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a b s t r a c t

Observational studies have linked lower levels of omega-3 (n-3) polyunsaturated fatty acids (PUFAs) with
inflammation and depression. This study was designed to determine whether n-3 supplementation
would decrease serum cytokine production and depressive symptoms in 138 healthy middle-aged and
older adults (average age = 51.04, SD = 7.76) who were sedentary and overweight (average BMI = 30.59,
SD = 4.50). This three-arm randomized, placebo-controlled, double-blind 4-month trial compared
responses to (1) 2.5 g/d n-3 PUFAs, or (2) 1.25 g/d n-3 PUFAs, or (3) placebo capsules that mirrored the
proportions of fatty acids in the typical American diet. Serum interleukin-6 decreased by 10% and 12%
in our low and high dose n-3 groups, respectively, compared to a 36% increase in the placebo group.
Similarly, low and high dose n-3 groups showed modest 0.2% and �2.3% changes in serum tumor necrosis
factor alpha, compared to a 12% increase in the control group. Depressive symptoms were quite low at
baseline and did not change significantly in response to supplementation. Our data suggest that n-3
PUFAs can reduce inflammation in overweight, sedentary middle-aged and older adults, and thus could
have broad health benefits. These data provide a window into the ways in which the n-3 PUFAs may
impact disease initiation, progression, and resolution.

ClinicalTrials.gov identifier: NCT00385723.
� 2012 Elsevier Inc. All rights reserved.

1. Introduction

1.1. Inflammation, mental and physical health, and omega-3

Inflammation is a robust and reliable predictor of all-cause mor-
tality in older adults (Krabbe et al., 2004). Proinflammatory cyto-
kines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) play a role in coronary heart disease (CHD), depression,
type II diabetes, arthritis, osteoporosis, Alzheimer’s disease, peri-
odontal disease, and frailty and functional decline (Ferrucci et al.,
2006; Krabbe et al., 2004). Fish, the prime source for the long-chain
omega-3 (n-3) polyunsaturated fatty acids (PUFAs) eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA), has generated

considerable interest as a potential anti-inflammatory food (Lee
et al., 2009; Wall et al., 2010).

The positive effects of fish and fish oil consumption have been
demonstrated across such diverse conditions as depression, CHD,
rheumatoid arthritis, and macular degeneration (Goldberg and
Katz, 2007; Hallahan and Garland, 2005; Hibbeln, 1998; Johnson
and Schaefer, 2006; Wall et al., 2010). Although the health benefits
of fish oil may arise through a number of different mechanisms,
reduced inflammation appears to be one common pathway
(Shelton and Miller, 2010).

A number of epidemiological and observational studies have
demonstrated that lower n-3 PUFA levels are associated with higher
serum IL-6, TNF-a, and CRP (Farzaneh-Far et al., 2009; Ferrucci et al.,
2006; Kalogeropoulos et al., 2010; Kiecolt-Glaser et al., 2007). In
contrast, comparisons of supplemented and placebo groups in n-3
PUFA randomized controlled trials (RCTs), the gold standard for
demonstrating causality, have not produced reliable serum cytokine
differences (Calder et al., 2009; Fritsche, 2006; Kiecolt-Glaser et al.,
2011; Sijben and Calder, 2007). Problematic methodological issues
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that muddy interpretation have included severely underpowered
small treatment groups (e.g., 8–10 per group), low n–3 PUFA supple-
mentation doses, insensitive cytokine assays, use of young and
healthy subjects and/or highly-trained athletes, and very low levels
of baseline inflammation. For example, serum cytokines did not
differ significantly among 58 monks who received 0, 1.06, 2.13 or
3.19 g/d of n-3 PUFAs for a year (Blok et al., 1997); however, basal
cytokine data did not differ between vegetarians and non-vegetari-
ans even before supplementation, suggesting that the monks’ extre-
mely healthy lifestyle limited the ability to see meaningful down-
ward change.

The strongest RCT support for the n-3 PUFA’s anti-inflammatory
properties has come from studies with older, hypertriglyceridemic
or diabetic individuals with elevated inflammatory markers
(Fritsche, 2006; Sijben and Calder, 2007; Wu, 2004; Yusof et al.,
2008). Consequently, it has been suggested that cytokine produc-
tion in healthy people is relatively insensitive to long-chain n-3
PUFAs (Sijben and Calder, 2007; Wu, 2004).

1.2. The present study

Although the health benefits of the n-3 PUFAs are well estab-
lished, particularly their cardioprotective and antidepressant im-
pacts, clear evidence that small dietary changes modulate
inflammation in healthy people would provide a window into the
ways in which dietary n-3 PUFAs alter disease initiation, progres-
sion, and resolution (Fritsche, 2006). Accordingly, this study as-
sessed the impact of long-chain n-3 PUFA supplementation on
inflammation in healthy sedentary overweight middle-aged and
older adults. We hypothesized that n-3 PUFA supplementation
would decrease our primary outcomes, proinflammatory cytokine
production and depressive symptoms, in contrast to placebo.

2. Methods

2.1. Participants

The 138 participants, 45 men and 93 women, ranged in age
from 40 to 85 (Table 1). Campus and community print and web-
based announcements were used for recruitment. The institutional
review board approved this study, and each participant provided
informed consent.

The online screening form assessed health history, medications,
and health behaviors. Exclusions included psychoactive drugs or
mood altering medications, lipid-altering drugs, beta blockers, ste-
roids, regular use of non-steroidal anti-inflammatory drugs other
than an aspirin a day, ACE-inhibitors, prostaglandin inhibitors,
heparin, warfarin, and alcohol/drug abuse (Buckley et al., 2004;
Ferrucci et al., 2006). We also excluded pregnant or nursing women,

vegetarians, diabetics, people who routinely took fish oil or flaxseed
supplements or ate more than two portions of oily fish per week,
smokers, and individuals with recurrent digestive problems, con-
vulsive disorders, and autoimmune and/or inflammatory diseases.
Individuals who typically engaged in 2 or more hours of vigorous
physical activity per week, as well as individuals with a body mass
index (BMI) less than 22.5 or greater than 40 were excluded
(Fernandez-Real et al., 2003).

In addition, we used participants’ ability to follow the regimen
as a criterion for study entry. Participants received a 7-day supply
of placebo capsules (single blind) at the subsequent in-person
screening session, and those who had taken less than 80% of the
capsules a week later were dropped before randomization. We also
verified height and weight at the screening visit.

2.2. Design and study components

Data collection for this double-blind placebo-controlled four
month randomized clinical trial (RCT) began in September, 2006
and ended in February, 2011. Fasting blood samples were collected
between 7:00 and 9:00 AM to control for diurnal variation.

2.2.1. Supplement and placebo
This three-arm parallel group RCT compared responses to (A)

2.496 g/d n-3, (B) 1.25 g/d n-3, and placebo, or (C) placebo. All par-
ticipants took 6 pills (3 g oil) per day. For the two omega-3 groups,
each 500 mg gel capsule contained 347.5 mg eicosapentaenoic acid
(EPA) and 58 mg docosahexaenoic acid (DHA). Thus, for the high
dose group the full daily supplement would equal 2085 mg/d of
EPA and 348 mg/d of DHA. We chose the 7:1 EPA/DHA balance be-
cause of evidence that EPA has relatively stronger anti-inflamma-
tory and antidepressant effects than DHA (Lin et al., 2010; Sijben
and Calder, 2007). The placebo was a mixture of palm, olive, soy,
canola, and coco butter oils that approximated the saturated:mono-
unsaturated:polyunsaturated (SMP) ratio consumed by US adults,
37:42: 21 (USDA Continuing Survey of Food Intake by Individuals,
1994–1996). OmegaBrite (Waltham, MA) supplied both the n-3
and the matching placebo; all pills were coated with a fuchsia col-
oring. OmegaBrite added a mild fish flavor to the placebo to help
disguise any differences between the n-3 PUFA pills and the pla-
cebo, and we told participants about the fish flavoring to promote
blindness (Stoll et al., 2001). Table 2 shows the results of our inde-
pendent analysis of the fatty acid profile of the n-3 and placebo pills.

2.2.2. Randomization and masking
Before a participant left the baseline session, s/he was randomly

assigned to one of three treatment groups using a permuted block
randomization sequence prepared and maintained by the data
manager who had no involvement in data collection or biological

Table 1
Baseline characteristics.

Placebo (n = 46) 1.25 g/d (n = 46) 2.5 g/d (n = 46)

Age (years) 51.1 (8.6) 51.1 (8.0) 51.0 (6.7)
Female 36 (78%) 28 (61%) 29 (63%)
Race

White 33 (72%) 39 (85%) 37 (80%)
Black 9 (20%) 5 (11%) 8 (17%)
Asian 2 (4%) 1 (2%) 1 (2%)
Other 2 (4%) 1 (2%) 0 (0%)

Sagittal abdominal diameter (cm) 22.8 (3.2) 23.9 (3.4) 22.9 (2.9)
CES-D

Median (IQR) 5 (3–9) 5 (2–11) 6 (2–10)
Range 0–50 0–43 0–32

Data are mean (SD) or n (%) except where noted. There were no significant differences on any of the participant characteristics (p > 0.1
for all tests).
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laboratory analyses; she was the only person who had access to the
randomization list. The active and placebo study medications were
packaged according to the randomization sequence, so that a par-
ticipant was randomized to the next available individual supply of
study medication. At each subsequent study visit, participants re-
turned unused pills and received the next month’s supply.
Blinding was assessed at the final visit.

2.3. Health-related behaviors

Participants’ height and weight were assessed at the screening
visit, and participants were weighed during each subsequent visit.
At each study visit, participants were evaluated for changes in fatty
acid composition of plasma and PBMCs, mood, and proinflamma-
tory cytokines.

Adipose tissue in the abdomen may secrete up to three times as
much IL-6 as other subcutaneous fat tissues (Browning, 2003).
Sagittal abdominal diameter measurements provided data on
abdominal fat. Sagittal abdominal diameter was assessed by mea-
suring the distance from the small of the back to the upper abdo-
men midway between the top of the pelvis and the base of the
ribs when the participant was lying on their back. Validational
studies using computerized axial tomography and dual-energy
X-ray absorptiometry have demonstrated sagittal abdominal
diameter’s utility as a noninvasive central adiposity measure
(Clasey et al., 1999).

The Women’s Health Initiative Food Frequency Questionnaire
(FFQ), completed during the screening session and repeated at
the end of the trial, provided data on the type, frequency, and
quantity of foods and beverages consumed in the past 90 days
(Patterson et al., 1999). The precision is similar to other FFQs,
and means are within 10% of dietary records or recalls. Software
calculations estimated dietary intake of energy, macro- and micro-
nutrients, as well as intake of key food groups using the Nutrition
Data Systems for Research. Participants were asked not to change
their diet during the trial were told not to take any fish oil or other
n-3 supplements other than those provided by the study.

The Pittsburgh Sleep Quality Index (PSQI) assessed sleep quality
and disturbances over a one-month interval; it has good diagnostic
sensitivity and specificity (Buysse et al., 1989). We used the full
scale at baseline and at 4 months. In addition, we also assessed
sleep efficiency for the prior night (Vgontzas et al., 1999).

The Community Healthy Activities Model Program for Seniors
Questionnaire (CHAMPS) assessed the weekly frequency and dura-
tion of various physical activities at baseline and 4 months. An
excellent instrument for middle-aged and older populations, it
has an strong history of validation and testing, and it is sensitive
to relatively small changes in physical activity (Harada et al.,
2001; Resnicow et al., 2003; Stewart et al., 2001a,b).

The modified version of the Health Review, administered
monthly, provided data on infectious illness symptoms as well as
possible supplementation side effects (Jenkins et al., 1980; Orts
et al., 1995). Developed to provide a simple reliable and valid
method for periodic assessment of infectious illness, the symptoms
assessed also include the primary gastrointestinal side effects de-
scribed for n-3 PUFA supplementation.

2.4. Depressive symptoms

The Center for Epidemiological Studies Depression Scale (CES-
D), administered at all visits, has been used extensively to measure
depressive symptomatology (Basco et al., 1997; Radloff, 1977).
Studies have shown acceptable test–retest reliability and excellent
construct validity (Basco et al., 1997).

2.5. Fatty acid analyses

Lipids were extracted from plasma and PBMCs using chloro-
form: methanol (2:1, v/v) with 0.2 vol. 0.88% KCl (Bligh and Dyer,
1959). Fatty acid methyl esters of the fractions were prepared by
incubating the fractions with tetramethylguanidine at 100 �C
(Shantha et al., 1993) and analyzed by gas chromatography (Shima-
dzu, Columbia, MD) using a 30-m Omegawax 320 (Supelco-Sigma)
capillary column. The helium flow rate was 30 ml/min and oven
temperature ramped beginning at 175 �C and held for 4 min then
increased to 220 �C at a rate of 3 �C/min as previously described
(Belury and Kempa-Steczko, 1997). Retention times were compared
to authentic standards for fatty acid methyl esters (Supelco-Sigma,
St. Louis, MO and Matreya, Inc., Pleasant Gap, PA).

2.6. Immunological assays

Serum levels of IL-6 and TNF-a were multiplexed and measured
using an electrochemilluminescence method with Meso Scale
Discovery kits, and read using the Meso Scale Discovery Sector Im-
ager 2400. Each subject’s stored samples were assayed for all the
cytokine markers in one run, thus using the same controls for all
time points for each person. Sensitivity for these serum cytokines
was 0.3 pg/ml. The intra-assay coefficient of variation for IL-6
was 2.8%, and the inter-assay coefficient of variation was 12.5%;
corresponding values for TNF-a were 4.3% and 12.1%.

2.7. Sample size

Sample size was based on detection of conservative effect sizes
for the lower dose versus placebo comparisons for the primary out-
come of cytokine levels. The literature suggested that the higher
dose would have a greater effect, thus we expected the higher dose
versus placebo contrast to have more power than low versus pla-
cebo. All power analyses were based on contrasts within mixed
effect linear models with two-sided alpha = 0.05 and assumed a
10% attrition rate. Our conservative estimated effect size was a
decrease in IL-6 of 0.45 pg/mL in the low dose group, extrapolated
from results from Ferrucci et al. (2006). Pilot data from our lab pro-
vided an estimate of standard deviation of 0.88 pg/mL, thus to
achieve 85% power a sample size of 46 in each group was required.

2.8. Statistical methods

Mixed models were used to test the effects of supplementation
on proinflammatory cytokine levels and depressive symptoms
(Diggle et al., 2002). This type of model treats the responses from
each subject as repeated measures, accounting for the within-sub-
ject correlation. Compound symmetry variance–covariance struc-
ture was used to account for the correlation within subjects. In

Table 2
Fatty acid composition of the dietary supplements as determined by independent
analysis.

Placebo Supplement
% Fatty acid % Fatty acid

C14:0 Myristic acid 3.1 0.0
C16:0 Palmitic acid 16.4 0.1
C18:0 Stearic acid 3.2 0.5
C18:1n9 Oleic acid 48.7 0.7
C18:1n7 Vaccenic acid 1.6 0.3
C18:2n6 Linoleic acid 21.5 0.2
C18:3n3 Alpha linolenic acid 3.3 0.2
C18:4n3 Stearidonic acid 0.1 6.4
C20:4n6 Arachidonic acid 0.1 3.2
C20:4n3 Eicosatetraenoic acid 0.0 1.0
C20:5n3 Eicosapentaenoic acid 1.0 76.8
C22:6n3 Docosahexaenoic acid 0.1 8.5
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models for serum cytokines random effects for the assay plate and
assay lot were also included. To test for treatment group differ-
ences, models included the effects of visit, treatment group, and
their interaction. Outcome variables were natural log transformed
when residual analyses suggested violation of the normality
assumption. P-values from between-group comparisons were
Bonferroni-adjusted within outcome model since three pairwise
group comparisons were performed for each model.

Differences in the proportions experiencing nonserious adverse
events between treatment groups were evaluated using Fisher’s
exact test. James’ blinding indices were calculated using partici-
pant and experimenter guesses about treatment assignment at
the final study visit (James et al., 1996). Alpha was set to 0.05,
and two-sided tests were conducted. All analyses were carried
out in SAS version 9.1 (SAS Institute, Cary, NC).

3. Results

3.1. Study population, diet, and health behaviors

Randomized groups were equivalent on key dimensions
(Table 1). Randomization produced groups that did not differ on
age, baseline FFQ dietary variables, depression, and sleep quality,
p > 0.2 for all tests. Using BMI cut points of 25 and 30 kg/m2, 125
(91%) were overweight, and 65 (47%) were obese, respectively.
There were small differences between groups on weight at baseline
(p = 0.002), with the placebo group having the lowest average
weight, however there were not significant differences in either
sagittal abdominal diameter or BMI (p > 0.05 for both).

Analyses of FFQ data at the last visit revealed no differences
among the groups in reported changes in intake of calories, fiber,
total fat, protein, saturated fat, monounsaturated fat, polyunsatu-
rated fat, omega-3 fatty acids, or linoleic acid during the study per-
iod, P > .11 for all tests. Similarly, sleep and exercise did not show
differential group changes, P > .26 for both. Both the lower and
higher n-3 groups had modest but statistically significant increases
in weight across the trial (average pounds gained: 2.1 lbs and
2.5 lbs in the two groups, respectively), compared to no change
in the placebo group (average pounds gained: 0.39 lbs). However,
the increased weight would have theoretically fueled inflamma-
tion in this overweight sample which was not observed.

Few participants reported taking any medication during the
study, and the numbers did not differ among groups. The most
common medications were multivitamins (n = 42), NSAIDs
(n = 29; 15 aspirin, 8 ibuprofen, 5 naproxen, 1 meloxicam), antihis-
tamines (n = 13), estrogen with or without progesterone (n = 10),
and levothyroxine (n = 10).

3.2. Protocol adherence and blinding

Of the 138 randomized subjects, 133 (96%) completed all five
visits (Fig. 1). Protocol adherence was measured by the number
of pills returned at each study visit. There was no difference in
adherence between the active and placebo groups, with 3.3%,
2.0%, and 2.6% percent of pills returned in the placebo, 1.25 g/d,
and 2.5 g/d groups, respectively (p = 0.31). The mean number of
pills taken per day was 5.8 in the placebo and 2.5 g/d groups,
and 5.9 in the 1.25 g/d group.

The James’ blinding index for participants at the end of the
study was 0.60 (95% CI: 0.53–0.68, n = 131) (James et al., 1996).
For the two experimenters the James’ blinding indices were 0.83
(95% CI: 0.77–0.88, n = 130) and 0.81 (95% CI: 0.75–0.87, n = 116),
respectively. Blinding is considered adequate if the index is greater
than 0.5.

3.3. Safety and tolerability

Nonserious adverse events reported by at least one subject are
summarized in Table 4. There were no significant group differences
on any dimension.

3.4. Changes in fatty acids

Baseline levels of plasma fatty acids as well as changes over
time for the three groups are summarized in Table 3. As expected,
randomization produced groups that did not differ on EPA
(p = 0.73), DHA (p = 0.38), or total n-3 (p = 0.41) at baseline. By
the end of the study period plasma levels of EPA were approxi-
mately 3.5-fold higher in the 1.25 g/d n-3 group and 6-fold higher
in the 2.5 g/d n-3 group (P < 0.0001 for both), and plasma DHA lev-
els were approximately 1.4-fold higher in the 1.25 g/d n-3 group
and 1.5-fold higher in the 2.5 g/d n-3 group (P < 0.0001 for both).
The n-6:n-3 ratio was significantly decreased after supplementa-
tion for both low and high dose groups (P < 0.0001 for both).

3.5. Primary Outcomes

Results for inflammatory outcomes and depression symptoms
are summarized in Table 5. After adjusting for gender and sagittal
abdominal diameter, there were significant supplementation ef-
fects on cytokines as evidenced by significant group by visit inter-
actions for both TNF-a (p = 0.0002) and IL-6 (p = 0.0003). The
estimated mean change in log-TNF-a from visit 1 to visit 5 was
0.11 units for the placebo group, corresponding to a 12% increase
in the geometric mean of TNF-a. In comparison, the estimated
mean change in log-TNF-a was 0.0002 units for the 1.25 g/d and
�0.024 for the 2.5 g/d group, corresponding to changes of 0.2%
and �2.3%, respectively. After Bonferroni-adjustment, these group
differences were significant for the comparison of placebo to
1.25 g/d (p = 0.03) and placebo to 2.5 g/d (p = 0.004); no significant
difference was noted between the two supplementation doses
(p = 1.0).

A similar pattern was observed for IL-6. The estimated mean
change in log-IL-6 from visit 1 to visit 5 was 0.31 units for the pla-
cebo group (36% increase), �0.106 for the 1.25 g/d group (10% de-
crease), and �0.123 for the 2.5 g/d group (12% decrease).
Significant differences were observed between placebo and
1.25 g/d (p = 0.0003) and placebo and 2.5 g/d (p = 0.0002), but not
between the two doses of fish oil (p = 1.0). To ensure that results
were not driven by a small number of highly influential data
points, residual plots were examined and one subject in the pla-
cebo group who appeared to be an outlier was removed and anal-
yses were rerun. Resulting conclusions were the same and are not
shown.

There did not appear to be group effects on depression
(p = 0.86), adjusting for gender. There was a trend toward larger
decreases in depression from visit 1 to visit 5 for the two fish oil
groups than the placebo, but no differences were statistically
significant.

4. Discussion

4.1. Intervention-related reductions in inflammation

Omega-3 supplementation significantly altered production of
serum cytokines. IL-6 decreased by 10% and 12% in our low and
high dose n-3 groups, respectively, compared to a 36% increase in
the placebo group. Similarly, low and high dose n-3 groups showed
modest 0.2% and �2.3% changes in TNF-a, compared to a 12% in-
crease in the control group. This is the first well-powered trial to

J.K. Kiecolt-Glaser et al. / Brain, Behavior, and Immunity 26 (2012) 988–995 991



Author's personal copy

show significant changes in serum cytokines in healthy middle-
aged and older adults.

4.2. Randomized PUFA trials

The largely negative serum cytokine data from prior n-3 PUFA
trials have led to the suggestion that cytokine production is rela-
tively insensitive to the n-3 PUFAs among healthy individuals,
i.e., people who do not have chronic inflammatory diseases such
as inflammatory bowel disease, rheumatoid arthritis, chronic
obstructive pulmonary disease, or diabetes (Sijben and Calder,
2007; Wu, 2004). However, there are several notable differences
between our study and prior RCTs. We carefully assessed variables
known to influence inflammation including smoking, medication
use, physical activity, and abdominal adiposity. We had minimal

attrition; only 5 of our 138 subjects failed to complete the full trial.
Our rigorous exclusion criteria produced a group of overweight
sedentary adults who were more likely to have an inflammatory
profile and who were otherwise healthy aside from their weight.
In addition, our supplement’s 7:1 EPA:DHA ratio may be particu-
larly beneficial based on evidence for EPA’s anti-inflammatory
properties (Ariel and Serhan, 2007; Sijben and Calder, 2007).

Dietary intakes of both the n-3 and omega-6 (n-6) PUFAs
influence inflammation. Arachidonic acid (AA) is an n-6 polyun-
saturated fatty acid derived from linoleic acid. The eicosanoids
produced from enzymatic hydroxylation of AA increase proin-
flammatory cytokine production (Hibbeln et al., 2006). In con-
trast, the eicosanoids derived from n-3 PUFAs curb the
production of AA-derived eicosanoids (Blasbalg et al., 2011; Pis-
chon et al., 2003). Thus, both higher plasma levels of n-3 PUFAs

Fig. 1. Screening, randomization, and participant flow by group.
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as well as lower plasma n-6:n-3 ratios should restrain proinflam-
matory cytokine production (Ferrucci et al., 2006). In this context
it is noteworthy that our participants’ average n-6:n-3 ratio at
baseline was 10.82 (SD = 2.48, range = 3.3–18.8), considerably

lower than the 15:1 to 17:1 ratios reported for the contemporary
North American diet (Hibbeln et al., 1997; Simopoulos, 2002).
Accordingly, our data probably underestimate the potential im-
pact of the n-3 PUFAs.

Table 5
Group effectsa on primary outcomes (natural log-transformed).

Baseline (visit 1) Change, visit 1 to 5 Difference in change versus placebo 95% CI P-valueb

Log (TNF-a)
Placebo 0.66 (0.25) 0.11 (0.030)
1.25 g/d n-3 0.74 (0.25) 0.002 (0.028) �0.11 (0.04) �0.028 to �0.19 0.03
2.5 g/d n-3 0.71 (0.25) �0.024 (0.029) �0.13 (0.04) �0.052 to �0.22 0.004

Log (IL-6)
Placebo 0.91 (0.60) 0.31 (0.077)
1.25 g/d n-3 1.02 (0.60) �0.106 (0.070) �0.41 (0.10) �0.21 to �0.62 0.0003
2.5 g/d n-3 0.85 (0.60) �0.123 (0.074) -0.43 (0.11) �0.22 to �0.64 0.0002

CES-D, log
Placebo 1.5 (0.17) �0.056 (0.15)
1.25 g/d n-3 1.5 (0.17) �0.29 (0.15) �0.23 (0.21) �0.64 to 0.18 0.80
2.5 g/d n-3 1.6 (0.17) �0.26 (0.15) �0.20 (0.21) �0.61 to 0.21 1.00

a Least squares means (SE) adjusted for gender. Cytokine models additionally adjusted for sagittal abdominal diameter.
b Comparison to placebo, Bonferroni-adjusted within outcome to account for multiple testing. Tests are t-tests with degrees of freedom ranging from 451 to 530. There

were no significant differences between supplement doses. Excluded (n = 1868).

Table 4
Nonserious adverse events reported by at least one study subject during trial.

Placebo (n = 46) 1.25 g/d n-3 (n = 46) 2.5 g/d n-3 (n = 46) P-value

Ear ache 6 (13%) 4 (9%) 2(4%) 0.39
Sore throat 3(7%) 10 (22%) 8 (17%) 0.10
Swollen glands 1 (2%) 0 (0%) 1 (2%) 1.00
Stuffy nose 18 (39%) 20 (43%) 23 (50%) 0.60
Wheeze 3 (7%) 1 (2%) 2 (4%) 0.87
Dry cough 10 (22%) 10 (22%) 6 (13%) 0.50
Wet cough 8 (17%) 6 (13%) 6 (13%) 0.87
Nausea 7 (15%) 6 (7%) 8 (17%) 0.28
Stomach pain 12 (26%) 13 (28%) 14 (30%) 0.97
Diarrhea 10 (22%) 7 (15%) 12 (26%) 0.48
Other symptoms 25 (54%) 25 (54%) 23 (50%) 0.93

Data are n (%).

Table 3
Plasma fatty acids.a

Baseline (week 0) Change visits 0–5 P for changeb P for comparison of changesc

EPA <.0001
Placebo 0.46 ± 0.10 0.17 ± 0.13 0.19
1.25 g/d n-3 0.53 ± 0.10 1.4 ± 0.13 <.0001
2.5 g/d n-3 0.56 ± 0.10 2.9 ± 0.13 <.0001

DHA <.0001
Placebo 1.5 ± 0.09 0.07 ± 0.08 0.40
1.25 g/d n-3 1.4 ± 0.09 0.60 ± 0.08 <.0001
2.5 g/d n-3 1.6 ± 0.09 0.73 ± 0.08 <.0001

Total n-3 <.0001
Placebo 3.7 ± 0.18 0.28 ± 0.24 0.25
1.25 g/d n-3 4.0 ± 0.18 2.1 ± 0.24 <.0001
2.5 g/d n-3 4.0 ± 0.18 4.3 ± 0.24 <.0001

Total n-6 0.01
Placebo 41 ± 0.82 �0.90 ± 0.86 0.30
1.25 g/d n-3 39 ± 0.82 0.41 ± 0.85 0.63
2.5 g/d n-3 42 ± 0.82 �3.2 ± 0.86 0.0004

n-6:n-3 ratio <.0001
Placebo 11 ± 0.35 �0.81 ± 0.44 0.07
1.25 g/d n-3 10 ± 0.35 �3.4 ± 0.44 <.0001
2.5 g/d n-3 11 ± 0.35 �6.1 ± 0.44 <.0001

a All values are means ± SEMs from mixed effects models. Tests are for orthogonal contrasts in the models.
b Within-group t-tests with degrees of freedom ranging from 132 to 136.
c Between-group F-tests (visit by group interaction term) with degrees of freedom ranging from (2133) to (2136).
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The absolute magnitude of the change in both IL-6 and TNF-a
levels in the two treatment groups was smaller than the alterations
in the placebo group. The n-3 PUFA’s anti-inflammatory benefits
may be both prophylactic (preventing an increase in inflammation)
as well as therapeutic (decreasing elevated inflammatory cyto-
kines), an important point for potential clinical utility.

Depressive symptoms were quite low at baseline and did not
change significantly in response to supplementation; on entry
into the trial, only 16 of our participants had a CES-D score of
16 or greater, the standard clinical cutoff used to define case
status (Weissman et al., 1977). In a recent meta-analysis of ran-
domized controlled trials, the authors concluded that n-3 PUFA
supplementation benefited clinically depressed individuals, but
not those with less severe depressed mood (Appleton et al.,
2010).

In prior work from our laboratory, 68 medical students received
either 2.5 g/d n-3 or a placebo for 12 weeks (Kiecolt-Glaser et al.,
2011). Compared to controls, those students who received n-3
showed a 14% decrease in lipopolysaccharide (LPS) stimulated IL-
6 production. Planned secondary analyses that used the plasma
n-6:n-3 ratio in place of treatment group showed that decreasing
n-6:n-3 ratios led to reductions in stimulated IL-6 and TNF-a
production, as well as marginal differences in serum TNF-a. The
absence of significant serum inflammatory changes was likely
related to the very low baseline levels of serum cytokines in the
healthy, young, and relatively thin population.

The majority of n-3 PUFA trials have used stimulated (ex vivo)
production assays to assess changes in inflammation, rather than
serum (in vivo) assays, and results of these trials have been mixed
(Calder et al., 2009; Fritsche, 2006; Sijben and Calder, 2007). TNF-a
and IL-6 are produced by a variety of types of cells, and thus serum
cytokine levels may better reflect the overall inflammatory profile
than stimulated production (Pischon et al., 2003). The absence of
both normal values and clinical correlates for ex vivo assays limits
inferences about n-3 PUFA’s clinical therapeutic potential. Indeed,
the health and aging literatures have focused on serum proinflam-
matory cytokine levels (Farzaneh-Far et al., 2009; Penninx et al.,
2003; Taaffe et al., 2000). Thus, our finding that omega-3 supple-
mentation can substantially change serum cytokines is important.

In accord with our findings, a recent study showed that con-
sumption of 1.8 g/d of EPA + DHA changed the expression of
1040 genes, including decreased expression of genes involved in
inflammatory and atherogenic pathways as well as NF-kB signaling
(Bouwens et al., 2009). In contrast, consumption of the high-oleic
sunflower oil control only changed the expression of 298 genes
(Bouwens et al., 2009).

4.3. Dosage and risks

Neither our IL-6 nor our TNF-a data showed significant differ-
ences between our 1.25 and 2.5 g/d n-3 dose, although both clearly
differed from the placebo. One review concluded that while the
effects were inconsistent, it appeared that significant changes in
cytokine production by lymphocytes only occurred with P2.0 g/d
of EPA + DHA (Sijben and Calder, 2007). In addition, variables such
as typical dietary intake influence responses (Yee et al., 2010), and
our sample had a higher than expected average n-6:n-3 ratio at
baseline, as described earlier. The FDA has concluded that intakes
of up to 3 g/d of marine n-3 PUFAs are ‘‘Generally Recognized As
Safe’’ (Kris-Etherton et al., 2002); our higher dose, 2.5 g/d, fell with-
in that range and would appear to be a good choice for future
studies.

Side effects were infrequent and did not differ between groups.
These data are in accord with the low incidence reported in large
n-3 PUFA studies (Leaf et al., 1994; Valagussa et al., 1999).

4.4. Health implications

Several large studies have linked higher n-3 PUFA levels with
lower all-cause mortality (Lee et al., 2009; Pottala et al., 2010),
including a large 3.5 year trial (Marchioli et al., 2002). The n-3 PU-
FA’s anti-inflammatory properties provide one obvious pathway
for these reductions in mortality. Inflammation is a robust and reli-
able predictor of all-cause mortality in older adults (Pedersen and
Febbraio, 2008). Chronic inflammation has been linked to a spec-
trum of health problems including depression, cardiovascular dis-
ease, osteoporosis, cancer, and arthritis (Pedersen and Febbraio,
2008). In fact, more globally, chronic inflammation has been sug-
gested as one key biological mechanism that may fuel declines in
physical function leading to frailty, disability, and, ultimately,
death. Our data suggest that n-3 PUFAs can reduce inflammation
in overweight, sedentary middle-aged and older adults, and thus
could have broad health benefits. Although the n-3 PUFAs cannot
take the place of good health behaviors like exercise, individuals
who are at risk because of established inflammatory diseases or
conditions may profit from their use. These data provide a window
into the ways in which the n-3 PUFAs may impact disease initia-
tion, progression, and resolution.
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