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ABSTRACT

Objective: Maresin 1 (MaR1) is a docosahexaenoic acid-derived proresolving lipid mediator with insulin-sensitizing and anti-steatosis properties.
Here, we aim to unravel MaR1 actions on brown adipose tissue (BAT) activation and white adipose tissue (WAT) browning.

Methods: MaR1 actions were tested in cultured murine brown adipocytes and in human mesenchymal stem cells (hMSC)-derived adipocytes.
In vivo effects of MaR1 were tested in diet-induced obese (DIO) mice and lean WT and //6 knockout (/6 / ~) mice.

Results: In cultured differentiated murine brown adipocytes, MaR1 reduces the expression of inflammatory genes, while stimulates glucose
uptake, fatty acid utilization and oxygen consumption rate, along with the upregulation of mitochondrial mass and genes involved in mitochondrial
biogenesis and function and the thermogenic program. In Leucine Rich Repeat Containing G Protein-Coupled Receptor 6 (LGR6)-depleted brown
adipocytes using siRNA, the stimulatory effect of MaR1 on thermogenic genes was abrogated. In DIO mice, MaR1 promotes BAT remodeling,
characterized by higher expression of genes encoding for master regulators of mitochondrial biogenesis and function and iBAT thermogenic
activation, together with increased M2 macrophage markers. In addition, MaR1-treated DIO mice exhibit a better response to cold-induced BAT
activation. Moreover, MaR1 induces a beige adipocyte signature in inguinal WAT of DIO mice and in hMSC-derived adipocytes. MaR1 potentiates
116 e}(pression in brown adipocytes and BAT of cold exposed lean WT mice. Interestingly, the thermogenic properties of MaR1 were abrogated in
16~ mice.

Conclusions: These data reveal MaR1 as a novel agent that promotes BAT activation and WAT browning by regulating thermogenic program in
adipocytes and M2 polarization of macrophages. Moreover, our data suggest that LGR6 receptor is mediating MaR1 actions on brown adipocytes,

and that IL-6 is required for the thermogenic effects of MaR1.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Brown adipose tissue (BAT) activation has been brought to attention,
since it provides a protective mechanism against excessive body
weight and fat mass accumulation [1]. Beyond thermogenesis,
emerging roles of BAT activation have been described, including
control of triglyceride clearance [2], glucose homeostasis and insulin
sensitivity [3—5] and, recently, BAT has been identified as an endo-
crine tissue [6]. In white adipose tissue (WAT), beige adipocytes can
also dissipate energy as heat [7], and white-to-beige conversion has
been pointed out as a potential therapy against obesity and insulin
resistance [8]. BAT activation and WAT browning occur in response to
certain stimuli such as [3-adrenergic stimulation and chronic cold
exposure [9]. However, associated side effects and uncomfortableness
respectively, limit their therapeutic applications. Consequently, the
identification of new therapeutic agents capable of activating BAT and
promoting WAT browning in an attempt to ameliorate obesity-
associated metabolic disorders is highly encouraged.

A variety of bioactive lipid metabolites derived from polyunsaturated
fatty acids (PUFAs), like Prostacyclin (PGI2), Prostaglandin E2 (PGE2),
Prostaglandin F2alpha (PGF2«) and 12,13-DiHOME have been iden-
tified as novel regulators of thermogenesis in BAT and beige adipo-
cytes [10—12]. Particularly, n-3 PUFAs have been described as
inducers of BAT activity and WAT browning in mice [13]. The n-3
PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
are substrates for the formation of specialized proresolving lipid me-
diators (SPMs), including resolvins, protectins and maresins that
actively participate in the resolution of inflammation in several tissues
including WAT [14]. Maresin 1 (MaR1) is a DHA-derived SPM that was
first identified in macrophages and more recently in other tissues
[15,16]. MaR1 and its precursor promote the shift of macrophage
phenotype toward an M2 profile [17]. Recently, we and others found
that MaR1 modulates adipokine secretion in human white adipocytes
and attenuates WAT inflammation, improves insulin sensitivity, and
reduces liver steatosis in animal models of obesity [16,18—22]. It has
been described that 12-lipoxygenase (12-L0X), an enzyme involved in
the biosynthesis of MaR1, regulates cold adaptation in brown fat [23].
A recent lipidomic study carried out by our group detected MaR1 in
BAT of mice and found that MaR1 levels are negatively correlated with
the expression of C—C motif chemokine ligand 2 (Ccl2), a proin-
flammatory gene [24]. However, whether MaR1 can activate BAT and/
or promote WAT browning remains elusive.

In the present study, we found that MaR1 promotes thermogenic
activation of brown murine adipocytes and induces browning of
cultured human mesenchymal stem cells (hMSC)-derived adipocytes.
MaR1 is also an activator of interscapular BAT (iBAT) and induces
browning of inguinal WAT (iWAT) in vivo in diet-induced obese (DIO)
mice. Using interleukin-6 (//6) knockout (/6 /*) mice, we also
demonstrated that IL-6 is required for MaR1 stimulatory actions on
iBAT activation and iWAT browning under cold exposure. Moreover,
studies using siRNA-mediated Leucine Rich Repeat Containing G
Protein-Coupled Receptor 6 (LGR6) knock-down suggest that this re-
ceptor is mediating MaR1 actions in brown mature adipocytes.

2. MATERIALS AND METHODS

2.1. Mice models and treatments

All experimental procedures were performed under protocols approved
by the University of Navarra Ethics Committee and Animal Ethics
Committee of Eurecat for the use of laboratory animals, according to
the National and Institutional Guidelines for Animal Care and Use

(Protocols number: 047-15; E59-16(047-15E1); 090c-17; 110-17;
032-20; 10281).

2.1.1. Chronic MaR1 treatment to diet-induced obese mice
C57BL/6J male mice (7 weeks old) were obtained from Harlan Lab-
oratories (Barcelona, Spain), and housed in plastic cages (three-four
animals per cage) under controlled conditions (22 + 2 °C, 12 h light—
dark cycle, relative humidity, 55 & 10%). Animals were fed a standard
mouse pelleted chow diet (13% of kcal from fat, 67% from carbohy-
drates and 20% from protein) from Harlan Teklad Global Diets (Harlan
Laboratories, Indianapolis, IN, USA) for an adaptation period of 7 days.
Then, one group (Control) was fed ad /libitum with standard mouse
chow (control) diet, and a second group (DIO) with a high-fat diet (60%
of kcal from fat, 20% from carbohydrates and 20% from protein)
provided by ResearchDiets (New Brunswick, USA) for three months.
Thereafter, the control group received a daily oral gavage of the vehicle
(100 pl of sterile saline-0.1% ethanol) for 10 days. Additionally, DIO
mice were assigned into two subgroups that received a daily oral
gavage of the vehicle or MaR1 (50 1g/kg body weight, Cayman, Ann
Arbor, MI, USA) for 10 days.

2.1.2. Acute MaR1 treatment to wild type and 116 knock-out mice
1I6~'~ mice were a generous gift from the group of Prof. Avila (Uni-
versity of Navarra) and were housed as described above. WT (C57BL/
6J)and /6~ '~ male animals (8 weeks old) were fed control diet. After a
single injection with MaR1 (50 pg/kg; i. p.) or vehicle, animals were
housed at 4 °C for 24 h. Body weight and rectal temperature (Ther-
mometer pb 0331, Panlab, Barcelona, Spain) were measured before
and after treatment.

2.1.3. In vivo study of iBAT activation by positron emission
tomography (PET)

BAT activation after both acute and chronic treatment with MaR1 was
studied in vivo by PET with the radiotracer '®F-fluorodeoxyglucose
("8F-FDG). In the chronic treatment, MaR1 (50 pa/kg; 10 days, oral
gavage) or vehicle were administered to DIO mice as described above.
In the acute treatment, MaR1 (50 pg/kg; i. p.) or vehicle were injected
to male lean WT and //6~'~mice. Thirty minutes after administration,
iBAT was stimulated by cold exposure during 1 h at 4 °C [25]. After
cold exposure, '8F-FDG (10.1 & 0.9 MBq) was injected through the tail
vein. PET static images were acquired 1 h (room temperature) post
'8C_FDG injection in a small animal PET scanner (Mosaic, Philips,
Amsterdam, Netherlands). For each study, animals were anesthetized
with 2% isoflurane in 100% 0, gas. All studies were analyzed using
PMOD software (PMOD Technologies Ltd., Adliswil, Switzerland). For
semiquantitative analysis, 'F-FDG uptake by BAT was evaluated
drawing volume-of-interest (VOIs) on coronal PET images including the
interscapular BAT (iBAT). From each VOI, maximum standardized
uptake value (SUVmax) was calculated using the formula
SUV = [tissue activity concentration (Bq/cm3)/injected dose
(Bg)] x body weight (g).

2.1.4. Thermography imaging

In vivo BAT area temperature of mice was measured as previously
described [26]. Briefly, temperature of the skin BAT area was
measured by infrared thermal images after 1 h cold exposure (4 °C)
with or without MaR1 (50 pg/kg, i. p.) in lean WT and /6~ ~ mice.
Temperatures were recorded using a T335 infrared digital thermal
imaging camera (FLIR Systems, Wilsonville, OR, USA), which features a
thermal sensitivity of 0.1 °C. Environmental parameters (relative hu-
midity, room temperature and reflected apparent temperature) were
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measured in situ and set in the camera as parametric inputs from the
experiment. Triplicate infrared pictures of non-anaesthetized animals
were taken from 30 cm. Mice were shaved 48 h before thermographic
measurements. The resulting images were analysed using the FLIR
QuickReport 1.2 software (FLIR Systems). Maximal temperature values
from the BAT area were retrieved.

2.1.5. Whole body indirect calorimetry

Whole-body indirect calorimetry analyses were performed using the
OxyletProTM System (Panlab, Cornella, Spain) in seven C57BL/6J male
(8-weeks-old) mice treated intraperitoneally with vehicle, and after a
week of washout, treated with MaR1 (50 pg/kg). Just after receiving
vehicle or MaR1 treatments (at 10 am), mice were transferred to an
acrylic box (Oxylet LE 1305 Physiocage, Panlab) with free access to water
and food. After 1 h of acclimation period, oxygen consumption (VO,) and
carbon dioxide production (VCO,) were measured every 15 min by an 0,
and CO, analyzer (Oxylet LE 405 gas analyzer, Panlab) at a constant flow
rate of 600 mL/min (Oxylet LE 400 air supplier, Panlab). At each measure,
the program Metabolism 2.1.02 (Panlab) calculated the respiratory
quotient (RER) as the VCO,/VO, ratio and energy expenditure (EE) as
V0, x 1.44 x [3.815 + (1.232 x RER)] (kcal/day/kg0.75) [27].

2.2. Cellular and tissue models

2.2.1. Brown adipocytes culture and treatments

Primary brown adipocytes were obtained from the iBAT of neonatal mice
and immortalized as previously described [28]. Brown pre-adipocytes
were differentiated as described [29]. Briefly, immortalized brown pre-
adipocytes were grown in high glucose DMEM (Gibco™) supplemented
with 10% fetal bovine serum (FBS; Gibco™), 20 nM insulin (Sigma—
Aldrich) and 2 nM triiodothyronine (T3; Sigma—Aldrich) (differentiation
medium, DM) until reaching confluence. Next, the cells were cultured for
2 days in induction medium (IM) consisting of DM supplemented with
0.5 pM dexamethasone (Sigma—Aldrich), 0.125 uM indomethacin
(Sigma—Aldrich), 1 uM rosiglitazone (Sigma—Aldrich) and 0.5 mM
isobutyl-methyl-xanthine (IBMX; (Sigma—Aldrich). Then, cells were
cultured in DM until day 7 in which they exhibited a fully differentiated
phenotype. Brown mature (fully differentiated) adipocytes were treated
with vehicle or MaR1 (0.1 and 1 nM for 24 h). In other set of experi-
ments, brown adipocytes were treated with other SPMs such as Maresin
2 (MaR2), Resolvin D1 (RvD1) and Resolvin D2 (RvD2), at concentrations
of 0.1 and 1 nM for 24 h.

Changes in the temperature of brown cultured adipocytes were
measured as previously described [13]. Brown adipocytes were grown
in a 12-well plate and placed on a 37 °C heat block in a polystyrene
box coated with black paper to optimize insulation. Images were ac-
quired and analyzed with the same infrared camera and software
pointed above for mice.

2.2.2. Culture and differentiation of brown preadipocytes from iBAT
of WT and Fgf21’/’ mice

Stromal vascular cells were obtained from iBAT excised from WT and
their counterparts Fgf21 knockout mice (Fgf21*/*) (3 weeks old;
males and females) in Dr. Villarroya’s laboratory (UB, Barcelona,
Spain). Primary cultures were induced to differentiate into brown ad-
ipocytes, following the previously reported procedures [13]. Briefly,
brown adipocyte differentiation was achieved by exposing confluent
precursor cells from iBAT in DMEM/F12 medium containing 10% FBS
and supplemented with 20 nM insulin, 2 nM T3, and 0.1 mM ascorbic
acid. Then, mature brown adipocytes were treated with vehicle or
MaR1 (1 nM, 24 h).
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2.2.3. iBAT and iWAT explants

WT and /6"~ mice (8 weeks old) were sacrificed and iBAT and iWAT
were removed, washed with PBS and chopped into 8 parts small
1 mm? pieces to generate fat explants that were seed for 2 h in high
glucose DMEM (Gibco™) containing 2% bovine serum albumin (BSA;
Sigma—Aldrich) [30,31]. After 30 min of acclimation, explants were
treated with vehicle or MaR1 (1 nM; 3 h) at 37 °C. Then explants were
harvested and stored for protein or mRNA extraction.

2.2.4. Human mesenchymal stem cells (hMSC) culture and
treatments

hMSC from subcutaneous abdominal adipose tissue of non-diabetic
obese male and female subjects (BMI: 30—41 kg/mz) undergoing
elective laparoscopic surgery were obtained by Dr. Arbones-Mainar
(Instituto Aragonés de Ciencias de la Salud, Zaragoza, Spain). This
study was approved by the Institutional Review Board (Research Ethic
Committee of Aragon, CEICA 20/2014), and informed consent was
obtained from all participants. hMSC were isolated and maintained as
previously described [19,32]. To study the effects of MaR1 treatment
during the differentiation process, MaR1 (1, 10 and 100 nM) was
added on confluent un-differentiated hMSC cells at the same time of
the adipogenic cocktail and then added to fresh medium ever after.

2.2.5. RAW 264.7 macrophages culture and treatments

RAW 264.7 cells (murine macrophage cell line) were grown in com-
plete medium Roswell Park Memorial Institute (RPMI; Gibco™ 1640)
supplemented with 10% FBS, 50 U/mL penicillin, and 50 pg/U/mL
streptomycin (Gibco™). Cells were untreated or stimulated with bac-
terial lipopolysaccharide (LPS; Invitrogen) at 100 ng/mL for 24 h and
with vehicle or MaR1 (0.1, 1 nM; 24 h). Then, macrophages were
collected for analysis of extracted RNA and culture media were
collected and centrifuged at 1,950 g for 20 min, and filtered through
0.22 um filters (Millipore, Billerica, MA, USA) to remove cells and
debris. Control medium or conditioned media of RAW macrophages
(25%) were used to treat mature brown adipocytes for 24 h with
vehicle or MaR1 (0.1, 1 nM; 24 h).

2.3. Biochemical analyses

Serum insulin levels of mice were determined by ELISA (Mercodia,
Uppsala, Sweden) according to the manufacturer’s guidelines. Fasting
glucose levels were measured with a standard glucometer (Accu-
Check Advantage blood glucose meter, Roche, Basel, Switzerland).
Levels of of fibroblast growth factor (FGF21) in brown adipocytes
culture medium and IL-6 levels in serum were measured by Milliplex
ELISA kit (Merck, Madrid, Spain).

2.4. Body composition

Body composition was measured in mice before and at the end of the
study by QMR technology (EchoMRI-100-700, Echo Medical Systems,
Houston, TX, USA) as previously described [19].

2.5. Histological analysis of iBAT and iWAT

iBAT and iWAT pieces of DIO mice treated with vehicle or MaR1 (50 pg/
kg; oral gavage for 10 days) were fixed in 4.3% neutral formalin (pH
7.4) for 24 h, dehydrated with 70% ethanol, and embedded in paraffin.
Five um thick sections were deparaffinized and stained with
haematoxylin-eosin (H&E) or treated for immunofluorescence (IHF)
studies. iBAT and iWAT images (magnification 100x) were taken with
the camera Nikon SMZ18 (Nikon Instruments Europe, Amsterdam,
Netherlands). Mean lipid droplet area in adipose tissue H&E-stained
samples was quantified with ImageJ 2.0 imaging suite (U.S. National
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Institutes of Health, Bethesda, MD, USA). For IHF, rehydrated tissue
sections were blocked with 3% BSA for 1 h at room temperature.
Preparations were then incubated with CD206 (Proteintech, Rosemont,
IL, USA) antibody followed by IgG secondary antibody (Alexa fluor 488
Goat anti-Rabbit). Immunofluorescence signals were visualized under
a fluorescence microscope ZOE Fluorescent Cell Imager, Bio-Rad,
Hercules, CA, USA) and quantified using the ImagedJ 2.0 imaging suite.

2.6. 2-Deoxy-p-glucose (2-DG) uptake in brown adipocytes

2-DG uptake was measured as previously described [33]. Briefly, fully
differentiated mature brown adipocytes treated with vehicle or MaR1
(0.1—1 nM; 24 h), followed a 2-h period of glucose deprivation. Then,
cells were incubated with 0.1 pL/mL of 2-DG (Sigma—Aldrich, St.
Louis, CA, USA) and 0.2 uGi/mL of '4C-2-DG (Deoxy-o-glucose, 2-[1—
14¢], American Radiolabeled Chemicals) for 15 min. Then, cell lysates
were taken to measure '*C-2-DG radioactivity by liquid scintillation
counting, HIDEX 300 SL scintillation counter (Hidex Qy, Turku, Finland).
Results were normalized to total protein content of cell extracts.

2.7. Fatty acid oxidation determination in brown adipocytes

Fatty acid oxidation was determined by the sum of CO, liberated to the
media and '#C-acid soluble metabolites (ASM) as previously described
[34]. For that purpose, fully differentiated mature brown adipocytes were
treated with vehicle or MaR1 (0.1—1 nM; 24 h). Briefly, differentiated
brown adipocytes were incubated for 4 h in Krebs—Ringer buffer without
glucose, containing 125 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1.25 mM
KH2PQy4, 1.25 mM MgS04 - 7H,0, 25 mM NaHCO3 and 3% fatty acid-free
bovine serum albumin (BSA) pH 7.8, 2 mM L-carnitine, 80 uM palmitic
acid (Sigma), and 20 uM "C-palmitic acid (58 pCi/pumol, Perkin Elmer;
Waltham, MA). The medium was transferred to a glass vial with a central
well containing benzethonium hydroxide (Sigma).

460, was liberated by acidification with 1 M H,S04 and collected
during 2 h in the central well. "C0, was measured by scintillation
counting in a scintillation counter HIDEX 300 SL (Hidex Oy, Turku,
Finland). Cells were washed and then scraped in cold buffer (0.25 M
sucrose; 10 mM Tris—HCI; 1 mM EDTA; 1 mM dithiothreitol, pH 7.4).
Neutral lipids and ASM were separated by adding 5 vol chloroform/
methanol (2:1) and 0.4 vol 1 M KCI/HCI. Specific activity was measured
and used to calculate total oxidation as equivalent of oxidized palmitic
acid. Results were normalized to total protein content of cell extracts.

2.8. Free fatty acids uptake in brown adipocytes

Fully differentiated mature brown adipocytes were treated with vehicle
or MaR1 (0.1—1 nM; 24 h) and free fatty acids uptake (**C 2-
Bromopalmitate incorporation, Moraveck Biochemicals, Brea, CA,
USA) was measured as previously described [34]. Adipocytes were
incubated in Krebs—Ringer buffer during 50 min and after this period
of time, cold palmitic acid, carnitine and the non-metabolizable
analogue 2-Bromopalmitic acid (Moraveck Biochemicals, Brea, CA)
were added to the media in a final concentration of 2 mM L-carnitine,
80 UM palmitic acid (Sigma), and 20 pM '#C-2-Bromopalmitic acid
and incubated for 10 min. Culture plates were then put on ice and
rinsed twice with cold PBS. Cells were scraped in 0.05 M NaOH, and
14()-2-Bromopa|mitic acid uptake was measured by liquid scintillation
counting of cell lysates. The results were normalized to the total protein
content of cell lysates.

2.9. Analysis of adipocyte oxygen consumption in brown
adipocytes

Oxygen Consumption Rate (OCR) was measured in mature brown
adipocytes (treated with vehicle or MaR1 0.1 nM; 24 h) using Seahorse

Extracellular Flux (XF) 24 Analyser (Agilent Technologies, Santa Clara,
CA, USA). Briefly, 1 h prior the assay, the adipocytes were washed
thoroughly with assay medium (DMEM supplemented with 50 mM
glucose and 1 mM sodium pyruvate) and incubated in a CO,-free
incubator at 37 °C. During the assay, oligomycin (1 pg/mL),
carbonylcyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP;
0.6 uM), and a mixture of rotenone and antimycin A (2 uM of each
one), were sequentially injected for OCR measurement to obtain the
values for the basal mitochondrial respiration, ATP-linked, proton leak,
maximal respiratory capacity, reserve capacity and non-mitochondrial
respiration. The results were normalized to total protein content.

2.10. Mitotracker staining in brown adipocytes

MitoTracker green FM stainings were performed as described by the
manufacturer (M7514; Molecular Probes, Invitrogen). Briefly, fully
differentiated mature brown adipocytes, treated with vehicle or MaR1
(0.1, 1 nM; 24h) were incubated with 100 nM MitoTracker® Green FM
for 30 min at 37 °C in serum free medium. Then, brown adipocytes
were washed with PBS prior to imaging with the fluorescence mi-
croscope ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA, USA).
Fluorescence signal of MitoTracker® Green FM probe was quantified
using the Fluoroskan Ascent FL Fluorometer (Thermo Fisher Scientific)
(485 nm excitation and 538 nm emission).

2.11. siRNA transfection in brown adipocytes

Brown adipocytes were transfected with siRNA at day 5 of differenti-
ation as follows: negative control siRNA, Lgr6 siRNA and Lipofectamine
RNAIMAX (Life Technologies, 13778-100) were diluted in Opti-MEM |
Reduced Serum Medium (Life Technologies, 31985-062) separately
before being mixed by pipetting and left to incubate for 5 min at room
temperature. Then, the siRNA-RNAIMAX mix was added drop to drop to
brown adipocytes in high glucose DMEM supplemented with 10% FBS
(Gibco™), 20 nM insulin (Sigma—Aldrich), 2 nM T3 (Sigma—Aldrich),
without penicillin and streptomycin and left to incubate for 24 h. The
final concentrations of Lipofectamine RNAIMAX and siRNA were 5 pL/
mL and 50 nM, respectively. One day after transfection, brown adi-
pocytes were treated with vehicle or MaR1 (0.1, 1 nM; 24h) and su-
pernatants and cells were collected.

2.12. Targeted lipidomics

Targeted lipidomic assays of Maresins biosynthesis pathway was
carried out as previously described [24]. All samples were extracted
using solid-phase extraction columns as previously described [35,36].
Prior to sample extraction, deuterated internal standards, representing
each region in the chromatographic analysis (500 pg each) were added
to facilitate quantification in 1 mL of methanol. Samples were kept
at —20 °C for a minimum of 45 min to allow protein precipitation.
Supernatants were subjected to solid-phase extraction, methyl formate
and methanol fractions were collected, brought to dryness, and sus-
pended in phase (methanol/water, 1:1, vol/vol) for injection on a Shi-
madzu LC-20CE HPLC and a Shimadzu SIL-20AC autoinjector
(Shimadzu Corp., Kyoto, Japan), paired with a QTrap 6500+ (Sciex,
Warrington, UK). For identification and quantitation of products eluted
in the methyl formate an Agilent Poroshell 120 EC-C18 column
(100 mm x 4.6 mm x 2.7 um, Agilent Technologies, Santa. Clara, CA,
USA) was kept at 50 °C and mediators eluted using a mobile phase
consisting of methanol—water-acetic acid of 20:80:0.01 (vol/vol/vol)
that was ramped to 50:50:0.01 (vol/vol/vol) over 0.5 min at flow rate of
0.5 mL/min. The gradient was then ramped to 80:20:0.01 (vol/vol/vol)
from 2 min to 11 min, maintained till 14.5 min at a flow rate of
0.35 mL/min, and then, rapidly ramped to 98:2:0.01 (vol/vol/vol) for.
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the next 0.1 min. This was subsequently maintained at 98:2:0.01 (vol/
vol/vol) for 5.4 min, and the flow rate was maintained at 0.5 mL/min.
QTrap 6500+ was operated using a multiple reaction monitoring
method coupled with information-dependent acquisition and enhanced
production scan. Each LM was identified using established criteria,
including 1) matching retention time to synthetic and authentic ma-
terials, 2) the integrated peak consists of at least 7 data points, and 3)
the signal-to-noise ratio of the integrated peak is at least 5. Calibration
curves were obtained for each using synthetic compound mixtures at
0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 100, and 200 pg that gave linear
calibration curves with an r values of 0.98—0.99 [37].

2.13. Analysis of protein levels by Western blot

iWAT and iBAT lysates of mice were obtained as previously described
[19]. Membranes were probed with specific primary antibodies against
uncoupling protein 1 (UCP1) (1:1,000; Abcam, Cambridge, UK) and B-
Actin (1:5,000; Sigma—Aldrich). Thereafter, infrared fluorescent sec-
ondary antibodies anti-rabbit (1:15,000; Cell Signaling Technology,
Danvers, MA, USA) and anti-mouse (1:15,000; LI-COR Biosciences,
Lincoln, NE USA) were used and quantitated using an Odyssey®
infrared imaging system (LI-COR).

2.14. Analysis of mRNA levels

Total RNA was isolated from fully differentiated brown adipocytes and
hMSC-derived adipocytes, as well as from iWAT and iBAT of mice, and
then reverse transcribed to cDNA as previously described [34]. mRNA
levels were determined using predesigned Tagman® Assays-on-
Demand (Applied Biosystems, Waltham, MA, USA) or analyzed by
Power SYBR Green PCR Master Mix (Bio-Rad) using the Touch Real-
Time PCR System (CFX384, Bio-Rad). Cyclophilin A (Ppia), 36B4 and
18S were used as housekeeping genes (see Tables S1 and S2 for
primers information). Relative expression of the genes was calculated
by the 2-24% method [38].

2.15. Statistical analysis

GraphPad Prism 9 software (Graph-Pad Software Inc., San Diego, CA,
USA) was used for statistical analyses and significant (p < 0.05) dif-
ferences between groups were reported. Data are presented as
mean + SEM. Comparisons between the values for different variables
were analyzed by one-way ANOVA followed by Bonferroni post hoc
tests or by Student’s ttests or Mann—Whitney U-tests once the
normality had been screened using Kolmogorov—Smirnov and
Shapiro—Wilk tests.

3. RESULTS AND DISCUSSION

3.1. Maresin 1 promotes glucose uptake, fatty acid utilization,
mitochondrial biogenesis, thermogenic gene expression and oxygen
consumption in differentiated murine brown adipocytes
MaR1-treated murine brown adipocytes exhibited a significant up-
regulation of thermogenic genes (Ucp1 and lodothyronine deiodinase
2, Dio2), as well as genes related to glucose transport (Solute carrier
family 2 member 4, Glut4) and fatty acid oxidation (Carnitine palmi-
toyltransferase A, Cpt1a and Acyl-coenzyme A oxidase, Acox1), while
no significant changes were found in Peroxisome proliferator-activated
receptor alpha (Ppara). MaR1 also upregulated the expression of genes
involved in mitochondrial biogenesis (Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha, Pgcia; Mitochondrial transcrip-
tion factor A, Tfam; Nuclear respiratory factor 1, Nrf1), and function,
such as mitofusin 2 (Mfn2), an outer mitochondrial membrane GTPase
critical for mitochondrial fusion and dynamics, that plays also a critical
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role in BAT thermogenesis [39,40] (Figure 1A). We also estimated
mitochondrial content by using mitotracker green probes, which stain
the mitochondrial matrix proteins independently of the mitochondrial
membrane potential and, therefore, reflects mitochondrial mass [34].
Our data revealed an increase in mitochondrial mass in MaR1-treated
brown adipocytes (Figure 1B). In parallel, basal oxygen consumption
rate (OCR), maximal respiratory capacity and proton leak were
significantly higher in brown adipocytes treated for 24 h with MaR1
(Figure 1C). Moreover, highly sensitive thermography [13] showed that
MaR1 treatment increased the temperature of cultured brown adipo-
cytes (Figure 1D). BAT activation requires fuel supply, which includes
glucose and fatty acids [5,41]. Remarkably, MaR1 induced both fatty
acid uptake and fatty acid oxidation (Figure 1E). Moreover, MaR1-
treated brown adipocytes presented higher glucose uptake than con-
trols (Figure 1F).

It has been shown that thermogenic activation of BAT induces the
expression and release of FGF21 [42]. Moreover, the lipid sensor G-
protein coupled receptor 120 (GPR120) plays a key role in BAT acti-
vation through the induction of FGF21 [13]. Here, we demonstrate that
MaR1 treatment also upregulated Gpr7120 and Fgf21 gene expression
(Figure 1A), as well as induced FGF21 secretion (Figure 1G) in cultured
murine brown adipocytes. To characterize whether FGF21 is involved
in MaR1 actions on thermogenic genes, we tested MaR1 effects in
differentiated primary brown adipocytes from preadipocytes obtained
from the stroma-vascular fraction of iBAT of Fgf271-null mice. Figure 1H
shows that the stimulatory effects of MaR1 on Ucp1, Gpr120 and PR
domain containing 16 (Prdm16) were also observed and even
increased in Fgf21 deficient mice, suggesting that the increase in the
production of FGF21 by brown adipocytes is not required for the
thermogenic effects of this SPM. Surprisingly, the stimulatory actions
of MaR1 on these genes were significantly higher in Fgf27 knockout
mice, suggesting that FGF21 could be interfering with some of the
pathways mediating MaR1-actions in brown adipocytes. Notably, these
MaR1 actions in brown adipocytes were observed using physiological
doses (0.1—1 nM). In this regard, a recent study of our group found
that MaR1 concentration in BAT of young (2-month-old) female mice at
room temperature is around 0.15 pg/g tissue [24], which corresponds
to0 0.375 nM [16].

3.2. In vivo administration of MaR1 promotes iBAT activation and
induces beige adipocyte markers in iWAT of DIO mice

We next examined whether in vivo administration of MaR1 (50 pg/kg,
oral gavage, 10 days) was able to induce BAT activation in DIO mice.
The histological examination of BAT revealed that MaR1-treated DIO
mice exhibited smaller lipid droplets as compared to DIO-untreated
mice and almost recovered the typical morphological features of
iBAT observed in control fed animals (Figure 2A). Interestingly, MaR1-
treated DIO mice displayed a significant increase on UCP1 protein
levels (Figure 2B). Moreover, MaR1 reversed the downregulation of
Pgciaand Prdm16 mRNA levels observed in iBAT of DIO mice, and up-
regulated the expression of Sirtuin 1 (Sirt1), Dio2, Gpr120, Fgf21 and
Mifn2 (Figure 2C). In parallel, MaR1 increased the expression of genes
related to lipolysis (Adipose triglyceride lipase, Atgl), fatty acid oxida-
tion (Acox7) and glucose uptake (Glut1, Glut4) (Figure 2D). In obeso-
genic conditions, iBAT is infiltrated by pro-inflammatory M1
macrophages, which can alter its ability to properly respond to ther-
mogenic stimuli [43,44]. A study of our group revealed that MaR1
reduces macrophage infiltration in visceral WAT of DIO mice [19]. Here,
we report that MaR1 treatment reversed the high fat diet-induced
upregulation of Ccl2, Tumor necrosis factor alpha (Tnfa) and the
proinflammatory M1 macrophage marker CD71 Antigen-Like Family
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Figure 1: MaR1 upregulates thermogenic genes and promotes glucose uptake and fatty acid utilization in cultured fully differentiated murine brown adipocytes. (A)
mRNA expression levels of genes involved in metabolism and function in murine brown adipocytes treated with MaR1 (0.1, 1 nM) for 24 h (n = 3—12). (B) Analysis of mitochondrial
content by mitotracker green staining. Representative images and fluorescence intensity quantification of live cell imaging of mitochondria stained with mitotracker green FM probe
(100 nM, 30 min) in murine brown adipocytes treated with MaR1 (0.1, 1 nM) for 24 h (n = 6). (C) Oxygen consumption rate (OCR) was measured in brown adipocytes (control and
treated with MaR1 for 24 h) with a Seahorse technology. Left panel shows a representative experiment. Right panel: Bioenergetic parameters were inferred from the OCR traces.
FCCP (carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazon) (n = 3—4). (D) Changes in brown adipocytes temperature measured by highly sensitive thermography in mature brown
adipocytes treated with vehicle or MaR1 (0.1, 1 nM) for 24 h (n = 8). (E—F) Palmitic acid (PA) uptake (*4C 2-Bromopalmitate incorporation) and Palmitate (PA) oxidation rates (E)
and 2-Deoxy-p-glucose (2DG) uptake (F) in MaR1-treated brown adipocytes (n = 6—17). (G) FGF21 secretion levels in cultured media of brown adipocytes treated with vehicle or
MaR1 (1 nM, 24 h) (n = 4). (H) Expression of thermogenic genes in differentiated brown adipocytes from wild type (WT) and Fgf27” ~ mice treated with vehicle or MaR1 (1 nM,
24 h) (n = 3—4). Data are mean + SEM (n = 3—17). mRNA expression, PA uptake and oxidation, and 2DG uptake data are expressed as fold change relative to control or WT
cells-treated with vehicle and considered as 1. *p < 0.05; **p < 0.01; ***p < 0.001 vs. Control or WT (vehicle-treated) adipocytes; *p < 0.05 vs. MaR1-treated brown

adipocytes. %p < 0.05 vs. Fgf21’/ ~ (vehicle-treated) brown adipocytes.

Member C (Cd11c), while the expression of anti-inflammatory genes
(Adipog, Interleukin 10, II10) showed a similar induction to that
observed in DIO mice. Interestingly, MaR1-treated mice also exhibited
higher levels of Interleukin 4 (/14), an inducer of M2 macrophage po-
larization, and Cluster of Differentiation 206 (Cd206), a M2 macro-
phage marker, as compared to control mice (Figure 2E).
Immunofluorescence analyses revealed increased CD206 signals, a
specific M2 macrophage marker, in iBAT of MaR1-treated mice
(Figure 2F). Next, it was evaluated if treatment with MaR1 could
improve the thermogenic response to cold exposure. Interestingly,
when DIO mice treated with MaR1 were acutely (1 h) exposed to 4 °C,
they lost more body weight (Figure 2G) and were able to better
maintain rectal temperature, compared to vehicle-treated DIO mice
(Figure 2H). Moreover, the microPET data revealed that MaR1-treated
DIO mice exhibited higher 8F_FDG uptake by iBAT (Figure 2I). Acute
treatment with MaR1 also stimulates iBAT '8F-FDG uptake and
interscapular skin temperature assessed by infrared-thermography

(Figure S1A-B). Taken together, all these observations strongly sup-
port MaR1 as a novel agent promoting iBAT activation in DIO mice.

MaR1 was also able to induce browning markers in iWAT of DIO mice,
as revealed by the increase in UCP1 protein expression (Figure 3A), the
up-regulation of genes related to mitochondrial biogenesis and mito-
chondrial fatty acid oxidation (Figure 3B). Additionally, iWAT from
MaR1-treated mice exhibited increased expression levels of genes that
typify beige adipocytes (7T-box 1 transcription factor, Tbx1; Trans-
membrane protein 26, TmemZ26 and Prdm16), as well as of Gpr120
and Fgf21, which have been also related with the browning process
(Figure 3C). Again, this occurs in parallel with a reduction of inflam-
matory genes (Tnfa, Ccl2) and of M1 macrophages markers and an
increase of M2 alternatively-activated macrophages (Figure 3D,E).
Immune-adipose interactions may be key regulators to increase fat
thermogenesis [45]. In fact, M1:M2 macrophages balance seems to
play a role in iBAT activation and iWAT browning. Nguyen et al. [46]
proposed that anti-inflammatory M2 macrophages are likely directly
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Figure 2: MaR1 promotes brown adipose tissue (BAT) activation in DIO mice. Twenty weeks-old DIO mice were daily treated either with MaR1 (50 11g/kg) or vehicle by
oral gavage for 10 days. (A) Representative photomicrographs (magnification 100x) of iBAT sections stained with H&E dye (left panel) and lipid droplet size quantification (right
panel) (n = 3). (B) Representative blot and densitometry analysis of iBAT UCP1 (band densities were normalized to B-Actin (n = 3—6). (C—E) mRNA expression levels of master
mitochondrial biogenesis and function regulators and iBAT activator genes (C), and of genes involved in iBAT lipid metabolism and glucose uptake (D) as well as in inflammation
and macrophage type markers (E) (n = 5—8). Data (mean + SEM) are expressed as fold change relative to control (vehicle-treated) mice and considered as 1. (F) Representative
images of IHF labelling of CD206 in iBAT (left), and quantification of immunoreactive signals (right panel) (n = 2). (G—H) Body weight changes and rectal temperature changes after
acute (1 h) cold exposure (4 °C) in DIO mice treated with MaR1 (n = 5). () "®F-FDG uptake using microPET 1 h after '8F-FDG injection in mice pre-exposed for 1 h at 4 °C. Left
panel: coronal sections of mice. White arrow: iBAT pads. Right panel: maximum standardized uptake value (SUVmax) (n = 3—5). Data (mean + SEM). *p < 0.05; **p < 0.01;
**%n < 0.001 vs. Control (vehicle-treated) mice; *p < 0.05; *p < 0.01; **p < 0.001 vs. DIO (vehicle-treated) mice.
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involved in promoting BAT thermogenesis in mice. Moreover, IL-4 and
adiponectin signaling have been reported to favour WAT beiging via
cross-talk with resident macrophages by promoting M2 proliferation
[45,47]. In our study, the activation of iBAT and beiging markers in
MaR1-treated mice is also accompanied by an increase in /14, Adipog
and M2 macrophages markers (Figure 3D,E), strongly suggesting that
MaR1 could act in part through the regulation of M2 macrophages
polarization in fat depots. Nevertheless, it is important to note that
controversial observations about the direct role of alternatively acti-
vated macrophages in adaptive thermogenesis have been raised [48].
In order to get a better characterization of the role of macrophages on
MaR1 actions on BAT, we cultured fully differentiated brown adipo-
cytes with conditioned media of RAW 264.7 macrophages stimulated
with LPS in the absence or presence of MaR1. Our data show that
MaR1 (1 nM) reduced both basal and LPS-stimulated 7nfa mRNA
expression in RAW 264.7 macrophages, suggesting that MaR1 is able
to overcome the polarization to M1 macrophages induced by LPS
(Figure S2A). Treatment of fully differentiated brown adipocytes with
conditioned media from LPS-stimulated macrophages caused a sig-
nificant downregulation of Ucp?7 mRNA expression, suggesting an
impairment of thermogenic capacity. Interestingly, this inhibitory effect
on Ucp1 was not observed in brown adipocytes treated with condi-
tioned media from LPS-stimulated macrophages co-treated with MaR1
(Figure S2B), suggesting that the crosstalk between macrophages and
brown adipocytes could be also mediating the thermogenic effects of
MaR1 observed in DIO-treated mice. Our current data suggest that
iBAT activation and iWAT remodeling could contribute to the MaR1
moderate body fat lowering effects (Figures S3A-C) and to its previ-
ously reported insulin-sensitizing (Figure S3D) [19,49] and anti-
steatotic properties in obese mice [50]. Although Fgf21 mRNA levels
were induced by MaR1 treatment in both iBAT and iWAT, we have
previously reported that MaR1 downregulate hepatic Fgf27 expression
levels and decreases circulating FGF21 levels in DIO mice [20], sug-
gesting that circulating FGF21 is not mediating the systemic thermo-
genic/metabolic actions of MaR1, in agreement with our observations
in cultured brown adipocytes. It would have been of interest to
determine if the current in vivo treatment with MaR1 (50 pg/kg, oral
gavage, 10 days) could affect whole-body oxygen consumption, energy
expenditure and physical activity in DIO mice, but unfortunately, we
cannot provide these data. However, we characterized the effects of
acute MaR1 administration (50 pg/kg, i. p., 24 h) in young (2-month-
old) male mice fed on a normal chow diet. Our data show that acute
treatment with MaR1 did not modify whole-body oxygen consumption
or energy expenditure (Figures S4A-B). However, a significant increase
in the respiratory exchange rate (RER) was observed in MaR1-treated
mice, indicating that MaR1 promotes carbohydrate oxidation in mice
fed with a high carbohydrate diet. Curiously, this increase in RER
occurred only during the light period when MaR1 was administered
(Figures S4C). This observation opens several questions: j) the rele-
vance of carrying out MaR1 pharmacokinetic studies to determine the
most effective dose and frequency of administration. Our observations
suggest that it is probably necessary to administer MaR1 twice a day,
just at the beginning and at the end of the light period in order to
maintain the effect of MaR1 during the dark period, in which mice eat
and are more active. /i) it would be of interest to characterize the ef-
fects on energy expenditure and RER in mice fed on a high fat diet to
study if in this condition MaR1 is able to promote fat oxidation, and Jij)
to characterize if administration of MaR1 for a longer period could
induce increased energy expenditure and weight loss.

On the other hand, our current data demonstrate the effectiveness of
MaR1 to induce BAT activation after oral administration, a non-invasive

and often safer route, which could be of relevance for its potential
therapeutic use in obesity-related metabolic diseases. Indeed, targeted
lipidomic analysis showed higher levels of MaR1 in BAT from MaR1-
treated mice (Figure S5), suggesting that the induction of BAT acti-
vation observed in MaR1 could be partly mediated by a direct local
action on this tissue; however, we cannot discard that other systemic
actions could be also participating in this effect.

The fact that MaR1 can directly activate brown adipocytes in culture
suggests that this SPM can also partly act in an adipocyte-autonomous
manner. In line with this, we observed that the induction of the adi-
pogenic process of hMSC, from subcutaneous WAT of obese subjects,
in the presence of MaR1 increased the expression of several beige
adipocyte-related genes including UCP1, Cell death-inducing DFFA-like
effector A (CIDEA), TMEMZ26, TBX1 [7], and also PGC1a (Figure 3F).
This suggests that MaR1 could be effective in promoting the devel-
opment of brite adipocytes in human WAT. The concentration of MaR1
necessary to induce browning of human white adipocytes is much
higher than that required to activate murine brown adipocytes. Besides
of species and adipocyte-type related differences, the need for a higher
dose could be also due to the fact that the human adipocytes were
obtained from obese subjects. Indeed, obesity reduced the browning
capacity and also the physiological levels of SPMs in WAT and BAT in
mice [24,51].

3.3. IL-6 is required for MaR1 effects on iBAT activation and iWAT
browning

An interesting finding of our study was that MaR1 upregulates /I6
mRNA levels both in vitroin cultured brown adipocytes (Figure 1A) and
in vivo in iBAT of cold-exposed lean WT mice (Figure 4A). Several
studies have related IL-6 and iBAT functions. Indeed, increased IL-6
expression was associated with thermogenic activation of brown ad-
ipocytes [52]. Moreover, the beneficial effects of iBAT transplantation
on metabolic health were not observed in //6-null mice [53]. A recent
study has also shown that parabrachial IL-6 plays a key role in the
regulation of iBAT thermogenesis and energy metabolism in mice [54].
Furthermore, IL-6 seems also to be required for the induction of WAT
browning by cold exposure in mice [55].

Several of our current findings strongly support that the presence of IL-
6 is required for the browning properties of MaR1: j) The stimulatory
effects of MaR1 on thermogenic genes/proteins in ex vivo iBAT ex-
plants of WT mice were not observed in /6~ ~ mice (Figure 4B). i) The
higher "8F-FDG uptake by iBAT after cold exposure found in WT mice
treated with MaR1 was not observed in //6 deficient mice (Figure 4C).
iii) Non-invasively infrared-thermography revealed that the tempera-
ture of the interscapular skin laying directly above BAT was higher in
MaR1-treated WT, but not in //6 deficient mice after short-term cold-
exposure (Figure 4D). iv) The drop in rectal temperature induced by 24
h-cold exposure was prevented by MaR1 treatment in WT, but not in
1I6~"~ mice (Figure 4E). Moreover, the upregulation of thermogenic
genes/proteins in iBAT (Figure 4F) and iWAT (Figure 4G) observed in
WT mice treated with MaR1 was abrogated in /6~ /~ mice treated with
this SPM. ) Interestingly, the administration of recombinant IL-6 (rIL-6)
to cold exposed /l6-deficient mice restored the stimulatory effect of
MaR1 on thermogenic genes in iBAT and iWAT (Figure 4H,I). All these
data strongly support that the presence of IL-6 is required for MaR1-
thermogenic actions, at least after acute administration in cold-
exposed lean mice. It is important to note that with our current data
it cannot be established whether IL-6 plays a permissive or an active
role on MaR1 thermogenic actions. IL-6 also mediates the metabolic
benefits of protectin DX (PDX), another DHA-derived SPM. However,
PDX insulin-sensitizing actions take place through a myokine-liver
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Figure 3: MaR1 induces beige adipocyte markers in iWAT of DIO mice and in human mesenchymal stem cells (hMSC)-derived adipocytes. (A—D) UCP1 protein (A), and
mRNA expression levels of key regulators of mitochondrial biogenesis and fatty acid oxidation genes (B), and of beige/browning characteristic genes (C) as well as of genes related
with inflammation and macrophage polarization (D) in iWAT from 20 weeks-old DIO mice treated with MaR1 (50 pg/kg) or vehicle by oral gavage for 10 days. Data (mean + SEM)
are expressed as fold change relative to DIO mice-treated with vehicle and considered as 1. (n = 5—8). *p < 0.05, *p < 0.01, **p < 0.001 vs. DIO mice. (E) Representative
images of IHF labelling of CD206, and quantification of immunoreactive signals in iWAT of 20 weeks-old DIO mice treated with MaR1 (50 pg/kg) or vehicle by oral gavage for 10
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with vehicle and considered as 1. (n = 2—5). *p < 0.05; **p < 0.01 vs. vehicle-treated adipocytes.

glucoregulatory axis, and it seems to be independent of IL-6 activation
in brown adipocytes in mice [56]. In contrast, MaR1 activates /6
expression mainly in iBAT (close 6-fold increase), and only a moderate
upregulation was also found in muscle (around 1.5-fold increase), but
not in epididymal WAT (eWAT) or liver of cold-exposed mice (see
Figure S6A), suggesting that iBAT could be mainly contributing to the
marginally higher levels of circulating IL-6 observed after acute
treatment with MaR1 in these cold-exposed WT mice (Figure S6B). A
limitation of our study is that we could not test the chronic actions of
MaR1 (oral gavage) in diet-induced obese //6 deficient mice. Therefore,
future studies should be performed to better characterize the role of IL-
6 in the chronic actions of MaR1 on iBAT of DIO mice housed at room
temperature or thermoneutrality.

3.4. LGR6 receptor mediates the MaR1-induced upregulation of
thermogenic genes in fully differentiated murine brown adipocytes
Recently, Chiang et al. [57] identified Leucine Rich Repeat Containing G
Protein-Coupled Receptor 6 (LGR6) as the receptor activated by MaR1,

and mediating MaR1’s proresolving functions in phagocytes. We found
that Lgr6 is also expressed in iBAT and iWAT, and its expression is
upregulated after chronic treatment with MaR1 in DIO mice (Figure 5A).
Similarly, Lgr6 mRNA levels were also increased in cultured differ-
entiated brown adipocytes treated with MaR1 (Figure 5B), further
suggesting a potential role of the LGR6 receptor in MaR1 thermogenic
actions. In order to elucidate the involvement of LGR6 activation in the
thermogenic actions of MaR1, we evaluated the effect of MaR1 in
LGR6-depleted brown adipocytes using siRNA (Figure 5C—E). Our data
revealed that the MaR1-induced upregulation of Ucpl and Pgcla
mRNA levels was abolished after silencing LGR6 expression in fully
differentiated brown adipocytes (Figure 5D,E). These data suggest that
LGR6 receptor is mediating the stimulatory effects of MaR1 on ther-
mogenic regulators in cultured brown adipocytes. Future research
should be performed to characterize if all the in vivo actions of MaR1
on brown/beige adipose tissue are also dependent of LGR6 receptor by
analyzing the effects of MaR1 administration on adipose tissue-
specific Lgré knockout mice.

MOLECULAR METABOLISM 74 (2023) 101749 © 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

A B — WT Il6* C  vehicle MaR1
B WT + MaR1 B WT+MaR1 MaR1 - + - +
o =R UCP1 E=EE)
c g B /6% + MaR1 ;
o 8 E - B'ACtmE WT 1.5
b £ 3] . 1.5 -
26 2
5 £ T oge | ¥
v g = . - S5 E1o0
< - x e 1 5
4 - 17 O~ 73
€ 2 < 1Y 116 -+
o L0
© = @35 o5 X
0 Dio2 Gpri20 Glut1 Glutd :
D E F
o
< o
@
= 2
g2 SG ]
[ @S (4
m - <
o 37 n-w -2 S
o Eo -
£ ec * <
& 36 2 ]
35 go
m L
Ucp1 Prdm16 Dio2 Gpr120 Fgf21 Ppara Pparg
G 30 o wr H = 6+ +venicte+ns | £ /167 + vehicle + riL6
25 b B WT + MaR1 WT 6" W //67 +MaR1+ riL6 W /67 +MaR 1+ riL6
MaR1 - + - + 4 T
20 ?
L — R ucp1 [ = -
<15 E //6% + MaR1 1 < -
Zs R B-Actin[= = « « 23 Z,
m m 1 ~
E 4 g’ ELl . E ,
%3 83 1 g p=0.06 <
E 2 = wohk : <92 ] E 14
1 # #  ZT 1
ol
0 > o o
Gpri20 Prdm16 Tmem26 Fgf21 0 Ucp1 Prdm16 Fgf21 Ucp1 Prdm16 Fgf21

Figure 4: IL-6 is required for the stimulatory effect of MaR1 on BAT and WAT browning. (A) Acute MaR1 treatment (24 h, 50 pg/kg; i. p.) upregulates //6 mRNA levels in iBAT
of cold-exposed (4 °C, 24 h) lean WT mice. Data are expressed as mean + SEM (n = 7). ***p < 0.001 vs. WT (vehicle-treated) mice. (B) MaR1 (1 nM) stimulates thermogenic
genes/proteins in ex vivo iBAT explants of lean WT, but not in /l6~'~ mice. (n = 4—7). Data are expressed as fold change relative to WT mice-treated with vehicle and considered
as 1. *p < 0.05; **p < 0.01; ¥**p < 0.001 vs. WT (vehicle-treated) mice; *p < 0.01 vs. 6=/~ (vehicle-treated) mice. (C) BAT activity assessed by '8F-FDG microPET in lean
WT or /6=~ mice treated with MaR1 (50 ug/kg; i. p.) or vehicle, and then exposed for 1 h at 4 °C, prior injection of "8F_FDG. Left panel: coronal sections of mice. White arrow:
iBAT pads. Right panel: maximum standardized uptake value (SUVmax). (n = 3—5). *p < 0.05 vs. WT (vehicle-treated) mice. (D) Temperature of the skin BAT area measured by
infrared thermal images after 1 h cold exposure with or without MaR1 (50 pg/kg, i. p.) in lean WT or /16~ ~ mice. (n=4-9). *p < 0.05 vs. WT (vehicle-treated) mice. (E) Changes
in rectal temperature in lean WT or #6~/~ mice treated (i.p.) with MaR1 (50 ng/kg) or vehicle and exposed for 24 h at 4 °C. (n = 6—7). *p < 0.05 vs. WT (vehicle-treated) mice.
(F—G) Expression of thermogenic genes/proteins in iBAT (F) and iWAT (G) of lean WT or /l6— '~ mice treated with MaR1 (50 pg/kg; i. p.) or vehicle and exposed for 24 h at 4 °C.
(n = 3=7). *p < 0.05; **p < 0.01; ***p < 0.001 vs. WT (vehicle-treated) mice; "p < 0.05; #p < 0.01; *p < 0.001 vs. #I6~'~ (vehicle-treated) mice. (H—I) Administration of
recombinant IL-6 (rlL-6) (3.2 ng/kg, twice, every 12 h, i. p.) restores the stimulatory effect of MaR1 on thermogenic genes in iBAT (H) and iWAT (1) of lean //6~ "~ mice exposed for
24 h at 4 °C. Data are expressed as fold change relative to /6=~ mice treated with vehicle and riL-6 and considered as 1. (n = 5). *p < 0.05, **p < 0.01 vs.l6~/~
(vehicle + riL-6-treated) mice.

On the other hand, a study has revealed a key role of 12-LOX in BAT  However, a recent study has revealed that a longer period of cold
response to cold exposure, mainly by producing the lipid mediator 12-  exposure (4 °C, 7 days) increased MaR2 and related structural iso-
HETE [23]. 12-LOX is a key enzyme in MaR1 biosynthesis, and cold  mers, but did not detect changes in MaR1 in BAT of high-fat diet fed
exposure also upregulates the expression of 14-HDHA, a precursor of  obese mice as compared with those mice housed at thermoneutrality
MaR1, in iBAT and iWAT [23]. Moreover, cold exposure also upregu-  [58]. Although both studies are not comparable, they suggest differ-
lated EPHX1 and 2 in BAT of mice [11], which also participate in the ential in vivo effects of MaR1 and MaR2 administration on BAT and
biosynthesis of Maresins. In this way, our current studies have also  WAT. Thus, in contrast to what is observed in our current and previous
found that cold exposure (4 °C, 24 h) increases the iBAT content of  studies with MaR1 [19], MaR2 treatment (10 pg/kg i. p., 26 days) did
MaR1 and its precursor 14-HDHA, in parallel with the upregulation of  not significantly modulate expression of inflammatory genes in BAT or
the Lgr6é mRNA expression as compared to room temperature-housed ~ WAT [58]. In order to get a better insight on the potential differential
lean mice (Figure 6 A and B). All these findings and our current data  effects of MaR2 and other SPMs in brown adipocytes, we treated fully
suggest that increased MaR1 production and action could also be differentiated murine brown adipocytes with MaR2, RvD1 and RvD2
involved in physiological BAT activation by cold exposure. In our (0.1—1 nM, 24 h). MaR2 exerted a moderate upregulation of Ucp1 than
experimental conditions, we did not find any significant changes in MaR1, and in contrast to MaR1, it did not modify Dio2 or even
MaR2 content in iBAT in response to cold exposure (data not shown).  downregulated Fgf21 mRNA (Figure S7A). RvD1 upregulated Dio2
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Figure 5: MaR1 promotes upregulation of thermogenic genes via LGR6 in fully differentiated murine brown adipocytes. (A—B) Expression of Lgr6 in (A) iBAT and iWAT
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adipocytes (n = 6). (D—E) Ucp? (D) and Pgcia (E) mRNA levels in Lgr6-silenced brown adipocytes treated with vehicle or MaR1 (0.1, 1 nM) for 24 h (n = 5). Data are
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Figure 6: Cold exposure increases MaR1 and Lgr6 levels in iBAT of lean mice. (A—B) Levels of MaR1 and 14-HDHA (A) and of Lgré mRNA (B) in iBAT of sixteen-week-old

male mice housed at room temperature or cold (4 °C) for 24 h. Data are mean + SEM.

mRNA, no modified Fgf21, but at the dose of 1 nM downregulated
Ucp1 (Figure S7B). In contrast, RvD2 (1 nM) upregulated Dio2, Fgf21
and Ucp1 (Figure S7C). These data show differential metabolic effects
of these SPMs on brown adipocytes, and suggest that MaR1 seems to
be more effective in promoting brown adipocytes activation than the
other DHA-derived SPMs tested. Interestingly, a previous study of our
group found that the BAT of aged DIO mice have lower levels of SPMs
than young mice, suggesting that the increase of inflammation and the
drop of BAT activity that occurs during aging and obesity could be
related to the decrease in Maresins and other SPMs [24]. These
findings highlight the relevance of performing further studies to better
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(n = 3—6). *p < 0.05; ***p < 0.001 vs. room temperature.

understand the specific physiological/therapeutic actions on brown/
beige adipose tissue of each SPMs. In summary, the current study
provides first evidence of MaR1 acting as a novel inducer of iBAT
activity and iWAT browning by regulating thermogenic program in
adipocytes and polarization of M2 macrophages. Moreover, our data
suggest that LGR6 receptor seems to mediate MaR1 actions on brown
adipocytes, and that IL-6 is required for the thermogenic effects of
MaR1. Furthermore, these thermogenic actions of MaR1 could
contribute to its previously reported insulin sensitizing and anti-
steatotic properties, representing a promising therapeutic agent to
tackle obesity-associated metabolic disorders.
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