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Abstract
The unprecedented rise in the prevalence of obesity and obesity-related disorders is causally
linked to a chronic state of low-grade inflammation in adipose tissue. Timely resolution of
inflammation and return of this tissue to homeostasis are key to reducing obesity-induced
metabolic dysfunctions. Here, with inflamed adipose, we investigated the biosynthesis, conversion
and actions of Resolvin (Rv) D1 and RvD2, potent anti-inflammatory and pro-resolving lipid
mediators (LM), and their ability to regulate monocyte interactions with adipocytes. LM-
metabololipidomics identified RvD1 and RvD2 from endogenous sources in human and mouse
adipose tissues. We also identified pro-resolving receptors (i.e. ALX/FPR2, ChemR23 and
GPR32) in these tissues. Compared to lean tissue, obese adipose showed a deficit of these
endogenous anti-inflammatory signals. With inflamed obese adipose tissue, RvD1 and RvD2 each
rescued impaired expression and secretion of adiponectin in a time- and concentration-dependent
manner while decreasing pro-inflammatory adipokine production including leptin, TNFα, IL-6
and IL-1β. RvD1 and RvD2 each reduced MCP-1 and leukotriene B4-stimulated monocyte
adhesion to adipocytes and their transadipose migration. Adipose tissue rapidly converted both
resolvins to novel oxo-resolvins. RvD2 was enzymatically converted to 7-oxo-RvD2 as its major
metabolic route that retained adipose-directed RvD2 actions. These results indicate, in adipose, D-
series resolvins (RvD1 and RvD2) are potent pro-resolving mediators that counteract both local
adipokine production and monocyte accumulation in obesity-induced adipose inflammation.

INTRODUCTION
Expansion of adipose tissue mass in obesity is causally linked to a chronic state of “low-
grade” inflammation driven by infiltrated macrophages in this tissue (1–5). The presence of
increased numbers of macrophages forming characteristic “crown-like structures” that
surround necrotic adipocytes and scavenge adipocyte debris is a prevalent pathological trait
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in obesity (6). Although enlarged adipocytes were initially thought to be the cellular source
of pro-inflammatory mediators in obesity, it was later established that the presence of
infiltrated macrophages in inflamed fat perpetuates a vicious cycle of monocyte recruitment
and exacerbated production of pro-inflammatory adipokines (4–6). This persistent state of
inflammation, also known as “metabolic-triggered inflammation” or “metainflammation” in
adipose tissue is deleterious, increasing the incidence of metabolic syndrome and obesity-
related co-morbidities including dyslipidemia as well as several forms of cardiovascular
disease (1–3). The key sequela of adipose tissue inflammation is insulin resistance leading to
type 2 diabetes and non-alcoholic fatty liver disease (1–3).

Prolonged, unremitting inflammation in adipose tissue has a negative impact on insulin-
sensitive tissues; hence, its timely resolution could be a critical step toward regaining
metabolic balance. Resolvins (Rv)4 and protectins are the first pro-resolving mediators
biosynthesized from essential n-3 fatty acids that stimulate active resolution of acute
inflammation and return to homeostasis (7, 8). Unlike their precursors docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), resolvins exert potent actions in the pico- to nano-
molar range, e.g. counter-regulating pro-inflammatory signaling pathways and acting as
“braking signals” of the persistent vicious cycle leading to unremitting inflammation (for a
review, see ref. 8). These endogenous autacoids show remarkable potency resolving
inflammation-related diseases in animal models of periodontitis, asthma and colitis (for a
review, see ref. 8). Since increasing dietary omega-3 fatty acids reduces obesity-associated
complications (9–11), the purpose of this study was to test the hypothesis that RvD1 and
RvD2 can attenuate adipose inflammation and investigated their production and conversion
by adipose tissues.

MATERIALS AND METHODS
Mice

C57BL/6 mice with diet-induced obesity (60 kcal% high-fat up to 16 weeks) and control
mice were from The Jackson Laboratory (Bar Harbor, ME). The high-fat model is a
reproducible model of obesity and pre-type 2 diabetes and closely mirrors human obesity,
most of which is thought to occur in response to high-fat intake (12). For the C57BL/6J
strain, average % weight gain is typically about 43% at the 16th week of feeding and the
variation among animals within the same diet group is less than 10%. Experiments were
performed in accordance with the Harvard Medical School Standing Committee on Animals
guidelines for animal care and approved protocol #02570.

Immunohistochemistry
Adipose tissue was fixed in 3.3% formalin, paraffin-embedded and sectioned at the
Research Pathology Core of the Dana-Farber/Harvard Cancer Center (Boston, MA).
Distribution of ALX/FPR2 receptor was detected using a rabbit anti-mouse ALX/FPR2 Ab
(1/250) (Santa Cruz Biotechnology, Santa Cruz, CA). Color was developed using Vectastain
ABC Kit (Vector Laboratories, Burlingame, CA) and sections were counterstained with
hematoxylin. Distribution of ChemR23 was detected using a rat anti-mouse ChemR23 Ab
labeled with PE (eBioscience, San Diego, CA). Sections were visualized at magnification
X200 imaged with a Zeiss YFL microscope (Thornwood, NY) and ImagePro Plus 7
software (Media Cybernetics, Bethesda, MD).

4Abbreviations used in this paper: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; EOR, eicosanoid oxidoreductase; LC-
MS/MS, liquid chromatography tandem mass spectrometry; LM, lipid mediator; MRM, multiple reaction monitoring; Rv, resolvin;
RvD1, Resolvin D1, 7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic acid; RvD2, Resolvin D2, 7S,16R,17S-
trihydroxy-4Z,8E,10Z,12E,14E,19Z-docosahexaenoic acid; SPM, specialized pro-resolving mediators.
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Adipose tissue explants and “ex vivo” incubations
Epididymal fat pads from obese mice were collected under sterile conditions and placed in a
P60 plate with pre-warmed (37°C) DPBS containing penicillin (100 U/ml) and streptomycin
(100 mg/ml). Connective tissue and blood vessels were removed by dissection before cutting
the tissue into small pieces (<10 mg). Explants were cultured in DMEM with L-glutamine (2
mM), penicillin (50 U/ml), streptomycin (50 mg/ml) and 2% fatty acid free-BSA. Adipokine
secretion and mRNA expression were assessed in explants incubated with vehicle (0.01%
EtOH), rosiglitazone (0.3–10 µM), RvD1 (10 nM), RvD2 (10 nM), 17R-RvD1 (0.01–100
nM), LXA4 (10 nM) or with equimolar concentrations (10 nM) of a mixture of RvD1,
RvD2, 17R-RvD1 and LXA4 for 4, 6, 12 and 24 h at 37°C. To assess RvD1, RvD2 and 17R-
RvD1 metabolism by adipose tissue, incubations were initiated by adding 1 µg of the
selected compound at 37°C for 0.5, 6 and 12 h. In some experiments, incubations were
carried out in the presence of 100 µM of indomethacin or α-methylcinnamic acid.
Incubations were stopped with cold methanol (2 vol) and samples were taken to C18 solid
extraction and subjected to LC-MS/MS.

Isolation and culture of adipocytes
Mouse fat pads were excised, rinsed two times in cold carbogen-gassed (5% CO2:95% O2)
Krebs Ringer and minced into fine pieces. Minced samples were placed in Krebs Ringer
supplemented with 1% fatty acid-free BSA and 2 mM of EDTA and centrifuged at 500g for
5 min at 4°C to remove free erythrocytes and leukocytes. Tissue suspensions (1 g) were
placed in 5 ml of Krebs Ringer buffer supplemented with 1% fatty acid-free BSA and 1 mg/
ml of collagenase A and incubated at 37°C for 60 min with gentle shaking. Tissue
homogenates were filtered through a 100 µm nylon mesh and then centrifuged at 500g for 5
min. Floating cells were collected, washed two times in carbogen-gassed DMEM
supplemented with L-Glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 mg/ml)
and HEPES (100 mM) and suspended in this DMEM medium containing 0.2% endotoxin-
free fatty acid-free BSA before counting and plating on 12-well or 96-well plates.

Lipid Mediator-Metabolo-lipidomics
LC-MS/MS based metabolo-lipidomics was performed using linear ion trap triple
quadrupole mass spectrometer MS (3200 QTRAP, Applied Biosystems, Foster City, CA)
equipped with two HPLC pumps (LC-20AD, Shimadzu, Kyoto, Japan) coupled to an
Eclipse Plus C18 reverse phase column (4.6 mm × 50 mm × 1.8 mm, Agilent Technologies,
Palo Alto, CA). The mobile phase consisted of MeOH:H2O/acetic acid at a ratio of
60:40:0.01 (vol:vol:vol) and ramped to 80:20:0.01 after 10 min and to 100:0:0.01 after 12
min. Instrument control and data acquisition were performed using Analyst 1.5 software
(Applied Biosystems). Ion pairs from reported MRM methods (13) were used for profiling
and quantification of bioactive lipid mediators. Quantification was performed using standard
calibration curves for each, and recoveries were calculated using deuterated internal
standards (d4-LTB4d4-PGE2 and d8-5-HETE) purchased from Cayman Chemical (Ann
Arbor, MI).

Enzymatic conversion
RvD1, RvD2 and 17R-RvD1 (100 ng) were taken to dryness under N2 stream and incubated
with recombinant human 15-PG-dehydrogenase/eicosanoid oxidoreductase (EOR) (0.5 U)
(Cayman Chemical, Ann Harbor, MI) in 100 µl of Tris-HCl buffer (50 mM, pH 7.4)
containing NAD+ (1.0 mM). EOR activity was monitored spectrophotometrically by the
formation of NADH from NAD+ at 340 nm. Enzymatic conversion of RvD1, RvD2 and
17R-RvD1 (100 ng) was also tested in 100 µl incubations of Tris-HCl buffer (50 mM, pH
7.4) containing NADPH (0.1–0.5 mM) and 11β-hydroxysteroid dehydrogenase type 1 (2 U)
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(Cayman Chemical). All incubations were allowed to proceed for 30 min at 37°C and
stopped with cold methanol before C18 solid phase extraction for further analyses using LC/
MS-MS.

Oxo-RvD2 products
RvD2 (1.5 mg) in ethanol was dried down under N2 stream and suspended in buffer
containing Tris-HCl (100 µl, 50 mM, pH 7.4) and NAD+ (1.0 mM). Enzymatic conversion
was initiated by the addition of recombinant human EOR (0.5 U) and allowed to proceed for
30 min at 37°C. After 30 min, reactions were stopped with cold methanol and taken for C18
solid phase extraction. oxo-containing products were isolated in a Hewlett-Packard 1100
Series HPLC system equipped with a Phenomenex Luna C18 (150×2 mm × 5 mm) column
and a diode array detector. Products were eluted with MeOH/H2O/acetic acid (70:30:0.01)
as phase one (t0, −10 minutes), and a linear gradient with MeOH/acetic acid (99.9:0.1) as
phase two (10–30 minutes), at a flow rate of 0.2 ml/min.

Adipokines and Cytokines
Adiponectin and leptin levels in supernatants from adipose tissue explants were quantified
by EIA (Cayman Chemical). Concentrations of TNF-α, IL-6, IL-12, IL-10, IL-1β, IL-13,
IL-33 and IL-4 were assessed by a custom-made Luminex multiplex cytokine-detection bead
assay platform using a Luminex® 200™ instrument (Luminex Corp., Austin, TX). The
assay was conducted using 20 μl of supernatants from adipose tissue explants. Data
acquisition and analysis were conducted using StarStation software v2.3 (Applied
Cytometry Systems, Dinnington, UK).

RNA isolation, reverse transcription and Real-Time PCR
Total RNA from adipose tissue was isolated using the TRIzol reagent. RNA concentration
was assessed in a NanoDrop-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE). cDNA synthesis from 100–200 ng of total RNA was performed using the
Omniscript kit (Qiagen, Hilden, Germany). Real-Time PCR was performed with validated
and pre-designed QuantiTect® Primer Assays (Qiagen) for adiponectin (QT01048047) and
EOR (QT01039192) or TaqMan® Gene Expression Assays for MCP-1 (Mm00441242_m1)
using GAPDH (QT01192646) as endogenous control. Real-time PCR amplifications were
carried out in an ABI 7900HT thermal cycler (Applied Biosystems). Relative quantification
of gene expression was performed using the comparative Ct method. Conventional PCR
amplification of mouse ChemR23 and ALX/FPR2 and human ChemR23, ALX/FPR2,
GPR32 and GADPH was performed with specific primer pairs. PCR products were analyzed
by electrophoresis in 2.0% agarose gels and visualized by ethidium bromide staining.

Monocyte-adipocyte assays
Murine bone marrow-derived monocytes were isolated using the EasySep® mouse
monocyte-enrichment kit (StemCell Technologies, Vancouver, Canada). Following
isolation, cells were counted and resuspended in PBS++ containing 0.1% BSA at a density of
2×106 cells/ml. Mouse adipocytes were isolated as described above and resuspended in
DMEM at 0.9×106 cells/ml and 25,000 cells/well were loaded onto a 96-well ChemoTx®
plate (Neuro Probe, Gaithersburg, MD) with polycarbonate membrane filters and 3-µm
membrane pores which require modest amounts of testing compounds. Adipocytes were
incubated for 1 h at 37°C, subsequently either LTB4 (10 nM) or MCP-1 (15 ng/ml) was
added to the lower wells and the isolated monocytes were then loaded on top of membrane
in the presence of 10 nM of RvD1, RvD2, 17R-RvD1, 17(R/S)-methyl-RvD1 (from Dr.
Nicos Petasis, University of Southern California, and prepared as in Kasuga et al. (14)) or
the corresponding RvD1 and RvD2 oxo-containing products. Cells were then co-incubated
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for 90 min at 37°C. The cells that did not transmigrate were washed whereas the
transmigrated cells along with adipocytes were immunofluorescent-stained as detailed
below. The number of transmigrated monocytes and the number of monocytes adhered to
adipocytes were assessed by using a rabbit anti-perilipin polyclonal Ab (1 µg/ml) (Abcam,
Cambridge, MA) in combination with a donkey anti-rabbit PE conjugated Ab and a rat anti-
mouse CD11b or a mouse anti-human CD11b FITC conjugated Ab (eBioscience). Staining
was assessed on a FACSCanto II flow cytometer using BD FACSDiva 4.1 software (Becton
Dickinson, San Jose, CA). The number of transmigrated monocytes was calculated as a
function of the number of CD11b-positive, perilipin-negative cells. Monocyte-adipocyte
interactions were quantified by measuring CD11b levels in the perilipin-positive cells. In a
separate set of experiments the chemotactic properties of RvD1, RvD2 and the oxo-
containing RvD1 and RvD2 metabolites were assessed by loading the compounds in the
bottom well of the ChemoTx® plates and loading the monocytes on top of the filter. Cells
were then incubated for 90 min at 37°C and the number of transmigrated cells was assessed
as above.

Human PBMC were isolated from healthy volunteer peripheral blood according to protocol
#1999P001297 approved by the Partners Human Research Committee. Briefly, blood
collected in heparin was centrifuged (200g) for 15 min removing the platelet-rich plasma
fraction. Cells were then layered over Ficoll-Hypaque (Organon Teknika, Durham, NC) and
centrifuged (500g) for 35 min. The mononuclear cell layer was collected, washed once, and
resuspended in PBS containing 2% FCS and 1 mM EDTA. PBMC were then isolated using
a human monocyte isolation kit (StemCell Technologies) and resuspended in PBS++

containing 0.1% BSA at a density of 2×106 cells/ml. Human subcutaneous fresh primary
adipocytes (floaters) were obtained from obese individuals with a body mass index (BMI) ≥
30 and age between 39 and 46 years (Zenbio, Research Triangle Park, NC) and grown in
DMEM at a concentration of 2×106 cells/ml. Monocyte transmigration to the stimulated
human adipocytes (25,000 cells/well) was assessed as outlined above for the mouse cells.
Monocyte-adipocyte interactions were assessed by measuring the CD11b expression levels
in the perilipin-positive cells.

RESULTS
First we compared endogenous biosynthesis of pro-resolving mediators in adipose tissues
from lean and obese mice. Adipose tissues were subjected to LC-MS/MS-based lipid
mediator metabolo-lipidomics (see Materials and Methods), and in profiles obtained from
adipose tissue we identified RvD1 (7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-
docosahexaenoic acid), RvD2 (7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-
docosahexaenoic acid) and protectin D1 (PD1: 10R,17S-dihydroxy-4Z,7Z,11E,13E,15Z,
19Z-docosahexaenoic acid) from endogenous sources in both lean and obese mice.
Representative chromatograms of selected MRM (m/z 375>215, m/z 375>233, m/z
359>153) and representative tandem mass spectra for RvD1, RvD2 and PD1 are in Figure
1A–D. Compared to lean animals, adipose tissue from obese mice had reduced levels of
both RvD1 and PD1 (Figure 1E). Also, levels of 17S-hydroxydocosahexaenoic acid (17-
HDHA: 17S-hydroxy-4Z,7Z,10Z,13Z,15E,19Z-docosahexaenoic acid) and 18-
hydroxyeicosapentaenoic acid (18-HEPE: 18R-hydroxy-5Z,8Z,11Z,14Z,16E-
eicosapentaenoic acid), the monohydroxy markers of D-series and E-series resolvin
biosynthesis, were significantly lower in fat from obese mice (Figure 1F). We also identified
14S-hydroxydocosahexaenoic acid (14-HDHA: 14S-hydroxy-4Z,7Z,10Z,12E,16Z,19Z-
docosahexaenoic acid), a marker of maresin biosynthesis pathway including MaR1 (15) in
these that was also decreased (Figure 1F).
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Significant levels of eicosanoids derived from arachidonic acid, including 5-
hydroxyeicosatetraenoic acid (5-HETE), 12-HETE, 15-HETE, PGE2, PGD2 and PGF2α,
were also present in these tissues (Figure 2). Compared to lean, obese adipose gave
increased 5-HETE with reduced PG as well as 12-HETE and 15-HETE levels (Figure 2).

To translate these findings, human adipocytes from obese patients were obtained and LM-
metabololipidomics carried out. As shown in Figure 3 the profiles of LM identified in
human adipocytes were similar to those obtained from mouse adipocytes. However, mouse
adipocytes produced higher amounts of RvD1, PD1, 14-HDHA, 17-HDHA and 18-HEPE as
well as 12-HETE and 15-HETE than human adipose (Figure 3). Conversely, human
adipocytes produced higher PGE2, PGD2 and PGF2α than mouse adipocytes (Figure 3)
while the 5-LOX products 5-HETE, LTB4 and LXA4 were essentially similar in both
species (Figure 3).

Do adipose tissues express receptors for specialized pro-resolving mediators (SPM)? To
address this, adipose tissue from lean and obese mice were assessed for expression of ALX/
FPR2 and ChemR23 receptors for RvD1 and RvE1, respectively (16). Representative PCR
analysis of mRNA receptor expression and immunohistochemistry are in Figure 4A. In
human cells RvD1 also signals via GPR32 (16), which apparently is not present in murine
cells, a receptor that was found to be constitutively expressed in human subcutaneous fat in
addition to ALX/FPR2 and ChemR23 receptors (Figure 4A). Hence, adipose tissue
expresses the three presently known GPCR for RvD1, RvE1 and LXA4.

To determine the functional relevance of RvD1 and RvD2 in inflamed adipose, we assessed
their impact on adhesion of monocytes to adipocytes and monocyte transadipose migration,
which are critical events in mounting a strong inflammatory response within obese adipose
(4, 5). To this end, we used established cellular responses in a 96-well ChemoTX plate.
These were performed by adding a chemotactic stimulus, either MCP-1 or LTB4, to the
bottom wells, with 25,000 adipocytes suspension below the membrane and 50,000
monocytes placed above the membrane in the presence of either RvD1 or RvD2. MCP-1 and
LTB4 were employed as monocyte chemoattractants since they were also increased in obese
adipose tissue (Figure 4B and C). Of interest, the chemotactic responses to MCP-1 (15 ng/
ml) were significantly higher in monocytes obtained from obese mice compared to those
from lean mice (Figure 4E). Here, similar responses to LTB4 (10 nM) were obtained (Figure
4D).

Addition of LTB4 to the bottom wells caused increased monocyte attachment to adipocytes
and transadipose migration that were markedly reduced by 10 nM of either RvD1 or RvD2
(Figure 4F). Similar inhibitory actions for RvD1 and RvD2 were obtained after addition of
MCP-1 (Figure 4G). No synergic actions were observed after simultaneous addition of
equimolar RvD1 and RvD2 (n=3). For purposes of direct comparison, RvD1 actions were
compared with those obtained with 17R-RvD1 and its analog 17(R/S)-methyl-RvD1 (14),
which resists rapid inactivation (Supplemental Figure 1). Of interest, the inhibitory actions
of RvD1 at nanomolar concentrations with monocyte chemotaxis were superior in
monocytes from lean mice compared to those from obese mice (Supplemental Figure 1).
This suggests that obesity may activate circulating monocytes. To translate these findings,
human adipocytes from obese patients were obtained and assessed as above. With human
adipocytes and monocytes, we found that the inhibitory actions of RvD1, RvD2 and 17R-
RvD1 (10 nM each) on MCP-1 and LTB4-induced monocyte adhesion to adipocytes and
transadipose migration were similar to those observed with mouse cells (Supplemental
Figure 2A,B).
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Adipose tissue inflammation and increased monocyte recruitment in obesity is accompanied
by a dysregulated secretion of the anti-diabetic and anti-inflammatory adipokine
adiponectin, which is an essential homeostatic factor for systemic energy metabolism and
insulin sensitivity (2). Consistent with this, mRNA expression and protein levels of
adiponectin were consistently reduced in adipose tissues from obese mice (Figure 5A). To
explore whether SPM could rescue impaired adiponectin secretion in obesity, adipose tissue
explants from obese mice were exposed to 10 nM of RvD1, RvD2, LXA4 or 17R-RvD1 as
well as a mixture of SPM (as might be encountered in vivo) and adiponectin levels were
monitored (at 12 h, 37°C). Each SPM, including RvD1, RvD2, LXA4 and 17R-RvD1,
significantly increased adiponectin secretion (Figure 5B). In this regard, the SPM mixture
was the most potent.

Of note, the levels of leptin in supernatants of adipose tissue explants gradually declined
with treatment, reaching statistical significance with RvD2 alone and with the SPM mixture
(Figure 5B). Next, we carried out concentration- and time-response experiments with 17R-
RvD1, the SPM with the most potent actions on adiponectin. Incubation of adipose tissue
explants with 17R-RvD1 increased adiponectin secretion in a concentration-dependent
manner (Figure 5C). This concentration-response curve proved to be bell-shaped like other
bioactive lipid mediators (17). Interestingly, 17R-RvD1 induced adiponectin to a similar
extent to rosiglitazone, a known inducer of adiponectin production (18). However, the
concentrations required for this thiazolidinedione were 1,000 times higher than those
required for 17R-RvD1 (Figure 5C). Adiponectin gene regulation was assessed after 6 h of
adipose tissue revealing that RvD1, 17R-RvD1 and RvD2 significantly induced gene
expression to levels similar to those observed following rosiglitazone treatment that was 300
times the concentration of Rv (Figure 5D). The Rv precursor DHA at 10 nM did not induce
adiponectin gene expression (n=3). At the protein level, up-regulation of adiponectin
secretion by 17R-RvD1 and rosiglitazone peaked after 12 h (Figure 5D).

Another hallmark of obesity and insulin resistance is increased secretion of inflammatory
cytokines, mainly IL-6 and TNF-α by adipose (2). To further assess the impact of resolvins
on adipose tissue, cytokines were monitored after incubating fat explants with RvD1, RvD2
and 17R-RvD1. RvD1 drastically reduced levels of TNFα the pro-inflammatory and insulin-
resistant adipokine (2), as well as IL-12 and IL-1β while enhancing secretion of IL-10, an
anti-inflammatory cytokine (19) (Figure 6). With RvD1, the levels of IL-6, IL-33, IL-13 and
IL-4 remained unchanged (Figure 6). RvD2 and 17R-RvD1 reduced TNFα, IL-1β and IL-12
as well as IL-6 levels (Figure 6). Together, these findings indicate that D-series resolvins
have a unique role in dampening inflammation in adipose tissues.

Since local tissue inactivation of resolvins is a limiting step in their bioactions (20), we next
examined whether adipose metabolically convert resolvins. LC-MS/MS profiling indicated
that incubation of adipose tissue explants with RvD1, RvD2 or 17R-RvD1 resulted in their
rapid loss (Figure 7A). Within 30 minutes there was ~70% loss of RvD1 (Figure 7A). In
contrast, RvD2 and 17R-RvD1 were more resistant to conversion with ~70% of each
remaining (Figure 7A). Since RvD1 is rapidly inactivated by 15-hydroxy/oxo-eicosanoid
oxidoreductase (15-PGDH) and eicosanoid oxidoreductases (EORs) (20, 21), we next
sought evidence for 15-PG-dehydrogenase/EOR expression in adipose tissue. As shown in
Figure 7B, expression in adipose tissue uncovered a remarkable up-regulation of this
oxidoreductase in obese mice. Interestingly, RvD1, RvD2 and 17R-RvD1 appeared to offer
positive feedback regulation and increased EOR expression in adipose tissue explants to a
similar extent as rosiglitazone, an established EOR inducer (Figure 7C).

Based on their constitutive expression and role in determining adipose tissue catabolic
activities (22), we next assessed whether inhibition of either EOR or other dehydrogenases,
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i.e. 11β-hydroxysteroid dehydrogenase (Table 1), impacts adipose tissue conversion of
resolvins. To this end, we incubated adipose explants with resolvins in the presence of
indomethacin, which along with inhibiting COX is also a potent EOR inhibitor (21), or α-
methylcinnamic acid, an 11β-hydroxysteroid dehydrogenase inhibitor (23). Addition of
indomethacin resulted in ≥ 55% inhibition of RvD1 conversion, and α-methylcinnamic acid
gave ~35% inhibition (Figure 7D). These findings are also consistent with the notion that
RvD1 is a substrate for both oxidoreductases. Indomethacin also blocked conversion of both
RvD2 and 17R-RvD1 by ~30% and ~15%, respectively (Figure 7D).

Since 15-PG-dehydrogenase/EOR oxidizes alcohols to their respective ketones (oxo) as in
the conversion of PGE2 (24), we determined the structure of these RvD1 and RvD2 further
metabolites. RvD1 is further converted to both 8-oxo-RvD1 and 17-oxo-RvD1 (20), whereas
the potential single oxo-containing product from RvD2 was expected to be either 7-oxo-
RvD2 or 16-oxo-RvD2 (Figure 8 A and B). Hence, we assessed conversion of RvD2 by
EOR, and using RP-HPLC, RvD2 and its further metabolites were separated using their
distinct chromatographic behavior and UV absorbance properties. RvD2 eluted from the RP-
HPLC system at 19.3 min and the presence of a conjugated tetraene within RvD2 gave its
characteristic triplet chromophore λmax

MeOH 301 nm (Figure 8C). The main metabolite
derived from RvD2 conversion by recombinant human EOR eluted at 24.5 minutes and
contained a single broad UV absorbance peak at λmax

MeOH = 351 nm (Figure 8C). This
predominant further metabolic product of RvD2 was identified as 7-oxo-RvD2 employing
LC-MS/MS and GC-MS-based analyses and it was established as the initial oxidation
product of RvD2 in obese adipose tissue (F.G., J.C., J.D., Sungwhan F. Oh, and C.N.S.,
manuscript in preparation). These results indicate that adipose tissue rapidly converts RvD2
by dehydrogenation to 7-oxo-RvD2, and emphasize that RvD2 further metabolism is
governed by the 15-hydroxy/oxo-eicosanoid oxidoreductase, a process that is common in the
local conversion and inactivation of other LM including PGs, LTs and LXA4 (24).

Next, each of the further metabolites of RvD1 and RvD2 were taken for direct comparisons
of their bioactivity with that of the parent molecule. As shown in Figure 8 D and E, 8-oxo-
RvD1 limited MCP-1-induced monocyte adhesion to adipocytes and transadipose migration,
whilst 17-oxo-RvD1 did not reduce monocyte recruitment in a statistically significant
manner. These are consistent with those for PMN infiltration in vivo in murine peritonitis
(20). Importantly, the new 7-oxo-RvD2, the predominant further metabolic product of RvD2
in adipose tissue, was essentially as active as RvD2 (~90% the activity of RvD2) (Figure 8 F
and G). In sharp contrast, 16-oxo-RvD2 was inactive. Of note, unlike MCP-1, monocytes
showed no chemotactic response to RvD1, 8-oxo-RvD1, RvD2 or 7-oxo-RvD2 when these
were added alone to the bottom wells for 90 min (Supplemental Figure 2C).

DISCUSSION
Results of the present studies provide evidence of a heightened pro-inflammatory phenotype
along with a compromised capacity to produce local SPM in obese adipose tissue. The
mechanism(s) by which obesity results in a chronic pro-inflammatory phenotype within the
adipose tissues are incomplete. In this context, hypoxia is a key driven force of chronic
inflammation. Indeed, in the setting of obesity an imbalance between the supply of and
demand for oxygen in enlarged adipocytes causes tissue hypoxia and an increase in
inflammatory adipokines (25). The resultant infiltration by macrophages and chronic low-
grade inflammation promote, in turn, insulin resistance in adipose tissue (26).

In addition, the local tissue loss of pro-resolving mechanisms and mediators in inflammation
such as SPM is critical and can contribute to obesity-linked inflammation and insulin
resistance. Likely this results from the lack of intrinsic capacity of adipose to generate
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appropriate endogenous “stop signals” and pro-resolving mediators for catabasis and the
return to complete resolution (7, 27). A deficit in SPM in obese adipose tissue can be the
consequence of the structural deficiency in the tissue content of omega-3 fatty acids, namely
DHA and EPA, as substrates for SPM biosynthesis (28). Since our findings also provide
evidence that 15-PG-dehydrogenase/eicosanoid oxidoreductase, a key enzyme in SPM
further metabolic conversion, is markedly up-regulated in obese adipose tissue, the local loss
of SPM in obesity may reflect accelerated tissue SPM conversion to inactive metabolites.
Interestingly, this SPM deficiency in obesity appears to be a generalized defect in all
metabolic tissues, because in addition to adipose, it is also present in liver and skeletal
muscle (28). Taken together, these findings are consistent with the notion that unresolved
unremitting chronic “low grade” inflammation in obese adipose tissue is the result of an
inappropriate inflammatory response that remains uncontrolled.

A key finding of the current study is that each of the resolution agonists RvD1 and RvD2
rescue the impaired phenotype of obese adipose tissue by enhancing expression and
secretion of adiponectin in parallel with decreasing the secretion of pro-inflammatory
adipokines/cytokines including leptin, TNFα, IL-6 and IL-1β. Resolvins also reduced
monocyte-adipocyte adhesion as well as monocyte transadipose migration, a likely key
event in the return of inflamed adipose tissue to homeostasis. The actions of RvD1 and
RvD2 were neither additive nor synergistic. Moreover, the present results establish that an
individual member of the resolvin family, RvD2, is enzymatically further metabolized in
adipose tissue via NAD+-dependent dehydrogenation of the hydroxyl group at carbon 7 to
form 7-oxo-RvD2. This novel 7-oxo-RvD2 metabolite retained the anti-inflammatory
actions of RvD2 in reducing both monocyte adhesion and transmigration with adipocytes.

Of interest, results from several recent studies demonstrate that many metabolic functions
are controlled by circadian rhythm proteins (29). Although the direct influence of circadian
rhythms on SPM and endogenous mechanisms in the resolution of inflammation remains
largely unexplored, the circadian release of glucocorticoids is known and their link to
downstream anti-inflammatory and pro-resolution mediator annexin A1 facilitates the return
to homeostasis (30). Along these lines, prostaglandin 15d-PGJ2, which can display anti-
inflammatory properties, has recently been identified as an entrainment factor aligned with
circadian oscillations (31). In light of these findings, it is plausible that local biosynthesis of
SPM is controlled in part by circadian as well as stress responses (32) in various organs and
tissues.

In line with the organ- and tissue-protective actions of SPM (8), pro-resolving mediators
such as RvD1 and RvD1 skew adipose tissue macrophages toward a unique pro-resolving
phenotype, ameliorating the incidence of obesity-related metabolic disorders (33, 34).
Hence, enhancing local SPM production in adipose tissue, specifically those of the D-series
resolvins and protectins, could reduce the inflammatory tone of obese adipose tissues. In
turn, the local reduction of adipose inflammation by pro-resolving mediators such as RvD1
and RvD2 may reduce the adverse systemic impact of metabolic syndromes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Specialized pro-resolving mediators (SPM) in obese adipose tissue: LC-MS/MS-based
lipid mediator metabolo-lipidomics
(A) MRM chromatograms (m/z 375>233, 375>215 and 359>153) and representative tandem
mass spectra of resolvin D1 (RvD1) (B), RvD2 (C) and protectin D1 (PD1) (D) in adipose
tissue from obese mice. (E) Quantitation of SPM in adipose tissue from lean and obese
mice. (F) Quantitation of monohydroxy markers of RvE1 and RvD1 biosynthetic pathways
from EPA and DHA in adipose tissue from lean and obese mice. Results represent the mean
±SEM of 5 different individuals.
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Figure 2. LC-MS/MS based metabolo-lipidomics of lipid mediators derived from arachidonic
acid in obese adipose tissue
Representative MRM chromatograms of monohydroxy markers from arachidonic acid and
prostaglandins (PGs) (left panels) and their quantitation in adipose tissue from lean and
obese mice (right panels). Results represent the mean±SEM of 5 different individuals.
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Figure 3. Specialized pro-resolving mediators (SPM) and eicosanoids in human and mouse
adipocytes: LC-MS/MS-based lipid mediator metabolo-lipidomics
Quantitation of indicated lipid mediators in adipocytes isolated from epididymal fat pads of
obese mice (shadowed bars) and adipocytes isolated from obese human subcutaneous fat
samples (solid bars). Each compound was expressed as the quantity in picograms (pg)
relative to 1×106 cells. Results are the mean±SEM of 3 different individuals.
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Figure 4. Pro-resolving mediator GPC receptors in adipose tissue and RvD1 and RvD2
attenuation of monocyte adhesion to adipocytes and transadipose migration
(A) Representative PCR analysis of ALX/FPR2 and ChemR23 receptors in adipose tissue
from lean and obese mice (upper panels); representative expression of ALX/FPR2, GPR32
and ChemR23 receptors in human subcutaneous fat (middle panel); and representative
photomicrographs of ALX/FPR2 and ChemR23 distribution in adipose tissue sections
stained with either a primary rabbit anti-mouse ALX/FPR2 antibody or a rat anti-mouse
ChemR23 antibody labeled with phycoerythrin (lower panels). RNA from mouse PMN was
used as positive control for ALX/FPR2 expression. (B) LTB4 levels in adipose tissue from
lean and obese mice. (C) MCP-1 mRNA expression in adipose tissue from lean and obese
mice. (D,E) Transadipose migration of monocytes from lean and obese mice in response to
LTB4 (10 nM) (E) and MCP-1 (15 ng/ml) (E). Murine adipocytes were loaded onto a 96-
well ChemoTx® plate and LTB4 or MCP-1 was added in the lower wells. Monocytes were
placed on top of 3-µm-pore filters and co-incubated (90 min, 37°C). The number of
transmigrated monocytes was assessed by flow cytometry using anti-CD11b antibodies.
(F,G) RvD1 and RvD2 actions on obese monocyte interactions with adipocytes. Murine
adipocytes were loaded onto a 96-well ChemoTx® plate and LTB4 (10 nM) (F) or MCP-1
(15 ng/ml) (G) was added in the lower wells. Monocytes were placed on top in the presence
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of 10 nM RvD1 or RvD2 and co-incubated (90 min at 37°C; see Materials and Methods).
Results are the mean±SEM of 3 experiments in triplicate.
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Figure 5. RvD1 and RvD2 potently induce adiponectin expression and secretion
(A) mRNA expression and tissue levels of adiponectin in fat from lean and obese mice. (B)
Adipose tissue explants were incubated ex vivo with vehicle (0.01% EtOH) or 10 nM RvD1,
RvD2, LXA4 or 17R-RvD1 and a mixture of SPM (see text for details; 12 h at 37°C).
Adiponectin and leptin levels in supernatants were quantitated by EIA. (C) Concentration-
response curves for 17R-RvD1 (0.01–100 nM) and rosiglitazone (0.3–10 µM) on
adiponectin secretion. (D) Changes in adiponectin expression in adipose tissue after 6 h of
treatment with rosiglitazone (rosi, 3 µM) and equiconcentrations (10 nM) of RvD1, 17R-
RvD1 and RvD2 (left panel); and time-response for 17R-RvD1 (10 nM) and rosiglitazone (3
µM) (right panel). Results are the mean±SEM of 5 separate experiments.

Clària et al. Page 17

J Immunol. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. RvD1 and RvD2 reduce adipose tissue cytokine release
Cytokines measurements following addition of RvD1 (D1), RvD2 (D2) or 17R-RvD1 (17R)
(10 nM, 12 h) were carried out using Luminex® cytokine multiplex. Results represent the
mean±SEM of 3 experiments in duplicate. *, P<0.05 versus vehicle (V).
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Figure 7. Rapid adipose tissue conversion of RvD1 and RvD2
(A) Time-course of conversion by adipose tissue. RvD1, 17R-RvD1 and RvD2 were each
added to fat explants, and incubations (37°C) were stopped with cold methanol (2 vol) at the
indicated time intervals, extracted and taken for LC-MS/MS. (B) mRNA expression for
eicosanoid oxidoreductase (EOR) in adipose tissue from lean and obese mice. (C) Up-
regulation of EOR in response to rosiglitazone (rosi, 3 µM), RvD1, RvD2 and 17R-RvD1
(10 nM each) treatment. (D) Inhibition of adipose tissue conversion of RvD1, RvD2 or 17R-
RvD1 by indomethacin (indo, EOR inhibitor, 100 µM) and α-methylcinnamic acid (α-
MCA, 11β-hydroxysteroid dehydrogenase type 1 inhibitor, 100 µM). RvD1, RvD2 and 17R-
RvD1 were added to fat explants in the absence or presence of inhibitors and 12 h later,
incubations were stopped and extracted. Results are the mean±SEM of 4 separate
experiments.
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Figure 8. RvD2 conversion via 15-hydroxy/oxo-eicosanoid oxidoreductase and actions of novel
Rv metabolites on monocyte-adipocyte interactions
(A) The initial step in RvD1 conversion is dehydrogenation to yield 8-oxo-RvD1 or 17-oxo-
RvD1. (B) Conversion of RvD2 by dehydrogenation to yield 7-oxo-RvD2 or 16-oxo-RvD2.
(C) HPLC chromatogram of RvD2 (λmax

MeOH = 301 (dotted line)) and novel oxo-RvD2
metabolites (λmax

MeOH = 351 (solid line)) generated by the incubation of RvD2 (1.5 mg)
with recombinant EOR (0.5 U, 0.1 M Tris-HCl, 1 mM NAD+, pH 7.4) for 30 min at 37°C.
Inset. UV absorbance of RvD2 and the major oxo-containing peak eluting at 24.5 minutes.
(D–G) Number of monocytes adhered to adipocytes and number of transmigrated
monocytes in response to MCP-1 (15 ng/ml) in the presence of RvD1 metabolites (8-–oxo-
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RvD1 and 17-oxo-RvD1) (D,E) and RvD2 metabolites (7-oxo-RvD2 and 16-oxo-RvD2)
(F,G). The new RvD1- and RvD2-derived metabolites were produced using recombinant 15-
hydroxy/oxo-eicosanoid oxidoreductase (15-PGDH), separated by RP-HPLC, extracted and
tested. Results are the mean±SEM; n=3 assayed in triplicate. *, P<0.05 and **, P<0.01
versus cells exposed to MCP-1 alone. a, P<0.05 versus untreated vehicle.
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Table 1

Resolvin D1 (RvD1), Resolvin D2 (RvD2) and 17R-RvD1 conversion by oxidoreductases.

% Conversion

RvD1 RvD2 17R-RvD1

15-PG-dehydrogenase/Eicosanoid Oxidoreductase 68±10% 48±5% 20±8%

11β-Hydroxysteroid Dehydrogenase 18±3% 0±0% 0±0%

RvD1, RvD2 and 17R-RvD1 (100 ng) were incubated with recombinant human eicosanoid oxidoreductase (0.5 U) or recombinant human 11β-
hydroxysteroid dehydrogenase type 1 (2.5 U) for 30 min at 37 °C. Reactions were stopped with 2 volumes of cold methanol and solid phase
extracted and taken for LC-MS/MS (see Materials and Methods).
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