid production affects carcinogenesis (46). 

Kohlmeier et al. demonstrated a positive association of the adipose concentration of trans FAs 

with BC (46). However, adipose and plasma percentage of total trans FA in LLSO fed mice were 

not significantly different from that of SO fed mice even though trans FA concentration in SO 

diet was 3-fold greater than that in LLSO, (Table 7B and 7C). The n-6/n-3 ratios in diet, 

abdominal fat, and plasma of LLSO consumed mice were higher than SO consumed mice. In 

McCall study (MS under revision), a positive association between n-6/n3 ratio and MCF-10AT1 

tumor growth was observed among SO, LLSO, and lard diets and plasma. A European 

multicenter study examined FAs in adipose tissue  found the direct association between  the n-

6/n-3 ratios and BC risk (46).  However, there was also a report showing no evidence  of an 

association between the ratio of n-6/n-3 and BC risk (81). The possible explanations for the 

discrepancy between case-control and cohort studies included different biomarkers with different 

exposure time to dietary fats (18). The FA composition analysis showed that adipose tissue and 

plasma percentage of total trans FA in LLSO fed mice were not significantly different from that 
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of SO fed mice. The results also showed that the n-6/n-3 ratio was not an important factor to 

regulate SK-Br3 tumor growth and it could not regulate FAS and Her-2/neu protein expression.  

In addition to enhancing oxidative stability, the main reason to modify the FA profile of SOs was 

to lower trans fat generation during hydrogenation process. Trans fats raise the level of LDL and 

therefore increase the risk of coronary heart diseases because trans fats reduce HDL, and raise 

levels of triglyceride in the blood (82). The high cholesterol and high serum triglycerides are also 

associated with BC risk (83,84). The consumption of LLSO has been hypothesized to lower the 

total cholesterol and triglyceride levels in serum due to its low trans fat content. This study 

demonstrated that LLSO did not alter plasma cholesterol and triglyceride concentrations 

compared to SO (Figure 11A). Our lipid analysis explained the cause; the lipid analysis showed 

that LLSO generated the same amount of trans fat as SO after metabolism (Table 7). In a direct 

comparison of SO and LLSO  on serum lipid concentrations, Lu et al (85) reported similar 

effects of SO and LLSO on total cholesterol, LDL cholesterol, HDL cholesterol, and triglyceride 

levels.  Consist with Lu et al (85), levels of total cholesterol and triglyceride in mice serum were 

not changed in LLSO group compared to SO group (Figure 11). Therefore, it can be concluded 

that there was no difference between LLSO and SO on the plasma cholesterol and triglyceride 

concentrations. 

In summary, we found no distinct difference between dietary intake of SO and LLSO on SK-Br3 

tumor growth, expression levels of Her-2/neu and FAS mRNA in tumor, FAS protein in livers, 

trans fat concentration after metabolism, and  cholesterol and triglyceride concentrations in 

animal study. These results supported our in vitro study (chapter 1) which suggested that the 

effects of LLSO on SK-Br3 cell viability and proliferation were similar to that of SO. Our 

findings from both in vitro and in vivo study implicated that the FA modifications made on 
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LLSO were too trivial to lead changes and n-6/n-3 ratio is not an important factor in Her-2/neu 

and FAS expressing human BC cell growth.  
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Tables 

Table 1: Analysis of FA composition in SO, LLSO, LLMOSO, and lard. 

A. Percentages of FA compositions in SO, LLSO, LLMOSO and lard.   

 SO LLSO LLMOSO Lard 

C14:0 0.00 0.00 0.00 1.21 

C16:0 11.33 10.24 9.30 21.33 

C16:1 n-7 0.00 0.00 0.00 1.86 

C17:0 0.00 0.00 0.00 0.47 

C18:0 5.14 5.10 4.97 13.10 

C18:1 n-9 23.51 25.56 46.80 35.73 
C18:1 n-7 1.43 1.41 1.41 2.39 

C18:2 n-6 49.57 52.36 31.82 12.15 
C20:0 0.41 0.39 0.45 0.23 

C18:3 n-6 0.18 0.00 0.21 0.00 

C18:3 n-3 5.81 0.00 1.62 0.60 
C20:1 n-9 0.00 0.00 0.26 0.71 

C20:2 n-6 0.00 0.00 0.00 0.56 

C20:3 n-6 0.00 0.00 0.00 0.00 

C20:3 n-3 0.00 0.00 0.00 0.00 

C20:4 n-6 0.00 0.00 0.00 0.19 

C20:5 n-3 0.00 0.00 0.00 0.00 

C22:6 n-3 0.00 0.00 0.00 0.00 

Others 2.62 4.94 3.16 9.45 
LLSO and LLMOSO had changes in unsaturated FA compositions, mainly OA (C18:1 n-9), LA 
(C18:2 n-6) and αLA (C18:3 n-3) compared to SO. Lard was included as a comparison. Lipid 
compositions of individual oil were analyzed by GC. g/ 100 g FAs. 

B. Calculated n-6/n-3 ratios and total SFA, MUFA, and PUFA in SO, LLSO, LLMOSO, and lard. 

 SO LLSO LLMOSO Lard 

Total n-6 49.75 52.36 32.82 12.34 

Total n-3 5.81 0 0.6 1.62 

n-6/n-3 8.46 52.36 54.70 7.62 

SFA 16.88 15.73 14.72 36.34 

MUFA 24.94 26.97 48.47 40.69 

PUFA 55.38 52.36 33.65 13.31 
The values for total n-3 were the sum of C18:3 n-3, C20:5 n-3, and C22:6 n-3 and the values for 
n-6 were the sum of C18:2 n-6 and C20:4 n-6 in Table 1A. Total SFA values were the sum of 
C14:0, C16:0, C17:0, C18:0, C20:0, total MUFA values were the sum of C16:1 n-7, C18:1 n-7, 
C18:0 n-9, C20:1 n-9, and total PUFA values were the sum of C18:2 n-6, C18:3 n-6, C18:3 n-3, 
C20:2 n-6, C20:4 n-6. in Table 1A. 
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Table 2: Oligonucleotide sequences for qRT-PCR.  

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Her-2/neu GGAAACCTGGAACTCACCTACC TGGGACCTGCCTCACTTGG 

FAS GACCGCTTCCGAGATTCC CAGGCTCACAAACGAATGG 

GAPDH TTGGTATCGTGGAAGGACTC TAGAGGCCAGGGATGATGTTC 

PCR efficiencies between 80.3 %and 105.0%. 

 

Table 3: FA compositions of SK-Br3 cells after oil treatments. 

  Control SO LLSO Lard LLMOSO 

C16:0 24.42a ± 1.11 15.98b ± 0.58 14.63b,c ± 0.42 24.08a,b,e ± 0.91 13.59b,c,d ± 0.82 

C16:1 n-7 2.61a ± 0.14 0.54b ± 0.13 0.54b,c ± 0.13 2.20a,e ± 0.14 0.54b,c,d,e ± 0.13 

C18:0 14.58a ± 0.71 7.48b ± 0.43 7.01b,c ± 0.30 12.65a,e ± 0.54 6.66b,c,d ± 0.58 

C18:1 n-9 29.16a ± 1.45 23.97a,c ± 0.27 25.62a,d ± 0.13 33.66a,e ± 1.42 41.67b,c,d ± 1.76 

C18:1 n-7 4.60a ± 0.54 2.03b ± 0.16 2.05b,c ± 0.17 2.76b,c,d ± 0.25 2.07b,c,d,e ± 0.17 

C18:2 n-6 5.71a ± 0.05 40.11b ± 1.71 43.64b,c ± 2.09 11.09d ± 0.32 27.92e ± 1.25 

C18:3 n-3 0.16a ± 0.02 4.49b ± 0.20 0.87b,c ± 0.03 0.52b,c,d ± 0.02 1.46a,b,c,d ± 0.12 

C20:1 n-9 0.88a ± 0.03 0.21b ± 0.06 0.34b,c ± 0.07 0.60d ± 0.06 0.34b,c,e ± 0.05 

C20:4 n-6 1.87a ± 0.18 0.34b ± 0.02 0.33b,e ± 0.04 0.53d ± 0.02 0.34b,c,e ± 0.06 

C20:5 n-3 0.22a ± 0.10 0.04a ± 0.04 0.07a ± 0.05 0.03a ± 0.01 0.01a ± 0.01 

C22:6 n-3 0.21a ± 0.07 0.06a,b ± 0.03 0.07a,b ± 0.04 0.03a,b ± 0.01 0.02b ± 0.00 

Others 15.58 ± 0.41 4.75 ± 0.42 4.83 ± 1.08 11.85 ± 3.66 5.37 ± 0.98 
The FA compositions were analyzed by GC. Values are means ± SEM, n=3. Means with different 
letters are significantly different, p<0.05. 

 

 

Table 4: Relative expression levels of Her-2/neu and FAS expression in human BC cells. 

 SK-Br3 MCF10A MCF10AT1 MCF-7 T47-D MDA-MB-231 MDA-MB-468 

ER 
status 

(-) (-) (+) (+) (+) (-) (-) 

Her-
2/neu 

++++ -/+ - -/+ + -/+ - 

FAS ++++ +++/++++ +++/++++ +++/++++ ++++ ++ +++/++++ 

The table represents the relative expression of Her-2/neu and FAS in a panel of BC cells. The 
levels of Her-2/neu and FAS were expressed as the number of + signs (++++; overexpression, -
/+; very low expression). – signs indicate no expression. The data were based on the Western 
blotting (Figure 5). ER status for each cell line is from a published journal (33). (-) means ER 
negative, (+) means ER positive cell line.
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Table 5: Dietary treatment groups. 

Diet groups Cells Mice (n) 

20% LLSO SK-Br3 10 

20% SO SK-Br3 10 

20% lard SK-Br3 10 

17% SO (chow) SK-Br3 6 
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Table 6. FA compositions (g/100g FAs) of diets (A), abdominal fat (B), and plasma (C) after 
feeding study. 
 A. Diet 

  Lard SO LLSO 

C14:0 0.99 0.16 0.10 

C14:1 n-5 0.02 0.00 0.00 

C15:0 0.05 0.02 0.02 

C16:0 17.21 9.02 9.08 

C16:1 n-7 1.45 0.32 0.12 

C17:0 0.27 0.08 0.07 

C18:0 9.02 4.15 3.78 

C18:1,t6-8 0.11 0.00 0.00 

C18:1,t9 0.15 0.01 0.00 

C18:1,t10 0.23 0.02 0.02 

C18:1,t11 0.12 0.03 0.00 

C18:1 n-9 30.17 23.52 19.16 

C18:1 n-7 1.88 1.31 1.20 

C18:2 n-6 17.46 43.34 43.02 

C18:3 n-3 0.95 0.90 0.11 

C20:1 n-9 0.57 0.26 5.37 

CLA 0.16 0.03 0.00 

C20:4 n-6 0.19 0.02 0.00 

C20:5 n-3 0.00 0.00 0.00 

C22:6 n-3 0.19 0.00 0.00 

Others 6.66 2.65 5.78 
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 B. Abdominal Fat 

   Lard  SO  LLSO 

C14:0 1.28 0.96 1.01 

C14:1 n-5 0.07 0.05 0.05 

C15:0 0.07 0.07 0.06 

C16:0 18.55 16.11 16.82 

C16:1 n-7 4.24 3.16 3.00 

C17:0 0.19 0.14 0.14 

C18:0 5.65 4.52 5.10 

C18:1,t6-8 0.05 0.00 0.00 

C18:1,t9 0.20 0.04 0.05 

C18:1,t10 0.13 0.00 0.00 

C18:1,t11 0.07 0.03 0.02 

C18:1 n-9 49.35 35.12 36.85 

C18:1 n-7 2.74 1.92 1.91 

C18:2 n-6 11.88 31.54 30.19 

C18:3 n-3 0.33 2.06 0.33 

C20:1 n-9 1.35 0.89 0.95 

CLA 0.29 0.15 0.14 

C20:4 n-6 0.19 0.20 0.36 

C20:5 n-3 0.00 0.00 0.00 

C22:6 n-3 0.05 0.11 0.04 

Others 5.64 5.06 5.12 
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 C. Plasma 

  Lard SO LLSO 

C14:0 0.29 0.16 0.18 

C14:1 n-5 0.00 0.00 0.00 

C15:0 0.08 0.08 0.07 

C16:0 16.46 15.28 15.06 

C16:1 n-7 1.52 0.94 0.85 

C17:0 0.27 0.26 0.25 

C18:0 10.77 10.55 9.58 

C18:1,t6-8 0.07 0.04 0.04 

C18:1,t9 0.12 0.08 0.06 

C18:1,t10 0.13 0.06 0.06 

C18:1,t11 0.09 0.09 0.06 

C18:1 n-9 21.19 14.05 15.84 

C18:1 n-7 2.07 1.36 1.36 

C18:2 n-6 21.25 33.70 32.87 

C18:3 n-3 0.23 1.22 0.24 

C20:1 n-9 0.54 0.40 0.39 

CLA 0.13 0.10 0.07 

C20:4 n-6 16.16 12.80 16.24 

C20:5 n-3 0.11 0.36 0.03 

C22:6 n-3 2.93 3.53 1.94 

Others 5.59 4.96 4.79 

The FA compositions were analyzed by GC. 
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Table 7: The amounts of trans fat, total n-3 and n-6 in diets (A), abdominal fat (B), and 
plasma (C). 

 

A. Diets 

 Lard SO LLSO 

Tans fat 0.70 0.06 0.02 

Total n-3 1.35 1.07 0.13 

Total n-6 20.89 51.30 50.91 

n-6/n-3 15.50 48.04 396.00 

 

B. Abdominal Fat 

 Lard SO LLSO 

Tans fat 0.45 0.07 0.07 

Total n-3 0.38 2.17 0.38 

Total n-6 12.07 31.75 30.55 

n-6/n-3 31.75 14.64 80.82 

 

C. plasma 

 Lard SO LLSO 

Tans fat 0.41 0.27 0.22 

Total n-3 3.27 5.10 2.22 

Total n-6 37.41 46.50 49.12 

n-6/n-3 11.43 9.11 22.17 

The values for trans fat are the sum of C18:1,t6-8,  C18:1,t9,  C18:1,t10, and C18:1,t11 in Table 
6. The values for total n-3 are the sum of C18:3 n-3, C20:5 n-3, and C22:6 n-3 in Table 6. The 
values for n-6 are the sum of C18:2 n-6 and C20:4 n-6 in Table 6. 
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Figures 

Figure 1  Hormonal regulation of FAS gene expression in cancer cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FAS gene regulation in hormone-sensitive neoplastic cells seems to occur through modulation of 
the transcription factor SREBP-1c, a critical intermediate in the pro- and anti-lipogenic actions of 
several hormones and nutrients that binds to sterol regulatory elements (SREBP-BS) in the 
promoter region of the target gene FAS. SREBP-1c up-regulation and nuclear maturation 
appears to be driven by the activation of MEK1/MEK2 ERK1/2 MAPK, and PI-3'K Akt 
signaling cascades that occurs in response to the specific binding of steroid hormones such as 
androgens (A), progestins (P), and E2 to their receptors (AR, PR and ER, respectively). 
Published by Lupu et al., 2006 (86).  
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Figure 2: The effect of αLA, OA, and LA on cell viability of SK-Br3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

αLA (A), OA (B), and LA (C) at concentrations between 0.0001- 0.1 µl/ml media were 
evaluated for their effects on SK-Br3 cell viability using MTT assay. The data from higher 
concentrations (0.01 – 0.1 µl/ml) of individual FA treatments were selected for statistical 
analysis between the FAs (D). SK-Br3 cell viability was expressed as mean number of SK-Br3 
cells ± SEM from three experiments. Bars with different letters are significantly different, p<0.05. 
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Figure 3: The effects of SO, LLSO, LLMOSO and lard on cell viability of SK-Br3. 

 

 
SO (A), LLSO (B), lard (C), and LLMOSO (D) at concentrations between 0-2 µl/ml media were 
evaluated for their effects on SK-Br3 cell viability using MTT assay. The data from higher 
concentrations (0.5-2 µl/ml) of oil treatments were selected for statistical analysis between oil 
treatments (E). SK-Br3 cell viability was expressed as mean numbers of SK-Br3 cells ± SEM 
from three experiments. Bars with different letters are significantly different, p<0.05.  
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Figure 4: The effects of SO, LLSO, lard, or LLMOSO on cell proliferation of SK-Br3. 

 
The SK-Br3 (1×104 cells/100µl/well) cells treated with 2 µl/ml of SO, LLSO, lard, or LLMOSO 
for 96 h before BrdU incorporation. No oil treatment was included as a control. SK-Br3 cell 
proliferation was expressed as mean values of BrdU incorporation in SK-Br3 cells ± SEM from 
three independent experiments. Bars with different letters are significantly different, p<0.05. 
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Figure 5: Her-2/neu and FAS expression in human BC cells. 

A. Western Blot 

Western blotting was employed for relative analysis of Her-2/neu and FAS protein levels. 10 µg 
of total protein were separated by 7.5% SDS-PAGE and transferred to nitrocellulose membranes. 
The proteins were probed with a rabbit anti-Her-2/neu polyclonal antibody or a rabbit anti-FAS 
polyclonal antibody. Beta-actin was used as an internal control. Similar results were obtained in 
three independent experiments. Figure shows a representative immunostaining analysis.   
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Figure 6: Protein expression levels in SK-Br3 cells after oil treatments. 
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Western blotting analysis of mutant p53 (A), caspase-3 (B), Her-2/neu (C), FAS (D), SREBP-1 
(E), p-ERK-1 (F), and p-Akt (G). Representative immunoblot of target protein was shown. 
Relative expression (mean ± SEM) of target protein was shown in graphs (A-G). The relative 
expression level was calculated as the ratio of each protein to beta-actin. CONT: control, no oil 
treatment. Bars with different letters are significantly different, p<0.05.  
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Figure 7: Her-2/neu and FAS mRNA expression levels in SK-Br3 cells treated with oils. 

 
 

A: Her-2/neu mRNA expression levels. B: FAS mRNA expression levels after oil treatments.  
SK-Br3 cells were incubated with 2 µl/ml of SO, LLSO, lard, or LLMOSO for 48 h. Results 
were expressed as the mean ± SEM (n=3). Bars with different letters are significantly different, 
p<0.05. CONT: control, no oil treatment.  
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 Figure 8: Tumor growth (surface area) of SK-Br3 fed with diets containing chow, SO, LLSO, 
and lard. 

 
 

All mice received SK-Br3 cells (1×105/ 40µl/site, 4 sites/ animal) subcutaneously into the mice. 
Tumor growth and body weight were measured weekly, and tumor cross-sectional area was 
determined using the formula [length (mm)/2 × width (mm)/2 × π].  



 

 

 

63 

Figure 9: Her-2/neu and FAS mRNA expression levels in mice tumors fed with diets 
containing chow, SO, LLSO, or lard. 

 
The tumors from individual mouse in the same diet treatment were combined in a tube before 
RNA extraction. Total RNA was prepared from the pooled tumors (100 mg) and 10 ng was used 
to synthesize the cDNA. Each sample was run as triplicates. GAPDH was used to calculate the 
relative expression. 
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Figure 10: FAS expression in mice liver fed by diets containing chow, SO, LLSO, or lard.  

 

 

 

 

 

 

 

 

 

 
Total protein was extracted from mice liver to compare FAS protein expression levels. A.FAS 
protein expression level was measured by western blot using anti-FAS antibody. The figure was 
a representative of n=6 for chow diet, n=10 for SO, LLSO, or lard containing diets. Beta-actin 
was used as a loading control. The extent of FAS protein was quantified using a densitometer 
with Image-Pro Plus software. B. Relative expression of FAS protein. The relative level was 
calculated as the ratio FAS to beta-actin. Results were expressed as the mean ± SEM. Bars with 
different letters are significantly different, p<0.05. 
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Figure 11: Levels of total cholesterol and triglyceride in mice blood. 

The plasma from each mouse was used to analyze the level of cholesterol (A) and triglyceride 
(B). Results are expressed as the mean ± SEM (n=6 for chow diet, n=10 for SO, LLSO, or lard 
containing diets). Bars with different letters are significantly different, p<0.05. 

 

 

 


