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Abstract

Recent studies have indicated that omega-3 (n3) polyunsaturated fatty acids (PUFAs) decrease adipose tissue inflammation in rodents
and in morbidly obese humans. We investigated whether a diet rich in n3 PUFAs from both marine and plant sources reduces adipose
tissue and systemic inflammation in overweight to moderately obese adults. VWWe conducted a randomized, single-blind, paralleldesign,
placebo-controlled feeding trial. Healthy men and women with a body mass index between 28 and 33 I<g/m2 consumed a diet rich in n3
PUFASs (3.5% of energy intake; n = 11) from plant and marine sources or a control diet (0.5% of energy intake from n3 PUFAs; n = 13).
These diets were consumed for 14 wk (ad libitum for 12 wk). All foods were provided for the entire study period. Subcutaneous abdominal
adipose tissue and fasting plasma were collected after the first 2 wk with the control diet and again at the end of the 14-wk dietary period.
The primary outcome of this ex post analysis was the adipose tissue gene expression of 13 key mediators of inflammation. Adipose tissue
gene expression of inflalmatory mediators did not differ between the 2 groups, after adjustment for weight change. Furthermore, none of
the 5 plasma markers of systemic inflammation differed significantly as an effect of diet treatment. VWe conclude that a relatively high dose

of n3 PUFAs from plant and marine sources did not significantly lower adipose tissue or systemic inflammation in overweight to

moderately obese healthy men and women over 14 wk. J. Nutr. 143: 1340-1347, 2013.

Introduction

Low-grade, chronic adipose tissue inflammation is associated
with obesity and plays a key role in the development of insulin
resistance leading to type 2 diabetes. Proinflammatory cytokines
such as tumor necrosis factor (TNF)? « and interleukin (IL)-6
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secreted largely by classically activated macrophages disrupt
insulin signaling in adipocytes (1). Adipose tissue inflamma-
tion may also affect insulin sensitivity in the liver and muscle—
for example, by reducing the adipocyte secretion of the major
insulin-sensitizing adipokine adiponectin (2). A focus in the
field is to identify modifiable factors affecting adipose tissue
inflammation.

A dietary factor with proposed antiinflammatory actions are
the long-chain n3 PUFAs (3). Several antiinflammatory mecha-
nisms have been proposed for the n3 PUFAs EPA (20:5n3) and
DHA (22:6n3), in particular. First, eicosanoids synthesized from
EPA are less potent in their proinflammatory actions than those
synthesized from the n6 PUFA arachidonic acid (4). Second, EPA
and DHA are substrates for the synthesis of resolvins and protectins,
endogenous compounds involved in the active resolution of inflam-
mation (5). Third, EPA and DHA are ligands for GPCR120, a
G-protein coupled receptor (GPCR) expressed in adipose tissue
that potently inhibits inflammatory signaling pathways (6).

In rodent models, high-dose fish-oil administration strongly
attenuated several aspects of adipose tissue inflammation triggered
by a high-fat diet (7-9). In contrast, the effect of n3 PUFAs on
adipose tissue inflammation in humans is less clear. For example,
morbidly obese, nondiabetic adults receiving 3.36 g EPA/DHA
capsules daily for 8 wk before undergoing bariatric surgery
exhibited significantly lower inflammatory gene expression
compared with controls consuming an equivalent amount of
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butter fat (10). Although this study had some notable strengths,
such as the assessment of inflammatory gene expression in both
subcutaneous and intraabdominal adipose tissue depots, it
suffered from the fact that gene expression analysis was conducted
at the conclusion of the intervention only, i.e., not compared with
a baseline value. Moreover, whereas the study provided convinc-
ing evidence that marine n3 PUFAs may lower adipose tissue
inflammation in morbidly obese participants, effects among
individuals with a lower level of adiposity are less clear. In another
study, 27 diabetic women were randomly assigned to receive either
3 g fish oil or placebo (paraffin oil) daily for 2 mo (11). The
expression of some genes involved in inflammation was reduced
after fish oil but not placebo (11). However, data on major me-
diators of inflammation such as cytokines, chemokines, or adhesion
molecules were not reported, indicating that these were either not
studied or were not differentially regulated by fish-oil treatment.
Questions therefore remain as to whether n3 PUFAs, in practically
relevant doses, have the potential to lower adipose tissue inflam-
mation in overweight to moderately obese individuals.

We previously conducted a well-controlled dietary interven-
tion during which overweight to mildly obese men and women
consumed either a diet rich in n3 PUFAs (3.5% of energy from
n3 PUFAs) or a control diet (0.5% from n3 PUFAs) for 14 wk
(12,13). Subcutaneous adipose tissue samples were collected at
baseline and again after 14 wk, which enabled us to investigate
the effect of the study diets on the expression of genes encoding
major mediators of inflammation. We also collected fasting plasma
to assess the effect of the study diets on circulating markers of
inflammation. The primary aim of this study was to test the
hypothesis that a diet rich in n3 PUFAs lowers body weight in
overweight and moderately obese men and women.

Participants and Methods

Study design and participants

Details of the study design, dietary interventions, and participant recruit-
ment, enrollment, and randomization have been previously described
(12,13). In brief, 24 overweight to moderately obese participants (Table 1)
completed a 16-wk controlled dietary period in which all foods were
provided. During the first 2-wk lead-in period all participants consumed a
control diet, which consisted of conventional foods typically found in a
mixed American diet rich in MUFAs (Table 2). The caloric content of the
diet was calculated on the basis of individual 3-d diet records completed
by the participants and the Mifflin formula (14) multiplied by an activity
factor based on a physical activity questionnaire to maintain each
participant’s weight to within 1 kg of baseline weight. The principal
sources of fat for the control diet were high-oleic safflower and high-
oleic sunflower oil and margarines based on these oils, as well as capsules
containing high-oleic safflower oil. Subsequently, all participants were
randomized into 2 groups, one of which continued to consume the
control diet, whereas the other group received the diet enriched in n3
PUFAs (Table 2). Participants remained on these 2 diets for the next 14
wk, the first 2 of which were again isocaloric, followed by 12 wk of ad
libitum consumption. The n3 PUFA diet was identical to the control
diet in all respects apart from the principal sources of dietary fat, in
that canola and flaxseed oils were substituted for high-oleic safflower
and sunflower oils. Both oils are rich in the n3 PUFA a-linolenic acid.
In addition, subjects in the n3 PUFA group were asked to take capsules
containing fish oil rather than high-oleic safflower oil, which was
calculated to provide 1.4% of energy in the form of long-chain n3 PUFAs.
Adherence of the study participants to the dietary regimen was assessed on
the basis of twice-weekly reviews of the dietary records between study staff
and participants, along with weights of returned foods and counts of
returned capsules (12). Mean (+SD) capsule intake was 99.2 = 1.4% of
those administered, and median (range) intake was 99.9% (94.4, 100%).
During the course of the study, each subject was admitted to the University

TABLE 1 Baseline characteristics of the overweight to
moderately obese men and women who completed all study
procedures’

Control n3 PUFA
Participants, n (F/M) 13 (8/5) 11 (8/3)

Age, y 378 =136 405 + 131
Body weight, kg 854 =93 852 = 114

BMI, kg/m? 301+ 1.1 304 +13

Fasting plasma glucose, mg/dL 96.6 = 7.4 996 = 57
96 (85, 113) 99 (91, 109)

Plasma hsCRP, mg/L 14 +23 2124
0.6(0.2, 89) 0.8(0.6,7.2)

Plasma IL-6, pg/mL 25*10 2810

Plasma total adiponectin, wg/mlL 43 +19 43 +22

Adipose tissue TNFa, mRNA copy 8217 103 = 6.3
number, normalized 8.0(4.7,109) 7.8 (5.0, 26.3)
Adipose tissue ADIPOQ, mRNA copy 7310 + 1800 7630 + 1340

number, normalized

" Values are means * SDs or median (range) unless otherwise indicated. The 2 groups
did not differ significantly with regard to any of these variables (in independent-
samples t tests or Mann-Whitney U tests, P = 0.05). ADIPOQ, adiponectin; hsCRP,
high-sensitivity C-reactive protein; IL-6, interleukin 6; TNFa, tumor necrosis factor a.

of Washington Clinical Research Center (CRC) on d 14 (CRC1), d 28
(CRC2), and d 112 (CRC3). At each CRC visit, study participants were
weighed in a hospital gown and a fasting blood specimen was obtained by
intravenous collection. Blood specimens were centrifuged immediately at
2500 X g for 10 minutes, and plasma was stored at —70°C until analyses.
In addition, at CRC1 and CRC3, a subcutaneous adipose tissue biopsy was
performed under sterile conditions as described previously (15). Harvested
adipose tissue was rinsed and flash frozen on dry ice before storage at —70°
C until analysis. Periumbilical subcutaneous adipose tissue biopsies were
selected for this study because they are well tolerated and easy to perform
(15). All study procedures were approved by the University of Washington
Human Subjects Committee and were in compliance with the Helsinki
Declaration. All participants provided informed written consent.

Laboratory methods

Inflammation is a complex process that cannot be quantified by a single
measure alone. Therefore, we measured several markers in both plasma
and adipose tissue that are known key inflammatory molecules. Target
genes in adipose tissue included the antiinflammatory and insulin-
sensitizing adipokine adiponectin; the key inflammatory cytokines TNFa
and IL6; the adhesion molecule intercellular adhesion molecule 1
(ICAM1); the macrophage cell surface markers CD14, CD206 (mannose
receptor), and CD284 (Toll-like receptor 4); and the chemokines chemo-
kine (C-C motif) ligand 2 (CCL2 or monocyte chemotactic protein-1) and
serum amyloid A1l (SAA1). We also included inducible nitric oxide
synthase (NOS2), an enzyme produced by classically activated macro-
phages (16) and plasminogen activator inhibitor 1 (PAI-1), a risk factor
for cardiovascular disease that is elevated in humans in instances of
acute inflammation (17) and the expression of which is increased by
proinflammatory cytokines (18). Last, we included endothelial nitric oxide
synthase (NOS3) and hyaluronan synthase 2 (HAS2). NOS3 mediates the
interaction between endothelial cells and leukocytes and plays a key role in
cell rolling, adhesion, and extravasation (19). HAS2 is responsible for the
production of hyaluronan, a glycan that binds and retains macrophages in
adipose tissue (20). Taken together, these 13 genes provide a diverse and
comprehensive picture of the inflammatory status in adipose tissue. In
plasma, we measured the concentrations of the acute-phase protein
C-reactive protein (CRP), the major proinflammatory cytokine IL-6,
the chemokine CCL2, and the soluble TNF receptors 1 and 2, together
providing a comprehensive picture of systemic inflammation.

Plasma analysis. In plasma, concentrations of the cytokine IL-6,
CCL2, and the soluble TNF receptors 1 and 2 were measured by using
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TABLE 2 Composition of the diets’

Lead-in period (2 wk)

Isocaloric period (2 wk)

Ad libitum period (12 wk)

Control diet Control diet n3 PUFA diet Control diet n3 PUFA diet
Energy intake, MJ/d 107 =17 109 =13 106 £ 1.7 102 £ 19 104 =24
Protein, % of energy 159 = 0.1 159 =00 1568 + 0.1 158 £ 05 16.1 =04
Carbohydrates, % of energy 498 = 04 498 + 0.2 495 + 0.2 495 + 1.0 491 +12
Alcohol, % of energy 00 =00 00 =x00 00 =00 07 =07 06 12
Fat, % of energy 34304 343 +02 347 = 0.1 340 =08 342 =06
SFAs, % of energy 86 = 0.1 85 = 0.1 84 =00 85+ 03 83 £ 03
MUFAs, % of energy 185 = 05 18.7 £ 0.1 155 £ 0.0 183 £ 0.4 152 =03
n6 PUFAs, % of energy 48 = 0.0 48 =00 49 + 00 48 + 02 48 = 0.1
n3 PUFAs, % of energy 05 *00 05 *00 36 = 0.1 05 =*00 35 =01
a-Linolenic acid, % of energy 05 *00 05 =*00 22*00 05 =*00 20 £ 01
Long-chain n3 PUFAs, % of energy 00 =00 00 +00 14 = 0.1 00+ 00 14+ 01
EPA, % of energy 0.0+00 0000 0.66 = 0.03 00=*00 0.68 = 0.06
DHA, % of energy 00 =00 00*00 0.46 + 0.02 00 =00 0.48 + 0.04
Vitamin E, mg a-TE/1000 kcal 258 = 1.1 263 £ 05 265 =08 261 =08 266 + 1.7
Cholesterol, mg/1000 kcal 67.7 = 2.7 67.1 = 2.6 60.1 = 0.3 696 = 34 64.9 = 3.1
Fiber, g/1000 kcal 1.1 =01 11.0 = 01 111 =00 10.7 = 0.8 107 = 03

" Values are means * SDs; n = 24 (lead-in period), n = 13 (control diet), or n = 11 (n3 PUFA diet). a-TE, & tocopherol equivalents.

high-sensitivity ELISA assays (R&D Systems). These assays were
performed in duplicate in the Biomarker Laboratory at Fred Hutchinson
Cancer Research Center. Intra- and interassay CVs were 4.1 and 0.3%
for IL-6, 2.5 and 16.4% for CCL2, 0.8 and 8.1% for soluble TNF
receptor 1, and 1.0 and 20.4% for soluble TNF receptor 2, respectively.
High-sensitivity CRP (hsCRP) was measured by immunonephelometry
at the Northwest Lipid Research Laboratories in Seattle, WA. Two
additional participants in the n3 PUFA group (n = 13) were included in
the plasma analysis only because they did not undergo biopsy at CRC3.

RNA isolation and gene expression analysis. Total RNA was
extracted from adipose tissue by using RNeasy mini kits (Qiagen) and
quantified by using the RiboGreen RNA Quantitation Kit (Invitrogen).
c¢DNA synthesis was carried out on 0.5-1.5 ug of total RNA by using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems),
and PCR was performed by using predesigned ABI TagMan Gene
Expression Assays on an Mx3005P Multiplex QPCR System (Stratagene).
By including a standard curve on each plate, Ct values were converted to
copy numbers of all target genes, and all results are expressed as target gene
copy number per nanogram of RNA. These data were then normalized
by applying a normalization factor based on 3 housekeeping genes:
B-glucuronidase, phosphoglycerate kinase 1, and 18s rRNA. These 3
genes are stably expressed in adipose tissue (21). Using the geNorm
application (22), we assessed the actual variability of these 3 housekeeping
genes in our data set. All 3 showed low levels of variability, and were
therefore all included in the calculation of the normalization factor.

Statistical analysis

All statistical analyses were performed by using the Statistical Package
for the Social Sciences, version 11.5 (SPSS). The distribution of variables
was analyzed by checking histograms and normal plots of the data, and
normality was tested by means of Kolmogorov-Smirnov and Shapiro-
Wilk tests. Baseline characteristics of the groups were compared by
means of independent samples ¢ tests or Mann-Whitney U tests. Changes
in body weight, adipose tissue gene expression, and plasma markers
were compared by repeated-measures ANOVA (RM-ANOVA), with the
2 time points for which adipose tissue was available (CRC1 and CRC3) as
the 2 levels of the within-subjects factor (time) and treatment (control
vs. n3 PUFAs) as a between-subjects factor, adjusted for the change in
weight between CRC1 and CRC3. We also conducted these analyses
including gender as a covariate to explore whether the response to
treatment or weight change may have differed between men and women.
RM-ANOVAs were conducted with (natural) log-transformed variables if
the residuals were not normally distributed, which was the case for adipose
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tissue TNFa, ICAM1, CCL2, IL6, PAI-1, and NOS2 mRNA and for
plasma hsCRP. Of note, our 13 target genes and 5 plasma markers address
different aspects of the same biological process, inflammation. These need
to be considered together, i.e., a single significant finding would not be
strongly indicative of an effect on “inflammation” in the absence of changes
in other genes; we therefore decided not to adjust for multiple testing. To
assess the strength and direction of the observed interactions, we conducted
follow-up multiple linear regression analyses. These included the adipose
tissue or plasma marker of inflammation as the dependent variable and
weight change, gender, and diet group as independent variables. The level
of significance was set at P < 0.05 for all analyses.

Results

As reported previously, changes in body weight were similar in
the n3 PUFA and control groups, whereas the level of physical
activity among participants in either group remained unchanged
throughout the study (12). Because there was substantial interin-
dividual variation in weight change, however, we adjusted the
RM-ANOVA for the change in weight between CRC1 and CRC3.
Adjusting for weight change, there were no significant time by
treatment interactions for any of the 13 genes encoding major
mediators of inflammation (Table 3, Fig. 1). As is apparent
from Supplemental Figure 1, which shows the gene expression
data for each participant, unadjusted for weight change, the
gene expression levels changed in some individuals, sometimes
substantially. However, there was no consistent trend for a change
in gene expression levels in the n3 PUFA group compared with the
control group for any of the genes.

Adjusting the RM-ANOVA for changes in body weight
allowed us to also assess whether there were any changes in the
measures of adipose tissue inflammation over time that were
dependent on weight change (i.e., “time X weight-change inter-
action”). We found a significant time by weight-change interaction
for the adipose tissue expression of ADIPOQ and SAA1 between
CRC1 and CRC3 (P-interaction = 0.04 and P-interaction = 0.05,
respectively; Table 3). In multiple regression analyses adjusted
for diet group, weight change was significantly and positively
associated with change in adipose tissue expression of the
SAA1 gene (B =0.411, P = 0.05) and the ADIPOQ gene (B =
0.431, P = 0.04). There was no other significant time by



weight-change interaction for any of the other markers of
adipose tissue inflammation. In subsequent analyses, we ad-
justed for gender to determine whether gender-specific differ-
ences may influence the response of inflammatory mediators to
treatment or weight change (“time X treatment X gender
interaction” and “time X weight change X gender interaction”).
Adipose tissue expression of PAI-1 exhibited a significant time
by weight change by gender interaction (P-interaction = 0.04).
In follow-up multiple regression analysis adjusted for diet
group, weight change was inversely associated with the change
in adipose tissue PAI-1 expression in women [8 = (—0.624), P =
0.011], but not in men [B = (—0.210), P = 0.606] (data not

shown). There were no other significant time by weight change
by gender interactions.

There was also no time by treatment interaction for any of
the 5 plasma markers (Table 4, Fig. 2). Individual concentrations
either changed minimally over the 14-wk intervention (hsCRP,
CCL2, soluble TNF receptors 1 and 2) or there was no trend in
the individual changes in either group (IL-6) (Supplemental Fig. 2).
In fasting plasma, adjusted for the dietary treatment group, there
was a significant time by weight change interaction for hsCRP
concentrations that was independent of gender (P-interaction =
0.004; Table 4). In multiple regression analysis adjusted for diet
group, the change in body weight between CRC1 and CRC3

TABLE 3 Adipose tissue expression of genes encoding mediators of inflammation in overweight to moderately obese men and
women before and after 14 wk of consuming a diet rich in n3 PUFAs vs. a control diet low in n3 PUFAS'

mRNA copies

P value (RM-ANQVA)

Post lead-in period (CRC1)

Post ad libitum period (CRC3) Time

Time X treatment Time X weight change

n/ng total mRNA

TNFa

Control 7.99 (7.14,9.39) 8.70 (7.33, 9.32)

n3 PUFA 7.75(6.99, 9.87) 8.87 (7.58, 12.2)
IL6

Control 23.3(22.1, 34.1) 26.4(16.9, 37.3)

n3 PUFA 24.1(20.6, 56.1) 20.6 (14.5, 24.8)
cD14

Control 256 = 52.5 277 + 85.1

n3 PUFA 296 = 76.5 317 = 923
ccLz

Control 2520 (2180, 3030) 2370 (1930, 5230)

n3 PUFA 2230 (1410, 2600) 2220 (1990, 2870)
ADIPOQ

Control 7310 = 1800 6950 = 1960

n3 PUFA 7630 *+ 1340 7470 = 1870
ICAM1

Control 55.7 (49.4, 62.8) 58.9 (49.7, 67.1)

n3 PUFA 61.6 (52.5, 66.5) 58.2 (44.5, 59.5)
SAAT

Control 17,400 = 8660 14,400 = 9060

n3 PUFA 15,500 *= 7590 14,400 = 9470
CD206

Control 214 + 534 226 + 534

n3 PUFA 248 + 30.1 251 = 517
cD284

Control 161 £ 276 167 + 211

n3 PUFA 165 = 40.4 155 + 39.6
PAI-1

Control 14.2 (6.88, 20.4) 134 (10.9, 16.5)

n3 PUFA 15.6 (7.35, 19.5) 12.1 (6.41, 32.5)
NOS2

Control 1.38 (1.03, 3.77) 1.71 (1.35, 3.59)

n3 PUFA 1.68 (1.19, 4.62) 2.62 (1.41, 4.28)
NOS3

Control 232 = 8.26 214 + 494

n3 PUFA 217 £ 6.41 212 + 6.58
HASZ

Control 480 = 154 538 + 136

n3 PUFA 430 + 147 426 + 131

0.91 0.70 0.42
0.11 0.10 0.79
0.21 0.96 0.42
0.19 0.95 0.72
0.38 0.89 0.04
0.90 0.61 0.87
0.81 0.59 0.05
0.82 0.64 0.59
0.27 0.30 0.21
0.97 0.30 0.14
0.49 0.99 0.12
0.56 0.71 0.83
0.35 0.30 0.66

" Values are means + SDs or medians (IQRs); n = 13 (control) or n = 11 (n3 PUFAs). ADIPOQ, adiponectin; CCL2, chemokine (C-C motif) ligand 2; CD, cluster of differentiation;
CRC, Clinical Research Center; HAS2, hyaluronan synthase 2; ICAM1, intercellular adhesion molecule 1; IL6, interleukin 6; NOS2, inducible nitric oxide synthase; NOSS3,
endothelial nitric oxide synthase; PAI-1, plasminogen activator inhibitor 1; RM-ANOVA, repeated-measures ANOVA; SAAT, serum amyloid A1; TNFa, tumor necrosis factor a.
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FIGURE 1 Percentage change in a selection of markers of inflam-

mation in overweight to moderately obese men and women after 14 wk
of either a control diet or an n3 PUFA—-enriched diet. Percentage change
calculated at wk 14 (CRC3) minus baseline (CRC1) in adipose tissue
gene expression. Box plots depict the IQR, median (horizontal line), and
outliers (open circles) for the control diet group (“'c”, n=13) and the n3
PUFA diet group ("'n3", n=11). ADIPOQ, adiponectin; CCL2, chemokine
(C-C moitif) ligand 2; CRC, Clinical Research Center; ICAM1, intercellular
adhesion molecule 1; IL6, interleukin 6; NOS2, inducible nitric oxide
synthase; SAA1, serum amyloid A1; TNFa, tumor necrosis factor .

was significantly and positively associated with the change in
hsCRP (B = 0.558, P = 0.004). There was no other significant
time by weight change interaction for any of the other markers
of systemic inflammation. For fasting hsCRP, we also had data
on CRC2, the time point after the initial 2-wk isocaloric phase
on either the control or the n3 PUFA diet. Again, the time by
diet group interaction did not indicate a significant effect of diet
group (P-interaction = 0.14; data not shown). Similarly, when
gender was included in the model as a covariate, there were no
significant time by treatment by gender interactions among the
plasma markers of inflammation (data not shown).

To ascertain that the participants in this study exhibited low-
grade inflammation, as their elevated BMI would suggest, we
compared inflammatory mediators in plasma and adipose tissue
with those in five normal-weight participants who were studied
separately (Supplemental Table 1). For this purpose, we normalized
the gene expression levels across both studies by using a normal-
ization factor based on 3 housekeeping genes, as described above.
Adipose tissue gene expression and plasma markers of inflamma-
tion differed substantially between these normal-weight participants
and the overweight and moderately obese participants studied here
(Supplemental Table 1). Thus, when compared with healthy,
normal-weight individuals, low-grade inflammation was present
in both plasma and adipose tissue in the population studied here.

Discussion

The major finding of this randomized, controlled, dietary inter-
vention trial in overweight and moderately obese participants was
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that neither adipose tissue nor plasma markers of inflammation
differed significantly between participants consuming a diet
enriched in n3 PUFAs and participants consuming a control
diet low in n3 PUFAs. These findings are consistent with our
previous observation that n3 PUFAs did not affect plasma total
or high-molecular-weight adiponectin concentrations in this
population (13).

Our findings are in contrast to animal models that suggest
that n3 PUFAs, specifically the long-chain fatty acids EPA and
DHA in fish oil, are antiinflammatory. In the present study,
participants were provided with 3.5% of total energy in the form
of n3 PUFAs, of which 1.4% of total energy intake were long-
chain n3 PUFAs of marine origin. This dose is approximately
equal to the amount of n3 PUFAs in a daily portion of 125-250 g
fatty fish, such as Chinook salmon. This is on the high end of
what humans can be expected to consume on a regular basis. In
animal models of n3 PUFAs and adipose tissue inflammation,
mice were typically fed 12 to 18% of total energy in the form of
long-chain n3 PUFAs, which is equivalent to a human dose of at
least 27 g/d of long-chain n3 PUFAs based on a 2000-kcal diet.
In these experiments, high-fat-diet-induced infiltration of mac-
rophages into adipose tissue was prevented if the diet was sup-
plemented with n3 PUFAs (7). In a similar rodent study, when EPA
was supplemented along with a high-fat diet for 11 wk, mice did
not exhibit the increase in tissue Pai-1 or Ccl2 expression seen in
mice fed a low-EPA, high-fat diet (8). A third group found that
mice fed a high-fat diet supplemented with fish oil for 12 wk
exhibited lower accumulation of macrophages in white adipose
tissue as measured by the macrophage markers MAC-1 and
CD68, as well as a downregulation of Tnfa, matrix metal-
loproteinase 3, and Saa3 compared with mice fed a high-fat
diet supplemented with olive oil (9). The discrepancy between
these mouse studies and our human study may be explained by
species differences, differences in the n3 PUFA dose administered,
or the fact that the effects of n3 PUFA were assessed in the context
of a proinflammatory condition (high-fat diet) in the mouse
studies.

Two recent interventions studied the effect of n3 PUFAs on
adipose tissue inflammation in humans. The first was conducted
in 27 postmenopausal women with type 2 diabetes who were
randomly assigned to receive either 3 g/d fish oil or placebo (paraffin
oil) for 2 mo. Subcutaneous adipose tissue was collected for a subset
of 7 participants in each diet group, and gene expression was
measured for several inflammation-related genes by using micro-
array analysis. The investigators found that among 800 genes
included in the array, “some adipose tissue inflammation-related
genes were also reduced” in the fish-oil group (11). However, data
on major mediators of inflammation such as cytokines, chemo-
kines, or adhesion molecules were not reported (11). It remains
unclear from their article whether these were not included in the
microarray or not differentially regulated by fish-oil treatment. It
therefore is unknown whether their data are consistent with ours.
The second study was conducted in 55 healthy, morbidly obese
adults undergoing elective bariatric surgery (10). Participants were
randomly assigned to receive either 3.36 g EPA/DHA or the
equivalent amount of butterfat each day for 8 wk. At the end of the
intervention, the expression of 5 key inflammatory genes was
lower in subcutaneous adipose tissue collected from individuals
in the n3 PUFA group compared with controls. These included
CCL2, the macrophage inflammatory protein 1la (CCL3),
hypoxia-inducible factor 1 (HIF1A), transforming growth factor 3
(TGEB1), and the costimulatory molecule CD40. Additionally, the
adipose tissue concentrations of resolvins and protectins were
greater in the n3 PUFA group compared with controls. The data



TABLE 4 Plasma markers of inflammation in overweight to moderately obese men and women before
and after 14 wk of consuming a diet rich in n3 PUFAs vs. a control diet low in n3 PUFAs'

P value (RM-ANOQVA)

Post lead-in Post ad libitum
period (CRC1) period (CRC3) Time Time X treatment Time X weight change
STNFr1, pg/mlL
Control 1030 = 113 1030 £ 120 0.90 0.58 0.4
n3 PUFA 936 = 203 911 = 200
sTNFr2, pg/mL
Control 1740 (1550, 1960) 1800 (1620, 1990) 0.15 0.12 0.35
n3 PUFA 1730 (1350, 2090) 1670 (1320, 1950)
IL-6, pg/mL
Control 249 =104 2.56 = 0.82 0.93 1.00 0.74
n3 PUFA 270 = 0.96 275 = 1.91
CCL2, pg/mL
Control 126 (97.8, 170) 142 (108, 171) 0.20 0.66 0.85
n3 PUFA 117 (104, 136) 126 (99, 139)
CRP, mg/L
Control 0.58 (0.38, 1.68) 0.79 (0.52, 1.20) 0.03 0.32 0.004
n3 PUFA 0.80 (0.65, 2.77) 0.97 (0.40, 2.75)

" Values are means + SDs or medians (IQRs); n = 13 (control) or n = 13 (N3 PUFAs) (analysis included an additional 2 participants who did
not undergo biopsy). CCL2, chemokine (C-C motif) ligand 2; CRC, Clinical Research Center; CRP, C-reactive protein; IL-6, interleukin 6; RM-
ANOVA, repeated-measures ANOVA; sTNFr1, soluble tumor necrosis factor a receptor.

from this study are clearly in contrast to ours. It may be that n3
PUFAs exerted antiinflammatory effects in this morbidly obese
population but not in our overweight to moderately obese
individuals because baseline levels of adipose tissue inflammation
were likely higher in the more obese participants included in the
Itariu et al. (10) study. It is also possible that their results differed
from ours due to differences in the specific genes chosen to assess
adipose tissue inflammation. Last, Itariu et al. (10) compared
adipose tissue expression of genes involved in inflammation at
1 time point only in participants after fish oil vs. placebo, which
did not allow comparison with baseline as in our study.

We also found that n3 PUFA supplementation did not
influence plasma markers of systemic inflammation. Our finding is
consistent with a recent review of randomized trials investigating
the influence of long-chain n3 PUFAs on inflammatory biomarkers
(23). Summarizing the evidence from 26 trials, Rangel-Huerta
et al. (23) concluded that long-chain n3 PUFAs have no effect on
systemic inflammation in healthy individuals, but a modest
antiinflammatory effect in patients with cardiovascular or other
chronic disease.

Although we saw no changes in inflammatory markers as a
result of dietary treatment, we did see a minor effect of weight
loss. Individuals in both diet groups lost a small, yet similar
amount of weight (12). However, there was substantial interindi-
vidual variation in weight change in both groups, and that change
in weight was associated with changes in the tissue expression of
ADIPOQ, PAI-1, and SAAT and the plasma concentration of
hsCRP over the 14-wk intervention. Although the observed
changes in ADIPOQ and SAAT mRNA expression and plasma
CRP concentrations were independent of gender, changes in
adipose tissue PAI-1 differed between men and women. Consid-
ering that adiponectin plasma concentrations are inversely asso-
ciated with adiposity in most studies (24-26), our finding of a
positive association between weight change and adipose tissue
ADIPOQ expression was surprising. In contrast, the positive
association between weight change on the one hand and adipose
tissue SAAT expression and plasma hsCRP concentrations on the
other was consistent with previously reported findings by other
groups (27,28). When considering these individual findings, it is

important to emphasize again that we did not adjust for multiple
testing; some or all of these may be false-positive findings due to an
inflated overall a-error.

Our study has a number of important strengths and limita-
tions. Among its strengths are the strict control of dietary intakes
over an extended period of time, the length of the study (14 wk, n3
PUFA vs. control), and our use of quantitative real-time RT-PCR
focused on 13 genes encoding proteins involved in a variety of
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FIGURE 2 Percentage change in systemic markers of inflamma-
tion in overweight to moderately obese men and women after 14
wk of either a control diet or an n3 PUFA-enriched diet. Percentage
change calculated at wk 14 (CRC3) minus baseline (CRC1) in
plasma. Box plots depict the IQR, median (horizontal line), and
outliers (open circles) for the control diet group ("'¢’’, n=13) and the
n3 PUFA diet group ('n3"’, n=13). CCL2, chemokine (C-C motif)
ligand 2; CRC, Clinical Research Center; CRP, C-reactive protein;
IL-6, interleukin 6; sTNFr1, soluble tumor necrosis factor a
receptor.
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different aspects of inflammation. The latter, in particular, is
notable, because it reduces the risk of false-positive results as
seen in gene expression microarray analyses. The primary limita-
tion is that our study was originally designed to investigate the
effects of n3 PUFAs on energy balance and body weight and may
not have been ideal to study the effect of these diets on measures of
inflammation. Specifically, we did not explicitly recruit individuals
with high levels of adipose tissue or systemic inflammation. It is
possible that n3 PUFAs may have an antiinflammatory effect in
participants with more substantial levels of inflammation at
baseline, as suggested by the Itariu et al. (10) study discussed
above. Our comparison of baseline levels of inflammation in both
adipose tissue and plasma in healthy, normal-weight individuals,
however, suggests that low-grade inflammation was present in this
group of overweight to moderately obese participants, and that the
lack of an effect of n3 PUFAs was not due to the absence of
inflammation at baseline. Furthermore, it is possible that the
study was not sufficiently powered to detect a clinically significant
difference in plasma or tissue markers of inflammation between
groups. However, it seems unlikely that we missed an effect of n3
PUFAs due to lack of power because there was not even a trend
toward significance in the expression of any of the 13 genes or
5 plasma markers of inflammation. Finally, there remains the
distinct possibility that differences in visceral and subcutaneous
adipose tissue depots may obscure or mislead findings. Subcu-
taneous and visceral fat depots in humans are known to exhibit
differences in metabolic function and secretory capacity (29—
31). However, genes involved in metabolic pathways, such as
those pertaining to energy/electron transport and lipid, fatty
acid, amino acid, and pyruvate metabolism, were negatively
associated with body fat mass and insulin resistance in both
subcutaneous and visceral adipose tissue depots (32). Genes
involved in inflammation were positively associated with body
fat mass and insulin resistance, again similarly in both depots.
Furthermore, macrophage gene expression within adipose tissue
was essentially identical between these 2 depots, increasing in both
with adiposity (33). This suggests that despite functional differ-
ences among fat depots, inflammatory processes associated with
increasing adiposity are likely similar. Because these markers
reflect different aspects of the same biological process, inflamma-
tion, one would expect that at least a trend would have become
apparent for several of these markers if n3 PUFAs had a clinically
relevant antiinflammatory effect. We therefore conclude that a
high, but practically relevant dose of n3 PUFAs does not affect
adipose tissue or systemic inflammation in healthy overweight to
moderately obese men and women.
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