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Abstract

Dietary fish oils have potential for prevention of colon cancer, and yet the mechanisms of action in 

normal and tumor colon tissues are not well defined. Here we evaluated the impact of the colonic 

fatty acid milieu on formation of prostaglandins and other eicosanoids. Distal tumors in rats were 

chemically induced to model inflammatory colonic carcinogenesis. After 21 weeks of feeding with 

either a fish oil diet containing an eicosapentaenoic acid:ω-6 fatty acid ratio of 0.4 or a Western fat 

diet, the relationships between colon fatty acids and prostaglandin E2 (PGE2) concentrations were 

evaluated. PGE2 is a key pro-inflammatory mediator in the colon tightly linked with the initiation 

and progression of colon cancer. The fish oil versus the Western fat diet resulted in reduced total 

fatty acid concentrations in serum but not in colon. In the colon, the effects of the fish oil on fatty 

acids differed in normal and tumor tissue. There were distinct lipodomic patterns consistent with a 

lipogenic phenotype in tumors. In tumor tissue, the eicosapentaenoic acid:arachidonic acid ratio, 

cyclooxygenase-2 expression and the mole percent of saturated fatty acids were significant 

predictors of inter-animal variability in colon PGE2 after accounting for diet. In normal tissues 

from either control rats or carcinogen-treated rats, only diet was a significant predictor of colon 
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PGE2. These results show that the fatty acid milieu can modulate the efficacy of dietary fish oils 

for colon cancer prevention, and this could extend to other preventive agents that function by 

reducing inflammatory stress.
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1. Introduction

Many epidemiological and animal studies support the role of increased dietary ω-3 fatty 

acids, versus that of ω-6 fatty acids, for prevention of colon carcinogenesis [1-4]. The 

magnitude of this preventive effect can be large. For example, feeding ω-3 fatty acids 

reduces invasive colorectal cancer incidence and multiplicity in rodents by 35% to 70% 

[5-7]. This is similar in magnitude to the preventive effects of non-steroidal anti-

inflammatory agents (NSAIDs). The cardiovascular and gastrointestinal toxicities of chronic 

NSAID use have rendered them unsuitable for long-term colon cancer prevention in healthy, 

normal risk populations [8].

Like NSAIDs, ω-3 fatty acids inhibit prostaglandin E2 (PGE2) synthesis. PGE2 in the colon 

is a pro-inflammatory mediator tightly linked with increased colon cancer risk [9]. Dietary 

ω-3 fatty acid supplementation increases the ratio of ω-3 to ω-6 fatty acids in membrane 

phospholipids. Increasing the ω-3 to ω-6 fatty acid ratio reduces the availability of ω-6 

arachidonic acid (AA) for metabolism to PGE2, a process catalyzed by constitutive 

cyclooxygenase(COX)-1 and inducible COX-2 [10]. The ω-3 fatty acid, eicosapentaenoic 

acid (EPA), reduces PGE2 by reducing the availability of AA for the catalytic monomer of 

the COX-1 dimer and inhibiting COX-1 oxygenation of AA [11, 12]. EPA serves as a 

substrate for the COX-2 catalytic site; with the formation of PGE3 as the metabolic product 

[10]. EPA competes poorly with AA for the COX-2 catalytic site. For this reason, PGE2, the 

downstream catalytic product of AA predominates over PGE3.

Other common fatty acids cannot serve as substrates for the catalytic dimer of either COX-1 

or COX-2 leading to the term “non-substrate fatty acids”. However, these common saturated 

and monounsaturated fatty acids (SFA, MUFA) such as stearic and palmitic acids bind to the 

COX-2 allosteric dimer and increase the activity of the catalytic dimer resulting in increased 

synthesis of PGE2 [12-14]. Binding to the allosteric dimer of COX-1 slightly inhibits the 

activity of the COX-1 catalytic dimer [15]. This effect of non-substrate fatty acids would 

take on particular importance when COX-2 is induced and/or when concentrations of non-

substrate fatty acids are high, such as that in tumors (Figure 1).

In rodents, we previously reported that dietary ω-3 fatty acids modify the fatty acid substrate 

pools to decrease PGE2 formation in the colon [16, 17]. There was a dose dependent 

response of dietary fish oil in reducing colonic PGE2 with dietary EPA:ω-6 fatty acid ratios 

of 0.4 or less [17]. We demonstrated that each 10% increase in serum EPA:AA ratio was 

associated with a 2% decrease in the geometric mean of colonic PGE2 concentration [17]. 

Consistent with this finding, fish oil fed rats treated with the carcinogen azoxymethane 
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(AOM) had reduced colon tumor incidence and multiplicity compared to Western diet fed 

controls [7, 18]. In addition, fish oils are known to have a triglyceride lowering effect [19], 

but the effects of fish oils on colon lipids are currently less well defined.

In the present study, we treated rats with azoxymethane (AOM)/dextran sodium sulfate 

(DSS) which induces inflammatory and carcinogenic response in mainly the distal colon of 

rodents [20]. We evaluated how both a fish oil diet and the process of tumorigenesis affect 

fatty acid substrate pools and eicosanoid formation in normal and tumor tissue from distal 

colon. We anticipated that the relationships between fatty acids and prostaglandin formation 

might differ in normal and tumor colon tissue due to the induction of COX-2 in neoplastic 

tissue [9]. In addition, colon tumorigenesis was reported to be accompanied by increased 

endogenous synthesis of fatty acids that are mainly palmitate and oleate [21]. The goal of 

the study therefore was to quantify changes in colon lipids with dietary fish oils, as 

compared with a Western blend fat, on colon lipids and to determine the impact of these 

fatty acid alterations on prostaglandin production in normal and tumor colon tissues.

2. Materials and Methods

2.1. Animals and diets

Male Fisher F344 rats, 5 weeks of age, were purchased from Harlan Laboratories (Haslett, 

MI). The rats were given fresh food on a daily basis and water ad libitum throughout the 

experiment. The rats were maintained on a 12 h light/dark cycle. The animal experimental 

protocol was approved by the University Committee on Use and Care of Animals at the 

University of Michigan. Data from our published study evaluating different doses of fish oils 

[17] showed that the 57% reduction in PGE2 that can be achieved with a dietary EPA:ω-6 

ratio of 0.4 can be detected with power > 90% using 10 animals/group.

After being acclimated to the standard AIN93-G diet for one week, rats were randomized 

into two dietary groups: control group (20 rats) and fish oil group (20 rats). Both the control 

and fish oil diets contained 34% energy from fat, 17% by weight. This fat content was 

achieved by decreasing cornstarch to accommodate the increased fat content versus the 

standard AIN93G diet. The Western fat diet contained a blend of fats and no EPA: coconut 

oil (45% by weight), olive oil (30% by weight), corn oil (15% by weight) and soybean oil 

(10% by weight). For the fish oil diet, the Western fat blend was mixed with menhaden oil to 

achieve an EPA:ω-6 ratio of 0.4 as previously described [17]. This resulted in a diet that 

was10.8% Western fat and 6.2% Menhaden oil, by weight of total diet. Both diets used in 

the experiment were prepared by Dyets Inc. (Bethlehem, PA). Diets were stored at -80°C 

and were used within three months after purchase. Small amounts of the diet were stored at 

-20°C for no more than one week and this was used to provide fresh food to the animals 

daily.

Half of the rats in each diet group were administered 15 mg/kg body weight of 

azoxymethane (AOM, acquired from the NCI Chemical Carcinogen Reference Standard 

Repository MRI Global, Kansas City, MO), by intra-peritoneal injection once after 7 days of 

starting the experimental diets. One week later, the AOM-treated rats were given 2% dextran 
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sodium sulfate (DSS, catalog no. D6001, Sigma-Aldrich Co., St. Louis, MO) in the drinking 

water, which was replaced on daily basis for 7 days.

Rats were sacrificed using carbon dioxide inhalation and blood was obtained using cardiac 

puncture after opening the chest cavity. Sera were separated and stored at -80oC for fatty 

acid analysis. The whole colon was quickly removed, opened longitudinally and rinsed with 

ice-cold phosphate-buffered saline (PBS) containing indomethacin (5.6 μg/mL). Tumors in 

the distal colon were grossly visualized and dissected away from normal tissue. The tumors 

and grossly normal proximal, transverse and dissected distal sections of colon were snap 

frozen in liquid nitrogen and stored at -80oC before analysis. The normal and tumor distal 

colon tissues were subsequently pulverized in liquid nitrogen and stored at -80oC. A portion 

of this pulverized tissue was used for lipodomic analysis, a portion for RNA expression and 

another portion was used to prepare a homogenate for determination of both eicosanoids and 

fatty acids.

2.2. Fatty acid analysis by GC-MS

Approximately 60 mg of pulverized colon tissue was weighed out and added to 1 mL of cold 

phosphate-buffered saline containing 0.1mM indomethacin, 1mM EDTA. The homogenate 

was sonicated in ice water for 5 min (cycling between 20 seconds of sonication and 20 

seconds of cooling). Aliquots were stored in a -80oC freezer until analysis of eicosanoids, 

triglycerides, fatty acids or protein. The protein concentration of homogenates was 

determined using the Bradford assay (Bio-Rad Laboratories Inc., Hercules, CA).

For quantitation of fatty acids, 150 μL of colon homogenate was added to 10 μL of internal 

standard (17:0, 1 mg/mL in hexane). The samples were then extracted with 1.0 mL of Folch 

reagent (chloroform: methanol 2:1), vortexed for 2 minutes, and centrifuged (1200 × g for 8 

min). The organic layer was removed to another glass tube and dried in a SpeedVac. The 

samples were solubilized in 70 μL of hexane:chloroform (1:1), and vortexed. Fatty acid 

methyl esters (FAME) were prepared by adding 30 μL of METH-PREP II derivatization 

reagent (0.2 N methanolic (m-trifluoromethylphenyl) trimethylammonium hydroxide; Grace 

Science, Deerfield, IL). GC-MS was conducted as previously described using selected ion 

monitoring [22, 23].

Individual amounts of each fatty acid (in μg) were calculated from standard curves and 

converted to moles. The mole percentage of each fatty acid, of total moles of fatty acids, was 

calculated in serum and colon homogenates. For colon, μmoles of each fatty acid per μg 

protein were calculated. For serum, fatty acid concentrations were reported in μg/ml.

2.3. Eicosanoid analysis by chiral liquid chromatography tandem mass spectroscopy (LC-
MS/MS)

For extraction of eicosanoids, 300 μL of the colonic homogenate was added to 12 × 75 mm 

glass tubes on ice, along with 700 μL de-ionized water, 20 μL of 0.75M citric acid-0.25 M 

ammonium acetate pH 2.7, 20 μL of 30 mM disodium EDTA, and 20 μL of a mixture of 

deuterated internal standards. The resulting solution was then extracted twice with 2 mL 

hexane:ethyl acetate (1:1 v/v, containing 0.1% BHT (w/v). The pooled extracts were 

evaporated under vacuum and reconstituted with 80 μL of HPLC-grade methanol. Aliquots 
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(20 μL) were injected for analysis by LC-MS/MS. The LC-MS/MS method for eicosanoid 

analysis we published was adapted by adjusting our previously developed the HPLC 

program to include analysis of 14,15-S-dihydroxyeicosatrienoic acid (DHET) and 14,15-R-

DHET [24]. Eicosanoid standards were obtained from Cayman Chemical (Ann Arbor, MI).

The HPLC separation was performed on a Waters 2695 separations module, using a Chiral-

Pak AD-RH analytical column (2.1 × 150 mm, 3 μm particle size) (Chiral Technologies, 

West Chester, PA). The column was maintained at 40°C. Mobile phase A was 10 mM 

ammonium acetate pH 3.8 and mobile phase B was acetonitrile. The flow rate was 0.2 mL/

min. The linear gradient program was: 30-50% B (0–5 min), 50-100% B (5–24 min), 100% 

B (25-30 min), and return to 30% B (30–37 min).The effluent was introduced into a 

Finnigan TSQ Quantum Ultra triple quadrupole mass spectrometer by electrospray 

ionization (ESI) and detection of negativeions in the single reaction monitoring mode was as 

previously described except that we added 14, 15-DHET which was monitored at the 

transition m/z 337.5 to 206.9 [24]. Eicosanoid concentrations in colonic tissue were 

normalized to protein concentrations.

2.4. Cyclooxygenase (COX) gene expression by real-time quantitative PCR

COX gene expression was performed using quantitative real-time PCR (RT-qPCR). RNA 

was extracted from 100 mg pulverized tissue using Trizol Plus Purification Kit, following 

the manufacturers' protocol (Thermo Fisher Scientific/Applied Biosystems, Waltham, MA). 

The recovered RNA was checked for purity and quantified spectrophotometrically. Real-

Time PCR was performed with 10 ng cDNA using the TaqMan® Gene Expression Assay 

system (Applied Biosystems). A mixture of cDNA from the sample pool was used to 

construct a standard curve for each gene.

The primers and probes used for real time PCR were purchased from Applied Biosystems. 

The primers used were as follows: COX-1 (PTGS1, cat. no. 1428661), and COX-2 (PTGS2, 

cat. no. 1437258). Actin was used as an internal control for normalization (cat. no. 

1429880). The real-time PCR was done with a CFX96 PC detection system (Bio-Rad 

Laboratories, Philadelphia, PA), and the thermal conditions were: 50°C 2 min, 95°C 10 min 

followed by 40 cycles of 95°C 15 sec and 60°C 1 min. All samples and standard curves were 

analyzed in duplicate and averaged. Duplicates that differed by more than 10% were 

repeated.

The mean efficiencies for the PCR standard curves for each primer were: PTGS1 (96%), 

PTGS2 (94%), and actin (98%). For quantification, the standard curve method was used, and 

the average amount of each target mRNA expression and actin mRNA expression was 

established from their respective standard curves. COX-1 and COX-2 gene expression was 

calculated relative to actin expression as a ratio.

2.5. Lipodomics of colon tissue

To investigate the effects of fish oil feeding and carcinogen treatment on colon lipid classes, 

two separate, untargeted, shotgun lipodomic experiments were carried out using aliquots of 

the same pulverized, flash-frozen colon tissue samples that were used for other assays. 

These assays utilized weighed aliquots of pulverized colon tissue of about 20 mg each. and 
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results were normalized to tissue weight. In the first experiment, normal colon tissue from 

control rats fed fish oil or not and tumor colon tissue from rats treated with AOM/DSS fed 

fish oil or not were analyzed. Three samples from each of the four treatment/diet groups 

were selected based on colon PGE2 concentrations: one sample with the highest PGE2, one 

with the lowest PGE2 and one sample with mid-level PGE2 was selected within each 

treatment/diet group to maximize diversity in the samples.

Since the biology of tumors can modify colon lipids, a second lipodomic experiment was 

conducted to investigate the effects of fish oil and carcinogen treatment on grossly normal 

colon tissue. Samples of colon tissue from control rats and grossly normal colon tissue from 

rats treated with AOM/DSS were selected from rats fed Western fat or fish oil diets. Again 

three samples from each treatment/diet group were selected based on PGE2 concentrations 

to represent maximum diversity in PGE2 in the samples. The normal tissue from control rats 

in this experiment was not the same as that in the first experiment.

Extraction of lipids from pulverized tissue was carried out after spiking with internal 

standards from each lipid class and sonicating the samples in methanol briefly. Lipids were 

extracted using a modified Bligh-Dyer method with 2:2:2, by volume, of water: methanol: 

dichloromethane at room temperature. The organic layer was collected and dried completely 

under the stream of nitrogen before being re-suspended in 100 μL of HPLC solvent B (see 

below). The samples were analyzed by HPLC-MS-MS along with quality control samples. 

Separations were achieved with a 1.8 μm particle 50 × 2.1 mm ID Waters Acquity HSS T3 

column (Waters, Milford, MA) which was heated to 55°C. Elution was performed using a 

gradient of 40% solvent A to 100% solvent B over 10 minutes. Solvent A was acetonitrile: 

water (40:60, by volume) with 10 mM ammonium acetate and solvent B was acetonitrile: 

water: isopropanol (10:5:85, by volume) with 10 mM ammonium acetate. Lipids were 

identified using the LIPIDBLAST library by matching the product ions MS/MS data using 

MultiQuant 1.1.0.26. Identified lipids were quantified by normalizing against their 

respective internal standard. Only lipids with a relative SD of <30% in quality control 

samples were analyzed.

2.6. Statistical analyses

Colon tissue eicosanoids were expressed as ng per mg protein. Colon fatty acids in μg/

sample were summed to obtain μg of total fatty acids per sample and expressed relative to 

the protein content of the homogenate. Individual colon fatty acids were expressed as a mole 

percent of total. In serum, fatty acids were expressed as mole percent and a total weight 

amount of fatty acids per mL serum was also calculated.

All analyses of eicosanoids and fatty acids were performed using the IBM SPSS program, 

version 22 (IBM Corporation, Armonk, New York). Variables were transformed as needed to 

achieve normality, and the transformations used are given in the tables. The effect of fish oil 

feeding and carcinogen treatment on outcome variables was evaluated by two-way ANOVA. 

Pairwise analyses were conducted using Linear Distance Sampling. The same analyses were 

done to compare tumor tissue with normal tissue from control animals. In samples from 

animals for which both normal and tumor colon tissue was available, data were also 

analyzed using mixed models with diet (fish oil, Western fat), tissue type (normal, tumor) 
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and their interaction as factors. To account for multiple comparisons, differences were 

considered significant when p<0.005.

Linear regression models with log PGE2 or log PGE3 as outcomes were constructed 

including predictor variables selected based on the biochemistry of cyclooxygenase 

function. We evaluated fatty acids that are substrates for COXs (EPA, AA, DHA, EPA:AA 

ratio) as well as non-substrates (MUFA, SFA, other ω-3 and ω-6 fatty acids). Although the 

fish oil diet had strong effects on prostaglandin formation, there was variability in the fatty 

acid concentrations and expression of COXs in each group. We optimized each regression 

model to obtain a maximal adjusted R2 for each tissue type: normal colon tissue, normal 

colon tissue from carcinogen-treated rats and tumor colon tissue from carcinogen-treated 

rats.

Lipidomic data for samples was normalized to tissue weight. Data was log transformed to 

stabilize the variance. A two-way ANOVA model was fit for each lipid with diet and tissue 

type as factors. After adjusting for false discovery rates, those lipids with p < 0.05 for the 

effect of diet (fish oil, Western fat) or tissue type (tumor, carcinogen-treated normal or 

normal) were subjected to principal component analysis using the pca3d package and 

hierarchical clustering analyses with the R program [25, 26]. Heatmaps were created using 

function “heatmap.2” in package “gplots” within the R program [27] and are shown in the 

Data in Brief accompanying article [28].

3. Results

3.1. Animal weight gain and tumors

Mean weight gain was similar in the four groups of ten rats while consuming the 

experimental diets from experimental week 3 to week 20. Weight gain in the animals fed the 

Western fat diet was 235 grams (SD 31) and with the fish oil diet it was 225 grams (SD 31). 

In the AOM-DSS treated animals, weight gain was 238 (SD 23) and 256 (SD 20) grams in 

animals fed the Western and fish oil diets, respectively. These differences were not 

statistically significant. All of the animals that received AOM and DSS and the Western diet 

developed tumors while nine of 10 animals on the fish oil diet developed tumors. None of 

the control animals (defined as no carcinogen treatment) developed colon tumors. 

Pathological evaluation of tumors was not possible since tissues were snap frozen for 

biochemical analyses. In parallel tumor experiments that will be reported separately, the fish 

oil diet reduced mean tumor volume and mean tumor multiplicity by about half, consistent 

with the reduction in PGE2 shown in Table 1 that was statistically significant in tumor tissue. 

These preventive effects of a fish oil diet are well documented and depend partially on the 

carcinogen dose [5-7].

3.2. Eicosanoids and cyclooxygenase expression in colon

Eicosanoids and cyclooxygenase expression were quantified in normal colon tissue from 

control animals and in both normal and tumor tissues from carcinogen-treated rats. PGE2 

was decreased by fish oil feeding in all tissue types, consistent with preventive effects, but 

this was statistically significant only in the colon tumor tissue (Table 1). PGE3, however, was 
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significantly higher in all three tissue types when animals were fed the fish oil diet. Fish oil 

feeding resulted in significantly lower 5-R-hydroxyicosatetraenoic acid (HETE) and 12-R-

HETE in normal tissue from control rats and increased 15-S-HETE in normal tissue from 

carcinogen-treated rats relative to that with the Western fat diet. In tumor tissue, 15-S-HETE 

was not significantly increased by fish oil feeding, but there were a large number of 

significant differences with fish oil versus Western fat feeding in tumors as shown in Table 

1. There was no significant effect of diet on expression of COX enzymes in the colon. Inter-

animal variability was large for all of these measures.

The effect of carcinogen treatment and tissue type (normal versus tumor) was also evaluated 

by two-way ANOVA. In normal colon from the fish oil fed rats, 5-S-HETE, 5-R-HETE and 

12-R-HETE were relatively higher in carcinogen-treated rats versus control rats. In the 

Western diet-fed rats, 15-S-HETE was lower and the COX-2:COX-1 expression ratio was 

higher in the carcinogen-treated rats versus the control rats that were not given carcinogen 

(Table 1). There were also several statistically significant differences between normal and 

tumor tissue eicosanoids evident from the two-way ANOVA as annotated in Table 1. The 

COX-2:COX-1 expression ratio was higher in tumors versus normal tissue from control rats 

fed either diet.

Additional analyses compared normal and tumor tissue from carcinogen-treated rats using 

mixed models since these tissues were obtained from the same animals, and these results are 

not annotated on Table 1. The models used tissue type (normal, tumor), diet (fish oil, 

Western fat), and their interaction as factors. Values significantly higher in tumor tissue 

versus normal tissue in pairwise contrasts were 5-S-HETE, 12-S-HETE, 12-R-HETE, and 

13-S-HODE in rats fed the Western diet and 12-S-HETE in rats fed the fish oil diet. In 

addition, COX-2 expression and the ratio of COX-2 to COX-1 expression was significantly 

higher in tumor versus normal tissue from carcinogen-treated rats.

3.3. Fatty acids in serum and colon

In serum of control animals, the mole percent of ω-3 fatty acids increased while ω-6 fatty 

acids and monounsaturated fatty acids decreased with fish oil feeding (Table 2). The relative 

proportion of saturated fatty acids was not different by diet but the total concentration of 

fatty acids in serum was about half that in Western diet fed animals (p<0.005 from two-way 

ANOVA with post-hoc pairwise analyses). Similar effects of diet on serum fatty acids were 

found in control rats and carcinogen-treated rats (Table 2).

In colon tissues, fish oil feeding resulted in significant higher total and individual ω-3 fatty 

acids in all three tissue types, and the lower relative proportion of total ω-6 PUFA in rats fed 

fish oil was statistically significant only in tumor tissue (Table 3). Total fatty acid amount, 

per mg protein, tended to be lower after fish oil versus Western fat feeding, but this was not 

significant in colon tissue.

Fatty acids in normal colon of carcinogen-treated rats were similar to that in normal colon 

from control rats. Tumor tissue did, however, have higher SFA and lower MUFA than 

normal tissue from control rats with either kind of diet (Table 3). In addition, arachidonic 

acid (AA) and the AA:linoleic acid ratio were higher in tumor than normal tissue for rats fed 
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the Western diet. These differences between normal and tumor tissue were not significant in 

rats fed the fish oil diet. The complete fatty acid profiles are shown in the accompanying 

Data in Brief article [28].

3.4. Lipodomic analyses of colon tissues

A representative subset of normal and tumor colon tissue samples was analyzed using un-

targeted shotgun lipodomic methods to identify differences in specific lipid classes between 

samples defined by diet and tissue type. Principal component analyses of the results are 

shown in Figure 2 showing clear segregation of lipids by diet and tissue type. In comparing 

lipodomic patterns between tumor tissue from carcinogen-treated rats and normal tissue 

from control rats (Figure 2A), the four groups defined by diet (fish oil or Western) and tissue 

type (tumor or normal) segregated completely. The main effect of tissue type was evident 

(PC1, 32%), although the diet effect was still strong in PC2 (28%), with a smaller 

contribution of PC3 that was similar to the diet effect (17%). In tumor tissue, there was more 

variability between samples in tumor tissue (depicted by triangles) versus that in normal 

tissues (depicted as curcles) as shown in Figure 2A.

In a second lipodomic experiment, normal tissues from both control and carcinogen-treated 

rats were analyzed. Principal component analysis indicated a major effect of diet on lipids in 

PC1 accounting for 43% of the variance. Carcinogen treatment (PC2) accounted for another 

20% of the variance and PC3 for 9% of the variance (Figure 2B). In rats fed the Western fat 

diet, the carcinogen effect on lipids was distinct. In normal tissue from animals fed the fish 

oil diet, however, the carcinogen effect was not as pronounced and one sample from a 

control rat was indistinguishable from the samples obtained from carcinogen-treated rats.

The hierarchical clustering analyses of the lipodomic data allowed for comparisons of 

specific lipids that differed by tissue type or by diet, and those lipids that consistently 

differed by diet type or tissue type are listed in Table 4. Tumor tissue versus normal 

(Experiment A), regardless of diet, had higher amounts of lipids containing saturated and 

monounsaturated fatty acids in the free fatty acids, lysophosphatidyl choline (PC), lyso 

phosphatidylethanolamine (PE) lipids and several plasmenyl PC and PE lipids. Carcinogen 

treatment of rats also resulted in elevated saturated and monounsaturated fatty acids in 

normal tissue. This was mainly in the free fatty acids and not in other lipid classes (Table 4, 

Experiment B). Notably, free arachidonic acid was elevated in both carcinogen-treated 

normal tissue and in tumor tissue relative to normal tissue of control rats. Fish oil feeding 

markedly resulted in higher long chain, highly unsaturated fatty acids in mainly TG, DG, 

PC, PE and plasmenyl PE lipids. Fish oil feeding also resulted in lipids that were lower 

versus that in the Western fat diet: this included several lipids that likely contain arachidonic 

acid (eg. PC 40:4), as shown in Table 4. More detailed lipodomic data is available in the 

accompanying Data in Brief article [28].

3.5. Fatty acid predictors of colon prostaglandins

Although we did observe differences in colon prostaglandins and fatty acids by diet and 

carcinogen treatment, there was variability in these measures within each animal group. We 

therefore used linear regression analysis to evaluate the impact of inter-individual variability 
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in colon fatty acids and COX expression among animals on the log of both PGE2 and PGE3 

concentrations. In normal tissue of control or carcinogen-treated rats, diet alone was a 

significant predictor of colon PGE2, although in the case of carcinogen-treated rats a larger 

proportion of the variability in PGE2 (25% versus 16%) was accounted for by including fatty 

acid and COX expression variables (Table 5). In tumor tissue, EPA:AA fatty acid ratio, 

COX-2 expression and the mole percent of SFA in the colon were all significant predictors, 

with the final model accounting for 68% of the variance in colon PGE2. The beta coefficient 

was negative for the EPA:AA ratio and for exposure to a fish oil diet, indicating lower PGE2 

with higher EPA:AA, and the beta coefficient was positive for COX-2 expression and mole 

percent of SFA. Including COX-1 expression along with COX-2 expression did not improve 

the model (adjusted R2 in that case was 67%). Other fatty acid variables, such as mole 

percent of MUFA, other ω-3 fatty acid variables, or total fatty acid weight per mg tissue 

protein did not improve the models shown in Table 5. The mole percent of EPA in colon was 

highly correlated with diet and did not yield a reliable regression model. Similar models 

using the same variables were constructed for the log of colon PGE3 in tumor tissue, but in 

this case diet explained a much larger proportion of the variance in PGE3 (54%) as 

compared with the models for PGE2 (30% of the variance in PGE2). The regression model 

for PGE3 was improved another 7.2% by including EPA:AA ratio, 11.1% by including 

COX-2 expression, and 8.2% by including mole percent of SFA. This generated a final 

model that accounted for 80.6% of the variance in log of tumor PGE3 concentration.

4. Discussion

Dietary fish oils are thought to be part of a healthful diet. Many rodent studies point to the 

cancer preventive effects of fish oils [5-7]. Human studies have, however, been less 

consistent [29]. Data on the biochemistry of fish oil fatty acid metabolism to PGE2 show that 

both expression of COXs and the composition of the fatty acid milieu, not just AA 

concentration, will govern rates of PGE2 formation [11, 13-15, 30]. This is highly relevant in 

tumors where it is well-established that COX-2 is induced and fatty acid synthesis is 

elevated to support active tumor growth [9, 31-34]. In the present study, we therefore 

examined fish oil effects on fatty acids and eicosanoids in a rodent colon cancer model.

As could be expected, diets containing fish oil resulted in increased formation of PGE3 in 

normal and tumor tissues (Table 1). PGE3 was higher in colon of carcinogen-treated rats fed 

fish oil than in normal colon from control rats, consistent with higher COX-2 expression 

levels. PGE3 is produced by COX-2 mediated oxygenation of EPA, and EPA is not a 

substrate for COX-1 [10, 11, 13]. PGE3 has been shown to have protective effects in the 

colon, reducing colon stem cell expansion [35]. Unlike with EPA, both COX-1 and COX-2 

utilize AA as a substrate to result in formation of PGE2 [10]. Induction of COX-2 in tumors 

therefore could account for the somewhat higher PGE2 concentrations in tumor versus 

normal tissue (Table 1).

Other eicosanoids also exhibited beneficial changes with fish oil feeding. AA oxygenation 

by cytochrome P450 forms epoxyeicosatrienoic acids, and epoxide hydrolase subsequently 

results in formation of the more stable 14,15-DHETs (Figure 1). These compounds have 

been associated with pro-inflammatory processes [36, 37]. Neither 14,15-S and 14,15-R 
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DHET were significantly altered by diet in normal tissues, but both products were reduced 

in colon tumors of fish oil-fed animals versus that of Western fat-fed animals (Table 1). 12-

S-HETE also was lower in tumor tissue of fish oil fed rats. This would presumably be 

protective given its role in stimulating tumor cell proliferation, although the role of 12-S-

HETE in colon cancer specifically has not been well-studied [38, 39]. Finally, 15-S-HETE 

and 13-S-HODE that are products of 15-lipoxygenase action from oxygenation of AA and 

linoleic acid, respectively, also were quantified (Figure 1). In the colon, 15-lipoxygenase 

appears to have anti-tumor effects [40]. In rodents, 12/15-lipoxygenase action is carried out 

by a single enzyme. It is therefore interesting that 15-S-HETE tended to increase with fish 

oil feeding while 12-S-HETE tended to decrease (Table 1). In addition, 13-S-HODE was not 

significantly changed by diet in any of the three tissue types (Table 1). This contrasts with 

our previous results in rats fed varying amounts of fish oil, although the previously observed 

the reduction in 15-S-HETE in colon with a fish oil diet was modest [17].

The S-isomers of HETEs and 13-HODE are formed enzymatically while the R-isomers are 

thought to be formed by both enzymatic and non-enzymatic oxygenation of substrates. 

Quantifying R-isomers using chiral chromatography therefore offers a method to assess 

potential pro-oxidant effects of fish oils. These products were either unchanged or reduced 

by fish oils: this is important since fish oils can be easily peroxidized [41]. The R isomers do 

appear to have biological effects that would enhance carcinogenesis. For example, 9-R-

HODE and 13-R-HODE increased monocyte migration and calcium influx [42]. In Caco-2 

cells, 13-S-HODE was shown to be a ligand for proliferator-activated receptor-γ and to 

induce apoptosis of undifferentiated cells while 13-R-HODE activated inflammatory 

signaling and PGE2 synthesis [43].

Fatty acid changes also exhibited important differences by diet and tissue type that were 

evident in both the fatty acid and lipodomic profiles (Tables 3 and 4). In serum, changes in 

fatty acids reflected diet. The relative proportion of ω-3 PUFA was higher and of ω-6 PUFA 

was lower in animals fed the fish oil versus Western fat diets, and fish oil feeding resulted in 

lower total fatty acid serum concentrations as well (Table 2). In colon, the fish oil diet 

resulted in relatively higher total ω-3 PUFA in all tissues, but the lower proportions of total 

ω-6 PUFA and AA were significant only in tumor tissue (Table 3). As a result, the ω-6 

PUFA were higher in colon tumors versus normal tissue of animals fed the Western fat diet, 

but not in animals fed the fish oil diet. This indicates that a fish oil diet drove increases in the 

EPA:AA ratios differently in normal and tumor tissue: altering both in tumors but only EPA 

in normal tissue.

Lipodomic analysis of colonic lipid fractions provided more specific information than the 

fatty acids in total lipid extracts analyzed by GC-MS. The lipodomic analysis were done on 

a subset of tissues, and this data shows that the most commonly elevated lipids in tumor 

versus normal tissues contain saturated and monounsaturated fatty acids, including many 

free fatty acid moieties (Table 4). This is consistent with the reported lipogenic environment 

of tumors [31-34]. Indeed, increased fatty acid synthase expression appears to be an early 

marker of colorectal neoplasia [21], and may even be prognostic in humans [44]. The data is 

also consistent with active fatty acid cycling in tumors, releasing lyso lipids and free fatty 

acids from phospholipids (Table 4). Certain lyso PC have pro-inflammatory properties and 
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stimulate monocyte attraction [42, 45-47]. Tumors actively cycle fatty acids via lysoPC to 

free FFA and PG in the extracellular space, followed by uptake of the released FFA into 

membranes [48]. Active cycling between TAG and free fatty acids, and a high rate of 

glycolysis provide glycerol for TAG synthesis and accumulation, allowing for cell survival 

even when tumors are serum starved [49].

Although fish oil did have significant effects on colonic eicosanoid concentrations, there was 

considerable variability among animals in each treatment group. We investigated whether 

colon tissue fatty acids that were assayed in all samples by GC-MS could explain at least 

part of the inter-animal variability in colon PGE2 concentrations, after controlling for diet 

type using linear regression models. The biochemical regulation of COX activity by fatty 

acids has been reported in detail which guided the statistical analyses. We focused on the 

EPA:AA ratio since EPA binding to COX-1 inhibits AA oxygenation [11]. Other long chain 

ω-3 fatty acids (22:6 and 22:5) are poor COX-1 substrates and very modest COX-1 

inhibitors [11, 15]. In normal tissue from carcinogen-treated rats, fatty acids and COX 

expression were weak, non-significant predictors of colonic PGE2 after controlling for diet. 

In tumors, however, the EPA:AA ratio, COX-2 expression and the mole percent of SFA all 

were significant predictors of PGE2 concentrations (Table 5). This is consistent with 

biochemical data showing that SFA and MUFA slightly reduce COX-1 activity but greatly 

increase oxygenation of AA by COX-2 (Figure 3): COX-2 is induced in tumors, and 

biochemical data show that non-substrate fatty acids modulate the activity of COX-2 to a 

much greater extent than that of COX-1 [9, 12-15]. In the linear regression models, MUFA 

was not a significant predictor of colon PGE2, perhaps because in tumors the relative 

proportion of total SFA was higher than that of total MUFA (Table 3).

The linear regression results showing a significant influence of fatty acid variables on tumor 

tissue PGE2 but not in normal tissue PGE2 are interesting (Table 5). Tumor colon tissue had 

a fatty acid milieu consistent with a lipogenic phenotype of higher saturated and 

monounsaturated fatty acids in many lipid subclasses and higher free fatty acids relative to 

normal colon tissue (Table 4). Interestingly, the fish oil diet resulted in the enrichment of 

triglycerides with ω-3 fatty acids to a relatively greater extent in tumors versus that in 

normal tissue, consistent with elevated fatty acid flux into intracellular lipid droplets (Table 

4). Lipid droplets in tumors are a storage depot for fatty acids in the triglyceride form, likely 

supporting proliferative needs [50, 51]. Despite good uptake of ω-3 fatty acids into tumor 

tissues, an increased proportion of SFA in total lipid extracts still had a significant 

stimulatory effect on formation of PGE2 in tumor tissue. This accounted for an additional 

8% of the inter-animal variance in PGE2, after accounting for diet, EPA:AA ratio and 

COX-2 expression in the linear regression models (Table 5). Although this is a modest 

fraction of the inter-animal variability, it was statistically significant and similar in 

magnitude to the effects of COX-2 expression that accounted for 11% of the variability after 

taking into account diet type and EPA:AA ratio. This could be even more important in 

human populations that have greater variability in diet and in enzyme expression due to 

polymorphisms and environmental exposures.

A similar scenario could occur in obesity. In condition of caloric excess, fatty acid uptake 

and synthesis in cells would mimic the endogenous synthesis of fatty acids in tumors, and 
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this has been shown to interfere with the cancer therapeutic effects of fatty acid synthase 

inhibitors [52]. In our recent clinical trial of omega-3 fatty acid supplementation, obese 

versus normal weight individuals exhibited smaller decreases in colonic PGE2 

concentrations post supplementation [53]. It is tempting to speculate that the lipogenic 

environment in the case of a positive energy balance would result in a similar scenario as in 

tumors where increased concentrations of saturated fatty acids enhance COX-2 activity and 

attenuate the efficacy of dietary preventive agents for reducing PGE2. Given the central role 

of PGE2 in colon cancer risk [9], inter-individual variation in fatty acid metabolism could 

have major implications for optimizing the dosing of fish oils and other anti-inflammatory 

agents for colon cancer prevention in human populations.
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Figure 1. 
Schematic view of fatty acid pathways relevant to formation of eicosanoids in normal and 

tumor tissues. Fatty acids from endogenous synthesis and diet contribute to the fatty acid 

composition of cellular lipids stores in membranes and lipid droplets and modulate the 

relative proportion of arachidonic acid (ω-6) that is available to cyclooxygenase (COX), 

lipoxygenase (LOX) and cytochrome P450 enzymes for production of oxygenated 

metabolites. Lipoxygenases selectively produce S-isomeric eicosanoids while lipid 

peroxidation produces R and S isomers in equal quantities. All of these enzymes use 

arachidonic acid as a substrate except that 13-HODE is produced from linoleic acid. 

Prostaglandin E2 is produced from arachidonic acid by both COX-1 and COX-2, and 

prostaglandin E3 is produced from eicosapentaenoic acid (ω-3) by COX-2, although 

eicosapentaenoic acid competes poorly with arachidonic acid as a substrate for COX-2. As 

discussed in the text, products that have been associated with beneficial effects in the colon 

include prostaglandin E3, 13-S-HODE and 15-S-HETE while the other eicosanoids shown 

generally have pro-tumorigenic effects. Prostaglandin E2 in particular is known to be 

promote colon tumorigenesis.
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Figure 2. 
Principal Component analyses of lipodomic results.

A. Experiment comparing normal colon tissue from control rats and tumor tissue from rats 

treated with carcinogen. In each group, rats were fed either the Western fat or fish oil diet. 

Principal component 1 (PC1, tissue type) accounted for 32% of the variance, PC2 (diet) for 

28% of the variance and PC3 for 17% of the variance. Legend: Solid sphere, normal tissue 

from control rats fed the fish oil diet; Open circle, normal tissue from control rats fed the 

Western fat diet; Solid triangle, tumor tissue from rats fed the fish oil diet; Open triangle, 

tumor tissue from rats fed the Western fat diet.

B. Experiment comparing grossly normal colon tissue from rats treated with carcinogen 

(AOM and DSS) or not, fed either the Western fat or fish oil diet. Principal component 1 

(PC1, diet) accounted for 43% of the variance, PC2 (carcinogen treatment) for 20% of the 

variance and PC3 for 9% of the variance. Legend: Open circle, normal colon from control 

rats fed the Western fat diet; Open triangle, normal colon from carcinogen-treated rats fed 

the Western fat diet; Solid circle, normal colon from control rats fed the fish oil diet; Solid 

triangle, normal colon from carcinogen-treated rats fed the fish oil diet.
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Figure 3. 
Summary of fatty acid modulation of prostaglandin E production. Arachidonic acid is a 

substrate for both cyclooxygenase (COX) isoforms resulting in production of prostaglandin 

E2. Eicosapentaenoic acid is an inhibitor of COX-1 and a weak substrate for COX-2, 

resulting in production of small amounts of prostaglandin E3. Saturated and 

monounsaturated fatty acids (SFA, MUFA) stimulate COX-2 activity [12-15]. In tumors, 

COX-2 is induced and the fatty acid profile is altered to increase SFA, as shown in Tables 3 

and 4. Fish oil feeding reduced the tumor-associated elevation in both arachidonic acid and 

prostaglandin E2 concentrations. In normal colon tissue, the type of diet explains the 

majority of the inter-animal variability in prostaglandin E2 concentrations (Table 5). In 

tumor tissue the EPA:AA ratio, COX-2 expression, and the relative abundance of saturated 

fatty acids contributes significantly to the inter-animal variability in prostaglandin E2 

concentrations.
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Table 2

Fatty acids in serum of rats fed different diets. Shown are the mean and SD for saturated fatty acids (SFA), 

monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), arachidonic acid (AA), 

eicosapentaenoic acid (EPA) and select ratios. There were 10 rats per group.

Fatty Acid (mole %, unless indicated otherwise) Serum of Control Rats Serum of Carcinogen-treated Rats

Western fat diet Fish oil diet Western fat diet Fish oil diet

SFA 43 (2) 44 (3) 43 (1) 44 (2)

MUFA 26 (2) 18 (2)* 25 (2) 17 (2)*

ω-3 PUFA 3.2 (0.5) 19 (2)* 3.3 (0.4) 19 (2)*

ω-6 PUFA 27 (2) 19 (1)* 29 (2) 20 (1)*

AA:linoleic acid ratio 1.22 (0.15) 0.72 (0.18)* 1.20 (0.32) 0.72 (0.07)*

20:4, ω-6 (AA) 14.12 (1.65) 7.37 (1.39)* 14.55 (1.90) 7.96 (0.82)*

20:5, ω-3 (EPA) 0.23 (0.05) 7.00 (0.70)* 0.22 (0.06) 6.85 (0.83)*

EPA:AA ratio 0.02 (0.00) 0.96 (0.14)* 0.02 (0.00) 0.86 (0.08)*

Total fatty acids (μg/ml serum) 43 (7) 21 (5)* 38 (5) 17 (2)*

*
Significantly different for the fish oil diet versus Western fat diet (p<0.005), within a treatment group from 2-way ANOVA with pairwise post-

tests. All variables were log transformed before analysis. Full fatty acid profiles are shown in the accompanying Data in Brief article [28].
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Table 5

Predictors of the log of colon prostaglandin E2 and E3 in rats fed different diets (fish oil or Western fat) and 

treated with carcinogen or not, from linear regression analyses (n=20 per tissue type except for tumor tissue 

where n=19).

Tissue Predictor of colon prostaglandin Adjusted R2 P-value of F-change P-value of overall 
model

Prostaglandin E2

Tumor colon, carcinogen-treated rats Diet 0.303 0.009 0.009

+ EPA:AA ratio 0.498 0.014 0.002

+ COX2 expression 0.606 0.035 0.001

+ Mole % SFA 0.684 0.048 <0.001

Normal colon, carcinogen-treated 
rats

Diet 0.157 0.047 0.047

EPA:AA ratio 0.166 0.288 0.083

+ COX1 and COX2 0.227 0.222 0.097

Expression + Mole % SFA 0.245 0.263 0.109

Normal colon, control rats Diet1 0.176 0.037 0.037

Prostaglandin E3

Tumor colon, carcinogen-treated rats Diet 0.541 <0.001 <0.001

EPA:AA mole ratio 0.613 0.059 <0.001

+ COX2 expression 0.724 0.016 <0.001

+ Mole % SFA 0.806 0.017 <0.001

Normal colon, carcinogen-treated 
rats

Diet1 0.909 <0.001 <0.001

Normal colon control rats Diet1 0.929 <0.001 <0.001

1
Adding fatty acid variables and/or COX expression did not improve these models for prediction of prostaglandin concentrations in normal colon 

tissues.
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