Am J Physiol Endocrinol Metab 304: E1140-E1156, 2013.
First published March 12, 2013; doi:10.1152/ajpendo.00171.2012.

Metabolic and immunomodulatory effects of n-3 fatty acids are different

in mesenteric and epididymal adipose tissue of diet-induced obese mice

Tobias Ludwig,'* Stefanie Worsch,> Mathias Heikenwalder,* Hannelore Daniel,> Hans Hauner,!-

and Bernhard L. Bader!?

YClinical Nutritional Medicine Unit, ZIEL-Research Center for Nutrition and Food Sciences, Technische Universitit
Miinchen, Freising-Weihenstephan, Germany; *Biochemistry Unit, ZIEL-Research Center for Nutrition and Food Sciences,

Technische Universitit Miinchen, Freising-Weihenstephan, Germany, 3Else Kroner-Fresenius-Centre for Nutritional

Medicine, Technische Universitiit Miinchen, Freising-Weihenstephan, Germany; and *Institute of Virology, Technische

Universitdt Miinchen und Helmholtz-Zentrum Miinchen, Munich, Germany

Submitted 5 April 2012; accepted in final form 8 March 2013

Ludwig T, Worsch S, Heikenwalder M, Daniel H, Hauner H,
Bader BL. Metabolic and immunomodulatory effects of n-3 fatty acids
are different in mesenteric and epididymal adipose tissue of diet-induced
obese mice. Am J Physiol Endocrinol Metab 304: E1140-E1156, 2013.
First published March 12, 2013; doi:10.1152/ajpendo.00171.2012.—In
studies emphasizing antiobesogenic and anti-inflammatory effects of
long-chain n-3 polyunsaturated fatty acids (LC-n-3 PUFA), diets with
very high fat content, not well-defined fat quality, and extreme n-6/n-3
PUFA ratios have been applied frequently. Additionally, comparative
analyses of visceral adipose tissues (VAT) were neglected. Consid-
ering the link of visceral obesity to insulin resistance or inflammatory
bowel diseases, we hypothesized that VAT, especially mesenteric
adipose tissue (MAT), may exhibit differential responsiveness to diets
through modulation of metabolic and inflammatory processes. Here,
we aimed to assess dietary LC-n-3 PUFA effects on MAT and
epididymal adipose tissue (EAT) and on MAT-adjacent liver and
intestine in diet-induced obese mice fed defined soybean/palm oil-
based diets. High-fat (HF) and LC-n-3 PUFA-enriched high-fat diet
(HF/n-3) contained moderately high fat with unbalanced and balanced
n-6/n-3 PUFA ratios, respectively. Body composition/organ analyses,
glucose tolerance test, measurements of insulin, lipids, mRNA and
protein expression, and immunohistochemistry were applied. Com-
pared with HF, HF/n-3 mice showed reduced fat mass, smaller
adipocytes in MAT than EAT, improved insulin level, and lower
hepatic triacylglycerol and plasma NEFA levels, consistent with liver
and brown fat gene expression. Gene expression arrays pointed to
immune cell activation in MAT and alleviation of intestinal endothe-
lial cell activation. Validations demonstrated simultaneously upregu-
lated pro- (TNFa, MCP-1) and anti-inflammatory (IL-10) cytokines
and M1/M2-macrophage markers in VAT and reduced CD4/CD8a
expression in MAT and spleen. Our data revealed differential respon-
siveness to diets for VAT through preferentially metabolic alterations
in MAT and inflammatory processes in EAT. LC-n-3 PUFA effects
were pro- and anti-inflammatory and disclose T cell-immunosuppres-
sive potential.

obesity; mesenteric adipose tissue; metabolism; inflammation; mac-
rophages

OBESITY HAS BECOME A MAJOR HEALTH PROBLEM and is associated
with the metabolic syndrome, cardiovascular diseases, type 2
diabetes, development of inflammatory bowel diseases, and
colon cancer (6, 24, 60). Excessive abdominal fat, such as
omental and mesenteric adipose tissue (MAT), has been asso-
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ciated with insulin resistance and cardiovascular diseases (23,
40, 74). Moreover, visceral adipose tissues (VAT) differ in
cellular composition and molecular properties from subcutane-
ous adipose tissue by enhanced secretion of proinflammatory
factors (5). MAT may directly influence liver metabolism by
secretion of free fatty acids and adipokines into the portal vein,
leading to hepatic production of inflammatory cytokines, co-
agulation factors, and hepatic lipid accumulation and finally to
hepatic insulin resistance, type 2 diabetes, and nonalcoholic
fatty liver disease. MAT covers mesenteric lymph nodes
(MLN) and mesenteric vasculature that supplies the intestine
with blood and lymphatic vessels that drain into the portal vein
and MLN/collecting lymph trunk, respectively. Thus, the mes-
enteric, intestinal and portal blood, and intestinal functions for
nutrient absorption and as immune organ establish the connec-
tivity between MAT/MLN, intestine, and liver.

Diet-induced obesity (DIO) models in mice usually employ
high-fat diets that cause excessive adipose tissue development
and lead to impairments in lipid and glucose metabolism,
ultimately leading to insulin resistance (4, 22). n-6 Polyunsat-
urated fatty acids (PUFA), being abundant in the Western diet,
can increase inflammatory signals and have been associated
with adipose tissue expansion and cardiovascular heart disease.
Dietary constituents that may counteract these impairments and
the metabolic syndrome are the PUFA of the n-3 class. How-
ever, n-6 PUFA are more abundant in the Western diet than n-3
PUFA, which can apparently generate a molecular competition
between n-6 PUFA and n-3 PUFA for several physiological
processes (1, 63, 64, 73). For long-chain n-3 (LC-n-3) PUFA,
positive effects on insulin secretion are described, although
effects on glucose tolerance are not consistent (14). Further-
more, lipid-lowering effects in high-fat diet-induced hypertri-
glyceridemia have been reported in various intervention studies
(29, 30).

There are functional differences between different adipose
tissue depots. VATs contribute more to the obesity-related
complications than other fat depots (23, 40, 74), but the
differential VAT responsiveness to specific diet composition
has rarely been studied in DIO mouse models (5, 7, 16). In
rodent studies, epididymal adipose tissue (EAT) is most fre-
quently used as representative of VAT because it is easily
accessible. However, it does not necessarily compare with
visceral fat depots in human anatomy. Therefore, intra-abdom-
inal MAT, which is anatomically comparable in mice and
humans, may present a more suitable depot for comparative
analysis of adipose tissue impairments in obesity. Compared
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with other fat depots, MAT shows apparently functional dif-
ferences in gene expression and higher metabolic activity, and
it has been implicated in the development of metabolic syn-
drome and inflammatory bowel diseases (5, 51, 60, 74). For
example, creeping fat in patients with Crohn’s disease refers to
hypertrophy of MAT located around the inflamed intestine, and
only a few studies have addressed the contribution of MAT in
the development of insulin resistance (7, 16).

Obesity is associated with a chronic inflammatory state in
adipose tissue leading to immune cell infiltration and recruit-
ment as well as macrophage differentiation and activation.
Macrophages and T cells and, as recently discovered, also B
cells, can infiltrate the fat depots as they expand (33, 46, 55, 77,
79), and adipokines secreted by adipocytes may serve as
attractants (24). In an obese state, adipocytes show hypertrophy
and an imbalance between cell proliferation and apoptosis, and
it has been proposed that adipose tissue macrophages (ATM),
which are usually of an anti-inflammatory M2 macrophage
phenotype, undergo a phenotypic switch to a more proinflam-
matory M1 macrophage phenotype (37, 38). M1 macrophages
are recruited predominantly to localize around dead adi-
pocytes, forming necrotic crown-like structures (CLS), but M1
macrophages can also be recruited to accumulated cell clusters
of active remodeling, where M2 macrophages are more abun-
dant (10, 38, 67). In rodent DIO models, diets containing up to
60% energy derived from fat are employed. However, it is also
known that different fatty acids modulate obesity-related com-
plications differentially in terms of the development of insulin
resistance and type 2 diabetes (4, 14). Moreover, extreme ratios
of LC-n-6 PUFA (e.g., arachidonic acid) to LC-n-3 PUFA
[e.g., eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA)] of up to 200:1 have been used (26), whereas human
diets have more balanced n-6 PUFA/n-3 PUFA ratios of 17:1
to 1:1 (63). In contrast to LC-n-6 PUFA, it has been reported
frequently that LC-n-3 PUFA exert anti-inflammatory actions
in the context of cardiovascular diseases and adipose tissue
inflammation and seem to possess antiadipogenic effects (57).
Mechanisms underlying these LC-PUFA functions include 7) the
modification of membrane composition by LC-PUFA containing
phospholipids, which affects membrane fluidity, transport func-
tions, and signaling processes, 2) changes in gene expression, and
3) effects in response to their specific metabolites acting as lipid
mediators (1, 62, 64, 73).

In the present study, we induced obesity in male C57BL/6J
mice by feeding defined soybean/palm oil-based diets [control
(C), isocaloric high-fat (HF), and LC-n-3 PUFA-enriched HF
diet (HF/n-3)] for 12 wk. Diets were characterized by low fat
content (13 kJ% fat) for the control diet, moderately high-fat
content (48 kJ% fat) for the isocaloric high-fat diets, and
unbalanced (C, 9.85:1; HF, 13.5:1) and balanced (HF/n-3,
1:0.84) n-6/n-3 PUFA ratio. First, we performed a basic met-
abolic characterization of obese and lean control mice. Then,
we examined the differential responsiveness to diets for VAT
by analyzing metabolic and immunomodulatory processes in
MAT and EAT. As a consequence of the observed antiobeso-
genic and potentially both immunoenhancing and immunosup-
pressive effects of LC-n-3 PUFA in VAT, we complemented
our study in mice by analyzing metabolic and immunological
aspects in the MAT-adjacent liver and intestine as well as in
brown adipose tissue (BAT) and spleen.
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EXPERIMENTAL PROCEDURES

Mice and diets. Six-week-old male C57BL/6J mice were obtained
from Charles River Laboratories (Sulzfeld, Germany) and single-
housed under controlled, specific, pathogen-free conditions at 22°C
and 50—-60% humidity with a 12:12-h light-dark cycle. Animals had
ad libitum access to food and water. All diets were purified experi-
mental diets manufactured as pellets by Ssniff Spezialdidten (Soest,
Germany), followed by 25 kGy/min y-radiation (Isotron Deutschland,
Allershausen, Germany), and stored in the dark at —20°C (long term) and
4°C (short term). For the 12-wk feeding trial, mice were first fed a control
diet for 2 wk, and at the age of 8 wk, animals were randomly assigned to
three dietary groups (n = 12 mice/group): control diet with 13 kJ% fat
(C; cat. no. S5745-E720), high-fat diet with 48 kJ% fat (HF; cat. no.
S5745-E722), and high-fat diet enriched with a LC-n-3 PUFA con-
centrate (EPAX 1050-TG; rich in EPA and DHA, kindly provided by
Goerlich Pharma International, Edling, Germany) with 48 kJ% fat
(HF/n-3; cat. no. S5745-E725). Detailed diet compositions and me-
tabolizable energy of diets (provided in Table 1) were constant among
diets for the following ingredients (in wt/wt): 24% casein, 5.6% malto-
dextrin, 5% sucrose, 5% cellulose, 1.2% vitamins, and 6% minerals. Fat
and starch content were the only variables (C: 5% soybean oil and
47.8% corn starch; HF: 5% soybean oil, 20% palm oil, and 27.8%
corn starch; HF/n-3: 5% soybean oil, 11.25% palm oil, 8.75% EPAX
1050 TG, and 27.8% corn starch). All diets were supplemented with
0.015% butylhydroxytoluene and 0.018% dl-a-tocopheryl acetate to
limit lipid peroxidation. Mice were kept on the diets for 12 wk. During
the trial, body mass was measured weekly, and food was exchanged
twice/wk to limit lipid peroxidation. To control the stability of dietary
fatty acids, fats from diets were extracted, and fatty acids were
derivatized with trimethylsulphonium hydroxide and analyzed by gas
chromatography (Technische Universitit Miinchen; ZIEL-Bioanalyt-
ics Unit, Freising, Germany). Fatty acid compositions (data not

Table 1. Composition of diets

Nutrient C HF HF/n-3

Lipids, %

Soybean oil 5.00 5.00 5.00

Palm oil 20.00 11.25

EPAX 1050 TG (DHA/EPA) 8.75

Cholesterol 0.013 0.038 0.021
Carbohydrates, %

Corn starch 47.79 27.79 27.79

Maltodextrin 5.60 5.60 5.60

Sucrose 5.00 5.00 5.00

Cellulose 5.00 5.00 5.00
Protein, %

Caseine 24.00 24.00 24.00
Antioxidants, %

Butylhydroxytoluene 0.015 0.015 0.015

Dl-a-tocopheryl acetate 0.018 0.018 0.018
Others, %

L-Cystine 0.20 0.20 0.20

Vitamins 1.20 1.20 1.20

Minerals and trace elements 6.00 6.00 6.00

Choline-chloride 0.20 0.20 0.20
Metabolizable energy, MJ/kg 15.50 19.80 19.80

Fat, % 13.00 48.00 48.00

Carbohydrates, % 64.00 34.00 34.00

Protein, % 23.00 18.00 18.00

C, control diet; HF, high-fat diet; HF/n-3, high-fat diet enriched with
long-chain (LC-) n-3 polyunsaturated fatty acids (PUFA), eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA). Shown are %macronutrients
and other ingredients in different diets. Nutrient composition was kept
constant across different diets, except for corn starch and fat components.
Metabolizable energy was calculated according to Atwater in MIJ/kg
(provided by Ssniff Spezialdidten).
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shown) of the experimental diets resulted in n-6/n-3 PUFA ratios of
9.85 (C), 13.5 (HF), and 0.84 (HF/n-3). Fatty acid patterns did not
vary significantly after 2 mo of storage and were not affected by the
sterilization method (data not shown). Body composition (i.e., fat
mass and lean mass) was measured every other week by NMR
spectroscopy. Food intake and feces production were measured over
the period of 1 wk every other week. Animals were euthanized by
cervical dislocation after the 12-wk feeding trial. All procedures
applied throughout this study were conducted according to the Ger-
man guidelines for animal care and approved by the government of
Oberbayern, Germany.

NMR spectroscopy. Body composition was measured every other
week to monitor changes in fat and lean mass using the whole animal
body composition NMR analyzer The Minispec mq 7.5 (Bruker
BioSpin, Rheinstetten, Germany). Time domain NMR analysis pro-
vides an accurate method for the measurement of adipose and lean
tissue in live mice without a need for anesthesia. Individual animals
were placed into a plastic restrainer inserted into the analyzer for =3
min. Before data acquisition, the NMR analyzer was calibrated with
dissected adipose tissue and lean muscle.

Bomb calorimetry. Gross energy of fecal samples was determined
with a Parr Instrument (Moline, IL) 6300 Calorimeter. For measure-
ment, samples were homogenized with a TissueLyser II (Qiagen/
Retsch, Hilden, Germany) and powder and then pressed as pills of ~1
g. The weighed pill was placed into the calorimeter and connected to
an ignition thread, and energy (MJ/kg) per pill mass was determined
by the software.

Sample collection, total RNA, and protein extraction. After the
mice were euthanized in the postprandial state, body length (snout to
base of the tail) was measured, and organs and tissues were immedi-
ately removed, weighed on a precision balance, snap-frozen, and
stored at —80°C. For analysis, adipose tissue depots (mesenteric,
epididymal, inguinal, and interscapular brown adipose tissue), liver,
mucosa of the small intestine, and spleen were sampled. Obviously
enlarged MLN were not observed, and therefore, MLN were not
dissected out from MAT. Blood was collected from the vena cava
inferior and plasma stored in either heparinized or EDTA-coated tubes
(Sarstedt, Nuembrecht, Germany). To obtain homogenous tissue sam-
ples, tissues were ground in a frozen state with liquid nitrogen to
tissue powder. Tissue powder aliquots were homogenized in Qiazol
lysis reagent (Qiagen, Hilden, Germany) or radioimmunoprecipitation
assay (RIPA) buffer (0.05 M Tris-HCI, 0.15 M NaCl, 1 mM EDTA,
0.2% SDS, 1% NP-40, and 0.25% Na-deoxycholate) for RNA or
protein extraction, respectively. Total RNA was then extracted with
chloroform and purified with the mRNeasy mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. DNA contam-
ination was removed by on-column DNase I digestion (Qiagen). The
concentration of the eluate was determined with a NanoDrop ND-
1000 UV-Vis spectrophotometer (Peqlab, Erlangen, Germany) and
the quality confirmed with the Agilent 2100 Bioanalyzer Nano kit
(Agilent Technologies, Boblingen, Germany) according to the man-
ufacturer’s instructions and expressed as RNA integrity number.

For protein extractions, homogenates were kept in cold RIPA
buffer with proteinase and phosphatase inhibitors (Sigma-Aldrich,
Taufkirchen and Roche, Mannheim, Germany) and briefly centrifuged
to remove cell debris. Protein concentration of extracts was then
determined by bicinchoninic acid method (Pierce Thermo Scientific,
Bonn, Germany) in a 96-well plate with a BSA standard at 562 nm in
a UV-Vis spectrophotometer (Tecan, Groeding, Austria). Extracts
were then diluted with 5X SDS-PAGE sample buffer (310 mM
Tris-HCL, 5% SDS, 25% glycerol, 50 mM DTT, 2.5 mM EDTA,
bromophenol blue) and stored at —20°C until use for SDS-PAGE and
Western blotting.

Gene expression analysis. Expression of specific target genes was
evaluated with reverse transcription-quantitative PCR (RT-qPCR).
For each sample, 10 ng of extracted RNA was used per reaction using
the QuantiTect quantitative, real-time one-step RT-PCR kit (Qiagen),
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following the supplier’s protocol. For primer design, nucleic acid
sequences for genes and transcript variants were retrieved from
ENSEMBL and NCBI nucleotide databases and compared with the
Mouse Genome Informatics database. Primer sequences were re-
trieved using NCBI Sequence Viewer and NCBI Primer Blast and
modified using OligoCalc and IDT Oligo Analyzer to search for in
silico primer characteristics. Sequence specificity was checked with
Basic Local Assignment Alignment Search Tool (http://www.ncbi.
nlm.nih.gov/tools/primer-blast/) analysis, University of California
Santa Cruz in silico PCR (http://genome.ucsc.edu/), and conventional
PCR to determine optimal annealing temperatures (Table 2). For Spp1
gene expression analysis, a commercially available primer assay was
used additionally (Qiagen). RT-qPCR was performed using SYBR
Green I dye and a Mastercycler ep realplex* S (Eppendorf, Hamburg,
Germany). The following thermal cycling conditions were used: 50°C
(cDNA synthesis) for 30 min and 95°C for 15 min (RT enzyme
inactivation), followed by 40 cycles at 95°C for 15 s, 60°C for 30 s,
and 72°C for 30 s. The PCR was concluded with a melting curve
analysis of the PCR product (1.75°C/min). Cq4 values were retrieved
from the realplex 2.0 software (Eppendorf) and analyzed according to
the AACy method (35). To normalize the data the following genes
were used as invariant controls: (-actin (Actb), glyceraldehyde-
3-phosphate dehydrogenase (Gapdh), hypoxanthine-guanine phos-
phoribosyltransferase 1 (Hprt1), cyclophilin B (CypB), and heat shock
protein 90a (cytosolic) and class B member 1 (Hsp90abl). For all
groups, data were expressed as means *= SE relative to control
samples.

For each RT-qPCR, 10 ng of total RNA was applied. As RT-qPCR
assay controls, nontemplate assays and (—)-RT assays were included
for every primer used. Target specificity was examined by melting
curve analysis and agarose gel electrophoresis. Additionally, primer
PCR efficiency was determined with LinRegPCR version 12.16 (J. M.
Ruijter, Academic Medical Center) using the raw fluorescence data
from RT-qPCR.

The relative uncoupling protein 1 (UCP1) gene expression capacity
index was calculated as follows:

relative UCP expression X total iBAT tissue (mg)
X 100%.

body mass (mg)

RT-qPCR arrays. Pathway-specific RT? Profiler RT-qPCR arrays for
“T and B cell activation” (cat. no. PAMM-053; SABiosciences/Qiagen)
and “endothelial cell biology” (cat. no. PAMM-015; SABiosciences/
Qiagen, Hilden, Germany) were used with specific primers for 84
target genes, housekeeping genes, and controls supplied in a 96-well
plate. RT-qPCR was performed according to the supplier’s instruc-
tions. For each dietary group, a separate plate was used. Equal
amounts of RNA from four animals per dietary group were pooled,
and 1 pg of pooled RNA was reverse transcribed according to the
manufacturer’s instructions. Along with a RT-qPCR master mix
containing SYBR Green I, the newly synthesized cDNA was added to
the 96-well plate, and the RT-qPCR was performed according to
instructions. For analysis baseline was set automatically, but threshold
was set to 400 units of fluorescence for all analyses. C, values were
normalized with the given housekeepers (Actb, Hprtl, Gapdh, and
Hsp90ab) and fold changes (FC) calculated with a web-based analysis
tool provided by the manufacturer (http://pcrdataanalysis.sabioscienc-
es.com/) according to the AAC, method.

Blood parameters and glucose tolerance test. To assess fasting
blood parameters during the feeding trial, mice were fasted for 5 h,
and blood was withdrawn by tail vein bleeds and collected in EDTA-
coated tubes (Sarstedt, Nuembrecht, Germany). For the assessment of
glucose tolerance after 12 wk of feeding, mice fasted for 6 h were
injected with a sterile glucose solution (2 g/kg body mass; B. Braun,
Melsungen, Germany) intraperitoneally. Blood was withdrawn before
and at 15, 30, 60, and 120 min postinjection, and blood glucose levels
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Table 2. Primer sequences
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Table 2.—Continued

Target Gene Primer Target Gene Primer
Acaca Tek
(Qiagen Forward 5'-GAT GTG ACC AGA GAA TGG GCG AA-3'
order no.) QT01554441 Reverse 5'-AGG AAG GAT GCT TGT TGA CGC AT-3'
Acox1 Tnfa
Forward 5'-GAG ATG GAT AAT GGC TAC CTG AAG-3' Forward 5'-CCA CGT CGT AGC AAA CCA CCA A-3'
Reverse 5'-AAA CCA TGG TCC CAT ATG TCA GC-3’ Reverse 5'-GAA GAG AAC CTG GGA GTA GAC AAG G-3'
Actb Ucpl
Forward 5'-CCA CTG CCG CAT CCT CTT CC-3' Forward 5'-CTG GGA GAG AAA CAC CTG CCT C-3'
Reverse 5'-GCC ACA GGA TTC CAT ACC CAA GA-3' Reverse 5'-CTC TGT AGG CTG CCC AAT GAA CA-3'
CD4 Vcaml
Forward 5'-TAG AGG AGG TTC GCC TTC GC-3' Forward 5'-CGT GGA CAT CTA CTC TTT CCC CA-3'
Reverse 5'-CCT CCT CTT TCC TGT TCT CCA GC-3’ Reverse 5'-TGT CTG GAG CCA AAC ACT TGA CC-3’
Cl%i:;nward 5'_AGA AAG TCA ACT CTG CTG CTA CCA A-3’ Acaca, acetyl-coenzyme A carboxylase-a; Acox1, acyl-coenzyme A oxidase 1;
Reverse 5_AAT CTT CTG GTC TCT GGG GCT G-3’ Actb, B-actin; CypB, cyclophilin B; Cptla, carnitine palmitoyl transferase 1a;
CypB Emrl, EGF-like module containing, mucin-like, hormone receptor-like sequence
Forward 5'-TCG TCT TTG GAC TCT TTG GAA-3’ 1; Fadsl and -2, fatty acid desaturase 1 and 2; Foxp3, forkhead box protein P3;
Reverse 5'.TCC TTG ATGC ACA CCA TGG AA-3’ Hprtl, hypoxanthine-guanine phosphoribosyltransferase 1; Hsp90ab1, heat shock
Cptla protein 90« (cytosolic) and class B member 1; Icaml, intercellular adhesion
Forward 5'.GTC CCA GCT GTC AAA GAT ACC G-3' molecule 1; Itgax, integrin aX; Lep, leptin; Mcp-1, monocyte chemoattractant
Reverse 5_ATG GCG TAGC TAGC TTG CTG TTA ACC-3' protein-1; Mrcl, mannose receptor C type 1; Sppl, secreted phosphoprotein 1;
Emrl (F4/80) Scd-1, stearoyl-coenzyme A desaturase; Tek, TEK tyrosine kinase, endothelial;
(Qiagen Ucpl, uncoupling protein 1; Vcaml, vascular cell adhesion molecule 1.
order no.) QT00099617
Fadsl
Forward 5:'ACC CAC CAA GAA TAA AGC GCT AA3! were measured directly using a hand-held device (FreeStyle Lite;
Fagfzv erse 5'-CAG CCA CAT CCA GCA GCA G-3 Abbott Laboratories, Abbott Park,. 1L). . .
Forward S_ACC GTG GCA AAA GCT CTC AG-3' Chemical analysis. To determine hepatic triacylglycerol (TAG)
Reverse 5'.GAC AGC ATG AAC CAC GCA ACC C-3' content, liver tissues were ground in a frozen state with liquid nitrogen
Foxp3 (Qiagen and dissolved in 0.9% NaCl. TAG were extracted as follows; homog-
order no.) QT00138369 enates were incubated with 0.5 M ethanolic KOH (30 min, 71°C),
Gapdh 0.15 M magnesium sulfate was added, and after centrifugation at
Forward 5'-CCT GGA GAA ACC TGC CAA GTA TG-3' 13,000 g for 10 min, TAG concentrations were determined using a
Reverse 5'-GAG TGG GAG TTG CTG TTG AAG TC-3' commercial enzymatic colorimetric kit, following the manufacturer’s
Hprtl , , instructions (Triglycerides liquicolor™™; Human, Wiesbaden, Ger-
EZ:/Z?:S g,ggg $$$ éig ?g’g gég g’éi gﬁﬁ gg: Ry many), at 500 nm on a UV-Vis spectrophotometer .(Amersham/GE
Hsp90abl Hgalthcare, Munich, Germany). Resuvlts were normalized to the pro-
Forward 5_AGC AGC GTC AAG CAA GTC GT-3' tein content of the samples as determined by the Bradford assay. For
Reverse 5-TTT TTC TTG TCT TTC CCG CT-3' measurement of NEFA in plasma, samples were processed and ana-
Icaml lyzed with the NEFA-HR(2) kit (Wako Chemicals, Neuss, Germany)
Forward 5'-GTC TAC AAC TTT TCT GCT CCG GT-3' according to the manufacturer’s protocol.
Reverse 5'-GCT CAC AAG AAC CAC CTT CGA C-3' Western blot. Equal amounts of protein (40 pg/lane protein) were
1-10 resolved by a 12.5% SDS-PAGE. Subsequently, proteins were trans-
Forward 5:'GCT GTC ATC GAT TTC TCC CCT G'3: ferred to a nitrocellulose membrane using semidry blotting (Biometra,
hg]::verse S-AGA CAC CTT GGT CTT GGA GCT T-3 Gé.ttingen, Germany). The m@mbrane was washed with Tr.is-buffered
Forward S'_GCA GGA GTG TCC AAA GCA AGA C-3/ saline (TBS) and blocked with 2% ECL Advance blocking reagent
Reverse 5'.CTC AAC CTG GCT CAT CAC ACC-3' (GE Healthcare, Munich, Germany). After washing with TBS + 0.1%
Lep Tween-20 (TBS-T; Sigma-Aldrich, Taufkirchen, Germany), mem-
Forward 5'-ACA TTT CAC ACA CGC AGT CGG-3' branes were incubated with primary antibody [monoclonal mouse anti-
Reverse 5'-AGG CAG GCT GGT GAG GAC CT-3' mouse osteopontin (OPN) (SC-21742, Santa Cruz Biotechnology,
Mcp-1 Heidelberg, Germany), 1:500 in TBS-T + 2% ECL Advance blocking
Forward 5'-GCT CAG CCA GAT GCA GTT AAC G-3' reagent] at 4°C overnight. Detection using an IRDye680CW-conjugated
Reverse 5'-GCT TGC TGA CAA AGA CTA CAG CTT-3' goat anti-rabbit secondary antibody was performed with the Odyssey
Mr}ggrwar d $'.6CC AGG ACG AAA GGC GGG AT-3' Infrared Detect.ion system (LI-COR Biotechqology, He.lmburg, Ger-
Reverse 5/.GGA GTT GTT GTG GGC TCT GGT G-3' many). As an invariant control, (3-actin protein expression was used
Sppl (polyclonal rabbit anti-human (-actin no. 4967, Cell Signaling Technol-
Forward 5'_CCA GAT CCT ATA GCC ACA TGG CT-3' ogy, Frankfurt, Germany). Densitometric analysis was performed using
Reverse 5'-AGC ATT CTG TGG CGC AAG GA-3' Odyssey application software version 3.0 (LI-COR Biotechnology).
Qiagen Histological analysis. To detect hepatic lipid accumulation by Oil
order no. QT00157724 Red O staining, fresh liver tissue was embedded in OCT TissueTek
Scd-1 freezing medium (Sakura Finetek, Staufen, Germany) and cut in 10-wm
Forward 5'-GGC TGT CAA AGA GAA GGG C-3' sections with a Cryo-Star HM 560 MV (Microm/Thermo Fisher, Wall-
Reverse >-AAG TCT CGC CCC AGC ACT A_3C o dorf, Germany). Sections were fixed briefly in 10% formalin and washed
ontinue

with water and isopropanol, followed by staining and counterstaining
performed with freshly prepared Oil Red O solution and hematoxylin
(Roth, Karlsruhe, Germany), respectively. After mounting in aqueous
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medium (Merck, Darmstadt, Germany), sections were photographed with
a DMI 4000 B microscope and Leica Application Suite version 3.7 (Leica
Microsystems, Wetzlar, Germany).

For determination of adipocyte cross-sectional area, adipose tissue
was fixed in 4% paraformaldehyde overnight, dehydrated, and em-
bedded in paraffin. Sections were cut at 7 pm and stained with
hematoxylin and eosin. Photographs were taken with a DMI 4000 B
microscope and Leica Application Suite version 3.7 (Leica Microsys-
tems) at X200 magnification, and the area was determined using the
polygon and measurement tool in Image J (Open Source; National
Institutes of Health, Bethesda, MD). For quantitative analysis, five rep-
resentative areas per slide were chosen for analysis from three animals
(9). Average cell area per animal was calculated with Microsoft Office
Excel (Microsoft) and analyzed with Prism 5 (GraphPad).

For immunohistochemistry of paraformaldehyde-fixed paraffin-
embedded adipose tissues, 6-pm-thick sections from MAT and EAT
were dewaxed and stained with specific primary antibodies, followed
by antigen signal detection using corresponding specific secondary
antibodies combined with the Bond Polymer Refine Detection kit (cat.
no. DS9800; Leica Microsystems) and a polymeric horseradish per-
oxidase linker antibody conjugate with 3,3’-diaminobenzidine tetra-
hydrochloride. Finally, sections were counterstained with hematoxylin
(Roth). Primary antibodies to macrophage antigens were monoclonal rat
anti-F4/80 (T-2006; BMA Biomedicals, Augst, Switzerland), monoclo-
nal hamster anti-mouse CD1l1c (cat. no. 553799; BD Biosciences,
Heidelberg, Germany), and polyclonal rabbit anti-human CD206/
MRCT1 (cat. no. 18704-1-AP; Proteintech, Chicago, IL). Digital im-
ages were taken with a DMI 4000 B microscope and Leica Applica-
tion Suite version 3.7 (Leica Microsystems, Wetzlar, Germany) at
X200 magnification. CLS were defined as at least three positively
stained cells surrounding an adipocyte. CLS density was defined as
number of CLS per total section area. A minimum of four sections per
tissue of each animal (n = 8/group) were analyzed.

For T cell differentiation marker expression analysis, 6-pwm cryo-
sections from spleen tissues embedded in OCT TissueTek freezing
medium (Sakura Finetek, Staufen, Germany) were fixed briefly in
acetone and processed for staining with the following primary anti-
bodies and antigen signal detection system. Primary antibodies were
monoclonal rat anti-CD4 mouse (cat. no. 550278; BD Biosciences)
and monoclonal rat anti-mouse CD8« (cat. no. 553027; BD Biosci-
ences). Primary antibodies were detected by antigen signal detection,
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using corresponding specific secondary antibodies combined with the
Bond Polymer Refine Detection kit (cat. no. DS9390; Leica Micro-
systems), with Fast Red as substrate chromogen and hematoxylin (Roth)
counterstaining. Digital images were taken with a DMI 4000 B micro-
scope and Leica Application Suite version 3.7 (Leica Microsystems) at
X100 magnification. Antigen signal-positive stained areas were quanti-
fied using Image-Pro Plus version 7.0 software (Media Cybernetics),
analyzed with Excel 2010 (Microsoft) and Prism 5 (GraphPad), and
expressed as a percentage of total section area. Four tissue sections per
spleen of each animal (n = 4—6/group) were analyzed.

ELISA. Fasting plasma insulin was determined using EDTA-stabi-
lized plasma and the Ultra Sensitive Mouse Insulin ELISA Kit
(Crystal Chem). Plasma OPN levels were determined using heparin-
stabilized plasma and the Quanitkine Mouse Osteopontin Immunoas-
say kit (cat. no. MOSTO0; R & D Systems, Wiesbaden, Germany).
Plasma serum amyloid A (SAA) levels were determined using the
mouse SAA ELISA kit (cat. no. E-90SAA; ICL). Monocyte chemoat-
tractant protein-1 (MCP-1) levels were determined using heparin-
stabilized plasma and the mouse MCP-1 ELISA Ready-SET-Go! set
(cat. no. 88-7391; eBiosciences, Frankfurt, Germany).

Statistical analysis. All data were expressed as means * SE. Statis-
tical analyses were performed using Prism 5 (GraphPad, La Jolla, CA).
Difterences were considered statistically significant with P < 0.05, P <
0.01, and P < 0.001 compared with control group or HF high-fat group.
One-way ANOVA was used to detect differences between dietary groups
with Tukey’s posttest to identify significant differences. For body mass
curves and glucose tolerance tests, two-way ANOVA with Bonferroni
posttest was used to identify statistically significant differences between
dietary groups. Correlation analysis between gene expression and mass
was performed using the Pearson test.

RESULTS

LC-n-3 PUFA-enriched high-fat diet limits obesity develop-
ment by reducing adipose tissue mass. Data on body mass
development showed that the initial body mass of mice was
similar among the three dietary groups, but as early as 3 wk on the
diet, body mass of HF mice was significantly higher than controls
(Table 3 and data not shown). Compared with controls, the body
mass of the HF/n-3 group did not reach statistically different

Table 3. Effects of LC-n-3 PUFA on body and organ mass, food intake, and energy intake and excretion

C HF HF/n-3
Body mass, g
Initial 21.7 204 22.1 =04 21.7 0.3
Week 3 246 = 0.5 28.1 = 0.6* 26.5*+ 0.5
Week 7 273 0.6 33.1 = 1.0* 31.1 = 0.8
Final 314 = 1.1 40.8 = 1.3* 36.8 = (0.8%°
Change 9.7 £0.8 18.7 = 1.22 15.1 = 0.8%P
Total white adipose tissue, mg 1,887.8 = 271.0 5,129.8 + 357.4* 4,051.6 = 304.1%P
IAT 316.8 =47.2 898.0 = 51.8* 710.8 + 52.3P
MAT 2772 = 347 662.9 = 62.7* 510.0 * 49.23°
EAT 965.3 + 128.1 2,567.3 = 198.5* 1,977.1 = 141.5%P
PRAT 328.6 = 64.7 1,001.7 = 80.9* 853.7 £ 72.2*
BAT, mg 179.3 = 21.2 312.0 = 15.5* 246.8 + 18.2%P
Liver, mg 1,401.4 =553 1,609.3 £ 66.6* 1,493.2 = 37.6
Spleen, mg 88.2 =45 87.4 =49 125.0 + 7.8%P
Intake and excretion
Food intake, g/wk 22004 209 = 0.3 2223 +0.4
Energy intake, kJ/wk 3412+ 6.6 413.6 = 6.1* 439.70 * 7.6*°
Energy excretion, kJ/wk 304 £ 0.6 33.1 %13 29.02 + 0.7°

Values were calculated as means *= SE (body and organ mass, n = 9-12; food intake, n = 7; energy intake and excretion, n = 4-5) per dietary group for
12-wk feeding. IAT, inguinal subcutaneous adipose tissue; MAT, mesenteric adipose tissue; EAT, epididymal adipose tissue; PRAT, perirenal adipose tissue.
Superscripted letters a and b indicate a significant difference (P < 0.05) at each time point compared with C or HF group, respectively. Statistical analysis was

performed by 1-way ANOVA and Tukey’s posttest.
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levels until 7 wk of feeding. After the 12-wk feeding period, HF
and HF/n-3 led to a significant body mass increase compared with
C diet, whereas body length was similar between dietary groups
(C,9.17 £ 0.17 cm; HF, 9.46 = 0.13 cm; HF/n-3, 9.30 = 0.08
cm). Body mass development was mirrored by increased fat mass,
as determined by NMR spectroscopy (Fig. 1A4). Fat mass in HF
and HF/n-3 mice reached significantly higher levels after 5 and 8
wk, respectively, than in controls. Although the lean mass in the
HF and HF/n-3 group was higher in week 3, this effect was lost
afterward, and lean mass increased only slightly in all three groups
(Fig. 1B). During the feeding trial, the weekly food intake was not
statistically different between the dietary groups (Table 3). Energy
intake, calculated by multiplying weekly food intake with metab-
olizable energy (Table 1), showed that mice of both the HF and
HF/n-3 groups ingested more energy per week than controls
(Table 3). Interestingly, HF/n-3 animals ingested slightly more
energy than HF animals but excreted less energy, as determined
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by bomb calorimetry of fecal samples (Table 3). Notably, overall
energy assimilation was higher for HF/n-3 than HF, although
HF/n-3 mice weighed less than HF mice. At the end of the feeding
period, adipose tissue analysis revealed that all fat depots of mice
on high-fat diets were substantially heavier than in controls (Table
3). For HF/n-3 mice, however, MAT, EAT, inguinal subcutane-
ous fat, and interscapular brown adipose tissue (iBAT) exhibited
significantly lower masses compared with HF mice. This effect
was not significant in perirenal/retroperitoneal adipose tissues but
indicated the same trend. Interestingly, liver mass was only
significantly higher in HF mice than in controls. Surprisingly,
spleen mass was significantly increased 1.4-fold in HF/n-3 mice
compared with controls, but not in HF mice (Table 3).

LC-n-3 PUFA have no differential effect on mass and leptin
gene expression of VAT depots but differentially affect their
morphology. MAT and EAT mass were increased significantly
on both high-fat diets, whereas, compared with HF, HF/n-3
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Fig. 1. Characterization of body composition, leptin gene expression, and adipocyte cross-sectional area in mesenteric (MAT) and epididymal adipose tissue
(EAT). Male C57BL/6J mice (n = 9-12) fed either control (C), high-fat diet (HF), or long-chain (LC)-n-3 polyunsaturated fatty acid (PUFA)-enriched high-fat
diet (HF/n-3) for 12 wk show increased body mass (data not shown). Fat (A) and lean mass (B) determined every other week by NMR spectroscopy are shown.
Shown are mean leptin mRNA gene expression levels in MAT (C) and EAT (D) relative to controls after 12 wk of feeding measured by RT-quantitative (q)PCR
(n = 8-12). Data were analyzed by AAC4 method and normalized to B-actin, Gapdh, and hypoxanthine-guanine phosphoribosyltransferase 1 (Hprtl) gene
expression. E: representative hematoxylin and esoin-stained paraffin sections of MAT and EAT from C, HF, or HF/n-3 after 12 wk of feeding (n = 3). Scale
bar indicates 100 pum. F: graphs show mean cross-sectional area/cell in wm? of stained paraffin sections from MAT and EAT. All data are means = SE. Statistical
analysis was performed using 2-way ANOVA and Bonferroni posttest for body composition and 1-way ANOVA and Tukey posttest for gene expression and
histological analyses. *P < 0.05, **P < 0.01, and ***P < 0.001, significant differences compared with control or between groups as indicated.
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mice showed a significantly lower adipose tissue mass (Table
3). Leptin (Lep) mRNA levels were significantly elevated in
adipose tissues from HF and HF/n-3 mice compared with con-
trols, and a trend for lower levels in HF/n-3 mice than in HF mice
was observed (Fig. 1, C and D). Interestingly, the gene expression
was highly correlated with body mass and more pronounced in
MAT than in EAT (MAT: # = 0.7376; EAT: ¥ = 0.5723; P <
0.0001). Analysis of adipocyte cross-sectional areas in histo-
logical tissue sections from MAT and EAT revealed that
adipocytes from HF mice were significantly larger than in
controls. In contrast, increased MAT mass in HF/n-3 mice
exhibited no significant enlargement in adipocyte size (Fig. 1,
E and F). Adipocyte cross-sectional area in MAT was signif-
icantly decreased by 43% compared with HF, whereas this
effect was diminished in EAT (—19%).

LC-n-3 PUFA-enriched high-fat diet improves plasma insu-
lin levels and lipid parameters. After 12 wk of feeding, fasting
plasma insulin levels were significantly elevated 1.9-fold upon
HF compared with C diet, whereas insulin levels of HF/n-3 and
C diet were similar (Fig. 2A). Furthermore, adverse effects of
high-fat diets on glucose tolerance were observed. Comparing
HF and HF/n-3 with C diet, basal glucose levels of animals on
high-fat diets already differed, and an intraperitoneal glucose
tolerance test showed a delayed glucose clearance (Fig. 2B).
Blood glucose values peaked after 30 min in C and HF/n-3
mice but not before 60 min in HF mice. After 120 min, HF
animals still showed statistically significant elevated glucose
levels, whereas a strong trend for improved glucose clearance
was observed upon HF/n-3 compared with HF (C, 195 £ 14.8
mg/dl; HF, 313 £ 36.6 mg/dl; HF/n-3, 265 = 14.1 mg/dl;
ANOVA, P = 0.0043, but only C vs. HF, P < 0.01). Area
under the curve analysis, determined for the 30- to 120-min
time interval, showed the same trend [C: 10,565 * 2,461 arbitrary
units (AU); HF: 16,400 = 2,534 AU; HF/n-3: 14,056 = 1,542
AU; P = 0.1986]. To find out whether the HF/n-3 exerts
lipid-lowering effects, the ectopic deposition and content of
TAG in mice were assessed by light microscopy of Oil Red
O-stained liver sections (Fig. 2, C-E) and by biochemical
analysis (Fig. 2F), respectively. Substantial accumulations of
lipid droplets were found only in hepatocytes of HF mice (Fig.
2D). Moreover, hepatic TAG concentrations were significantly
higher for HF animals than controls, whereas hepatic TAG
levels upon HF/n-3 were not significantly different from those
in controls (Fig. 2F). Additionally, we observed a significant
decrease in nonfasting plasma nonesterified fatty acid (NEFA)
only in HF/n-3 mice (Fig. 2G). For HF/n-3 mice, improved
hepatic TAG and plasma NEFA levels and lower body mass,
despite higher energy assimilation than in HF animals, indi-
cated a LC-n-3 PUFA-induced increase in energy expenditure.
To further characterize this effect, the gene expression of key
regulators and enzymes involved in hepatic lipogenesis, [3-0x-
idation, and endogenous LC-PUFA synthesis, as well as in
iBAT energy expenditure, was examined by RT-qPCR (Fig.
2H). A significantly strong reduction of hepatic mRNA expres-
sion for the lipogenesis-related enzymes stearoyl-coenzyme A
desaturase (Scd-1) and acetyl-coenzyme A carboxylase-a
(Acaca) was detected for HF/n-3 mice compared with HF and
control mice. Hepatic mRNA levels for the peroxisomal fatty
acid oxidation marker acyl-coenzyme A oxidase 1 (Acoxl)
were significantly upregulated in both HF and HF/n-3 mice,
whereas carnitine palmitoyltransferase la (Cptla) mRNA was
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only significantly upregulated by HF compared with C and
HF/n-3. mRNA levels for fatty acid desaturases 1 (Fadsl; Fig.
2H) and 2 (Fads2), which are the key enzymes of endogenous
LC-PUFA synthesis, were only significantly downregulated by
HF/n-3 (Fads2 mRNA expression: C, 1.00 = 0.16; HF, 0.98 =
0.13; HF/n-3, 0.23 = 0.04; P < 0.0001). Interestingly, UCP1
mRNA levels were significantly upregulated ~1.5-fold in
iBAT upon HF/n-3 compared with the HF and C diet. Consider-
ing the differences of iBAT mass and body mass between the
three dietary groups in week 12 (Table 3), the determined relative
Ucpl gene expression capacity index was still 1.7- and 1.2- fold
higher for HF/n-3 mice compared with C and HF mice, respec-
tively, and 1.3-fold higher for HF than controls (C, 0.67 % 0.07%;
HF, 0.86 = 0.05%; HF/n-3, 1.11 = 0.1%; P < 0.0045).

HF/n-3 upregulates mRNA expression of genes involved in
immune cell activation in MAT. To study the impact of LC-n-3
PUFA on the expression of pro- and anti-inflammatory genes
in VAT, first, the mRNA levels of 84 genes involved in
macrophage and T cell and B cell activation were measured by
gene expression array experiments for MAT of each dietary
group in an explorative approach. Compared with HF, MAT
from HF/n-3 mice surprisingly revealed an expression profile
of predominantly upregulated genes. Fifty-one percent of the
analyzed genes displayed an increased expression with a FC of
>1.2 (Fig. 3A, left; for a detailed list, see Table 4), whereas
almost the same number of genes (44%) was not affected at all
by LC-n-3 PUFA treatment (“no change”), and only 5% of the
genes were downregulated (FC < —1.2). The very few down-
regulated genes upon HF/n-3 were Nos2 and Cdknla. Next, the
genes, identified by HF/n-3-induced elevation (FC > 1.2) of
expression, were arranged according to their function in acti-
vation, proliferation, or differentiation processes of T cells and
B cells to the following groups: T cell immunity, B cell
immunity, and T and B cell immunity (Fig. 3A, right). Fifty
percent of the genes belonged to the T cell immunity group,
28% to the B cell immunity group, and 12% to the T and B cell
immunity group. In addition, genes with highly upregulated
mRNA levels in MAT upon both high-fat diets compared with
controls were identified, for example, Jagged2 and E3 ubiquitin
protein ligase Wwpl, which are involved in T cell differenti-
ation (71, 82). Interleukin-7, which is involved predominantly
in B cell proliferation (44), was upregulated 2.22- and 1.56-
fold in HF/n-3 and HF animals over controls, respectively.
Interestingly, genes that were downregulated upon HF and highly
upregulated upon HF/n-3 were the genes for the proinflammatory
secreted phosphoprotein 1 (0.62- vs. 9.45-fold) and the Ty1-cell
type differentiation promoting cytokine interferon-vy.

For validation of highly regulated genes related to obesity and
inflammation, we focused on the gene for secreted phosphopro-
tein 1 (SPP1), also known as OPN. OPN is recognized as a T
cell-derived chemoattractant for macrophages (76), and it is ex-
pressed in adipocytes (31). Furthermore, OPN can be found at
high levels in blood plasma of mice fed high-fat diets, and it is
functionally implicated in obesity (19, 48). mRNA expression
analysis in biological replicates of VAT by RT-qPCR showed that
SPP1 mRNA levels were strongly increased in MAT and even
more so in EAT in HF/n-3 animals compared with controls (Fig.
3B). This finding was also confirmed by using an independent set
of commercially available primers in MAT (data not shown).
Western blot and densitometric analysis detected elevated OPN
levels in MAT from HF/n-3 and HF mice, but the significant
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Fig. 2. Measurements of plasma insulin, glucose tolerance, hepatic triacylglycerols (TAG), plasma nonesterified fatty acids (NEFA), and gene expression. All
data are means = SE and were collected from mice after 12 wk of feeding either C, HF, or HF/n-3. A: insulin in plasma of mice (n = 9-12) was determined
after 5 h of fasting. Blood glucose levels were measured by intraperitoneal glucose tolerance test before injection of glucose (0 min) and 15, 30, 60, and 120
min postinjection (B). Oil Red O and hematoxylin stained liver cryosections from C (C), HF (D), and HF/n-3 (E) mice. Scale bar indicates 100 wm. F: hepatic
TAG were quantified and normalized to hepatic protein content (n = 10-12). G: levels of nonfasting plasma NEFA are shown (n = 10—12). H: gene expression
data for stearoyl-coenzyme A desaturase (Scd-1), acetyl-coenzyme A carboxylase-a (Acaca), carnitine palmitoyl transferase la (Cptla), acyl-coenzyme A
oxidase 1 (Acox1), and fatty acid desaturase 1 (Fadsl) in liver and for uncoupling protein 1 (UCP1) in interscapular brown adipose tissue (iBAT) relative to C
group by RT-qPCR (n = 10-12) were retrieved after 12 wk of feeding. Data were analyzed by the AACq method and normalized to B-actin, Gapdh, Hprtl,
cyclophilin B (CypB), and heat shock protein 90« (cytosolic) and class B member 1 (Hsp90abl) gene expression. Statistical analyses for insulin, TAG, NEFA
quantification, and gene expression were performed using 1-way ANOVA and Tukey posttest and 2-way ANOVA and Bonferroni posttest for intraperitoneal
glucose tolerance test analysis. *P < 0.05, **P < 0.01, and ***P < 0.001, significant differences compared with control or between groups as indicated.

differences as observed for mRNA levels were absent (Fig. 3, C
and D). Measurements of plasma OPN levels by ELISA did not
reveal different levels between the groups after 12 wk of feeding
(Fig. 3E). Since our gene expression array experiments pointed to
T and B cell activation upon HF/n-3, we examined whether T cell
activation is associated with changes in CD4- and CD8a-express-
ing T cell populations, which may vary depending on T cell
activation-induced proliferation or apoptosis. Compared with con-
trols, mRNA expression analysis for CD4 and CD8a, as well as

for the regulatory T cell marker forkhead box protein P3 (Foxp3)
(Fig. 3B) of MAT, showed that CD8« mRNA was significantly
reduced only in HF/n-3 mice, and a trend for diminished CD8«
levels was measured in HF mice. In addition, only trends for
decreased CD4 and FoxP3 mRNA levels were detected in MAT
from HF and HF/n-3 mice.

Differential gene expression of pro- and anti-inflammatory
markers in MAT and EAT. To characterize the expression of
inflammatory markers in MAT, EAT, and blood plasma, we
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Fig. 3. Explorative gene expression array analysis of MAT, quantitative gene expression analyses in visceral adipose tissue (VAT), and osteopontin (OPN) protein
expression in VAT and plasma. A: illustration of data from explorative gene expression analysis in MAT using RT? Profiler RT-qPCR array for 84 marker genes
involved in macrophage and T and B cell activation. Left: graduation of analyzed genes in percentages displaying gene expression fold changes (FC) larger and
smaller than 1.2 and without changes in HF/n-3 mice relative to HF mice. Right: genes with FC > 1.2 (shown at left) were arranged to the groups T cell immunity,
B cell immunity, and T and B cell immunity according to their involvement in activation, proliferation, or differentiation of T cell and/or B cell. Graduation of
genes in percentages is shown. B: mRNA expression levels for secreted phosphoprotein 1 (SPP1)/OPN in MAT and EAT and for CD4, CD8a, and forkhead box
protein P3 (Foxp3) in MAT are depicted. mRNA levels were determined by RT-qPCR (n = 7-12) and expressed as relative to C group. Data were analyzed
by AACq method and normalized to Actb, Gapdh, and Hprtl gene expression. C: Western blot analysis of OPN, using protein extracts from MAT (n = 6) and
an OPN-specific monoclonal antibody and as invariant control Actb. D: densitometric analysis of Western blot results is shown (n = 6). E: plasma OPN was
quantified with commercially available ELISA kit (n = 7—11). All data are means * SE and were collected after 12 wk of feeding either C, HF, or HF/n-3.
Statistical analysis was performed using 1-way ANOVA and Tukey posttest. *P < 0.05, **P < 0.01, ***P < 0.001, significant differences compared with
control or between groups as indicated.

measured the mRNA expression of genes for the classical and MAT upon both high-fat diets, whereas MCP-1 levels

proinflammatory tumor necrosis factor-a (TNFa) and MCP-1
(8), the anti-inflammatory IL-10 (45), and the blood plasma
levels of MCP-1 and SAA protein. Systemically increased
SAA levels have been associated with obesity-associated dis-
eases like insulin resistance and atherosclerosis (80). Figure 4
shows that mRNA levels for both TNFa and IL-10 were
significantly upregulated in EAT from HF/n-3 mice com-
pared with controls. In contrast, for MAT, TNFa and IL-10
mRNA levels were not changed (Fig. 4, A and B). For
MCP-1, mRNA levels were significantly elevated in EAT

were higher in EAT than in MAT. ELISA measurements of
plasma MCP-1 concentrations showed only trends of slightly
higher levels upon both high-fat diets than in controls (Fig.
4C). Importantly, plasma SAA levels were significantly ele-
vated in HF mice as expected, whereas SAA levels were as low
as controls upon HF/n-3 (Fig. 4D).

Differential expression of macrophage markers in MAT and
EAT. Expansion of adipose tissues in obesity is associated with
the accumulation of ATM. ATM can be identified by the
macrophage marker F4/80 expression (2) and further classified
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Table 4. Effects of LC-n-3 PUFA on expression of genes Table 4.—Continued
involved in immune cell activation in MAT

Fold Regulation

Fold Regulation

Gene HF vs. C HF/n-3 vs. C HF/n-3 vs. HF
Gene HF vs. C HF/n-3 vs. C HF/n-3 vs. HF Sppl ~161 945 15.19
Ap3bl 1.01 1.22 1.21 Tirl —1.08 1.58 1.71
Bad 1.14 1.16 1.01 Tird 1.04 1.88 1.81
Birl —1.11 1.13 1.24 TIr6 —1.16 1.71 1.98
Cblb 1.10 1.79 1.63 Tnfrsf13b —-1.22 1.21 1.48
Cend3 1.37 1.33 —1.03 Tnfrsf13c 2.70 3.05 1.13
Cdldl 1.55 1.33 —1.17 Tnfsf13b 1.42 1.88 1.32
Ccd2 —1.13 —1.13 1.00 Tnfsf14 1.12 1.65 1.47
Cd28 —1.24 1.28 1.59 Traf6 1.05 1.20 1.14
Cd3ad —1.18 —1.49 —1.27 Vavl 1.02 1.41 1.38
Cd3e —-1.32 1.02 1.35 Was —1.11 1.20 1.33
Cd3 g 1.00 —1.06 —1.06 Wwpll 3.52 5.74 1.63
ggio igg igg 1(1)3 Shown are the results for explorative gene expression analysis in MAT,
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Continued 0.05, ##P < 0.01, and ***P < 0.001, significant differences compared with

control or between groups as indicated.

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00171.2012 - www.ajpendo.org



E1150

RT-gPCR analyses revealed significantly increased Emrl
gene expression in EAT from HF/n-3 and HF animals com-
pared with controls, whereas in MAT only significantly higher
Emrl mRNA levels were measured upon HF/n-3 than in
controls (Fig. 5, A and B). Itgax mRNA expression was
significantly elevated in EAT and MAT upon HF/n-3 com-
pared with both HF and C diet, whereas Itgax expression was
increased only in EAT upon HF. For HF/n-3 mice, mRNA
expression of Itgax was much higher in EAT than in MAT.
Similar gene expression changes were detected for another
known macrophage marker, CD11b (integrin oM; data not
shown). For Mrcl gene expression in MAT, a significant
upregulation was measured upon HF/n-3 and HF compared
with controls, but also a significant difference between the two
high-fat diets was detected. In contrast, only a slight but
significant difference was detected for Mrcl mRNA levels in
EAT upon HF/n-3 compared with the HF and C diet.

To assess the presence of macrophages in CLS in MAT and
EAT, immunohistochemical analyses, using primary antibod-
ies specific for F4/80, CD11c, and CD206 (Fig. 6), and quan-
tification of the density of stained CLS were performed (Fig. 5,
C and D). F4/80-positive CLS staining was almost zero in
MAT from control animals (Figs. 5C and Fig. 6A), whereas
F4/80-positive CLS were substantially more frequent in MAT
upon HF/n-3 than upon HF (Fig. 5C and Fig. 6, B and C).
Similarly, compared with controls, for HF and HF/n-3 mice,
F4/80-positive CLS densities were significantly higher in EAT
(Figs. 5D and 6, D-F). Notably, the F4/80-positive CLS
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densities were about twofold higher in EAT than MAT upon
HF/n-3 and even substantially 22.5-fold elevated upon HF
(Fig. 5, C and D). CD1lc-positive-stained CLS in MAT were
significantly more abundant in HF/n-3 mice compared with HF
and control mice (Figs. 5C and 6, G-I) as well as EAT from
mice of all three dietary groups (Fig. 5, C and D, and 6, J-L).
The density of CD11c-positive-stained CLS was only slightly
higher in EAT than in MAT upon HF (Figs. 5, C and D, and 6,
H and K). For the M2 macrophage marker CD206 (Figs. 5, C
and D, and 6, M—-R), we observed a significant elevation of
positive CLS in MAT upon HF/n-3 compared with C and HF,
whereas in EAT there was a trend only for higher CLS density
upon both high-fat diets compared with controls (P = 0.0628).

LC-n-3 PUFA may mediate intestinal anti-inflammatory and
splenic immunosuppressive effects. To get new insights into
whether dietary LC-n-3 PUFA can induce endothelial gene
expression changes in blood and lymphatic vessels of the small
intestine in obese mice, we applied RT-qPCR array experi-
ments in an explorative approach. The gene expression array
analysis displayed that a significant fraction of genes were
downregulated upon HF/n-3, especially in the HF/n-3 to HF
comparison. Moreover, the majority of these genes were as-
signed to operate in endothelial cell activation, cell-cell or
cell-matrix adhesion, and extracellular matrix remodeling (data
not shown). For validation, we quantified the gene expression
of target proteins that are involved in endothelial cell activation
and growth or regulation of angiogenesis (39, 59), such as the
classical adhesion molecules intercellular adhesion molecule 1
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Fig. 5. Differential mRNA expression of genes encoding M1 and M2 macrophage markers and their immunohistochemical detection and quantification in
crown-like structures (CLS) of VAT. All data are means = SE and were collected from MAT or EAT after 12 wk of feeding either C, HF, or HF/n-3. Gene
expression data for Emrl (F4/80), integrin a-X (Itgax; CD11c), and mannose receptor C type 1 (Mrcl; CD206) in MAT (A) and EAT (B) were retrieved by
RT-qPCR (n = 8-12) and calculated relative to controls. RT-qPCR data were analyzed by AACq method and normalized to B-actin, Gapdh, and Hprtl gene
expression. C and D: quantitative analysis of CLS in tissue sections by immunohistochemistry, as shown in Fig. 6. No. of CLS stained positively for macrophage
markers F4/80, CD11c, or CD206 in MAT (C) and EAT (D) expressed as CLS relative to mm? section area (n = 4/group). Statistical analysis was performed
using 1-way ANOVA and Tukey posttest. *P < 0.05, **P < 0.01, and ***P < 0.001, significant differences compared with control or between groups as
indicated.
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Fig. 6. Immunohistochemistal analysis of macrophage-associated M1 and M2 marker expression in CLS of MAT and EAT. Shown are paraformaldehyde-fixed
paraffin sections of MAT and EAT from mice fed HF (B, E, H, K, N, and Q), HF/n-3 (C, F, I, L, O, and R), and control diet (A, D, G, J, M, and P) stained with
primary antibodies specific for F4/80 (A-F), CD11c (G-L), or CD206 (M—R). For antigen signal detection, corresponding specific secondary antibodies combined
with horseradish peroxidase-based detection system were applied, followed by counterstaining with hematoxylin. Arrowheads point to positive-stained cells in
CLS surrounding adipocytes. Scale bar indicates 100 pwm.
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(Icam1) and vascular cell adhesion molecule 1 (Vcaml) and
endothelial-specific receptor tyrosine kinase (Tek). For muco-
sal tissue of the small intestine, Icam1 and Tek mRNA levels
were significantly higher in HF mice than controls, and Vcaml
showed the same trend (Fig. 7A). Although statistical signifi-
cance was not reached, the mRNA expression for Icaml,
Vcaml, and Tek was lower upon HF/n-3, reaching levels
similar to controls, compared with HF.

With regard to the significantly increased spleen mass in
HF/n-3 mice (Table 3), this could have merely been an effect
of body mass increase on high-fat diet. Therefore, we calcu-
lated spleen mass relative to body mass and still found, com-
pared with controls, a significant increase in spleen mass upon
HF/n-3, whereas spleen mass was decreased upon HF. Con-
sidering our results on immune cell activation in MLN con-
taining MAT samples, we examined the spleen, which, like
MLN, represents a secondary lymphoid organ and is a major
site of lymphocyte proliferation and immune system homeo-
stasis (43). Changes in the spleen were evaluated by measure-
ments of splenic mRNA levels for CD4 and CD8«, with both
identifying helper T lymphocytes and cytotoxic/suppressor T
lymphocytes, respectively (12). Importantly, in contrast to HF
and lean control mice, CD4 and CD8« gene expression was
decreased significantly in HF/n-3 mice (Fig. 7B). These find-
ings were confirmed by immunohistochemical analysis of
spleen tissues and quantification of T cell marker-positive-
stained areas in the splenic white pulps, using primary anti-
bodies specific for mouse T cell markers CD4 and CD8a (Fig.
7, C and D, and data not shown). These analyses revealed a

LC-n-3 PUFA DISPLAY METABOLIC AND IMMUNOMODULATORY EFFECTS

significant reduction of positive-stained T cell areas in the
splenic white pulps of HF/n-3 mice compared with HF and
control mice.

DISCUSSION

In the present study, we have assessed whether metabolic
and immunomodulatory processes are differentially modulated
in MAT and EAT of C57BL/J mice fed defined soybean/palm
oil-based control diet, HF diet, and LC-n-3 PUFA-enriched
high-fat diet (HF/n-3) for 12 wk. Furthermore, we have exam-
ined metabolic and immunomodulatory processes in MAT-
adjacent liver and intestine and iBAT and spleen to comple-
ment our findings on VAT in mice. Our study proved the
protective role of dietary LC-n-3 PUFA on weight gain by
reducing adipose tissue growth and demonstrated the lipid-
lowering effect on hepatic TAG and plasma NEFA levels,
consistent with improved insulin levels and gene expression
changes in liver and BAT. Most importantly, we identified a
differential responsiveness to diets for VAT through preferen-
tially metabolic alterations in MAT and inflammatory pro-
cesses in EAT. The identified LC-n-3 PUFA effects were both
pro- and anti-inflammatory and disclosed T cell-immunosup-
pressive potential. Moreover, our data indicate that LC-n-3
PUFA may alleviate high-fat diet-induced endothelial cell
activation in the MAT-adjacent small intestine.

For fat mass-reducing LC-n-3 PUFA effects, we demon-
strated that MAT adipocytes were more responsive to HF/n-3,
as shown by their significantly smaller size compared with
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EAT adipocytes. These findings may be a consequence of a
higher metabolic activity of MAT compared with EAT due to
its abdominal location being drained by the portal vein and
higher blood flow, as shown in rats (78). Moreover, the
observed higher correlation of leptin gene expression with
body mass for MAT than EAT suggests that MAT mass may
be a predictive marker for body mass/fat mass gain. Interest-
ingly, LC-n-3 PUFA-mediated fat mass-reducing effects were
observed in HF/n-3 mice, although HF/n-3 mice had a higher
energy intake and a reduced fecal energy loss compared with
HF mice. Additionally, neither indirect calorimetry nor loco-
motor analysis revealed any significant differences between
high-fat diet-fed animals (data not shown). Importantly, the
higher relative UCP1 expression capacity index for iBAT in
HF/n-3 mice suggests an increased energy expenditure by
uncoupling of the respiratory chain activity with elevated heat
production upon LC-n-3 PUFA (3). In line with our data,
Sadurskis et al. (58) demonstrated LC-PUFA-mediated up-
regulation of UCP gene expression.

Regarding the link of visceral obesity to reduced insulin
sensitivity, we found a significant improvement in plasma
insulin levels but only modest effects on glucose clearance in
HF/n-3 mice. This may be partly a result of the observed
reduced hepatic TAG concentrations and lower nonfasting
plasma NEFA (29, 30, 42) in HF/n-3 mice, consistent with the
downregulation of the lipogenic genes Scd-1 and Acaca (15, 28)
and the upregulation of Acox1, which initiates peroxisomal (3-0x-
idation, in the liver (13, 56). The observed unaltered hepatic Cptla
expression indicates increased activity in peroxisomal (3-oxidation
and unchanged mitochondrial 3-oxidation (15).

Excessive adipose tissue growth is associated with hypoxia,
increased fat cell turnover, and a chronic low-grade proinflam-
matory state involving immune cell infiltration (55, 70). This is
characterized by preceding T and B cells, followed by macro-
phage infiltration and polarization toward a more proinflam-
matory phenotype (18, 33, 47,77, 79). In addition, the presence
of various immune cells in CLS and the secretion of predom-
inantly proinflammatory adipokines in expanded adipose tis-
sues have been described (10, 21, 36). Proinflammatory pro-
cesses in adipose tissues can be induced by factors like satu-
rated fatty acids or n-6 PUFA, whereas LC-n-3 PUFA can
counteract adipose tissue inflammation (4, 69). In the present
study, the reduction of adipose tissue mass and the low levels
of hepatic TAG and plasma NEFA and SAA in HF/n-3 com-
pared with HF mice point to an amelioration of adipose tissue
inflammation. In contrast, however, gene expression analyses
displayed increased mRNA levels for genes involved in T and
B cell activation in MAT upon HF/n-3 compared with HF.
OPN was especially found to be highly upregulated in MAT
and EAT. OPN is one of the most abundant proteins synthe-
tized by activated T lymphocytes (76) and is expressed in EAT
of obese mice (31). Furthermore, OPN mediates obesity-in-
duced macrophage infiltration into adipose tissue and insulin
resistance in mice (48). Therefore, the observed high levels for
OPN in MAT and EAT from HF/n-3 mice could be derived
from T cells and/or adipocytes. It is important to note that
MAT includes MLN, which are involved in immune response,
whereas EAT does not contain lymph nodes (32, 52). MLN can
enlarge due to the expansion of MLN immune cells upon
immune responses of the body. In this study, we have not
observed obviously enlarged MLN in mice, and therefore, the
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naturally tiny MLN were intentionally not dissected out from
analyzed MAT of all three dietary groups. Thus, we cannot rule
out that our data on T cell- and B cell-specific gene expression
in MAT may be more reflective of immune cells in lymph
nodes than of proper MAT. The marked increase in OPN levels
pointed to T cell activation-induced proliferation. However,
reduced CD8a mRNA levels and diminished CD4 and Foxp3
mRNA levels in MAT from HF/n-3 mice indicated a reduction
in T cells. As an underlying mechanism, we propose T cell
activation-induced apoptosis in MAT and preferentially in
MLN, which was induced by increased DHA and EPA content
in the diet. Our assumption is based on studies by Mattacks et
al. (41) and Pond and Mattacks (53) concluding that perinodal
adipocytes provide immune cells with essential fatty acids that
may stimulate or attenuate the activation of immune cells.
Notably, in that context, Kim et al. (32) reported that in obese
mice visceral fat accumulation causes atrophy of MLN by
enhanced activation-induced T cell apoptosis in MLN, impli-
cating dietary fat-induced visceral obesity in obesity-related
immune dysfunction. Importantly, we found that HF/n-3 also
had a T cell-reducing effect on the spleen, which is a secondary
lymphoid organ, as are MLN. The reduced CD4- and CD8a-
positive T cells in the splenic white pulps of HF/n-3 mice may
indicate changes in immune activation, as reported in other
studies with fish oil feeding (40), although obvious patholog-
ical changes were not observed. With regard to increased
spleen mass of HF/n-3 mice, this could reflect a physiological
adaptation to higher erythrocyte turnover, as reported by
Oarada et al. (49). Considering the potential suppressive effects
of dietary LC-n-3 PUFA on protective components of T cell-
mediated inflammatory response in MLN and spleen in mice,
future experiments are warrantable to explore specifically how
dietary LC-n-3 PUFA may affect the immune response in mice
upon different immune challenges.

Regarding the inflammatory processes in expanding adipose
tissues, ATM are a prominent source of IL-6 and TNFa,
providing a causal link between macrophage infiltration and
activation and adipose tissue inflammation in obesity and
insulin resistance (77). This is often associated with a switch in
polarization of ATM from an anti-inflammatory M2 state to a
proinflammatory M1 state (37, 38), possibly caused by pro-
cesses involving macrophage lipotoxity (54). M1 macrophages
accumulate preferentially around dead adipocytes, thereby
forming necrotic CLS, whereas M2 macrophages are associ-
ated with adipose tissue remodeling and repair processes (10,
38). The mRNA upregulation for proinflammatory TNFa and
anti-inflammatory IL-10 upon HF/n-3 in EAT but not in MAT
suggests that LC-n-3 PUFA increased a proinflammatory state
preferentially in EAT. Interestingly, the presence of MLN in
our analyzed MAT samples apparently did not lead to MLN-
driven high levels of cytokines in obese mice, as judged by
rather moderate mRNA expression patterns for TNFa and
IL-10 in MAT in all dietary groups compared with EAT. With
regard to ATM infiltration, the gene expression of the macro-
phage markers F4/80, CD11c, and CD206 and their immuno-
histological CLS localization in VAT demonstrate a stronger
infiltration of macrophages in EAT than in MAT from mice fed
high-fat diets. This is consistent with the observed more
proinflammatory state in EAT than in MAT and with the
increased MCP-1 mRNA levels in VAT upon both high-fat
diets. In addition, the high CD11c expression in EAT from
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HF/n-3 mice could indicate that ATM are predominantly of the
classical activated M1 state (54) and/or that the number of
other dendritic immune cells belonging to the cell family of
mononuclear phagocytes (27) increased simultaneously. This
consideration may apply partly to MAT from obese HF/n-3
mice. However, the elevated expression of the M2 macrophage
marker CD206 in MAT upon HF/n-3 indicates the presence of
M2 macrophages. Taken together, our data suggest that the
polarization status of ATM in EAT and MAT may have
switched toward a more pro- or anti-inflammatory state de-
pending on the quality of fatty acids such as LC-n-6 PUFA and
LC-n-3 PUFA and/or their conversion to corresponding me-
tabolites such as eicosanoids and resolvins E1 and D1, respec-
tively (25, 68). For more detailed analyses of ATM, fluores-
cence-activated cell sorter-based analysis of isolated immune
cells from VAT and immunofluorescence microscopy of dou-
ble- and triple-immunostained tissue sections are necessary.
However, these analyses were not in the scope of our study.

In HF/n-3 mice, the known anti-inflammatory properties for
dietary LC-n-3 PUFA were supported by our findings on
reduced SAA plasma levels (61, 80), increased M2 macro-
phage marker expression in MAT, and indicatively alleviated
HF-induced endothelial cell activation and regulation of an-
giogenesis in the small intestine. In contrast, LC-n-3 PUFA
effects confined to EAT exhibited a predominantly proinflam-
matory gene expression signature, and the T cell reduction in
splenic white pulps of HF/n-3 mice disclose immunosuppres-
sive effects. These observed differences regarding changes in
inflammatory state challenge the current perception that LC-
n-3 PUFA act solely anti-inflammatory (26, 69). However,
these apparently opposing LC-n-3 PUFA effects may also be a
consequence of different background diets applied. Palm oil
was used as the main fat for the high-fat diets in our study
because it is a major ingredient in human diets with proven
adverse health effects (72) and has a high content of saturated
fat (35.81%). The role of saturated fatty acids in promoting
diet-dependent diseases and inflammation has been studied
extensively, but much less is known about possible proinflam-
matory actions of LC-n-3 PUFA. For example, it has been
reported that dietary supplementation with EPA and DHA can
increase TNFa and IL-6 production in peritoneal macrophages
(66) and other cell types through downregulation of prosta-
glandin E, (65). These cytokines can increase lipolysis and
suppress preadipocyte differentiation (50, 81), and thereby
preadipocytes may increase their potency for proinflamma-
tory gene expression and macrophage recruitment (39).
However, contrary effects involving NF-kB- and PPARYy-
dependent mechanisms have also been observed (34). Thus,
pro- and anti-inflammatory effects of LC-n-3 PUFA can
occur at the same time (65) and may vary widely depending
on the cell type (75) and study conditions (17), such as
treatment duration and the use of different high-fat diets,
which can be based on either rapeseed/sunflower oil (57),
safflower oil/lard (69), or palm oil (11).

Considering our observed LC-n-3 PUFA effects on MAT in
obese mice and the potential cross-talk of MAT with the liver
and intestine, it is tempting to speculate that /) the increase in
LC-n-3 PUFA in cell membranes and/or the generation of their
lipid mediators resulted in improved intestinal epithelial tissue
homeostasis and vascular endothelial cell function, 2) LC-n-3
PUFA-induced T cell activation diminished the responsiveness
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to T cell proliferation but increased vulnerability to apoptosis,
especially in CD8-positive T cells in MLN and spleen, and
3) LC-n-3 PUFA increased the inflammatory state in EAT but
lowered macrophage lipotoxity, possibly preferentially in
MAT, resembling more a physiological state of inflammation,
which is compatible with lower fat mass and improved lipid
metabolism in contrast to the pathological state of inflamma-
tion.

Taken together, this study demonstrates that in a DIO mouse
model dietary LC-n-3 PUFA DHA and EPA exert antiobeso-
genic effects and apparently improve the overall health status
of obese mice, as judged by reduced hepatic TAG accumula-
tion and lower plasma NEFA concentrations as well as im-
proved plasma insulin levels. Most importantly, our data re-
vealed differential responsiveness to diets for VAT through
preferentially metabolic alterations for MAT and inflammatory
processes for EAT. Furthermore, the observed immunomodu-
latory LC-n-3 PUFA effects displayed pro- and anti-inflamma-
tory characteristics and T cell-immunosuppressive potential,
suggesting that a LC-n-3 PUFA-enriched diet with a balanced
n-6/n-3 PUFA ratio can exert both immune-enhancing and
-suppressive effects in different tissues and/or cell types. In
future studies, it will be of interest to test whether dietary
LC-n-3 PUFA supplementation may have differing effects in
nonobese and obese mice and relative to sex and similarly in
healthy subjects compared with metabolic syndrome patients.
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