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Abstract

Background—The n-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) may prevent a range of chronic conditions through anti-
inflammatory actions. However, since clinical trials using these fatty acids for primary prevention
are yet unavailable their putative role in disease prevention rests, in part, on evidence of anti-
inflammatory actions in healthy individuals.

Objective—To investigate in a double-blind, placebo-controlled clinical trial whether
supplementation with a moderate dose of EPA+DHA reduces common biomarkers of chronic,
systemic inflammation in healthy individuals.

Methods—A total of 261 healthy individuals aged 30-54 years who were free of inflammatory
conditions and consumed <300 mg/day EPA+DHA were included in the study. Participants were
randomly assigned to 18 weeks of either fish oil supplementation providing 1400 mg/day EPA
+DHA or matching placebo. Outcome measures were serum levels of C-reactive protein (CRP)
and interleukin (IL)-6. In a substudy, ex vivo cytokine production was measured. Missing data for
CRP and IL-6 were estimated using regression imputation. Data analyses conformed to intention-
to-treat principles.

Results—Participant blinding was verified. Is the meaning of this sentence still correct? EPA
+DHA levels increased by 64% in the active treatment group, but serum levels of CRP and IL-6
were not affected by supplementation (P = 0.20). Findings were consistent with and without
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imputed values and across subgroups. Similarly, EPA+DHA supplementation did not alter ex vivo
production of four pro-inflammatory cytokines (£= 0.20).

Conclusions—Supplementation with 1400 mg EPA+DHA did not reduce common markers of
systemic inflammation in healthy adults. Whether this or a higher dose affects other measures of
inflammation, oxidative stress, or immune function warrants examination.
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Introduction

The long-chain, n-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) are available principally through eating fish or taking EPA-
and DHA-containing supplements. Evidence from observational research and studies of
disease pathophysiology suggest that greater daily intake of these nutrients may reduce the
risk of chronic disorders, including cardiovascular disease, dementia, cancer, and arthritis
[1-5], leading to speculation that greater EPA+DHA consumption can serve as a broadly
effective disease prevention strategy. However, their true effects on major health outcomes
remain unclear. Most clinical trials of raised EPA+DHA consumption examined the effects
in patients with manifest disease. Further, in these trials, no reduction in major
cardiovascular disease events was found [6], except perhaps as secondary prevention with
doses of at least 1000 mg/day EPA+DHA [7], and cognitive decline was not reduced in
elderly individuals with mild cognitive impairment, except possibly in APOE e4 carriers [8,
9].

The role of these nutrients in true primary prevention requires support from research
conducted in healthy, ‘pre-morbid’ adults (i.e. in the early phases of disease development).
However, clinical trials of major health outcomes are impracticable due to the protracted
time frame over which chronic disorders develop and become manifest. Nonetheless, raised
intake of fish or EPA- and DHA-containing supplements should affect one or more of the
key biological processes that predate and predict chronic disease. Evidence of such effects
would support the biological plausibility of the effectiveness of long-chain, n-3 fatty acids in
primary disease prevention.

Chronic inflammatory processes have a role in most degenerative diseases of aging, and it is
believed that suboptimal lifestyles and environmental exposures commonly cause low-level
chronic inflammation. In this regard, laboratory experiments have shown that EPA and DHA
regulate multiple aspects of inflammation through generation of eicosanoids [10]. As
recently discovered, these n-3 fatty acids also act as mediators of inflammation resolution
and modulate transcription factors and gene expression [10-13]. In observational studies,
low dietary consumption and low circulating levels of these n-3 fatty acids have been
associated with elevated serum C-reactive protein (CRP) and interleukin (IL)-6 levels [14—
17]. On the other hand, clinical trials of n-3 fatty acid supplementation in healthy adults have
in most cases yielded null findings with regard to CRP levels and mixed findings for IL-6
[18-22]. However, trial data are limited by small sample sizes (typically fewer than 100
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participants), and in most trials participants receive supplementation for 4-12 weeks
whereas accretion of consumed n-3 fatty acids into tissue can take 4 months or more [23,
24]. Often, dietary sources of n-3 fatty acids in potential participants have not been
considered in trials. In this regard, various organizations recommend that adults should
ingest more than 250 or 500 mg/day EPA+DHA [25], but the mean intake among US adults
is less than 100 mg/day [26].

Therefore, the aim of this study was to investigate in healthy, mid-life adults with relatively
low dietary consumption of EPA+DHA (<300 mg/day) whether supplementation for 18
weeks reduces two markers of chronic inflammation, serum CRP and IL-6. Given the role of
the immune system in chronic inflammation, ex vivo pro-inflammatory cytokine production
was also measured in fresh blood samples from a subset of trial participants.

Methods
Study design

This study was an exploratory single-site, randomized, double-blind, placebo-controlled trial
to investigate the general health effects of supplemented dietary intake of long-chain, n-3
polyunsaturated fatty acids in healthy mid-life adults. The primary outcomes were: (i)
preclinical markers of cardiovascular disease risk, including measures of chronic
inflammation and immune function, and autonomic control of the heart (heart rate
variability); and (ii) affect and related behaviors (mood, hostility, anger, impulsivity, and
aggression). The secondary outcome measure was cognitive functioning, funded separately.
The current report concerns only outcome measures of chronic inflammation and immune
function; other outcomes will be reported separately. The trial is registered on
ClinicalTrails.gov (RCT00663871), and the study protocol is available as an Online
Supplement. The investigation was approved by the Investigational Review Board of the
University of Pittsburgh, and was conducted between June 2008 and December 2011. All
participants provided written informed consent and were paid for their participation.

Participants

The trial participants were drawn from the Adult Health and Behavior Project — Phase 2
(AHAB-II), a volunteer-based, cross-sectional study of psychosocial factors, behavioral and
biological risk factors, and subclinical cardiovascular disease. The AHAB-II protocol
included medical, demographic, and social histories, biomedical measures, psychosocial
questionnaires, ambulatory monitoring of physical activity, mood and social interactions,
and cognitive testing. AHAB-II participants were recruited through mass mailing of
recruitment letters to individuals selected from voter registration and other public domain
lists for the greater Pittsburgh metropolitan area.

To be eligible to participate in AHAB-II, individuals had to be between the ages of 30 and
54 years and work at least 25 hours per week outside of the home (because of a substudy
focusing on occupational stress). Individuals were excluded if they: (i) had a history of
cardiovascular disease, stage 2 hypertension (blood pressure =160/100 mmHg),
schizophrenia or bipolar disorder, chronic hepatitis, renal failure, major neurological
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disorder, or chronic lung disease; (ii) reported drinking =35 units of alcohol per week; (iii)
took fish oil supplements; (iv) were prescribed insulin or glucocorticoid, anti-arrhythmic,

antihypertensive, lipid-lowering, psychotropic, or prescription weight-loss medications; (v)
were pregnant; (vi) had less than an eighth grade reading level; or (vii) were shift workers.

At total of 177,415 mailed recruitment letters for the AHAB-II parent study yielded 8957
study inquiries (response rate 5%). Of 3431 individuals who could be contacted for
telephone screening, 490 completed the AHAB-II protocol and were considered for
enrollment in the current trial if they met three additional eligibility criteria: (i) dietary EPA
+DHA <300 mg/day, based upon the modified 2005 Block Food Frequency Questionnaire
(NutritionQuest, Berkeley, CA, USA), (ii) lack of fish allergy, and (iii) fasting serum
triglyceride concentration <400 mg/dL. A total of 272 individuals met these criteria, agreed
to participate, and were randomly assigned to treatment or placebo. Eleven individuals were
subsequently excluded from the present analyses because of an existing chronic
inflammatory condition that would likely confound the interpretation of measures of
inflammation and immune function (e.g. autoimmune disorder, asthma, or an allergic
condition requiring ongoing therapy). Therefore, the sample for this report comprised 261
individuals (see Fig. 1).

Randomization, study intervention and follow-up

Subjects were randomly assigned at the time that trial eligibility was verified. Treatment
assignments were computer-generated at randomization using minimization, an adaptive
randomization approach which is securely implemented via the Internet using the clinical
trial management system R-Track. Marginal treatment distribution is balanced through
minimization within levels of stratification factors of race (white vs. non-white), age (<45
vs. 245 years), and sex. To assist with adherence, capsules were distributed in weekly blister
packs, each labeled with the week number and a code for the treatment assignment. The
assigned supplement was distributed by a blinded study nurse immediately after
randomization. Through this standardized procedure, treatment allocation concealment was
maintained. The duration of the treatment period was 18 weeks.

Participants assigned to the fish oil group received a daily dose of two 1000 mg fish oil
capsules, providing a total of 1000 mg EPA and 400 mg DHA; those assigned to the placebo
group received a daily dose of two identical-appearing 1000 mg soybean oil capsules. The
placebo capsules contained 1% fish oil, and both supplements contained mint flavor to help
maintain participant blinding. All supplements also contained 10 IU vitamin E. Pre-trial
chemical analysis established that the capsules were devoid of vitamin D. Study staff
assessed side effects and adherence by contacting participants by telephone during Weeks 2
and 12, and at a brief clinic visit during Week 7 when additional supplement was distributed.
If capsule counts revealed more than one dose missed every 2 weeks (<93%), participants
were guided through problem-solving and habit-forming approaches to help improve
adherence. If adherence was 80% or lower, staff additionally conducted a follow-up
interview by telephone 2 weeks later. During the final 2 weeks of the supplement period
participants attended appointments for end-of-study procedures and measures.
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Study measures

At baseline and at the end of the 4-month intervention period, self-reported diet and side
effect information were obtained, and a fasting morning venous blood sample was collected.
All staff involved in collection of study measures remained blind to group assignment.
Participants were instructed not to use tobacco products, drink alcohol, or engage in formal
exercise in the 2 h preceding blood collection.

Because acute illness and immunization can affect peripheral markers of immune function
and inflammation, blood samples were not collected if the participant reported having had an
infection or received antibiotics, antiviral medication or vaccination in the past 2 weeks, or
symptoms of acute infection in the preceding 24 h. Where feasible, clinic visits were
rescheduled for at least 2 weeks after such an event.

Diet was assessed at baseline and post-supplementation using the Block Food Frequency
Questionnaire, modified by the addition of nine items concerning fish and enriched egg
consumption to increase the accuracy of omega-3 fatty acid intake. Participants completed
this online survey with instruction from and supervision by research staff trained in the use
of Block Dietary Data Systems. The reference period was the previous 4 months.

To determine the fatty acid composition of red blood cells (RBCs), hemoglobin-free RBC
ghost membranes were prepared as previously described [27] and stored at —=70°C until
required for further analysis. Lipids were extracted from RBC ghost membranes [28] and
fatty acid methyl esters were prepared using methanolic KOH reagent [29]. Diheptadecanoy!l
lecithin (Matreya, Inc. Pleasant Gap, Pennsylvania, USA) was used as an internal standard.
Quantitative determination of fatty acid distribution was performed by capillary gas
chromatography with flame ionization detector using a Hewlett-Packard capillary gas
chromatograph (Model 5890 Series I, Palo Alto, California, USA) equipped with a
hydrogen flame ionization detector. The method used for the analysis has been previously
described [30]. The results of RBC fatty acids are expressed in nmol/mL packed RBCs. The
intra- and inter-assay coefficients of variation (CV) were 1.98% and 3.88%, respectively, for
fatty acids at a mean concentration of >300 nmol/mL and 3.57% and 8.62%, respectively, at
<150 nmol/mL.

Serum high-sensitivity CRP was measured at the Laboratory of Clinical Biochemistry
Research at the University of Vermont with a BNII nephelometer (Dade Behring, Deerfield,
Illinois, ISA) utilizing a particle-enhanced immunonepholometric assay. The assay range is
0.175-1100 mg/L. Intra-assay CVs ranged from 2.3% to 4.4% and inter-assay CVs from
2.1% to 5.7%. Values >10 pg/mL were considered to reflect a substantial but undetected
inflammatory process, and were treated as missing data. Serum IL-6 concentration was
determined at the Behavioral Immunology Laboratory at the University of Pittsburgh using a
high-sensitivity, quantitative sandwich enzyme immunoassay kit, according to the
manufacturer’s instructions (R & D Systems, Minneapolis, MN, USA). The assay standard
range is from 0.156 to 10 pg/mL. Intra- and inter-assay CVs were <10%.

Ex vivo stimulated production of IL-6, IL-1, IL-8, and tumor necrosis factor-alpha (TNF-
a) was determined using citrate-treated whole blood. Within 60 min of collection,
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lipopolysaccharide (LPS; serotype 026:B6; Sigma, Sigma-Aldrich Corp. St Louis, Missouri,
USA) was added to whole blood, to achieve a concentration of 2.5 pg/mL, without
antibiotics in polypropylene tubes under sterile conditions. Control samples, containing
whole blood without LPS, were prepared in parallel to measure spontaneous levels of
cytokine production. The samples were incubated at 37°C for 24 h. Following incubation,
the tubes were centrifuged at 1000 g for 10 min and supernatants were frozen at —80°C until
the completion of the study. Samples were assayed using a multiplex analysis system as
previously described [31]. Briefly, multiplex bead kits, based on the principle of solid phase
sandwich immunoassays, were employed and samples were read within 24 h using a Bio-
Plex reader (Luminex 100; Bio-rad Corporation, Hercules, CA, USA). Stimulated levels of
cytokines were determined using the Bio-Plex Manager Software, interpolating from the
standard curve (Logistic-5PL curve fit). Inter- and intra-assay CVs were less than 10%.

Adverse events were measured with an eight-item non-serious side effect questionnaire with
severity ratings (none, mild, moderate, severe) completed by participants at baseline, at
Weeks 2, 7, and 12, and at the end of the supplementation period.

Trial monitoring and oversight

Trial data safety and monitoring oversight was provided by an external reviewer, Francois
Lespérance, MD (Chief of Psychiatry, Centre Hospitalier de I’Université de Montréal),
working in conjunction with the trial statistician Susan Sereika, Ph.D. On an annual basis,
Dr Lespérance reviewed information on data security and participant confidentiality,
recruitment, non-completion, protocol adherence, and adverse events. No interim analyses of
study outcomes were conducted.

Statistical analysis

This study had a target sample size of 250 subjects (125 per treatment group) in order to
achieve a power of at least 0.80 to detect differences in mean changes in CRP and IL-6
levels from baseline to post-supplementation in terms of the standardized mean difference
(d) as small as d = 0.433 between treatment groups. Sample size determination assumed a
test-wise significance level of 0.01 when conducting two-sided hypothesis testing using
linear contrasts within a repeated measures framework.

Baseline characteristics were compared between treatment groups using chi-squared and
Fisher’s exact tests for categorical variables and independent samples t-tests for continuous
data. Adherence to treatment was quantified as the proportion of capsules ingested based on
pill counts, and the treatment groups were compared using an independent samples t-test. As
the severity of side effects was rated on an ordinal scale, treatment groups were compared
using the Wilcoxon rank-sum test with exact estimation. Participant blinding was expressed
as the proportion of subjects who reported their blinded treatment assignment correctly, and
the two groups were compared using a chi-squared test.

Baseline CRP and IL-6 values were missing for 13 participants (lost samples, /7= 2; acute
infections or inflammatory processes, /7= 11), and post-supplementation values were
missing for 32 participants (failed phlebotomy, 7= 2; acute infections or other inflammatory
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processes at the final study visit, 7= 30). Additionally, six CRP values at baseline and six at
follow-up were >10 ng/mL, indicating undiagnosed inflammatory processes; these results
were discarded. Finally, the CV was >20% for one IL-6 value at follow-up, and was
discarded. CRP and IL-6 values were log;p-transformed to provide a better approximation of
a normal distribution. Linear regression was employed to adjust IL-6 values for plate-to-
plate variation based upon pooled serum control samples run on each plate.

Outcome testing used all available data and, for CRP and 1L-6, was also performed using
imputed missing data. In addition, missing data for CRP and IL-6 were estimated and
replaced using regression imputation (i.e. a method of single imputation). The regression
imputation models were conducted separately by treatment condition. Missing values for
baseline CRP were imputed by the predicted values yielded from a fitted regression model
with baseline CRP as the dependent variable and age, sex, body mass index (BMI), smoking
status, and follow-up CRP value as predictor variables. Similarly, the missing values for
follow-up CRP were imputed based on a treatment group-specific regression model using
age, sex, BMI, smoking status, and baseline CRP as predictor variables. The same
procedures were used for imputing missing values of baseline and follow-up IL-6. Seven and
three participants, respectively, were missing both baseline and follow-up CRP and IL-6
values. As shown in the CONSORT flow chart (Fig. 1), these missing data could not be
imputed. Mahalanobis distance was used to identify multivariate outliers stratified by
treatment group. Potential influential cases for the variables of interest were identified from
studentized residual versus centered leverage plots. Test of Box—Cox transformation was
performed to assess all possible pairs of linearity tests. White’s test was used to assess
homoscedasticity (i.e. constant error variance).

Outcome analyses were performed according to intention-to-treat principles, and were
conducted both with and without imputed missing values. Repeated measures analyses of
variance were used to test for change in immune parameters. Treatment group (fish oil vs.
placebo) was used as a random effects, between-subjects factor and time (baseline vs. post-
supplementation) was used as a fixed, within-subjects factor, with the interaction term of
treatment group and time. Possible moderation of treatment effect by sex, baseline
inflammation (CRP <2.0 vs. 2.0 ng/dL and median split of baseline serum IL-6), background
n-3 fatty acid exposure (baseline RBC EPA+DHA) and BMI were each tested as a three-way
interaction between time, treatment group, and the suspected moderating variable. Model
assessment included residual analysis and the determination of possible influential
observations. The level of significance was set at 0.01 for two-sided hypothesis testing. All
statistical analyses were performed using SPSS 21 (IBM Corp., Armonk, NY, USA).

Baseline characteristics are presented in Table 1. Comparison of the 11 excluded subjects
and the remaining 261 participants revealed no differences in baseline characteristics
(Supplemental Table 1). Randomization resulted in treatment groups that were comparable
in terms of baseline characteristics, with the exception of lower CRP levels in those assigned
to placebo compared to the fish oil group (median 0.65 vs. 1.03 ng/mL; £=0.008).
Nonetheless, most participants in both treatment groups had a normal CRP concentration of
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<2.0 ng/mL (80% vs. 73%, P = 0.24). The average duration of supplementation was 129
days (18.4 weeks).

Complete capsule count data were available for 93% of participants, in whom the minimum
adherence was 70% and the median adherence as 98.5%. The two supplementation groups
had similar levels of adherence (P=0.19). ‘Per protocol’ analyses were not performed
because adherence was high. Mean EPA+DHA concentration in RBCs among fish oil-
treated individuals increased by 64% to 4.95 + 1.59 nmol/mL (£ < 0.001), whereas EPA
+DHA in the placebo group remained unchanged at 2.85 nmol/mL (~= 0.89).

Primary outcomes

Relative to placebo, fish oil did not affect serum CRP concentration. This result was evident
in analyses with [M4##0.05 mg/L, 95% confidence interval (Cl) -0.24, 0.19; A= 0.21] and
without imputed missing data (M 4;s0.04 mg/L, 95% CI —0.21, 0.29; P=0.37). Fig. 2 shows
baseline and post-supplementation CRP values. We found no evidence of heterogeneity of
the effect of fish oil on CRP according to sex, BMI, baseline RBC EPA+DHA or baseline
CRP (<2 vs. 22 ng/dL) (three-way interaction Pvalues > 0.10). Finally, when divided by
tertiles of post-supplementation RBC EPA+DHA, individuals attaining higher tissue levels
of n-3 fatty acids did not exhibit lower CRP (one-way ANOVA, P> 0.10).

Fish oil supplementation had no effect on serum IL-6 concentrations. This result was evident
in analyses with (M #—0.04 pg/mL, 95% CI -0.27, 0.19; £ = 0.59) and without imputed
missing values (M ;#0.01 mg/L, 95% CI -0.06, 0.04; P=0.93). Fig. 3 shows baseline and
post-supplementation IL-6 values. As with CRP, we found no evidence of heterogeneity of
the effect of fish oil on IL-6 levels according to sex, BMI, baseline IL-6, or post-
supplementation EPA+DHA in RBCs (interaction Pvalues > 0.10). There was a non-
statistically significant trend toward heterogeneity of the effect as a function of baseline
RBC EPA+DHA (three-way interaction 2= 0.089). When further examined in subgroup
analyses, however, IL-6 concentration was not affected by supplementation in the low or
high EPA+DHA groups.

Cytokine production substudy

As a substudy, we also measured ex vivo stimulated production of four cytokines: 1L-6,
IL-1B, IL-8, and TNF-a.. Collection of these samples began after the trial was partially
completed, and in several instances samples were not tested due to acute inflammatory
conditions, phlebotomy failure, or lack of technician availability to set-up fresh blood
incubation. As a result, 116 participants took part in this substudy. Among these 116
individuals, there was a greater proportion of current smokers than among the remaining 145
participants (£ < 0.05); otherwise, the two groups were comparable in terms of demographic
characteristics and general health indicators (see Supplemental Table 2). A number of assay
results were out of range or were considered unreliable based on a CV of >20% between
duplicate samples. As a consequence, the number of subjects with results available for
analysis at baseline and post-supplementation varied from 74 to 107 across the four
cytokines. Fish oil supplementation did not affect ex vivo stimulated production of 1L-6
(Mgis—12.2 ng/mL, 95% CI —-89.8, 65.4; P=0.43), IL-1B (M;#13.3 pg/mL, 95% CI
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~70.9, 97.4; P=0.99), IL-8 (M gj—1.65 ug/mL, 95% CI —12.16, 8.85; P=0.20), or TNF-a
(M 313 pg/mL, 95% Cl —1673, 2298; P=0.81).

Participant blinding

Side effects

At the final trial visit, participants were asked to indicate whether they suspected that they
were receiving fish oil or placebo, or whether they did not know which they were receiving.
Overall, 33% in the fish oil group and 28% in the placebo group guessed correctly (P=
0.58).

Compared to those receiving placebo, participants assigned to fish oil reported significantly
greater severity ratings of ‘fishy belch or aftertaste* at both the Week 2 and final study visits
and ’loose stool, bloating, or gas pains‘ only at the final study visit (P values < 0.05). By
contrast, higher ratings of the severity of ‘minty belch or aftertaste’ were reported by the
placebo group at both the Week 2 and final study visits (£ < 0.05). No statistically
significant differences were found between the groups for the remaining non-serious side
effects (rash/reaction or easy bruising, change in taste of food, heartburn/stomach ache, back
pain, flu-like symptoms, or infection). No serious adverse events were reported.

Discussion

The long-chain, n-3 polyunsaturated fatty acids are believed to have wide-ranging health
benefits, and millions of individuals worldwide use fish oil supplements in the absence any
official dietary reference intake [25]. Inhibition of inflammatory processes is generally cited
as the primary mechanism of action. To examine the role of EPA and DHA in primary
disease prevention, we enrolled healthy adults in the current randomized, placebo-controlled
clinical trial to test the effects of 1400 mg/day on two markers of chronic inflammation,
serum CRP and IL-6. We reasoned that even in healthy adults suboptimal lifestyles and
environmental exposures result in prevalent, low-level chronic inflammation. No effect of
supplementation on chronic inflammation markers was detected overall, or in analyses in
which subjects were stratified by either key characteristics or RBC EPA+DHA
concentration. Additionally, in a substudy to examine leukocyte function in whole blood we
detected no effects on ex vivo production of inflammatory cytokines. Of note, the effects of
supplementation were investigated in community dwelling volunteers in whom mean EPA
+DHA intake was about 100 mg/day, which is near the US adult average yet well below the
minimum consumption of 250-500 mg/day recommended by various organizations [25].

EPA and DHA are incorporated into the phospholipids of cell membranes throughout the
human body and serve a range of roles. As membrane constituents, EPA and DHA modify
lipid raft formation, which in turn modulates intracellular signaling in T cells [32]. The n-6
polyunsaturated fatty acid arachidonic acid (AA) is also found in membrane phospholipids.
AA, EPA, and DHA are released from membranes into the cytosol by phospholipase A2 and
serve as the obligate precursors of eicosanoids (prostaglandins, leukotrienes, and
thromboxanes), which are widely studied mediators and regulators of inflammation. AA
gives rise to pro-inflammatory eicosanoids whereas those derived from EPA and DHA tend
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to be less potent or even anti-inflammatory. In addition, EPA and DHA are the key substrates
for specialized pro-resolving mediators (e.g. resolvins and protectins) [11] and a subset of
potently anti-inflammatory endocannabinoids [33]. These n-3 fatty acids further inhibit
inflammation through transcription factors, including restraining nuclear factor kappa B and
activating peroxisome proliferator activated receptor-y [10].

Several previous clinical trials have examined CRP levels following fish oil supplementation
in healthy, non-elderly adults (mean age <65 years) [19, 20, 34-39]. Each study included
between eight and 50 subjects per group and most involved supplementation for 8-12 weeks.
All but one found no reduction in serum CRP level [34]. Our larger and longer trial further
supports the conclusion that moderate-dose EPA+DHA supplementation does not affect
serum CRP concentration in healthy adults.

Serum IL-6 was reduced by high-dose fish oil supplementation in a trial of healthy but
overweight adults who had low fish intake at baseline [22] and in a small trial in women
[34]. We did not find evidence for such an effect in the current trial overall, nor any evidence
of effect modification by sex or BMI. Similarly, no decline in IL-6 was reported in other
trials of healthy adults [20, 40, 41], nor in a study of overweight adults treated with high-
dose supplementation for 6 months [36]. The present findings are also consistent with the
majority of published research.

In addition to measurement of circulating inflammatory markers, which originate from
adipocytes and other tissues, blood leukocyte function is also of interest in studies of
systemic inflammation. Early, small uncontrolled studies using freshly collected whole
blood samples demonstrated blunted ex vivo stimulated cytokine production following fish
oil supplementation [42, 43]. Similar findings have been reported from some but not all
randomized placebo-controlled investigations including 20-34 participants per treatment
condition [21, 39]. In the current, somewhat larger, substudy of ex vivo production of four
inflammatory cytokines by leukocytes, there was no effect of supplementation. However, our
dose of 1400 mg/day EPA+DHA was smaller than the daily dose of 2.5-5.0 g used in those
trials with positive results [21, 42, 43].

Changes in other circulating markers of inflammation, such as TNF-a and adhesion
molecules, have not been detected in several studies in healthy adults [20, 36, 39, 41, 44].
However, mixed findings were reported from some of the larger such trials and those in
patient populations [22, 37, 45, 46]. Limited evidence suggests that raising EPA+DHA
intake in humans can lower natural killer cell activity [47], affect inflammatory gene
expression [12, 13, 46], lower oxidative stress, and slow telomere shortening [48]. Finally, in
a substudy of the current trial we found evidence that the anti-inflammatory actions of EPA
+DHA supplementation may involve the endogenous generation of electrophilic n-3 fatty
acid ketone derivatives [49].

Several features of this study should be noted. First, randomization resulted in a somewhat
higher average baseline CRP level in the active group compared to placebo-treated control
subjects, but this was taken into account in data analysis and is unlikely to have biased

towards the null hypothesis. Secondly, in order to address primary prevention of disorders
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involving chronic systemic inflammation, we specifically enrolled healthy individuals and
attempted to minimize the extraneous influence of acute and chronic inflammatory states.
Consequently, over 75% of participants had a baseline CRP level below 2 ng/mL, and
detecting treatment effects may be difficult in such individuals. However, in subgroup
analyses we found no change in participants with CRP =2 ng/mL or IL-6 above the median.
Finally, while this study addressed primary prevention in healthy unselected groups,
investigations of the effects of n-3 fatty acids on CRP and IL-6 in high-risk populations and
secondary prevention have also produced largely null findings [50-52]. For example,
supplementation reduced major cardiovascular disease events and mortality in a large heart
failure trial [53] yet did not alter CRP concentration [54].

In summary, in this randomized, placebo-controlled clinical trial we found no effect of 1400
mg/day EPA+DHA supplementation on serum levels of CRP and IL-6 in healthy adults.
This finding corroborates previous reports. On the other hand, a range of biological actions
of the n-3 fatty acids within inflammatory cascades is well documented, and other measures
of immune function, regulators of inflammation, and biomediators of oxidative stress may
reveal actions not detected by serum CRP and IL-6 levels. Furthermore, daily doses of
>2000 mg/day, in contrast to lower amounts, may have measureable physiological effects. If
this is the case, however, the requirement of such a high dose would diminish the feasibility
of widespread primary prevention through raised consumption of fish or n-3 polyunsaturated
fatty acid supplements.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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CONSORT participant flow chart. CRP, C-reactive protein; IL-6, interleukin-6; EPA,
eicosapentaenoic acid; DHA, docosahexaenoic acid; AHAB-II, Adult Health and Behavior

Project — Phase 2.
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Fig. 2.

Segrum C-reactive protein concentration at baseline and post-supplementation. No effect of
fish oil was found (M 4#0.183 mg/L, 95% confidence interval —0.098, 0.464; P=0.21).
Data are presented as box and whisker plots in which the horizontal bar represents the
median, the box demarcates the 25t and 75t percentiles, and the whiskers indicate + 1.5x
the interquartile range.
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Fig. 3.
Serum interleukin-6 (IL-6) at baseline and post-supplementation. No effect of fish oil was

found (M g;#—0.037 pg/mL, 95% confidence interval —0.268, 0.194; £= 0.59). Data are
presented as box and whisker plots in which the horizontal bar represents the median, the
box demarcates the 25t and 75™ percentiles, and the whiskers indicate + 1.5x the
interquartile range.
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Table 1

Baseline characteristics of study participants in the placebo and active treatment groups

Placebo (n=132) Fishoil (n=129) P-value

Race (% white) 84.1 80.6 0.38
Sex (% female) 57 58 0.90
Age (years) 426+7.0 432+76 0.55
BMI (kg/m?) 26.8+4.6 275+6.0 0.31
Current smoking (%) 13.6 17.1 0.49
Dietary EPA+DHA (mg/day) 109 + 72 104 + 69 0.51
Red blood cell EPA+DHA (nmol/mL) 291+1.01 3.02 +1.05 0.43
CRP (mg/L)4 0.65 (1.38) 1.03 (1.74) 0.008
IL-6 (pg/mL)? 0.99 (0.79) 1.15 (1.11) 0.84

a T . . . .
Due to distribution skew, the median and interquartile range are presented; data were log10 transformed for analysis.

Data are presented as mean + SD/SEM, unless stated otherwise.
BMI, body mass index; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; CRP, C-reactive protein; IL-6, interleukin-6.
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