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The Journal of Immunology

Resolvin D1 and Its Precursor Docosahexaenoic Acid

Promote Resolution of Adipose Tissue Inflammation by

Eliciting Macrophage Polarization toward an M2-Like

Phenotype

Esther Titos,*,† Bibiana Rius,* Ana González-Périz,*,† Cristina López-Vicario,*

Eva Morán-Salvador,* Marcos Martı́nez-Clemente,* Vicente Arroyo,†,‡ and Joan Clària*,†,x

We recently demonstrated that v-3-polyunsaturated fatty acids ameliorate obesity-induced adipose tissue inflammation and

insulin resistance. In this study, we report novel mechanisms underlying v-3-polyunsaturated fatty acid actions on adipose tissue,

adipocytes, and stromal vascular cells (SVC). Inflamed adipose tissue from high-fat diet-induced obese mice showed increased F4/

80 and CD11b double-positive macrophage staining and elevated IL-6 and MCP-1 levels. Docosahexaenoic acid (DHA; 4 mg/g) did

not change the total number of macrophages but significantly reduced the percentage of high CD11b/high F4/80-expressing cells

in parallel with the emergence of low-expressing CD11b/F4/80 macrophages in the adipose tissue. This effect was associated with

downregulation of proinflammatory adipokines in parallel with increased expression of IL-10, CD206, arginase 1, resistin-like

molecule a, and chitinase-3 like protein, indicating a phenotypic switch in macrophage polarization toward an M2-like phenotype.

This shift was confined to the SVC fraction, in which secretion of Th1 cytokines (IL-6, MCP-1, and TNF-a) was blocked by DHA.

Notably, resolvin D1, an anti-inflammatory and proresolving mediator biosynthesized from DHA, markedly attenuated IFN-

g/LPS-induced Th1 cytokines while upregulating arginase 1 expression in a concentration-dependent manner. Resolvin D1 also

stimulated nonphlogistic phagocytosis in adipose SVC macrophages by increasing both the number of macrophages containing

ingested particles and the number of phagocytosed particles and by reducing macrophage reactive oxygen species production.

No changes in adipocyte area and the phosphorylation of hormone-sensitive lipase, a rate-limiting enzyme regulating adipocyte

lipolysis, were observed. These findings illustrate novel mechanisms through which resolvin D1 and its precursor DHA confer

anti-inflammatory and proresolving actions in inflamed adipose tissue. The Journal of Immunology, 2011, 187: 5408–5418.

T
he presence of a chronic “low-grade” state of mild in-

flammation in adipose tissue is a hallmark of obesity. This

subclinical inflammatory state plays a critical role in the

development of obesity-associated complications such as insulin

resistance, atherosclerosis, type 2 diabetes, and non-alcoholic fatty

liver disease (1, 2). Recent studies have demonstrated that adipose

tissue macrophages, which are a prominent source of proinflam-

matory adipokines such as TNF-a and IL-6, provide a causal link

between obesity-induced adipose tissue inflammation and in-

sulin resistance (3–5). Indeed, studies in both humans and rodents

indicate that macrophages accumulate in adipose tissue with

increasing body weight and their quantity correlates with mea-

sures of adipose tissue inflammation and insulin resistance (3–5).

Consistently, weight loss leads to a reduction in both inflamma-

tory markers and adipose tissue macrophage content (6).

Docosahexaenoic acid (DHA; C22:6n-3) is a typical long-chain

polyunsaturated fatty acid (PUFA) of the v-3 series that exerts

unequivocal beneficial actions in several disease conditions. This

v-3-PUFA has been shown to be a safe and effective therapy and

preventive strategy against obesity-related complications such as

insulin resistance and hepatic steatosis in both obese subjects and

animals (7–10). However, the scope and design of these studies

did not allow the identification of the mechanisms implicated in

the beneficial actions of v-3-PUFAs. Recently, the understanding

of the mechanisms underlying the recognized therapeutic values

of v-3-PUFAs has been challenged by the discovery of a novel

family of endogenously generated autacoids, namely resolvins and

protectins, with potent anti-inflammatory and proresolving activ-

ities (reviewed in Refs. 11, 12). Among this novel genus of anti-

inflammatory and proresolving autacoids, resolvin D1 (7S,8R,17S-

trihydroxy-docosa-4Z,9E,11E,13Z,15E,19Z-hexaenoic acid), which

*Department of Biochemistry and Molecular Genetics, Hospital Clinic, Center Esther
Koplowitz, August Pi i Sunyer Biomedical Research Institute, 08036 Barcelona,
Spain; †Biomedical Research Networking Center on Liver and Digestive Diseases,
08036 Barcelona, Spain; ‡Liver Unit, Hospital Clinic, Center Esther Koplowitz, Au-
gust Pi i Sunyer Biomedical Research Institute, 08036 Barcelona, Spain; and xDepart-
ment of Physiological Sciences I, University of Barcelona, 08036 Barcelona, Spain

Received for publication January 24, 2011. Accepted for publication September 10,
2011.

This work was supported by a grant from the Ministerio de Ciencia e Innovación (SAF
09/08767). The Biomedical Research Networking Center on Liver and Digestive
Diseases is funded by the Instituto de Salud Carlos III. Our laboratory is a Consoli-
dated Research Group recognized by the Generalitat de Catalunya (2009SGR1484).
E.T. and A.G.-P. have contracts with the Biomedical Research Networking Center
on Liver and Digestive Diseases. E.M.-S. was supported by the Ministerio de Ciencia
e Innovación. C.L.-V. was supported by the August Pi i Sunyer Biomedical Research
Institute.

Address correspondence and reprint requests to Prof. Joan Clària and Dr. Esther
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in humans originates from endogenous sources of DHA via 15-

lipoxygenase (15-LO) and 5-lipoxygenase (5-LO) interactions

[via 12/15-lipoxygenase (12/15-LO) and 5-LO interactions in

mice], has been established to exert potent protective effects (13–

16). Promotion of the timely resolution of inflammation and re-

duction of the magnitude of tissue injury are the most significant

actions of resolvin D1 (14–16). Notably, among the anti-inflam-

matory lipid mediators, resolvin D1 largely predominates in adi-

pose tissue from obese mice (7).

In the current investigation, we explored the mechanisms by

which v-3-PUFAs modulate the inflammatory status in adipose

tissue from obese mice, with special emphasis on adipose tissue

macrophages present in the stromal vascular cell fraction. The

findings obtained in our experimental model of dietary obesity

indicate that the v-3-PUFA DHA induces a phenotypic switch

in adipose tissue macrophages from a proinflammatory classical

activation profile toward an alternatively anti-inflammatory M2-

like state. This phenotypic switch was accompanied by inhibition

of secreted proinflammatory adipokines in adipose tissue cells

confined to the stromal vascular fraction. Importantly, we dem-

onstrate that resolvin D1 is a local acting signal that exhibits ro-

bust anti-inflammatory properties in macrophages and promotes

macrophage nonphlogistic phagocytosis, a critical step in the

resolution of the inflammatory process.

Materials and Methods
Materials

DHA, arachidonic acid, and resolvin D1 (7S,8R,17S-trihydroxy-docosa-
4Z,9E,11E,13Z,15E,19Z-hexaenoic acid) (13, 17), were from Cayman
Chemicals (Ann Arbor, MI). Recombinant mouse IFN-g and IL-4 were
from Millipore (Billerica, MA) and R&D Systems (Minneapolis, MN),
respectively. Krebs–Ringer bicarbonate buffer, DMEM, fatty acid-free
(FAF) albumin (FAF-BSA), endotoxin-free FAF-BSA, collagenase A,
propidium iodide, Brewer thioglycolate medium, LPS, and PMA were
from Sigma (St. Louis, MO). Nylon mesh filters (35 and 100 mm) and
mouse BD Fc Block were from BD Biosciences (San Jose, CA). CD11b–
allophycocyanin Ab and its isotypic control IgG were from eBioscience
(San Diego, CA). F4/80–FITC and its isotypic control IgG were from AbD
Serotec (Oxford, U.K.). TRIzol was from Invitrogen (Carlsbad, CA) and L-
glutamine from Biological Industries (Kibbutz Beit Haemek, Israel). FBS
and Dulbecco´s PBS with (DPBS++) and without (DPBS–) calcium and
magnesium were from Lonza (Verviers, Belgium). HEPES was from
Merck (Darmstadt, Germany). Lab-Tek Chamber Slides were from Nalge
Nunc International (Rochester, NY). OCT compound was from Sakura
Finetek (Tokyo, Japan). FluoSpheres beads of 1 mm and ProLong Gold
reagent with DAPI were from Molecular Probes (Eugene, OR). The High-
Capacity Archive kit and TaqMan Gene Expression Assays were from
Applied Biosystems (Foster City, CA). Protease inhibitor mixture (Com-
plete Mini) and phosphatase inhibitor mixture (PhosSTOP) were from
Roche Applied Science (Mannheim, Germany). Phospho–hormone-sensitive
lipase (HSL) Ab was from Cell Signaling Technology (Beverly, MA).
HRP-linked donkey anti-rabbit Ab was from GE Healthcare (Little
Chalfont, U.K.).

Animals and experimental design

Male C57BL/6J mice from Charles River Laboratories (Saint Aubin les
Elseuf, France) were housed on wood-chip bedding cages with 50–60%
humidity and a 12-h light/dark cycle and given free access to food and
water. At 7 wk of age, mice were fed with either standard pelleted chow
(TD2014; 13% kcal from fat) or a high-fat diet (HFD) (TD06414; 60%
kcal from fat) (Harlan Teklad, Madison, WI). After 12 wk of HFD feeding,
obese mice were randomly assigned into two groups receiving (i.p.) either
placebo (6%BSA/2.9%EtOH in saline, n = 17) or DHA [4 mg/g body
weight (b.w.), n = 20] every 24 h for 10 d. This dose of DHAwas selected
based on the actual serum concentrations of nonesterified DHA that mirror
the standard intake of v-3-PUFA supplements (7, 18, 19). At the end of the
intervention period, mice were anesthetized (i.p.) with a mixture of 0.1 mg
ketamine/g b.w. and 0.01 mg xylazine/g b.w. Blood was collected, and
serum was obtained by centrifugation at 800 3 g for 10 min. Liver was
excised, rinsed in DPBS++, and placed in OCT, immersed in cold 2-
methylbutane on dry ice, and kept at 280˚C. Moreover, portions of liver

and adipose tissues were snap-frozen in liquid nitrogen for further analysis.
Adipose tissue from epididymal fat pads was fixed in 10% formalin and
embedded in paraffin or was further processed for adipocyte and stromal
vascular cell isolation as described later. All studies were conducted in
accordance with the criteria of the Investigation and Ethics Committee of
the Hospital Clinic and the European Community laws governing the use
of experimental animals.

Biochemical analyses

Serum concentrations of glucose, cholesterol, triglycerides (TAG), and
alanine aminotransferase (ALT) were determined by standard laboratory
procedures.

Morphometric analysis of adipose tissue sections

Paraffin-embedded epididymal fat pads were cut into 5-mm sections and
stained with H&E. For image analysis, six photomicrographs per mouse
were randomly obtained under a Nikon Eclipse E600 microscope (Kawa-
saki, Japan) at 3200 magnification. Adipocyte size was calculated from
cross-sectional areas obtained from perimeter tracings using Image J
software (Macbiophotonics, McMaster University, Hamilton, ON, Canada).

Detection of F4/80 by immunohistochemistry

F4/80 detection was performed as described previously (20, 21), with slight
modifications. Briefly, adipose tissue paraffin sections were deparaffinized,
rehydrated, and pretreated with trypsin 0.05%–CaCl2 0.1% for 20 min at
37˚C to unmask the Ag, followed by incubation with 0.3% H2O2 for 25
min at room temperature and dark conditions to block endogenous per-
oxidase activity and with 2% BSA for 20 min at room temperature to avoid
unspecific binding of the primary Ab. Sections were then incubated
overnight at 4˚C with the primary rat anti-mouse F4/80 Ab (1/250), fol-
lowed by incubation for 30 min at room temperature with a biotinylated
rabbit anti-rat IgG secondary Ab (1/200) and incubation with ABC for 30
min at room temperature using Vectastain ABC Kit (Vector, Burlingame,
CA). Color was developed using the diaminobenzidine substrate (Roche
Diagnostics), and sections were counterstained with hematoxylin. Sections
were visualized at magnification 3200 in a Nikon Eclipse E600 micro-
scope (Kawasaki, Japan).

Histological analysis of liver steatosis

Hepatic steatosis was assessed by oil red-O staining in OCT-embedded
cryosections. Briefly, sections were fixed in 60% isopropanol for 10 min
and stained with 0.3% oil red-O in 60% isopropanol for 30 min and
subsequently washed with 60% isopropanol. Sections were counterstained
with Gill´s hematoxylin, washed with acetic acid solution (4%), and
mounted with aqueous solution. Sections were visualized at a magnifica-
tion of 3200 in a Nikon Eclipse E600 microscope (Kawasaki, Japan).
Relative areas of steatosis (expressed as percent oil red-O staining) were
quantified by histomorphometry using a computerized image analysis
system (AnalySIS; Soft Imaging System, Munster, Germany). A minimum
of 20 independent fields per sample were evaluated.

Detection of secreted proteins by Luminex xMAP technology

IL-6, TNF-a, MCP-1, total plasminogen activator inhibitor-1 (PAI-1),
resistin, and leptin protein levels were simultaneously measured in cell
culture supernatants using the Milliplex MAP Mouse Adipocyte kit from
Millipore. Samples were assayed in duplicate and run on a Luminex 100
Bioanalyzer (Luminex Corp., Austin, TX) according to the kit manufac-
turer’s instructions.

Detection of adiponectin by enzyme immunoassay

Mouse adiponectin levels in serum and adipocyte supernatants were
quantified by enzyme immunoassay (Cayman Chemicals).

HSL phosphorylation

Total protein from adipose tissue was extracted in homogenizing buffer
containing 50 mM HEPES, 20 mM b-glycerol, 2 mM EDTA, 1% Igepal,
10% glycerol, 1 mM MgCl2, 1 mM CaCl2, 150 mM NaCl, supplemented
with protease inhibitor (Complete Mini) and phosphatase inhibitor
(PhosSTOP) cocktails. Homogenates were incubated on ice for 15 min
with frequent vortexing. Thereafter, homogenates were centrifuged at
16,000 3 g for 40 min at 4˚C, and supernatants were collected. Phospho
(Ser-563)-HSL protein expression was analyzed by Western blot. A total of
80 mg protein was resuspended in SDS-containing Laemmli sample buffer,
heated for 5 min at 95˚C, and resolved on a 10% SDS-PAGE. Proteins
were electroblotted for 120 min at 100 V at 4˚C onto polyvinyl difluoride

The Journal of Immunology 5409
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membranes, and the efficiency of the transfer was visualized by Ponceau S
solution staining. Membranes were then soaked for 1 h at room temper-
ature in TBS (20 mM Tris/HCl pH 7.4 and 0.5 M NaCl) containing 0.1%
(v/v) Tween 20 (0.1% TBST) and 5% (w/v) nonfat dry milk. Blots were
washed three times for 5 min each with 0.1% TBST and subsequently
treated overnight at 4˚C with primary rabbit anti-mouse phospho-HSL Ab
(dilution 1:1000) in 0.1% TBST containing 5% BSA. After washing the
blots three times for 5 min each with 0.1% TBST, membranes were in-
cubated for 1 h at room temperature with an HRP-linked donkey anti-
rabbit secondary Ab (1:2000) in 0.1% TBST. Bands were visualized us-
ing the EZ-ECL chemiluminescence detection kit (Biological Industries)
in a LAS 4000 imaging system (GE Healthcare Life Sciences) and
quantified using Image GE ImageQuant TL analysis software.

Isolation of adipocytes and stromal vascular cells

Epididymal fat pads were excised, weighed, rinsed two times in cold
carbogen-gassed Krebs–Ringer, and minced into fine pieces. Minced
samples were placed in Krebs–Ringer supplemented with 1% FAF-BSA
and 2 mM EDTA and centrifuged at 500 3 g for 5 min at 4˚C to remove
free erythrocytes and leukocytes. Tissue suspensions (0.3–0.6 g) were
placed in 5 ml digestion buffer containing Krebs–Ringer supplemented
with 1% FAF-BSA and 1 mg/ml collagenase A and incubated at 37˚C for
30 min with gentle shaking. Tissue homogenates were filtered through
a 100-mm nylon mesh and then centrifuged at 500 3 g for 5 min. Non-
digested tissue was further digested for 15 min and filtered as indicated
above. Floating cells (adipocytes) were collected, washed two times in
carbogen-gassed DMEM supplemented with L-glutamine (2 mM), peni-
cillin (100 U/ml), streptomycin (100 mg/ml), and HEPES (100 mM) and
resuspended in DMEM containing L-glutamine (2 mM), penicillin (100 U/
ml), streptomycin (100 mg/ml), HEPES (100 mM), and 0.2% endotoxin-
free FAF-BSA before counting and plating on 96-well plates. Pelleted cells
corresponding with the stromal vascular cells (SVC) were incubated with
erythrocyte lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, and 0.1 mM
EDTA) for 5 min, centrifuged at 500 3 g for 5 min, and filtered through
a 35-mm nylon mesh to obtain dissociated cells and resuspended in 0.2%
endotoxin-free FAF-BSA DMEM. SVC were plated onto 96-wells for 2 h,
and nonadherent cells were removed by two washes with DPBS. The
resulting macrophage-enriched SVC were then used for cell incubation
experiments.

Cell incubations

Primary adipocytes and SVC from lean and obese animals growing on 96-
well plates (50,000 cells/well) were exposed to vehicle (0.1% ethanol),
DHA (10, 50, and 100 mM) and arachidonic acid (10 and 50 mM) for 18 h.
At the end of the incubation period, culture media was collected under
sterile conditions and stored at 220˚C for further analysis. Floating adi-
pocytes and attached SVC were resuspended in TRIzol reagent and kept at
280˚C for RNA extraction and further gene expression analysis.

Immunophenotyping by flow cytometry

For immunophenotyping experiments, isolated SVC were resuspended in
basic sorting buffer (DPBS2/2 containing 1 mM EDTA, 25 mM HEPES,
pH 7, and 1% FBS), counted, filtered through 35-mm nylon mesh, and
prepared for flow cytometry. Briefly, SVC (1.25 3 106 cells/ml) were
incubated at 4˚C with Mouse BD Fc Block (2.5 mg/ml) prior to staining
with fluorescently labeled primary Abs or isotype control IgGs for 50 min
at 4˚C in the dark. Abs used in these studies included: CD11b–allophy-
cocyanin (0.625 mg/ml) and F4/80–FITC (0.5 mg/ml). After incubation
with primary Abs, cell suspensions were washed in 1 ml basic sorting
buffer and centrifuged at 500 3 g for 5 min. Cells were suspended in 0.5
ml basic sorting buffer and analyzed by flow cytometry with a BD
FACSCanto II cytometer and FACSDiva v6.1.3 software (BD Biosciences,
San Jose, CA). Propidium iodide (4 mg/ml) was used to exclude dead cells.
Unstained, single stains, and fluorescence minus one controls were used
for setting compensation and gates. The number of double-positive
(CD11b+/F4/80+) cells was normalized to SVC counts and fat weight.

RNA isolation and reverse transcription

Isolation of total RNA from adipose tissue, adipocytes, SVC, and peritoneal
macrophages was performed using the TRIzol reagent. RNA concentration
was assessed in a NanoDrop-1000 spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE) and its integrity tested on a 6000 LabChip
in a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). cDNA
synthesis from 200 to 400 ng of total RNAwas performed using the High-
Capacity cDNA Archive Kit (Applied Biosystems).

Gene expression profiling by PCR and real-time PCR

PCR amplification of 5-LO, 12/15-LO, and GAPDH was performed with
specific oligonucleotides (20): 5-LO, sense 59-CCCCCGAAGCTCCCA-
GTGACC-39 and antisense 59-TCCCGGGCCTTAGTGTTGATA-39; 12/
15-LO, sense 59-CCCACCGCCGATTTTCACG-39 and antisense 59-AG-
TCCTCGCTCAGCCAAGTCATCA-39; GAPDH, sense 59-TCCAGTAT-
GACTCCACTC-39 and antisense 59-ATTTCTCGTGGTTCACAC-39. The
specificity of primers was confirmed in the GenBank database using the
basic local alignment search tool and by direct sequencing of the amplified
PCR products in an ABI Prism 3130xl Genetic Analyzer using a Big Dye
Terminator (version 3.1) Cycle Sequencing Kit (Applied Biosystems).
PCR products were analyzed by electrophoresis in 1.5% agarose gels and
visualized by ethidium bromide staining using a 100-bp DNA ladder
(Invitrogen). For quantification of gene expression by real-time PCR,
validated and predesigned TaqMan Gene Expression Assays were used
[IL-6 (ID: Mm00446190_m1), TNF-a (ID: Mm00443258_m1), MCP-1
(Ccl2; ID: Mm00441242_m1), peroxisome proliferator-activated receptor
g (Pparg; ID: Mm00440945_m1), IL-10 (ID: Mm00439614_m1), arginase
1 (Arg1; ID: Mm00475988_m1), chitinase-3 like protein (Ym1) (Chi3l3;
ID: Mm00657889_mH), mannose receptor C type 1 (CD206) (Mrc1; ID:
00485148_m1), and resistin-like molecule a (RELMa) (Retnla; ID:
Mm00445109_m1)], using b-actin (Actb; ID: Mm00607939_s1) as en-
dogenous control. Real-time PCR amplifications were carried out in an
Applied Biosystems 7900HT Fast Real Time PCR System. PCR results
were analyzed with the Sequence Detector Software version 2.1 (Applied
Biosystems). Relative quantification of gene expression was performed
using the comparative Ct method. The amount of target gene, normalized
to b-actin and relative to a calibrator, was determined by the arithmetic
equation 22DDCt described in the comparative Ct method (User Bulletin
#2; http://docs.appliedbiosystems.com/pebiodocs/04303859.pdf).

Isolation of mouse peritoneal macrophages

Both resting and thioglycolate-recruited (3 d after i.p. injection of 2.5 ml
3% thioglycolate) peritoneal macrophages from C57BL/6J mice were coll-
ected by peritoneal lavage with 7 ml ice-cold DPBS–. The exudates were
centrifuged at 500 3 g for 5 min and further resuspended in DMEM
supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml), 2 mM
L-glutamine, and 5% FBS. Cells (120,000 cells/well) were allowed to
adhere on 8-well Lab-Tek Chamber Slides or 96-well culture plates over
2 h at 37˚C in a humidified 5% CO2 incubator. Nonadherent cells were re-
moved by washing twice with DPBS–, and the remaining adherent cells
were used for the experiments. To assess M1 marker expression profiling,
resting cells were exposed to vehicle (0.1% ethanol), IFN-g (20 ng/ml)
plus LPS (100 ng/ml) or IL-4 (20 ng/ml) for 18 h and then incubated for an
additional 5 h with resolvin D1 (0.1, 1, 10, and 100 nM), DHA (10, 25, 50,
and 100 mM), or IL-4 (20 ng/ml). At the end of the incubation period,
medium was removed and macrophages were washed twice and then
collected in TRIzol reagent and kept at 280˚C for RNA extraction and
gene expression analysis.

Phagocytic assay

Thioglycolate-recruited peritoneal macrophages and SVC from obese mice
were seeded into 8-well Lab-Tek Chamber Slides in DMEM supplemented
with penicillin (100 U/ml), streptomycin (100 mg/ml), 2 mM L-glutamine,
and 5% FBS before being treated for 2 h with vehicle (0.1% ethanol), PMA
(50 ng/ml), DHA (10, 50, and 100 mM), or resolvin D1 (1, 10, and 100
nM) in the presence of fluorescently labeled latex microspheres (Fluo-
spheres; Molecular Probes). After incubation, unbound particles were re-
moved by washing five times with DPBS++. Cells were fixed with 4%
paraformaldehyde for 15 min, washed two times with DPBS++, and
mounted in ProLong Gold antifade reagent with DAPI and visualized at
3630 magnification in a Leica DMI6000B epifluorescence microscope
(Leica Microsystems, Wetzlar, Germany). To quantify the number of
macrophages containing phagocytosed beads and the number of beads
taken up per cell, 10 fields per well were analyzed. Fields were taken
randomly, beads and nuclei were counted using Image J software (Mac-
biophotonics), and the percentage of phagocytic cells and the number of
engulfed beads per cell were calculated. Phagocytosis thresholds were
established as the percent of phagocytic cells detected under resting con-
ditions.

Reactive oxygen species quantification

Reactive oxygen species (ROS) content in murine peritoneal macrophages
was measured using OxiSelect ROS Assay Kit (Cell Biolabs, San Diego,
CA) following the manufacturer’s instructions. Briefly, attached cells
seeded on a black 96-well plate (40,000 cells/well) were pretreated with
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vehicle (0.1% ethanol), DHA (10 mM), and resolvin D1 (1 nM) for 2 h in
DMEM complete medium. Thereafter, 100 ml of 29,79-dichlorofluorescein
diacetate probe was added to the wells, and cells were further incubated for
1 h at 37˚C. At the end of the incubation period, the medium was removed,
and 29,79-dichlorofluorescein diacetate–loaded cells were washed twice
with DPBS– and stimulated with 50 ng/ml PMA (as an oxidizing agent) in
DMEM complete medium. Plates were immediately read at 450-nm ex-
citation and 520-nm emission wavelengths every 5 min for 15 min in
a Fluostar Optima fluorescence plate reader (BMG Labtech, Offenburg,
Germany).

Statistical analysis of the results was performed using the unpaired
Student t test. Results were expressed as means 6 SE, and differences
were considered significant at a p value #0.05.

Results
To investigate mechanisms underlying adipose tissue inflamma-

tion, mice were rendered obese by feeding them an HFD. As

anticipated, there were significant differences in b.w., white adipose

tissue weight, and serum glucose and TAG levels between lean

mice receiving a chow diet (13% kcal from fat) and obese mice

receiving an HFD (60% kcal from fat) for 12 wk (Fig. 1A–D). In

addition, HFD-induced obese mice showed extensive hepatic

steatosis (increased staining with oil red-O) and accumulation of

macrophages in adipose tissue (increased immunostaining with

the F4/80 Ab) (Fig. 1E). Increased macrophage infiltration of

adipose tissue was also observed in ob/ob mice, a genetic model of

experimental obesity (Table I). Further evidence for adipose tissue

inflammation in HFD-induced obese mice was corroborated by

observing a consistent upregulation of the expression of the in-

flammatory adipokines MCP-1 and IL-6 (Fig. 1F). Furthermore,

circulating levels of the anti-inflammatory and insulin-sensitizing

adipokine adiponectin were significantly reduced in HFD-induced

obese mice (Fig. 1G).

To test the effects of v-3-PUFAs on HFD-induced adipose tissue

inflammation, obese mice were supplemented with a daily dose

of DHA 4 mg/g b.w. for 10 d. No effects on body, liver, and epi-

didymal fat weights and serum cholesterol and ALT levels were

observed in DHA-treated mice (Table II). In contrast, serum TAG

levels were significantly reduced in obese mice receiving DHA

(Table II). Remarkably, DHA alleviated adipose tissue inflam-

mation by downregulating the expression of the inflammatory

adipokine MCP-1 (Fig. 2A) while increasing the expression of the

anti-inflammatory cytokine IL-10 (Fig. 2B). Consistent with this

amelioration of adipose tissue inflammation, DHA led to signifi-

cant improvements in serum glucose levels (Fig. 2C) and hepatic

steatosis, as assessed by oil red-O staining (Fig. 2D), in HFD-

induced obese mice. To determine whether, in addition to its

ability to dampen inflammatory adipokine secretion and steato-

genic potential, DHA also modulates other parameters of adipose

tissue function, we assessed the effects of this v-3-PUFA on ad-

ipocyte morphometry and on the phosphorylation of HSL, a rate-

limiting enzyme of adipocyte lipolysis. As shown in Fig. 2E and

FIGURE 1. HFD-induced obesity accompanied by hepatic steatosis and adipose tissue inflammation. A–D, Body weight (A), epididymal adipose tissue

weight (B), serum glucose (C), and triglyceride (D) levels were measured in mice fed either a chow diet (13% kcal from fat, n = 13) or an HFD (60% kcal

from fat, n = 38) for 12 wk. E, Representative photomicrographs (original magnification 3200) of liver sections stained with oil red-O (upper panels) and

adipose tissue sections stained with F4/80 (lower panels) from chow- and HFD-fed animals. F and G, Adipose tissue MCP-1 and IL-6 gene expression (F)

and serum adiponectin levels (G) in chow- and HFD-fed mice. Results are expressed as mean6 SEM. *p, 0.05, **p, 0.01, ***p, 0.005 (versus chow).

Table I. Accumulation of macrophages in adipose tissue samples from two different experimental models of
obesity

Parameter Lean HFD-Induced Obesity ob/ob Mice

Body weight (g) 27.09 6 0.52 31.19 6 0.47a 49.45 6 3.65a

Epididymal fat weight (g) 0.34 6 0.02 1.24 6 0.09a 3.09 6 0.12a

Percentage adipose tissue macrophages (%) 13.8 6 2.9 26.28 6 2.67b 23.0 6 0.40b

The percentage of adipose tissue macrophages was determined by flow cytometry analysis, as described in Materials and

Methods.
a
p , 0.001 versus lean mice.

bp , 0.05 versus lean mice.
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2F, DHA did not modify the HFD-induced enlargement of adi-

pocytes or the degree of HFD-induced HSL phosphorylation.

To determine whether the anti-inflammatory properties of DHA

in the adipose tissue were related to changes in the population of

adipose tissue macrophages, these cells were immunophenotyped

by flow cytometry. As expected, mice rendered obese by HFD

feeding showed more double-positive CD11b/F4/80 cells, indic-

ative of the presence of a larger number of macrophages in adipose

tissue (Fig. 3A–C). This finding was confirmed in adipose tissue

from obese ob/ob mice (data not shown). The administration of

DHA to HFD-induced obese mice did not modify either the per-

centage of double-positive CD11b/F4/80 cells or the absolute

number of adipose tissue macrophages (Fig. 3B, 3C). However, an

in-depth analysis of the flow cytometry data revealed that feeding

an HFD resulted in an increase in the presence of CD11bhi/F4/80hi

macrophages in adipose tissue (Fig. 3D). Notably, treatment with

DHA inhibited the shift in macrophage F4/80 expression induced

by HFD (Fig. 3D). Moreover, DHA induced the emergence of

a low-expressing CD11b/F4/80 subset of macrophages in the ad-

ipose tissue (Fig. 3E).

Consistent with the reversal of F4/80hi expression in adipose

tissue macrophages, DHA also induced polarization of these cells

toward an alternative M2-like activation state. As shown in Fig.

4A, the v-3-PUFA DHA upregulated the expression of recognized

established markers of macrophage polarization toward the M2

phenotype, including Arg1, CD206, Ym1, and IL-10, in adipose

tissue from HFD-induced obese mice. To confirm that DHA-

induced changes in these M2 functional genes were ascribed to

macrophages present in the adipose tissue SVC fraction, adipo-

cytes and SVC fractions were isolated from HFD-induced fat

pads. As shown in Fig. 4B, changes exerted by DHA on IL-10,

Arg1, Ym1, and CD206 were specifically confined to the

macrophage-enriched SVC fraction. Notably, the M2 marker

RELMa was also upregulated by DHA in vivo in SVC from obese

mice (Fig. 4B). With the exception of a mild change in RELMa

expression, no changes were observed in the adipocyte fraction, in

which these genes were detected at low or near background levels

(Fig. 4B).

In addition to upregulating M2 markers, DHA also downregu-

lated the expression of TNF-a and IL-6, two well-established M1

Table II. Body, liver, and epididymal fat weights and serum biochemistry values in the three groups of the
study

Parameter
Chow

(n = 18)
HFD

(n = 17)
HFD Plus DHA

(n = 18)

Body weight (g) 26.44 6 0.427 31.19 6 0.47a 30.60 6 0.54a

Liver weight (g) 1.23 6 0.06 1.21 6 0.04 1.22 6 0.04
Epididymal fat weight (g) 0.34 6 0.02 1.24 6 0.09a 1.18 6 0.08a

Serum cholesterol (mg/dl) 86.6 6 2.7 134.0 6 5.6b 133.0 6 3.3b

Serum TAG (mg/dl) 62.4 6 4.3 85.3 6 11.0b 59.4 6 6.2c

Serum ALT (U/l) 40.3 6 2.7 44.0 6 6.4 41.1 6 3.6

a
p , 0.005 versus chow.
b
p , 0.05 versus chow.
cp , 0.05 versus HFD.

FIGURE 2. Actions of DHA on adipose tissue. A–D, Expression of MCP-1 and IL-10 in adipose tissue (A, B), serum glucose levels (C), and hepatic

steatosis (D) in HFD-induced obese mice treated with either placebo (CT) (6%BSA/2.9%EtOH in saline, n = 17) or DHA (4 mg/g b.w., n = 20) for 10 d. E,

Morphometric analysis of adipocyte area in adipose tissue sections from mice in chow, HFD, and HFD plus DHA groups. *p, 0.005, **p , 0.001 (versus

chow). F, Representative image of p-HSL as determined by Western blot in two consecutive adipose tissue samples from mice in chow, HFD, and HFD plus

DHA groups. The densitometric analysis is shown in the lower panel.
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classically activated macrophage markers (Fig. 5A). As expected,

the actions of DHA on TNF-a and IL-6 were predominantly as-

cribed to the macrophage-enriched SVC (Fig. 5A). Changes in

mRNA expression were confirmed at the protein level by analysis

of secreted proteins by Luminex xMAP technology in culture

supernatants. As shown in Fig. 5B, analysis of the adipokine

profile secreted by the separate adipose tissue cell fractions

revealed that PAI-1 and MCP-1 are the two most abundant adi-

pokines secreted by adipocytes, whereas MCP-1 and IL-6 are

the main adipokines generated in the macrophage-enriched SVC

fraction (Fig. 5B). Notably, SVC produced significantly higher

amounts of TNF-a than those by adipocytes (35.99 6 9.03 versus

2.046 1.24 pg/ml, p, 0.05). Notably, after DHA treatment, there

was a significant reduction of the inflammatory adipokines IL-6,

MCP-1, and TNF-a in the macrophage-enriched SVC fraction but

not in adipocytes, whereas no changes in resistin, total PAI-1, and

leptin levels were detected (Fig. 5C). Some specific beneficial

actions of DHA were also observed in adipocytes, including up-

regulation of the insulin-sensitizing and anti-inflammatory genes

peroxisome proliferator-activated receptor g (PPARg) and adipo-

nectin (Fig. 5D). The beneficial effects of DHA on PPARg and

adiponectin were found to be concentration-dependent at the

micromolar range (Fig. 5D, inset). The overall beneficial actions

of the v-3-PUFA DHA on the profile of adipokine secretion were

not reproduced by the v-6-PUFA arachidonic acid (data not

shown).

Resolvin D1 is an abundant DHA-derived mediator in adipose

tissue from obese mice (7). Resolvin D1 is a member of the re-

cently discovered family of anti-inflammatory autacoids derived

from DHA, which biosynthesis in mice involves sequential oxy-

genation of DHA by 12/15-LO and 5-LO (Fig. 6A) (14–16). In our

study, we confirmed that the enzymatic machinery required for

endogenous resolvin D1 biosynthesis, namely expression of both

12/15-LO and 5-LO, is present in adipose tissue of HFD-induced

obese mice (Fig. 6B). To determine the actions of this anti-

inflammatory mediator on macrophage function, we exposed eli-

cited peritoneal macrophages to synthetic resolvin D1 and compared

its effects with those produced by IL-4, a potent anti-inflammatory

cytokine. In these experiments, macrophages were classically

activated to engage expression of Th1 inflammatory markers by

exposure to IFN-g and LPS. As anticipated, IFN-g/LPS treatment

upregulated the expression of the M1 classically activated mac-

rophage markers TNF-a, MCP-1, and IL-6 (Fig. 6C). Remarkably,

resolvin D1 attenuated, to a similar extent as IL-4, the expression

of TNF-a and IL-6 induced by the exposure of macrophages to

IFN-g and LPS (Fig. 6C). Importantly, resolvin D1 significantly

reduced TNF-a expression in adipose tissue explants from diet-

induced obese mice (0.90 6 0.09 versus 0.65 6 0.02 a.u., p ,

0.05). Similar to IL-4, resolvin D1 failed to prevent IFN-g/LPS-

induced MCP-1 expression (Fig. 6C). The resolvin D1 precursor

DHA also exerted consistent inhibitory actions on TNF-a, MCP-1,

and IL-6 expression (data not shown). In addition to reducing the ex-

pression of M1 markers, resolvin D1 increased in a concentration-

dependent manner the expression of the functional M2 marker

Arg1 in macrophages (Fig. 6D, left panel). The resolvin D1 pre-

cursor DHA also induced Arg1 but at much higher concentrations

(Fig. 6D, right panel). In fact, resolvin D1 was effective in in-

creasing the expression of Arg1 at nanomolar concentrations

(ED50: 0.97 nM), whereas DHA exerted significant actions only at

the micromolar level (ED50: 3.5 mM). IL-4 was able to induce

FIGURE 3. Actions of DHA on adipose tissue macrophages. A, Analysis by flow cytometry of CD11b and F4/80 marker expression. Adipose tissue SVC

isolated from age-matched mice in chow (n = 10), HFD (n = 8), and HFD plus DHA (n = 8) groups were stained with Abs against CD11b and F4/80 and

isotype controls and analyzed by flow cytometry using the FACSDiva 6.1.3 software. Upper panels, Dot plots from a representative experiment evaluating

CD11b and F4/80 expression by SVC. The percentage of double-positive CD11b+/F4/80+ events is in purple. Lower panels, Representative density plots

from SVC gated for both double-positive CD11b+/F4/80+ high (hi; blue gate) and CD11b+/F4/80+ low (lo; purple gate) expression. The percentage of cells

within the F4/80+hi or F4/80+lo macrophage subset is indicated. B, Quantification of double-positive cells for CD11b/F4/80 in the three experimental groups

of the study. C, Absolute number of adipose tissue macrophages in the three groups of the study. The number of double-positive cells was obtained from

FACS data and was normalized to total viable SVC and epididymal fat weight. D, Flow cytometric analysis of CD11bhi/F4/80hi cell population in viable

SVC from the three groups of the study. E, Flow cytometric analysis of CD11blo/F4/80lo cell population in viable SVC from the three groups of the study.

Results are expressed as mean 6 SEM. *p , 0.05, **p , 0.005, ***p , 0.001 (versus chow), ap , 0.05 (versus HFD).
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both Arg1 and Ym1 (Fig. 6D, middle panel). No changes in

CD206 and RELMa were detected in macrophages exposed to

either resolvin D1 or DHA (data not shown). Most notably, these

effects were confirmed in adipose tissue macrophages from the

SVC fraction of obese mice (data not shown).

To gain a better insight into the effects of resolvin D1 on

macrophage function, we exposed elicited peritoneal macrophages

to resolvin D1 and assessed its effects on macrophage phagocy-

tosis. As shown in Fig. 7A and 7B, resolvin D1 was a very potent

inducer of macrophage phagocytosis, as this lipid autacoid in-

duced in a concentration-dependent manner both the number of

macrophages containing phagocytosed beads and the number of

internalized beads per cell. Unexpectedly, the resolvin D1 pre-

cursor DHA exerted an opposite effect to that of resolvin D1 and

significantly reduced macrophage phagocytic activity (Fig. 7A,

7B). Importantly, resolvin D1, but not its precursor DHA, en-

hanced the phagocytic activity of macrophages from the adipose

tissue SVC fraction (Fig. 7C). Finally and because ROS produc-

tion is linked to classical macrophage activation, a fluorogenic

assay was performed in the presence or absence of resolvin D1

and DHA. As shown in Fig. 7D, resolvin D1 treatment attenuated

ROS production by macrophages in response to PMA, an effect

that was not observed with DHA. Collectively, these findings es-

tablish resolvin D1 as an activator of nonphlogistic phagocytosis

in macrophages, which is an essential step for the resolution of the

inflammatory response.

FIGURE 4. The effects of DHA on adipose tissue M2 macrophage

markers are confined to the SVC fraction. A, Relative mRNA levels of the

M2 macrophage markers (Arg1, CD206, Ym1, RELMa, and IL-10) were

analyzed by quantitative real-time PCR in adipose tissue from chow, HFD,

and HFD plus DHA mice. Results are expressed as the mean6 SEM of six

animals per group. ap , 0.05, bp , 0.005 (versus chow), cp , 0.05, dp ,

0.005 (versus HFD). B, Representative photomicrographs of adipocytes

(ADP) and SVC fractions and macrophage marker expression in these

fractions from HFD mice receiving either placebo (CT) or DHA. Results

are expressed as the mean 6 SEM, n = 3 to 4 per group. *p , 0.05, **p ,

0.005 (versus CT).

FIGURE 5. DHA regulates the expression and release of Th1 proin-

flammatory markers and adipokines by adipocytes and SVC. A, Relative

mRNA levels of the inflammatory Th1 cytokines TNF-a and IL-6 in

adipocytes and SVC fractions from HFD-induced obese mice receiving

either placebo or DHA. Results are expressed as the mean6 SEM, n = 3 to

4 per group. *p , 0.05 (versus placebo). B, Adipokine profile in super-

natants of cultured adipocytes and SVC from HFD mice as detected by

xMAP technology (see Materials and Methods for details). C, Adipokine

levels in supernatants of cultured adipocytes and SVC from HFD-induced

obese mice receiving either placebo or DHA. Results are expressed as the

mean 6 SEM, n = 3 to 6 per group. *p , 0.05, **p , 0.01 (versus pla-

cebo). D, Concentration-dependent effects of DHA on PPARg mRNA

expression and adiponectin release by adipocytes and SVC from HFD

mice receiving placebo (empty bars) or DHA (solid bars). Adiponectin

results are presented as percentage of production compared with vehicle.

Results are expressed as the mean 6 SEM of three to six experiments

assayed in duplicate. *p , 0.05, **p , 0.01 (versus placebo or vehicle).

ADP, adipocytes; CT, placebo.
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Discussion
Tissue macrophages are phenotypically heterogeneous and are

broadly characterized according to their activation (polarization)

state (22, 23). Using a well-established model of dietary obesity,

in the current study we demonstrate that the v-3-PUFA DHA

switches adipose tissue-infiltrating macrophages from a dominant

inflammatory M1 classically activated phenotype toward an al-

ternative activated M2-like phenotype. Notably, in this study we

demonstrate that resolvin D1, a potent anti-inflammatory lipid

mediator derived from DHA, can skew macrophages from the M1

phenotype and hence promote the resolution of chronic adipose

tissue inflammation associated with obesity. These findings are

consistent with the “phenotype switch” model proposed by

Lumeng and others (24–26) in which recruited adipose tissue

macrophages in obesity have an activation pattern similar to M1-

polarized macrophages. Moreover, our flow cytometry data are in

agreement with the presence of a predominant low-expressing F4/

80 (F4/80lo) macrophage subset in lean mice and its shift to F4/

80hi macrophages favoring a predominance of M1 markers in

adipose tissue of obese mice, as initially described by Bassaganya-

Riera et al. (27). Notably, our findings are in line with those re-

ported by Schif-Zuck et al. (28), who demonstrated the emergence

of a proresolving population of macrophages that express low

levels of CD11b during the resolution of murine peritonitis. Col-

lectively, our study supports the notion that polarization of mac-

rophages toward an M2-like phenotype is essential for resolution

of inflammation and complete homeostasis of adipose tissue.

Resolution of inflammation is not a mere passive process of

dilution of inflammation but is rather a highly orchestrated and

complex process in which endogenously generated anti-inflamma-

tory and proresolving mediators counteract the effects of proin-

flammatory signaling systems (29). Resolvins are a new paradigm

of these endogenous mediators that promote resolution of inflam-

mation and stimulate the return to homeostasis (11, 12). These

novel chemical mediators are classified as either resolvin E1 if

the biosynthesis is initiated from eicosapentaenoic acid or resolvin

D1 if they are generated from DHA (11, 12). Resolvins regulate

receptor-mediated intracellular signaling pathways in target tissues

leading to potent anti-inflammatory and proresolution properties

(30–35). Resolvin E1, in particular, decreases PMN infiltration

and T cell migration, reduces TNF-a and IFN-g secretion, inhibits

chemokine formation, and blocks IL-1–induced NF-kB activation

(30–34). In vivo, resolvin E1 exerts potent anti-inflammatory

actions in experimental models of periodontitis, colitis, and peri-

tonitis and protects mice against brain ischemia–reperfusion (30–

34). In a genetic model of obesity, resolvin E1 has shown signif-

icant insulin-sensitizing effects by upregulating adiponectin,

GLUT-4, insulin receptor substrate-1, and PPARg expression in

the adipose tissue and has been shown to confer significant pro-

tection against hepatic steatosis (7). In the current study, we spe-

cifically focused on the actions of resolvin D1, because this anti-

inflammatory and proresolving mediator is abundant in adipose

tissue from obese mice (7). Resolvin D1, which is biosynthesized

from DHA via 15-LO–5-LO interactions, limits PMN infiltration

and oxidative stress while enhancing macrophage phagocytosis

and clearance of apoptotic cells and microbes (14–17).

In this study, we provide evidence that resolvin D1 skews mac-

rophages from predominantly expressing inflammatory genes such

FIGURE 6. Resolvin D1 potently attenuates

M1 inflammatory markers while increasing

the functional M2 macrophage marker Arg1.

A, Enzymatic pathway for resolvin D1 biosyn-

thesis. Resolvins of the D series are endoge-

nously produced through the action of 15-LO

(12/15-LO in the mouse), which converts DHA

into 17S-hydro (peroxy) DHA (17-HpDHA).

Subsequently, 17-HpDHA is rapidly converted

into resolvin D1 by 5-LO. B, Representative

PCR analysis of mRNA expression for 5-LO,

12/15-LO, and GAPDH in adipose tissue from

mice fed chow (lane 1) or HFD (lane 2). Lanes

3 (Raw 264.7 cells) and 4 (water) were used as

positive and negative controls, respectively. A

100-bp DNA ladder was used as a size standard

(M). C, Expression of M1 inflammatory mark-

ers in peritoneal macrophages. Macrophages

from lean mice were exposed to vehicle (0.2%

sodium phosphate, 5 mM) or IFN-g/LPS (IFN-g

20 ng/ml, LPS 100 ng/ml) for 18 h and then

incubated for 5 h with vehicle (0.5% ethanol),

resolvin D1 (10 nM), or IL-4 (20 ng/ml). ap ,

0.05 (versus vehicle), bp , 0.05 (versus IFN-

g/LPS treatment). D, Changes in the expression

of the M2 macrophage markers Arg1 and Ym1

to increasing concentrations of resolvin D1

and DHA. The response to IL-4 (20 ng/ml) is

shown in the middle panel. *p , 0.05, **p ,

0.001, ***p , 0.0001 (versus vehicle). RvD1,

resolvin D1.
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as TNF-a and IL-6. In fact, resolvin D1 was as effective as the

Th2 cytokine IL-4 at inhibiting inflammatory cytokine production

and at conferring an M2-like anti-inflammatory phenotype to

macrophages. Importantly, administration in vivo of the resol-

vin D1 precursor DHA induced the expression in adipose tissue of

the M2 markers IL-10, Arg1, the chitinase family member Ym1,

RELMa, and the C-type lectin receptor CD206, widely known as

the mannose receptor. Consistent with this, administration in vitro

of synthetic resolvin D1 to macrophages in culture specifically

increased Arg1 expression, which in the current paradigm of

macrophage polarization is a functional hallmark of M2 macro-

phages (36). Arg1 and inducible NO synthase (iNOS) both use L-

arginine as substrate, but whereas iNOS generates reactive NO

species with proinflammatory actions, Arg1 competes with iNOS

for L-arginine and generates L-ornithine, a precursor for proline

that enhances collagen biosynthesis (37). This balance in favor of

Arg1 may play a critical role in repressing ROS and thus pro-

moting resolution of the inflammatory response, tissue repair, and

remodeling. In fact, in our experiments resolvin D1 consistently

stimulated in a concentration-dependent manner macrophage

phagocytosis, a primary effector function of M2 macrophages

important for limiting the inflammatory response. It is noteworthy

to mention the observed dissociation between the actions of

resolvin D1 and its precursor DHA on the phagocytic activity of

both peritoneal and adipose SVC macrophages. Notably, the

resolvin D1-enhanced effector function of macrophages was not

accompanied by an increase in ROS generation in PMA-elicited

peritoneal macrophages. This is an important observation because

in contrast to the inflammatory response triggered by an infection

in which ROS generation and microorganism killing are essential,

resolution of adipose tissue inflammation is a process that involves

immune-silencing of macrophages to prevent chronic inflamma-

tion and inappropriate tissue damage (32).

Because the presence of uncontrolled inflammation in adipose

tissue plays a major role in the development of obesity-related

complications such as insulin resistance, type 2 diabetes, and

non-alcoholic fatty liver disease, any strategy aimed to disrupt the

sequence of events leading to the chronic “low-grade” inflam-

matory state in this tissue would be beneficial. One such strategy

to combat inflammation in adipose tissue is based on the aware-

ness of the unequivocal health benefits of v-3-PUFAs (7–10). This

notion is well supported by the following observations: 1) adipose

tissue represents the main storage site of v-3-PUFAs in obese

individuals (38); 2) v-3-PUFA supplementation produces addi-

tive benefits on insulin sensitivity, lipid profile, and inflammation

during the management of weight loss in overweight hyper-

insulinemic women (39); 3) intake of an v-3-PUFA–enriched diet

significantly alleviates insulin resistance and hepatic steatosis in

obese ob/ob mice (7); 4) mice with transgenic expression of the

v-3 fatty acid desaturase (fat-1), which endogenously enriches

tissues with v-3-PUFAs, display improved glucose tolerance and

reduced b.w. (40); and 5) dietary deprivation of v-3-PUFAs, in

contrast, induces changes in tissue fatty acid composition leading

to severe metabolic alterations such as augmented adipose tissue

mass and plasma glucose, decreased insulin sensitivity, and he-

patic steatosis (41, 42). It is important to note that in our study, not

all adipose tissue functions were positively modulated by the v-3-

PUFA DHA. For instance, DHAwas ineffective in reducing HFD-

induced adipocyte enlargement and HSL phosphorylation, which

is a rate-limiting enzyme in adipose tissue lipolysis, suggesting

FIGURE 7. Resolvin D1 stimulates non-phlogistic macrophage phagocytosis. A, Representative images of fluorescently labeled latex microspheres

engulfed by thioglycolate-elicited peritoneal macrophages incubated for 2 h with vehicle (0.1% ethanol), resolvin D1 (10 nM), or DHA (50 mM). Images

were taken using an epifluorescent microscope (original magnification 3630). Nuclei were stained with DAPI and ingested beads with yellow-green label.

B, Quantification of percentage of phagocytic cells (cells containing phagocytosed beads) and the number of beads taken per cell in macrophages incubated

for 2 h with vehicle (V, 0.1% ethanol), resolvin D1 (0.1, 1, 10, and 100 nM), or DHA (10, 50, and 100 mM). The dotted line indicates the phagocytosis

threshold, established as the percentage of phagocytic cells detected under resting conditions. Quantification was performed using Image J software as

described in Materials and Methods. C, The phagocytosis assay was performed in adipose tissue SVC macrophages as described in B. D, ROS production

kinetics was measured in thioglycolate-elicited peritoneal macrophages exposed to vehicle (V, 0.1% ethanol), resolvin D1 (1 nM), or DHA (10 mM) as

described in Materials and Methods. Results represent the mean6 SEM of three to five experiments assayed in duplicate. *p, 0.05, **p, 0.005, ***p,

0.0001 (versus V or time 0). RvD1, resolvin D1.
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that the observed hepatic antisteatotic actions of DHA are not the

direct consequence of an improvement in circulating levels of free

fatty acids. It could be speculated, therefore, that the beneficial

actions of DHA on fatty liver disease are related to the reduction

in the release of prosteatotic and inflammatory adipokines by

adipose tissue (i.e., TNF-a and IL-6) or by direct effects of this

v-3-PUFA on the liver (43). Finally, our study also helps to shed

some light on the enduring question of which would be the best

option for promoting the timely resolution of inflamed fat tissue in

obesity: supplementation of v-3-PUFAs in the diet or adminis-

tration of the novel v-3–derived mediators (i.e., resolvin D1). In

this regard, the finding that resolvin D1 exerts anti-inflammatory

properties at nanomolar concentrations, whereas its precursor

DHA is only effective at the micromolar level, supports the view

that resolvins could be an effective and safe alternative for com-

bating inflammation in obesity. In fact, a recent study by Hellman

et al. (44) provides solid evidence that resolvin D1 can effectively

improve insulin sensitivity in obese-diabetic mice.

In summary, the findings of this study demonstrate that resolvin

D1 and its precursor DHA produce a functional switch in adipose

tissue macrophage polarization toward an M2-like phenotype in

obese mice. Our findings also indicate that the macrophage reg-

ulatory properties of resolvin D1 may account for its protective

actions against obesity-induced adipose tissue inflammation, in-

sulin resistance, and metabolic liver disease.
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