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Abstract

This clinical trial developed a personalized dosing model for reducing prostaglandin E2 (PGE2) in 

colonic mucosa using ω-3 fatty acid supplementation. The model utilized serum eicosapentaenoic 

acid (EPA, ω-3):arachidonic acid (AA, ω-6) ratios as biomarkers of colonic mucosal PGE2 

concentration. Normal human volunteers were given low and high ω-3 fatty acid test doses for 2 

weeks. This established a slope and intercept of the line for dose versus serum EPA:AA ratio in 

each individual. The slope and intercept was utilized to calculate a personalized target dose that 
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was given for 12 weeks. This target dose was calculated on the basis of a model, initially derived 

from lean rodents, showing a log-linear relationship between serum EPA:AA ratios and colonic 

mucosal PGE2 reduction. Bayesian methods allowed addition of human data to the rodent model 

as the trial progressed. The dosing model aimed to achieve a serum EPA:AA ratio that is 

associated with a 50% reduction in colonic PGE2. Mean colonic mucosal PGE2 concentrations 

were 6.55 ng/mg protein (SD, 5.78) before any supplementation and 3.59 ng/mg protein (SD, 

3.29) after 12 weeks of target dosing. In secondary analyses, the decreases in PGE2 were 

significantly attenuated in overweight and obese participants. This occurred despite a higher target 

dose for the obese versus normal weight participants, as generated by the pharmacodynamic 

predictive model. Large decreases also were observed in 12-hydroxyicosatetraenoic acids, and 

PGE3 increased substantially. Future biomarker-driven dosing models for cancer prevention 

therefore should consider energy balance as well as overall eicosanoid homeostasis in normal 

tissue.

Introduction

Prostaglandin E2 (PGE2) is a proinflammatory mediator formed by the oxygenation of 

arachidonic acid (AA, 20:4), an ω-6 fatty acid. PGE2 plays a key role in the etiology of 

colonic proinflammatory milieu that is involved in all stages of colon carcinogenesis (1). 

Conversely, in vitro data predict that ω-3 fatty acids will have anti-inflammatory effects. 

When dietary omega (ω)3:ω6 fatty acid ratios are increased by ω-3 fatty acid 

supplementation or diet modification, ω-3 fatty acids supplant AA and other fatty acids in 

phospholipids (2). This reduces the availability of AA for cyclooxygenase (COX)-mediated 

oxygenation to form eicosanoids. In addition, the binding of eicosapentaenoic acid (EPA, 

20:5, ω-3) to COX-1 inhibits AA oxygenation (3). Docosahexaenoate (DHA; 22:6, ω-3) and 

docosapentaenoate (DPA; 22:5ω-3) are poor COX-1 substrates and very modest COX-1 

inhibitors, making them less relevant to modulation of COX-1 activity (3). Unlike with 

COX-1, EPA may serve as a substrate for COX-2, but it is a poor COX-2 substrate as 

compared with AA (4). DHA and DPA are also ineffective COX-2 inhibitors (5). For 

COX-2, a key effect of increased ω-3 fatty acids is a reduced AA supply for generation of 

PGE2.

Given these key roles of EPA and AA on COX-mediated PGE2 production, we modeled 

these relationships on production of PGE2 in rodents. We fed F344 rats diets with varying 

EPA:AA ratios for 12 weeks (6). EPA:AA ratios in serum and colon increased 

proportionately to dietary feeding. PGE2 in the colonic mucosa rapidly declined and then 

plateaued at EPA:ω-6 FA dietary ratios ≥0.3 (6). We also found a log-linear relationship 

between serum EPA:AA ratio and colonic PGE2 in distal colon (6).

Here, we translate our in vitro and in vivo data to humans. We tested the hypothesis that ω-3 

fatty acid dose could be personalized to reduce colonic mucosal PGE2 concentrations by 

50%. Rodent data show that a 50% reduction in PGE2 in both normal-appearing and tumor 

tissue by dietary agents and aspirin is associated with reduction in colonic neoplasia (7-11). 

In normal tissue, which is the target for primary prevention, PGE2 has an important role in 

tissue repair and homeostasis (12). Hence, a basal concentration of PGE2 is required in the 
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colon and systemically at all organ sites. This basal concentration determines inflammatory 

tone that over time will affect susceptibility to malignancy. This is regulated by substrate 

availability and by expression of synthetic and catabolic rate-limiting enzymes. The ideal 

tissue concentration of PGE2 and other eicosanoids that allow for normal function without 

increasing cancer risk is yet to be determined. Nevertheless, there are important examples of 

abnormal regulation of PGE2 in the histologically normal colon: expression of COX-1 in 

normal colonic mucosa of individuals at high risk for colon cancer was 2-fold higher than 

that in a normal risk group (13), high-fat diets induce COX-2 in colon of rodents (14), and 

obesity increases COX-2 expression in human colon (15, 16). Genetic polymorphisms of key 

enzymes in the pathways for synthesis, transport, and degradation of PGE2 are also linked to 

risk of developing colorectal cancer (17, 18).

The extent of PGE2 reduction required in normal tissue for primary cancer prevention 

therefore is likely to be highly individual and is currently unknown. The control of PGE2 

pools in normal tissues is likely to be related to concentrations of substrate and genetically 

driven activity of rate-limiting synthetic and catabolic enzymes. In the absence of sufficient 

human data, we extrapolated from rodent carcinogenesis models, the only data available, to 

choose a target of reducing colonic PGE2 by 50% for this trial. The goal of this study was to 

develop and implement a pharmacodynamic model that would personalize ω-3 fatty acid 

dosing in humans to reduce colon mucosal PGE2 concentration by 50%.

Materials and Methods

Study participants

This phase Ib clinical trial was approved by the University of Michigan Internal Review 

Board (HUM00051786) and registered at www.clincialtrials.org (NCT# 01860352, Effects 

of Fish Oil on the Colonic Mucosa). The procedures were conducted in accordance with the 

ethical standards of the Helsinki Declaration of 1975, as revised in 1983. The study took 

place at the University of Michigan (Ann Arbor, MI), and all participants gave signed, 

informed consent to participate. Participants were recruited through a web-based registry, 

flyers, and word-of-mouth.

Eligibility criteria included being between 25 and 75 years old, a body mass index (BMI) 

between 18 and 40 kg/mg2, unremarkable medical history, no inflammatory or other colonic 

diseases, no history of cancer diagnosed within the past 5 years except for basal or squamous 

cell skin cancer that was surgically excised, and normal complete blood counts, clotting 

time, and hepatic chemistry. Participants taking medications or supplements that might affect 

outcomes, such as aspirin or fish oils, were excluded or given the option of a 3-week wash-

out period. Pregnant or lactating women or participants contemplating pregnancy for the 

duration of the protocol were excluded.

Test agent

The ω-3 fatty acid supplement in triglyceride form was a fish oil preparation highly enriched 

in EPA (EPA-Xtra from Nordic Naturals). The agent was manufactured compliant with 

Good Manufacturing Practice. The capsules were kept in a cool, dry, and dark place before 

Djuric et al. Page 3

Cancer Prev Res (Phila). Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dispensing, according to the manufacturer’s instructions. Participants were asked to store the 

capsules in the same manner. The capsules for the 2-week dosing with either low-dose or 

high-dose ω-3 fatty acids were all dispensed at visits immediately before dosing. For the 90-

day period of target dosing, half the capsule supply was provided at the start and half 

midway through the target dosing period. The capsules each contained 1 g of total fat: 530 

mg EPA, 150 mg DHA, and 101 mg other ω-3 fatty acids. Four different lots of the agent 

were used, and the measured variation for EPA between lots at the end of the study was less 

than 3%.

Adherence, diet assessment, and adverse events

Participants were assessed for agent adherence every 2 weeks by review of pill consumption 

diaries and by pill counts at the end of the study. Participants were classified as adherent if 

75% or more of the doses were taken as prescribed. Dietary intake was assessed throughout 

the study using unannounced 24-hour recalls collected by the multi-pass method, twice at 

baseline and three times during target dosing. The recalls were analyzed with the Nutrition 

Data System for Research, version 2014 (Nutrition Coordinating Center, University of 

Minnesota, Minneapolis, MN). The data from 3 to 5 recalls/subject (mean of 4.8 recalls/

subject) were averaged.

Participants were assessed for adverse events in person, by e-mail, or by telephone at seven 

intervals throughout the study. The National Cancer Institute Common Toxicity Scale V 4.0 

was used to quantify toxicity (NCI, Common Terminology Criteria for Adverse Events, 

Version 4.0, U.S. Department of Health and Human Services, Bethesda, MD, 2009).

Dosing overview

Serum EPA:AA ratios were measured after sequential 2-week periods of low and high test 

doses of ω-3 fatty acids. This resulted in a dose–serum EPA:AA curve for each participant. 

A personalized dose was then calculated to achieve a serum EPA:AA ratio that is associated 

with a 50% reduction in colonic PGE2 based on our model. The model for the relationship 

between serum EPA:AA and colon PGE2 was initially established using our rodent data (6). 

The model was continuously updated to include human data as the trial progressed in a 

Bayesian design. The primary endpoint, colonic mucosal PGE2 was measured at study entry 

and after 12 weeks of target dosing. In secondary analyses, we explored the effects of 

obesity on changes in colonic PGE2, and we also evaluated the effects of ω-3 fatty acid 

supplementation on other colonic eicosanoids and epithelial proliferation.

Low- and high-dose ω-3 fatty acid test doses

Individual serum fatty acid responses to 2-week dosing using low and high ω-3 fatty acid 

test doses were used to define the slope of the dose versus serum EPA:AA relationship. This 

relationship was needed to calculate a target dose that would be expected to reduce colonic 

PGE2 by 50% in each study participant based on our model. After eligibility determination, 

participants were asked to provide a baseline fasting blood sample and to undergo colonic 

biopsy by flexible sigmoidoscopy without prior preparation of the bowels. Participants were 

then provided with a low test dose of ω-3 fatty acids designed to approximate a dietary 

EPA:ω-6 fatty acid ratio of 0.1. This was calculated on the basis of estimated caloric intake 
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from the Harris–Benedict formula (19) and assuming the average American dietary fat 

intake that is 6.9% of energy from ω-6 fatty acids (based on What We Eat in America at 

https://www.ars.usda.gov). After 2 weeks of the low test dose, another fasting blood sample 

was obtained. This was followed by 2 weeks of a high test dose, targeting a dietary EPA:ω-6 

fatty acid ratio of 0.3, and another blood sample.

Target ω-3 fatty acid dosing for 12 weeks

The target fatty acid dose calculation utilized the log-linear, pharmacodynamic relationship 

between serum EPA:AA and colonic mucosal PGE2 concentration that we established in 

F344 rats (6). The personalized target dose of fish oil was obtained in a two-step manner. In 

the first step, the natural log (ln)-linear model:

(A)

was utilized to calculate the target serum EPA:AA ratio required to reduce the PGE2 by 50% 

from its baseline value:

(B)

In the first stage of the trial, the estimate of slope in Eqs. A and B was from animal data that 

related serum EPA:AA with colonic PGE2. The estimate of slope was updated following a 

Bayesian algorithm after data on every 8 to 10 human participants became available until the 

model did not change appreciably with additional participants.

The two predosing serum EPA:AA measurements taken about 2 weeks apart (at eligibility 

and baseline) were similar (Spearman correlation = 0.93). Using a simple linear regression 

of dose on serum EPA:AA predosing and after test low and high ω-3 doses, a model-

estimated optimal serum EPA:AA ratio was converted into a personalized target dose that 

was then given for 12 weeks. Given the participant-specific equation:

(C)

where I, M are the individual intercept and slope, and dose is measured in capsules/day, the 

personalized target dose was calculated as:

(D)

where EPA:AAtarget is as in Eq. B. From this model, participants with a steeper dose–serum 

EPA:AA slope (M) and higher intercept (I) receive a lower target dose. The protocol allowed 

for accruing participants and updating the model with human data until a stable dosing 

model derived consisting of human dose data was achieved, up to a maximum of 60 

participants. Hence, the dosing model was updated as the trial progressed after every 8 to 10 
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participants. The trial was designed to be closed when the dosing model stabilized as defined 

by lack of appreciable changes in the model with additional data from more participants.

Colon mucosal biopsies and serum

Participants underwent flexible sigmoidoscopy at study entry and 20 to 28 hours after the 

last ω-3 fatty acid target dose. Mucosal biopsies of distal sigmoid colon were taken 2 cm or 

more away from any sites with visual appearance of trauma. The participants did not prepare 

their bowels before the procedure, but they were asked to evacuate their rectum within 12 

hours of the procedure if possible.

Participants were placed in a left lateral decubitus position and a flexible sigmoidoscope was 

passed to 20 to 25 cm from the anal sphincter. Tissue samples were taken using Radial Jaw 4 

Jumbo forceps by opening and pressing the forceps perpendicular to the mucosal surface 

with mild pressure. Twelve biopsies (5–10 mg each) were obtained using seven passes of the 

sigmoidoscope (two biopsies per pass were captured in the jaw for the first five passes and 

then single biopsies in the last two passes). Eight of the biopsies were placed into sterile 1.5-

mL Eppendorf tubes and frozen in liquid nitrogen within 60 seconds, and four biopsies were 

placed in tubes containing ice-cold, PBS (pH 7.4) for subsequent fixation.

Each of the biopsies in saline was oriented in tissue cassettes on a piece of filter paper and 

fixed in 10% formalin-90% PBS pH 7.4 within 30 minutes. Biopsies were in formalin for 22 

to 25 hours prior to being transferred to 70% ethanol, and they were stored in 70% ethanol 

up to one week until embedding could take place.

Fasting blood samples from all time points (at eligibility determination, baseline, after low 

dose, after high dose, midway through target dosing, and after high dose) were delivered to 

the laboratory wrapped in foil and kept at room temperature for 30 to 60 minutes. Serum 

was prepared by centrifuging the blood (1,300 × g for 20 minutes). Serum aliquots were 

frozen immediately at −80°C.

Eicosanoid and fatty acid analyses

Eicosanoids were measured in homogenates of frozen colon mucosal biopsies using chiral 

high pressure liquid chromatography-tandem mass spectroscopy. Three frozen biopsies were 

pulverized in liquid nitrogen, and pooled homogenates were prepared in buffered saline 

containing indomethacin as described previously (20, 21). Deuterated internal standards 

were added before extraction and analysis of eicosanoids (20). Protein in a portion of the 

homogenate was determined by the Bradford assay (Bio-Rad).

Fatty acids in serum were analyzed as fatty acid methyl esters by gas chromatography with 

mass spectral detection (22). Fatty acids were measured in all blood samples obtained, as a 

percentage of all fatty acids, and the EPA:AA ratios were calculated. The EPA:AA ratios in 

the serum from eligibility testing and from baseline differed by 1.3% on average.

Colonic proliferation

Proliferation in colon biopsies was determined as described previously (20) using IHC 

staining for Ki67 with antibodies from Leica Biosystems. Positive nuclei were visualized 
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with horseradish peroxidase–conjugated streptavidin and 3,3′-diaminobenzidine substrate. 

Image analysis was performed using MCID Elite 7.0 software to enumerate all nuclei and 

positively stained nuclei. Three values were derived for each side of full-length crypts: (i) 

height of crypt in number of cells; (ii) labeling index as the total percentage of Ki67-positive 

cells; and (iii) extent of the proliferative zone as the percentage of crypt height reached by 

the highest proliferating cell.

Statistical analyses

The effect of fish oil on the changes from baseline in colonic PGE2 concentrations, the 

primary variable of interest, and other eicosanoids, was assessed using Wilcoxon signed rank 

tests owing to the extreme skewness in data. There were 12 eicosanoids being analyzed. 

Using Bonferroni multiple comparison adjustment for potentially inflated type I error 

probability with experiment-wise error rate of 0.05, P values less than 0.004 (0.05/12) were 

considered statistically significant. Change in PGE2 was further compared between 

subgroups characterized by gender and BMI using Mann–Whitney–Wilcoxon (gender) or 

Kruskal–Wallis (BMI) tests. BMI categories were normal weight (BMI < 25 kg/m2), 

overweight (BMI, 25–29.9 kg/m2), and obese (BMI ≥ 30 kg/m2).

A linear regression model was fit with change in PGE2 as the outcome, and age, gender, 

BMI as predictors, controlling for analytic batch. A logistic regression analysis modeling the 

likelihood of at least 50% reduction in PGE2 was also carried out with the same predictor 

variables as in the linear regression model. Postdosing change from baseline for other 

colonic eicosanoids was assessed through a linear mixed effects model with visit (baseline, 

end of trial) as fixed effects and both analytic batch and participant as random effects. 

Clustering within participants was incorporated through a random participant intercept. 

Similar analyses investigated the role of obesity in changes of fatty acids. Linear mixed 

models were generated with total EPA:AA ratio as the endpoint, and primary covariates 

were visit, batch, weight strata (normal, overweight, obese) and visit-by-weight interaction. 

The average slopes from the dose versus serum EPA:AA relationships were compared across 

BMI categories using ANOVA.

Results

Study participants

We screened 69 individuals, and 59 eligible study participants were enrolled between May 

21, 2013, and September 24, 2015 (Fig. 1). Forty-eight participants (81%) completed the 

study (21 females and 17 males). One participant was excluded due to use of high-dose 

prednisone for poison ivy. The mean age of the 47 participants analyzed was 47 years (SD, 

14; range, 25–75 years). Two participants were African American and 45 were Caucasian. 

Mean BMI was 27.0 kg/m2 (SD, 4.8; range, 20.1–40.0).

Bayesian modeling of target dose

The study was conducted basing dosing on the relationships between colonic PGE2 and 

serum EPA:AA ratios in animals. The model was updated by adding human data as it 

became available such that dosing was calculated using three different models as the study 
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progressed. The initial animal model, Model 1, was updated in a posterior model after data 

were obtained for the first 10 participants (Model 2), and then again after the next 8 

participants had complete data (Model 3). Updating the model further after another 9 

participants yielded virtually the same slope parameter as in Model 3 (Fig. 2). The study 

continued using Model 3 for dosing until all eligible participants who had signed consent 

completed the study. As study enrollment was continuous as samples were being analyzed 

and dosing models constructed, the number of participants included under each dosing 

model varied as shown in Table 1.

Doses, adherence, and toxicity

Mean doses of ω-3 fatty acids for the test, 2-week dosing periods were 2.8 g/day (range, 2–4 

g/day; SD, 0.7) for the low dose and 8.8 g/day (range, 6–13 g/day; SD, 1.4) for the high 

dose. The mean target dose overall was 5.5 g/day (range, 2–10; SD, 2) across all three 

dosing models utilized for this Bayesian design study. The average target dose for dosing 

Model 3 was significantly lower than that with the other two models (Table 1). The study 

enrolled a higher percentage of overweight or obese individuals during dosing with the first 

two models versus the third model (Table 1). One participant had a calculated target dose 

higher than the high test dose and was dosed with their high dose plus 2 capsules as 

specified in the protocol.

Adherence by pill counts averaged 97%. There was one adverse event that was likely 

unrelated to the investigational agent. The grade 1 event was a persistent headache lasting 7 

days and nausea. This was relieved by one dose of ibuprofen (600 mg).

Colonic mucosal eicosanoids

The primary study goal was to reduce colonic PGE2 by 50%. The mean concentration of 

colonic PGE2 in the entire population after supplementation was 45% lower than at baseline 

(Table 2). When we calculated the reduction in colonic mucosal PGE2 for each participant, 

the mean reduction was 27% in all 47 participants combined. Twenty of 47 participants had 

a decrease of 50% or more. One obese individual had a 194% increase in PGE2. Without this 

outlying observation, the mean of the reductions in colonic mucosal PGE2 for each 

participant was 31% (n = 46, median, 35%; SD, 51%). We also quantified colonic 

concentrations of PGE3 (the COX-2 metabolite from EPA), 5, 12, and 15-

hydroxyicosatetraenoic acids (HETEs), 13-hydroxyoctadecadienoic acids (HODEs), and 

14,15-dihydroxyeicosatrienoic acids (DHET; Table 2). Concentrations of colonic mucosal 

PGE3 increased in 43 of 47 participants (91%). 12-S- and 12-R-HETEs decreased in 88% 

and 77% of participants, respectively.

Colonic mucosal proliferation

Overall Ki67 positivity was 30%, the extent of the proliferative zone was 62%, and crypt 

height, in the number of cells, was 75. These parameters did not change after target dosing, 

and the lack of effect was also true in subgroups defined by weight status (not shown). Ki67 

positivity decreased by 17% in the 8 participants who consumed a diet containing less than 

30% of energy from fat, versus an increase of 14% in the other 39 participants (P < 0.001). 

Change in Ki67 positivity was negatively associated with change in 13-S-HODE with 
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Spearman r = −0.41 (P = 0.004). There was also a negative correlation of change in Ki67 

positivity with 15-S-HETE (r = −0.33, P = 0.024), but this and correlations with changes in 

other eicosanoids were not significant after correction for multiple comparisons.

Relationship between colonic mucosal PGE2 concentration and BMI

In secondary analyses, we evaluated whether supplementation reduced colonic PGE2 

concentration differently based upon BMI category (Fig. 3). In normal weight participants, 

ω-3 fatty acid supplementation reduced colonic PGE2 concentration by a mean of 46% 

(median, 60%; SD, 45%; 12/21 decreased by 50% or more). In overweight participants, 

supplementation reduced colonic PGE2 by a mean of 18% (median, 15%; SD, 51%; 4/12 

decreased by 50% or more). In obese participants, the mean reduction also was 18% 

(median, 24%; SD, 55%; 4/13 decreased by 50% or more) after excluding one outlier with 

an increase in colonic PGE2 of 194%, as shown in Fig. 3. If the outlying value is included, 

the mean reduction becomes 3% for the obese group (median, 15%; SD, 77%). This was 

despite the fact that the mean dose of ω-3 fatty acids was higher in obese versus normal 

weight participants (P = 0.002 by one-way ANOVA): the means were 4.5 (SD, 1.6), 5.6 (SD, 

2.4), and 6.6 (SD, 1.7) g/day in normal, overweight, and obese participant groups, 

respectively. There was no statistically significant difference in univariate analysis (P = 0.16 

based on the Kruskal–Wallis test).

In males, supplementation reduced colonic mucosal PGE2 concentrations minimally (mean, 

13%; SD, 58%; median, 3%), whereas in females the reduction was a mean of 41% (SD, 

44%; median, 38%). There was a trend toward statistical significance (P = 0.08) in univariate 

analysis. In a linear regression model with reduction of colonic mucosal PGE2 concentration 

as the outcome and adjusting for gender, BMI, age, and analytic batch, gender was 

borderline significant (P = 0.05). In a logistic regression model, the likelihood of at least 

50% PGE2 reduction, with age, gender, BMI, and batch as covariates, only BMI was 

significantly associated with a 50% or more decrease in colonic PGE2 (OR for a decrease 

with lower BMI was 0.76; 95% CI, 0.61–0.94; P = 0.012).

Effects of obesity on serum fatty acids

We calculated the linear regression slope of individual serum EPA:AA ratio as a function of 

ω-3 fatty acid dose, in g/day (Fig. 4). The lower the slope, the higher the target dose required 

to achieve 50% reduction in colonic PGE2 concentrations. In normal weight participants, the 

mean slope was significantly higher (P = 0.03) than the mean slope in obese participants 

(0.108, SD 0.027 vs. 0.078, SD 0.028). Overweight participants had an intermediate slope 

(mean, 0.098; SD, 0.058) that was not significantly different from the other two groups.

Discussion

We tested the hypothesis that serum EPA:AA fatty acid ratios can be utilized to derive an 

ω-3 fatty acid dose to humans that reduces colonic PGE2 by 50%. The data validate our 

preclinical in vitro and in vivo data (3, 4, 6, 21, 23, 24) that support a strong, log-linear 

relationship between ω-3 fatty acid dosing and colonic mucosal PGE2 concentrations, but 

only in normal weight human populations.
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Relying on serum fatty acid responses as a surrogate for predicting eicosanoid 

concentrations in colonic tissue takes into account the processes of absorption, distribution, 

and metabolism. The results showed that serum EPA:AA responses to ω-3 fatty acid dosing 

varied in each individual (Fig. 4). The serum EPA:AA ratio increased linearly in each 

participant with no plateau; however, the slope differed among the participants. The lack of a 

dose–response plateau was surprising because the “high test dose” was higher than doses 

typically used in supplementation studies: between 6 and 13 g/day. The lack of a high-dose 

plateau allowed us to utilize the slope of the curve for serum EPA:AA ratio versus dose to 

calculate a personalized target dose needed to achieve a serum EPA:AA ratio that would 

reduce colonic mucosal PGE2 concentration by 50%, as predicted by the dosing model. This 

mathematical dosing model was generated initially with rodent data, and it was enriched 

with human data as the trial progressed using dynamic dosing adjustments. A stable dosing 

algorithm was achieved within the first 18 study participants (Fig. 2).

The dosing model used serum EPA:AA ratios as a surrogate biomarker for PGE2 tissue 

responses based upon biochemical data, demonstrating fatty acid control of COX-1 and 

COX-2 dimer activities, rate-limiting enzymes in the synthetic pathway of PGE2 (2-5). AA 

is the only ω-6 fatty acid that serves as a substrate for COX-1, whereas EPA serves to inhibit 

COX-1 activity allosterically; ω-3 fatty acids other than EPA have little effect on 

cyclooxygenases (3-5). We cannot exclude the possibility that DHA and other ω-3 fatty 

acids present in the supplement did not affect formation of PGE2 or other eicosanoids that 

were not quantified via indirect or unknown effects.

Other eicosanoid metabolites quantified were ω-6 fatty acid metabolites of lipoxygenases 

and CYP450/epoxide hydrolase (Table 2). Each of these metabolites contributes to 

eicosanoid homeostasis and ultimately the inflammatory environment of the colonic mucosa 

(25-27). 14,15-S-DHET is associated with inflammatory stress, induces HIF-1α, activates 

PPAR-α, and can antagonize COX-2 inhibition (28-31). The DHET metabolites were not 

significantly changed, but 12-HETEs did decrease. Products from 5- and 12-lipoxygenases 

have been associated with enhanced carcinogenesis in multiple epithelia (26, 27, 32). Colon 

12-S- and 12-R-HETEs were substantially reduced by ω-3 fatty acid supplementation (Table 

2). The lack of increases in R isomers indicates that lipid peroxidation was not being 

augmented by ω-3 fatty acid supplementation. The R-HETE isomers can be non-

enzymatically formed from oxidative processes, and excess R isomer formation would 

represent oxidative stress (33).

There was no effect of supplementation on 15-lipoxygenase metabolites, 15-S-

hydroxyeicosatetraenoic acid (HETE) or 13-S-hydroxyoctadecadienoic acid (13-S-HODE). 

Expression of 15-lipoxygenase-1 increases colonic crypt differentiation, and activity of 15-

lipoxygenase is decreased in colonic carcinogenesis (34, 35). The lack of significant 

decrease in 15-lipoxygenase products can therefore be regarded as beneficial. In addition, a 

decrease in epithelial proliferation was correlated with an increase in 13-S-HODE (see 

Results).

The primary goal of the study was to evaluate reduction in colonic PGE2. In secondary 

analyses, we found that participants with a normal BMI responded with a larger increase in 
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serum EPA: AA ratios and a larger reduction in colonic PGE2 compared with overweight or 

obese participants. The reduced response in overweight or obese participants occurred 

despite the relatively higher average dose of ω-3 fatty acids provided to obese participants 

(Table 1; Fig. 3). This could be due, in part, to the dosing model that retained F344 rat data 

as the rats were not fed an obesogenic diet. These data support a conclusion that optimal 

human anticarcinogenic dosing of ω-3 fatty acids differs in obese versus normal weight 

populations.

Our data confirm an earlier clinical trial that found decreased colonic epithelial proliferation 

with fish oil supplementation only when combined with a low-fat diet (36). We did not 

observe an effect on colonic proliferation overall or by BMI; but we found a significant 

decrease in a subset of individuals consuming less than 30% of calories from fat (Results). 

In a study using 3 g/day fish oil, obesity substantially altered the effects of ω-3 fatty acids on 

plasma lysophospholipid profiles, as compared with that in normal weight subjects (37). 

Future studies might evaluate the dietary and colonic fatty acid milieu in maximizing 

responses to ω-3 fatty acid dosing.

Data in the literature associating fatty acids and other inflammatory endpoints support our 

findings that higher BMI reduces the anti-inflammatory and, presumptively, the 

anticarcinogenic efficacy of ω-3 fatty acid supplementation. In national data, fish intake 

reduced serum C-reactive protein in normal weight but not obese women (38). In a breast 

cancer prevention study using ω-3 fatty acid supplementation, high BMI attenuated adipose 

ω-3 fatty acid concentrations (39). In small human studies, PGE2 in rectal biopsy tissue 

increased with increasing BMI while weight loss reduced rectal PGE2 (16, 40). Calorie 

restriction augments the anti-inflammatory effects of ω-3 fatty acids and has strong colonic 

anticarcinogenic effects in animal models (41). Conversely, obesity is associated with low 

ω-3:ω-6 fatty acid ratios in blood (42, 43). This is not due to lower dietary ω-3 fatty acid 

intakes; rather, high dietary ω-6 fatty acid intakes compete with ω-3 and other fatty acids for 

incorporation into phospholipids (44, 45). Lowering dietary ω-6 FA intakes alone increases 

ω-3 fatty acids in membranes (46).

Obesity induces COX-2 gene expression and stimulates COX-2 activity, thereby increasing 

PGE2 concentrations in the human colon (15, 16). Endogenous synthesis of saturated fatty 

acids and mono-unsaturated fatty acids for storage is also favored under conditions of caloric 

excess (42). Saturated and monounsaturated fatty acids allosterically increase COX-2 

activity, increasing PGE2 production by 1.5- to 4-fold (3, 4). This, together with variations in 

dietary intakes of other fatty acids, could explain a portion of the variability in the anti-

inflammatory responses to ω-3 fatty acid supplements in clinical trials (47). Recent data 

indicate that metabolic disturbances characteristic of obesity can occur in normal weight 

individuals, and this metabolic phenotype is associated with increased colorectal cancer risk 

in women (48).

In summary, we describe a physiologically based approach to personalize the dosing of ω-3 

fatty acids based on serum fatty acid responses to short-term dosing with ω-3 fatty acids. 

This type of pharmacodynamic approach could be used for other preventive agents. The 

approach was effective for reducing colonic PGE2 by almost 50% in the colon of normal 
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weight participants. The attenuated effects in overweight and obesity are consistent with 

epidemiologic findings of increased colon cancer risk with increased BMI (49): Preventive 

strategies may be attenuated by the metabolic effects of obesity. Future models may consider 

overall eicosanoid balance in the colon, as opposed to PGE2 alone, as a biomarker target to 

better define the anti-inflammatory effects of ω-3 fatty acids. Another caveat is that our 

dosing model relied on a lean animal model. The observed results call for increased use of 

obese animal models in studies of cancer prevention to better represent the varying degree of 

adiposity that is found in human populations. Weight loss, avoiding a positive energy 

balance, or use of energy restriction mimetics may be approaches to maximize the 

preventive effects of ω-3 fatty acids in the setting of overweight and obesity.
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Figure 1. 
Consolidated Standards of Reporting Trials (CONSORT) diagram of participant flow 

through the study.
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Figure 2. 
Modeling of colonic PGE2 concentrations as a function of serum EPA:AA ratios. These 

models allowed subsequent use of the serum EPA:AA ratio as a predictor of colonic PGE2. 

Initially, the model contained only animal data, and it was updated as human data became 

available during the course of the trial in an adaptive, Bayesian design. Model 1: animal only 

data; Model 2: posterior based on adding 10 human participants; Model 3: posterior based 

on adding 18 participants to the animal data. The fourth model with 27 participants was not 

utilized for dosing in the present trial as it essentially converged with Model 3. The 

equations for the lines of natural log of colonic PGE2 (ng/mg protein) as the dependent 

variable versus serum EPA:AA ratio are: animal data, y = 4.15 – 1.38 × x (Model 1); 

posterior with 10 participants added, y = 4.15 – 1.70 × x (Model 2); posterior with 18 

participants added, y = 4.12 – 1.96 × x (Model 3); posterior with 27 participants added, y = 

4.0 – 2.03 × x (Model 4). The models were used to determine the serum EPA:AA ratio 

needed to achieve the desired colonic PGE2 concentration in each individual.
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Figure 3. 
Changes in colonic mucosal PGE2 concentrations by baseline obesity status with a BMI of 

<25 kg/m2 defined as normal weight, 25–29.9 kg/m2 as overweight, and >30 kg/m2 as 

obese. Change was calculated for each individual, and data shown are mean change for each 

body weight group. The box-and-whisker plots show the median indicated by the vertical 

bar in the middle, box edges indicate 25th to the 75th quartile, and the whiskers extend to 

the minimum and maximum points. The horizontal dotted line signifies no change (zero 

percent change) in colonic PGE2 after 12 weeks of target dosing relative to that at study 

entry. One outlier was excluded in the data shown, and this was an obese subject with a 

194% increase in colonic PGE2. Values above the dotted line indicate an increase and values 

below the dotted line indicate a decrease in colonic PGE2. The mean doses of ω-3 fatty acids 

were 4.5 (SD, 1.6), 5.6 (SD, 2.4), and 6.6 (SD, 1.7) g/day in normal, overweight, and obese 

participant groups, respectively (P = 0.002 by one-way ANOVA).
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Figure 4. 
Serum eicosapentaenoic acid to arachidonic acid ratios (EPA:AA) at two predosing time 

points and after 2 weeks of dosing with low or high test doses of ω-3 fatty acids, shown by 

gender and weight status in individual participants. The serum EPA:AA responses were 

linear for each subject, allowing for facile calculation of the target dose needed to achieve 

the desired serum EPA:AA ratio for each study participant. Each 1 g capsule contained 530 

mg EPA, 150 mg DHA, and 101 mg other ω-3 fatty acids. The slope and intercept of each 

line was used to derive a personalized target dose for each individual based on our model: a 

higher intercept and a steeper slope resulted in lower target dose for the subsequent 12-week 

period. The curves show the heterogeneity of responses to ω-3 fatty acid dosing: both the 
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slopes and intercepts vary widely between individuals. This heterogeneity in responses 

underscores the need for personalized approaches to dosing.
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Table 1

Target dosing of ω-3 fatty acids

Model Number of participants Number and percent overweight or obese Target dose (grams ω-3/day) Mean, SD Pa

1 16 7 (43.8%) 6.63 (2.39) 0.001

2 15 4 (26.7%) 6.00 (1.77) 0.008

3 16 3 (18.8%) 4.06 (1.53) Ref.

NOTE: Shown is the number of participants receiving target dosing and the mean target dose with each model. Each 1 g capsule contained 530 mg 
EPA, 150 mg DHA, and 101 mg other ω-3 fatty acids.

a
P values are for the difference in dose with either model 1 or 2 versus model 3.
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Table 2

Colonic eicosanoid concentrations (in ng/mg protein) at baseline and after 12 weeks of target ω-3 fatty acid 

dosing

Eicosanoid Major enzymesa Baseline
After 12 weeks of 
target dose Pb

PGE2 Cyclooxygenases 1 and 2, prostaglandin E 
synthase

6.55 (5.78) 3.59 (3.29) <0.001c

Prostaglandin E3 COX-2, prostaglandin E synthase 0.25 (0.21) 0.69 (0.64) <0.001c

5-S-Hydroxyicosatetraenoic acid 5-Lipoxygenase 1.82 (1.30) 1.90 (1.96) 0.90

5-R-Hydroxyicosatetraenoic acid 5-R-Lipoxygenase 2.24 (1.24) 2.90 (1.93) 0.02

12-S-Hydroxyicosatetraenoic acid 12-Lipoxygenase 3.95 (3.36) 2.20 (2.43) <0.001c

12-R-Hydroxyicosatetraenoic acid 12 (R)-Lipoxygenase or cytochrome P450 4.12 (4.23) 2.70 (2.63) 0.001c

15-S-Hydroxyicosatetraenoic acid 15-Lipoxygenase 892 (616) 993 (649) 0.05

15-R-Hydroxyicosatetraenoic acid Cytochrome P450 or acetylated COX-2 18.0 (12.9) 15.8 (11.0) 0.28

14,15-S-dihydroxyeicosatrienoic acid Cytochrome P450 and epoxide hydrolase 1.04 (0.90) 1.17 (1.05) 0.008

14,15-R-dihydroxyeicosatrienoic acid Cytochrome P450 and epoxide hydrolase 0.99 (0.79) 1.13 (0.93) 0.06

13-S-Hydroxyoctadecadienoic acid 15-Lipoxygenase 12.10 (10.3) 10.91 (9.0) 0.18

13-R-Hydroxyoctadecadienoic acid Lipoxygenases, or cytochrome P450 20.63 (11.0) 20.96 (15.2) 0.88

Data shown are mean and SD for 47 participants at each time point except for PGE2, where n = 46 was used due to one outlier that was an obese 

participant with a large increase in PGE2.

a
All of the eicosanoids shown are formed from arachidonic acid except for PGE3, which is formed from eicosapentaenoic acid, and 13-

hydroxyoctadecadienoic acids, which are formed from linoleic acid. Nonenzymatic oxidation of AA is also possible and is not stereospecific.

b
P values are for comparing baseline and posttarget dose measures and are based on Wilcoxon signed rank test owing to nonnormality of some of 

the eicosanoids. There were 47 participants eligible for analysis. There was one outlier in the overweight–obese group who had a 3-fold increase in 
PGE2 and was omitted from the analysis of PGE2 concentrations, resulting in n = 46 (see Results).

c
Values with P < 0.005 were considered significant to adjust for multiple comparisons.
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