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The u6-fatty acid, arachidonic acid, regulates
the conversion of white to brite adipocyte
through a prostaglandin/calcium mediated
pathway
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Justine Bertrand-Michel 4,5,6, Michel Tauc 8,9, Stephan Herzig 7, Dominique Langin 5,6,10, Gérard Ailhaud 1,2,3,
Christophe Duranton 8,9, Ez-Zoubir Amri 1,2,3,*
ABSTRACT

Objective: Brite adipocytes are inducible energy-dissipating cells expressing UCP1 which appear within white adipose tissue of healthy adult
individuals. Recruitment of these cells represents a potential strategy to fight obesity and associated diseases.
Methods/Results: Using human Multipotent Adipose-Derived Stem cells, able to convert into brite adipocytes, we show that arachidonic acid
strongly inhibits brite adipocyte formation via a cyclooxygenase pathway leading to secretion of PGE2 and PGF2a. Both prostaglandins induce an
oscillatory Caþþ signaling coupled to ERK pathway and trigger a decrease in UCP1 expression and in oxygen consumption without altering
mitochondriogenesis. In mice fed a standard diet supplemented with u6 arachidonic acid, PGF2a and PGE2 amounts are increased in sub-
cutaneous white adipose tissue and associated with a decrease in the recruitment of brite adipocytes.
Conclusion: Our results suggest that dietary excess of u6 polyunsaturated fatty acids present in Western diets, may also favor obesity by
preventing the “browning” process to take place.

� 2014 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/3.0/).
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1. INTRODUCTION

Both overweight and obesity result from an imbalance between energy
intake and energy expenditure. So far, regulation of energy intake by
dietary and pharmacological treatments has met limited success. In
the last few years, the characterization of functional brown adipose
tissue (BAT) in adult humans has opened new perspectives for regu-
lating energy expenditure. In contrast to white adipose tissue (WAT)
involved in energy storage, BAT is endowed with a thermogenic activity
and regulates body temperature by dissipating energy through heat
production [1]. This process of non-shivering thermogenesis is due to
the occurrence of the Uncoupling Protein 1 (UCP1) localized in BAT
mitochondria and is induced in rodents in response to cold via b-
adrenergic stimulation. The energy-dissipating properties of UCP1 lead
to an increased oxidation of fatty acids and are important for body
weight regulation [2]. Interestingly, another population of thermogenic
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adipocytes is present in rodent WAT and termed brite for “brown in
white” or beige adipocytes [3,4]. These brown-like adipocytes appear
in response to cold exposure or high-fat diets and stem either from
progenitors or by direct conversion of mature white adipocytes [5e7],
and have been recently found in adult humans [8e12]. Induction of
their activity appears as an interesting strategy to fight obesity by
enhancing body energy expenditure as increased oxidation of fatty
acids within these cells limits their release into the general circulation.
We isolated human Multipotent Adipose-Derived Stem (hMADS) cells
as the first model of cells undergoing the conversion from white to brite
functional phenotype [13,14]. This cell model appears suitable for
studies aimed at delineating the role of key components of diets in this
process, among which the possible involvement of essential u6
polyunsaturated fatty acids (PUFAs).
Dietary fats are the source of the essential PUFAs, bothu6 linoleic acid
(LA), a precursor ofu6 arachidonic acid (ARA), andu3 a-linolenic acid,
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a precursor of u3 eicosapentaenoic (EPA) and docosahexaenoic acid
(DHA). These very long-chain PUFAs trigger a variety of biological re-
sponses and are required for a healthy development. Prostacyclin (PGI2)
and other prostaglandins of the 2 series (PGD2, PGE2 and PGF2a) are
prostanoids synthesized fromARA and are involved in the differentiation,
maturation and function of white adipocytes. PGI2 triggers adipocyte
differentiation in vitro [15] and in vivo [16,17], while PGF2a behaves as a
strong inhibitor [18,19]. The role of PGE2 is more controversial, as it has
been described to inhibit or to promote adipogenesis [20,21], and is
likely due to the diversity of its receptors able to modulate differently
both Caþþ and cAMP-dependent pathways [22].
During the last decade, dietary recommendations have taken into ac-
count the insufficient intake of u3 PUFAs and the excess of u6 PUFAs
which is correlated with overweight/obesity [23,24]. Interestingly, high
u6/u3 ratios are positively associated with adiposity of infants at 3 and
4 years of age [25,26]. ARA levels correlate positively with body mass
index (BMI) and the associated metabolic syndrome [27e30]. Diets
with higher u6/u3 ratio result in higher arachidonic acid and lower
EPA þ DHA levels in plasma and adipose tissue and enhance ARA
availability to synthesize PGs of the 2 series in adipose tissue.
Since brite/brown adipocytes appear absent from obese patients [8], we
therefore sought to analyze the possible role of u6 ARA and its me-
tabolites in human brown/brite adipocyte development and functions.
Herein, we show a potent inhibitory effect of ARA on white to brown
adipocyte conversion of hMADS cells. ARA inhibits the expression of
UCP1 and leads to a decrease in the thermogenic capacity of hMADS
adipocytes characterized by a lower mitochondrial activity and basal
oxygen consumption. The effect of ARA is mediated via cyclooxygenase
activities leading to increased synthesis and release of PGE2 and
PGF2a. Thorough analysis of the role of PGE2 and PGF2a demonstrate
that the ARA/prostaglandin/calcium pathway is responsible of impairing
the browning process. Finally, we show that supplementing mice with
an ARA-enriched diet leads to increased synthesis of both prostaglan-
dins while lowering the occurrence of inducible brite adipocytes upon
stimulation of the recruitment by b3-adrenergic receptor agonist.

2. MATERIALS AND METHODS

2.1. Animals
The experiments were conducted in accordance with the French and
European regulations (directive 2010/63/EU) for the care and use of
research animals and were approved by local experimentation com-
mittees (Nice University and Ciepal Azur: protocol NCE-2012-57). Ten-
week-old C57Bl/6JRccHsd female mice were from Harlan and main-
tained at constant temperature (21� 2 �C) and 12:12-hour lightedark
cycles, with ad libitum access to diet and water. Mice were fed for 4
weeks with ARA- or oleic acid (OA)-supplemented diet. Chronic b-
adrenergic receptor stimulation was carried the last week of the diet by
daily intra-peritoneal injections of CL316,243 (1 mg/kg/day in saline
solution). Control mice were injected with vehicle only. Standard chow
diets (ref. 2016, Harlan Lab., WI, USA) were enriched with 11 g/Kg of
oleateeethyleester or arachidonateeethyleester (Harlan Lab., WI,
USA, Nu-Chek-Prep, MIN, US) and 5 g/Kg of Safflower Oil to favor
dispersion of ethyl esters in the diet. Blood, interscapular BAT (iBAT)
and inguinal subcutaneous WAT (scWAT) were sampled and used for
different analysis. Histology, protein and RNA extracts as well as
further analysis are described in Supplemental procedures.

2.2. hMADS cell culture
The establishment and characterization of hMADS cells have been
described in Refs. [13,31e33]. In the experiments reported herein
MOLECULAR METABOLISM 3 (2014) 834e847 � 2014TheAuthors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
hMADS-3 cells were used and came originally from the prepubic fat
pad of a 4-month-old male. Cells were used between passages 14 and
25, and all experiments have been performed at least 3 times using
different cultures. Cells were seeded at a density of 5000 cells/cm2 in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FBS, 15 mM Hepes, 2.5 ng/ml hFGF2, 60 mg/ml penicillin, and 50 mg/
ml streptomycin. hFGF2 was removed when cells reached confluence.
Cells were triggered for differentiation at day 2 post-confluence
(designated as day 0) in DMEM/Ham’s F12 media supplemented
with 10 mg/ml transferrin, 10 nM insulin, 0.2 nM triiodothyronine, 1 mM
dexamethasone and 500 mM isobutyl-methylxanthine. Three days
later, the medium was changed (dexamethasone and isobutyl-
methylxanthine omitted) and 100 nM rosiglitazone were added. At
day 9 rosiglitazone was withdrawn to enable white adipocyte differ-
entiation (R3e9) but again included between days 14 and 17 to
promote white to brite adipocyte conversion (R3e9/14e17). Media
were changed every other day and cells used at day 17. Fatty acids
and prostaglandins were bound to BSA (0.04% for 15 min at 37 �C)
prior to inclusion to culture media. Analysis of secreted prostanoids
was performed at day 17 after incubation of the cells for 10 min in
fresh culture media. PGE2, PGF2a and 6-keto-PGF1a were quantified
by EIA following manufacturer’s instructions (Cayman, BertinPharma,
Montigny le Bretonneux, France). Glycerol-3-phosphate dehydroge-
nase (GPDH) activity measurements and Oil Red O staining were
performed as described previously in Ref. [34]. Immunostaining, Cy-
tochrome c oxidase activity measurements, protein and RNA extracts
preparation and further analyses are described in Supplemental
procedures.

2.3. Prostanoid quantification in vivo by mass spectrometry
analysis
All tissues were snap-frozen with liquid nitrogen immediately after
collection and stored at �80 �C until extraction. For extraction, each
frozen adipose tissue was crushed with a FastPrep�-24 Instrument
(MP Biomedical) in 500 mL of HBSS (Invitrogen) and 5 mL of internal
standard (Deuterium labeled compounds). After 2 crush cycles (6.5 m/
s, 30 s), 20 mL were withdrawn for protein quantification and 300 mL
of cold methanol (MeOH) were added. After centrifugation at 900 g for
15 min at 4 �C, supernatants were transferred into 2 ml 96-well deep
plates and diluted in H2O to 2 ml. Samples were then submitted to
solid phase extraction (SPE) using HRX 96-well plate (50 mg/well,
Macherey Nagel) pretreated with MeOH (2 ml) and equilibrated with
10% MeOH (2 ml). After sample application, extraction plate was
washed with 10% MeOH (2 ml). After drying under aspiration, lipid
mediators were eluted with 2 ml of MeOH. Prior to LC-MS/MS analysis,
samples were evaporated under nitrogen gas and reconstituted in
10 mL of MeOH.
LC-MS/MS analyses of prostanoids were performed as previously
described in Ref. [35]. Briefly, lipid mediators were separated on a
ZorBAX SB-C18 column (2.1 mm, 50 mm, 1.8 mm) using Agilent 1290
Infinity HPLC system coupled to an ESI-triple quadruple G6460 mass
spectrometer (Agilent Technologies). Data were acquired in Multiple
Reaction Monitoring (MRM) mode with optimized conditions (ion optics
and collision energy). Peak detection, integration and quantitative
analysis were done using Mass Hunter Quantitative analysis software
(Agilent Technologies) based on calibration lines built with commer-
cially available prostanoid standards (Cayman Chemicals).

2.4. Measurement of oxygen consumption
Oxygen consumption was measured using polarometric technique.
Briefly, differentiated cells were introduced in a closed chamber
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Figure 1: Differential effect of ARA on white to brite adipocyte conversion. hMADS cells
were differentiated into white (R3e9) or brite (R3e9/14e17) adipocytes, and treated
or not between days 14 and 17 with 10 mM ARA. (A) UCP1 mRNA expression deter-
mined by RT-qPCR and (B) UCP1 protein level analyzed by Western blot (whole cell
lysates, 80 mg/lane). b-tubulin was used as loading control. Histograms represent
mean � SEM of 3 independent experiments. a: p < 0.01 vs R3e9/14e17.

Original article
(containing 1.5e2 ml of air-saturated culture medium) and oxygen
level was measured using a Clark electrode (YSI53, USA). Decrease of
oxygen in the chamber was monitored as a function of time using a
Powerlab 8/35 acquisition system (AD instruments, UK).

2.5. Analysis of Caþþ
flux

hMADS cells were seeded in 4 well plates and differentiated until day
17 into brite adipocytes (all results presented herein were reproduced
with day 14 adipocytes and day 17 white adipocytes). Cells were
incubated for 20 min at 37 �C with 5 mM of the fluorescent Caþþ

sensitive probe Quest Fluo-8 (Euromedex) in PBS supplemented with
2 mM CaCl2 and 0.05% BSA. Cells were finally washed in PBS con-
taining 2 mM CaCl2 or in Caþþ-free PBS and installed on the stage of
an inverted microscope maintained at 37 �C and illuminated with a
xenon lamp through a dichroic filter (excitation 490 nm and emission
over 510 nm). Digital images were recorded every 5 s with a low light
level camera (Photonic Science) and processed for grey level analysis
through imaging workbench software (v2.1).

2.6. Statistical analysis
Data are expressed as mean values� sem and are analyzed using the
2-tailed Student’s t test. Differences were considered statistically
significant at p � 0.01.

3. RESULTS

3.1. Differential effect of u6 PUFAs on white and brite adipocyte
differentiation
hMADS cells were differentiated after 17 days into white (rosiglitazone
treatment between days 3 and 9, R3e9) or brite (rosiglitazone treatment
between days 3 and 9 and then between days 14 and 17, R3e9/14e
17) adipocytes according to our published protocol [13,14] and treated
or not with ARA between days 14 and 17. At the end of this treatment,
UCP1 mRNA and protein levels were assessed. As shown in Figure 1A,
ARA strongly inhibited UCP1 mRNA expression in cells acquiring the
brite phenotype. This decrease in UCP1 expression was confirmed at the
protein level (Figure 1B). Of note, using the same protocol, linoleic acid
did not modulate UCP1 mRNA expression (data not shown).
In contrast to the effect on UCP1 gene expression, ARA treatment did
not affect adipogenesis per se. Oil Red O staining, GPDH activity
perilipin immunostaining and expression of various gene markers were
not altered whereas a slight inhibitory effect was observed on adipo-
nectin (ADPQ) and fatty acid binding protein 4 (FABP4) mRNA
expression (Figure 2AeD). It appeared that ARA inhibits the expression
of UCP1 and other PPARg-target genes (such as ADPQ and FABP4)
during brite adipocyte formation without affecting overall adipogenesis.

3.2. ARA inhibits the UCP1-associated function but not
mitochondriogenesis
In order to further characterize ARA effects on the brite phenotype, we
analyzed mRNA expression of several classical brite and mitochondrial
markers. There was a significant decrease of FABP3 expression (a fatty
acid binding protein preferentially expressed in brown adipocyte and
promoted by PPARg), a trend of non-significant decrease of CPT1-M
and CIDEA expression, and no variation for PRDM16, ELOVL3, PAT2
and P2RX5 mRNA expression. Other mitochondrial markers (associ-
ated or not to the brite adipocyte phenotype) were not affected by ARA
treatment (Figure 3A). TIMM23 (a specific transporter of the inner
mitochondrial membrane) immunostaining showed no difference in the
mitochondrial content of cells treated or not with ARA (Figure 3B)
leading to similar maximal oxygen consumption (Figure 3C). ARA-
836 MOLECULAR METABOLISM 3 (2014) 834e847 � 2014 TheAuthors. Published by Elsevier Gmb
induced inhibition of UCP1 was accompanied by a significant reduc-
tion in the basal oxygen consumption (Figure 3C) reflecting the
reduction in UCP1 uncoupling activity. Similarly, Cytochrome c oxidase
activity was significantly reduced in ARA-treated brite mitochondria
(Figure 3D). Due to the reduced uncoupling activity of UCP1 in ARA-
H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 2: hMADS cells were maintained in the presence of 100 nM rosiglitazone from day 3 to day 9 (R3e9) or further exposed to rosiglitazone from day 14 to day 17 (R3e9/14e
17) in the absence or presence of 10 mM ARA. Oil red O staining (A) and GPDH activity measurements (B) were carried out. (C) Immunodetection of perilipin (in red) was performed
at day 17 and nuclei were counterstained with DAPI (in blue). (D) mRNA expression of adipogenic markers was determined by RT-qPCR. Histograms represent mean � SEM of 3
independent experiments. a: p < 0.01 vs R3e9/14e17. Scale: 20 mm.
treated cells, mitochondrial complex IV activity was decreased through
a regulation of Cytochrome c oxidase activity, in order to reach an
oxidative phosphorylation activity equivalent to that of white adipocytes
[36]. Collectively, these data demonstrate that ARA did not affect
mitochondriogenesis per se whereas it inhibited mitochondrial activity
associated with UCP1 expression.

3.3. ARA inhibitory effect is mediated through cyclooxygenase
activity
As early steps of ARA metabolism are mediated through cyclo-
oxygenase activity, we analyzed involvement of cyclooxygenase 1
(COX-1) and 2 (COX-2). As shown in Figure 4A, COX-1 and COX- 2
mRNA are expressed in hMADS adipocytes and their expression
increased upon ARA treatment with a stronger effect on COX-2 mRNA.
In order to determine whether COX activities were involved in the ef-
fects of ARA on brite adipocyte differentiation, indomethacin, a non-
selective COX inhibitor, and celecoxib, a specific COX-2 inhibitor,
were used. Clearly, both inhibitors were able to reverse the ARA
MOLECULAR METABOLISM 3 (2014) 834e847 � 2014TheAuthors. Published by Elsevier GmbH. This is an open
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inhibitory effect on UCP1 mRNA expression (Figure 4B) as well as that
on FABP4 and ADPQ mRNA expression (Figure 4C). Of note, COX-2
mRNA expression was also regulated by COX inhibitors (Figure 4C),
favoring the existence of an auto-regulatory loop. The expression of
PPARg (both PPARg1 and PPARg2), adipsin and perilipin were not
affected by ARA and COX inhibitors (Figure 4C).

3.4. Prostaglandins E2 and F2a but not prostacyclin mediate the
ARA inhibitory effect
The conversion of ARA to PGH2 via the COX pathway leads to the
synthesis of prostaglandins through a variety of prostaglandin syn-
thases. Genes encoding for main prostaglandin synthases (PTGES1
and 2, AKR1B1, AKR1C3, CBR1, PTGIS and PTGDS) are expressed in
hMADS adipocytes (data not shown) and were not significantly
modulated by ARA except for PGI2 synthase (PTGIS) (Supplemental
Figure 1). Expression of PTGIS decreased upon ARA treatment. This
inhibitory effect involves COX activity as it was prevented in the
presence of COX inhibitors (Supplemental Figure 1).
accessarticle under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 837
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Figure 3: Changes in the brite phenotype of ARA-treated cells. hMADS cells were maintained in the presence of 100 nM rosiglitazone and treated or not from day 14 to day 17
with 10 mM ARA. Rosiglitazone-untreated cells were used as control. (A) Brown (CPT-1M and CIDEA) and mitochondrial markers (COX10, CYTC, MFN2, TOMM20 and TIMM23)
mRNA expression were analyzed by RT-qPCR. (B) Mitochondria content analyzed by immunodetection of TIMM23 (red). Nuclei were counterstained with DAPI (blue). (C) Basal
(untreated cells) and maximal (FCCP-treated cells) oxygen consumption levels measured in resuspended cells with an oxygraphic probe. (D) Cytochrome c oxidase activity was
measured. Histograms represent mean � SEM of 3 (A and D) or 4 (C) independent experiments. a: p < 0.01 vs R3e9/14e17. Scale: 20 mm.

Original article
Under ARA treatment, differentiated brite adipocytes were able to
synthesize and secrete PGE2 and PGF2a (Figure 5A). Despite the
down-regulation of PTGIS gene expression, cells were not altered in
their ability to synthesize PGI2 as shown by measurement of its stable
838 MOLECULAR METABOLISM 3 (2014) 834e847 � 2014 TheAuthors. Published by Elsevier Gmb
secreted metabolite 6-keto-PGF1a (Figure 5A). As expected, the
synthesis of these prostaglandins was dependent on COX-2 activity,
evidenced by the inhibition of secreted PGF2a, PGE2 and 6-keto-
PGF1a in the presence of celecoxib (Figure 5A).
H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 4: Cyclooxygenases drive ARA effect in hMADS cells. (A) Cyclooxygenases (COX-1 and COX-2) mRNA expression assessed by RT-qPCR in cells exposed to 100 nM
rosiglitazone and treated or not with 10 mM ARA between days 14 and 17. Untreated cells were used as control. (B) and (C) hMADS adipocytes were treated with 100 nM
rosiglitazone and 10 mM ARA supplemented or not with 1 mM indomethacin (indo) or 100 nM celecoxib. mRNA expression of various adipogenic markers was analyzed by RT-
qPCR. Histograms represent mean � SEM of 3 independent experiments. a: p < 0.01 vs R3e9/14e17; b: p < 0.01 vs R3e9/14e17 þ ARA.
In order to determine whether these prostaglandins were indeed
responsible of the ARA inhibitory effect on UCP1 expression, specific
prostaglandin receptor ligands were used. The 16,16-dimethyl-PGE2
(dm-PGE2), a stable analog of PGE2 which binds to its cognate re-
ceptors EP1-4 as well as two agonists of the PGF2a receptor FP, i.e.
fluprostenol and latanoprost, were able to inhibit, in a dose dependent
manner, UCP1 expression at the mRNA and protein levels (Figure 5B,
Supplemental Figure 1B,C). The effects of dm-PGE2 and fluprostenol
on other gene expression were similar to those observed in the
presence of ARA (Figure 4D) except for PTGIS expression, which was
significantly inhibited only by dm-PGE2 (Supplemental Figure 1A).
ARA is a precursor of prostacyclin in hMADS cells (Figure 5A) but its
stable analog cPGI2 fails to inhibit UCP1 mRNA expression (Figure 5B).
As previously described in other cells [37], cPGI2 was able to replace
rosiglitazone in order to induce UCP1 mRNA expression. As found
under rosiglitazone treatment, ARA inhibits this cPGI2 effect
(Supplemental Figure 1D). Interestingly, cPGI2 and rosiglitazone did not
induce additive effect (Figure 5B), and seem to have a common
pathway as cPGI2 was unable to reverse the ARA-induced inhibition of
UCP1 mRNA expression under rosiglitazone treatment (Supplemental
Figure 1D). Altogether, these results indicated that ARA modulated
the acquisition of the brite adipocyte phenotype in hMADS cells through
the release of PGE2 and PGF2a.
MOLECULAR METABOLISM 3 (2014) 834e847 � 2014TheAuthors. Published by Elsevier GmbH. This is an open
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3.5. ARA, PGE2 and PGF2a trigger intracellular calcium oscillations
PGF2a and PGE2 receptors (FP and EP1 respectively) are known to be
coupled to Gq and intra-cellular calcium signaling. Thuswe assessed the
possible effects of ARA and various prostaglandin receptor ligands on the
changes of intracellular calcium levels in hMADS adipocytes. As shown
in Figure 5A, ARA, dm-PGE2 and fluprostenol were able to trigger an
intracellular calcium concentration (i[Caþþ]) rise in brite adipocytes. This
first rise was followed by oscillation of i[Caþþ], with sustained frequency
and intensity during at least 20 min (Figure 6A and Supplementary
videos 1 and 2). LA and cPGI2, which were not effective in inhibiting
UCP1 mRNA expression, did not induce i[Caþþ] fluxes (Figure 6B).
i[Caþþ] oscillations displayed by hMADS adipocytes were dependent on
both external and internal pools of Caþþ. In the absence of extracellular
calcium ARA failed to induce i[Caþþ] increase while addition of external
calcium restored calcium oscillations (Supplemental Figure 2A). More-
over, i[Caþþ] oscillations were completely abolished by the addition of
thapsigargin (a non-competitive inhibitor of sarco-endoplasmic reticu-
lum Caþþ ATPases) or EGTA (Supplemental Figure 2B,C). These i[Caþþ]
oscillations likely reflect the classical profile of Calcium-induced Cal-
cium-release (CICR) phenomenon. The Calcium Release Activated Cal-
cium (CRAC) mechanismmight be excluded since the addition of the TRP
inhibitor (SKF96365) showed no effect on the ARA-induced calcium
oscillations (Supplemental Figure 2C).
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Figure 5: Prostaglandins drive ARA effects on brite adipogenesis. hMADS cells were treated or not with 100 nM rosiglitazone from day 14 to day 17. (A) Rosiglitazone-treated cells
were exposed to 10 mM ARA in the presence or not of 100 nM celecoxib for the 3 days. After a last change PGF2a, PGE2 and 6-keto-PGF1a were quantified from culture medium
after 10 min incubation by EIA. (B) UCP1 mRNA expression analyzed by RT-qPCR or (C) UCP1 protein level assessed by Western blotting (whole cell lysates, 80 mg/lane, b-tubulin
was used as loading control) in rosiglitazone-treated cells exposed to 10 mM ARA, 1 mM 16,16-dm-PGE2 (dm-PGE2), 10 nM fluprostenol (agonist of PGF2a receptor) or 1 mM cPGI2
(stable analog of PGI2). (D) Effects of ARA, dm-PGE2 and fluprostenol on others mRNA expressions analyzed by RT-qPCR. Untreated cells were used as control. Histograms
represent mean � SEM of 3 independent experiments. a: p < 0.01 vs R3e9/14e17; b: p < 0.01 vs R3e9/14e17 þ ARA.

Original article
PGE2 and cPGI2 are known to activate cAMP dependent pathway. In
hMADS adipocytes, EP4 (PGE2 receptor) mRNA levels were up-
regulated by ARA treatment (Supplemental Figure 2F). In this situa-
tion, EP4 would generate a cAMP compensatory pathway. Disruption of
this pathway, using a specific EP4 inhibitor (AH23848), led to a
stronger inhibition of UCP1 mRNA expression in response to ARA
treatment (Supplemental Figure 2G). This compensatory effect was not
associated with modulation of i[Ca

þþ] fluxes, as treatment with cAMP-
elevating agents such as 8-bromo-cAMP or cPGI2 did not affect these
oscillations (Supplemental Figure 2D,E).
840 MOLECULAR METABOLISM 3 (2014) 834e847 � 2014 TheAuthors. Published by Elsevier Gmb
3.6. Inhibition of UCP1 gene expression is mediated by a Caþþ/
ERK signaling pathway
In order to obtain more insights into the mechanisms involved in ARA
and PGs-induced inhibition of UCP1 gene expression, we focused our
interest on the use of fluprostenol since its effects were mediated
mainly through the cell surface FP receptor via Gq protein. As ex-
pected, decreasing extracellular Caþþ availability by EGTA was able to
reverse fluprostenol-induced inhibition of UCP1 mRNA expression
without affecting adipogenesis as shown by unaltered perilipin mRNA
expression (Figure 7A).
H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 6: Intra-cellular Caþþ oscillations are induced by ARA and its metabolites. hMADS cells were differentiated into brite adipocytes in the presence rosiglitazone and incubated
15 min with a fluorescent sensitive Caþþ probe (Quest Fluo-8). Cells were analyzed by live fluoromicroscopy. (A) 100 mM ARA, 10 mM dm-PGE2 and 100 nM fluprostenol induce a
transitory increase of i[Caþþ], followed by i[Caþþ] oscillations with a sustained frequency and intensity. (B) 100 mM LA and 10 mM cPGI2 did not trigger i[Caþþ] rise. Each track
represents integrated imaging of an individual cell. These data are representative of 5 independent experiments (10e50 cells recorded in each experiment).
It has been demonstrated in various cell types including pre-
adipocytes that fluprostenol was able, via FP receptor, to activate the
ERK pathway and to inhibit PPAR activity [16]. As shown in Figure 6B,
fluprostenol induced a transient increase in ERK1/2 phosphorylation.
Addition of CaCl2 to hMADS adipocytes, pre-incubated for 10 min in
Caþþ free media, induced a similar transient phosphorylation of
ERK1/2 (Figure 7B). As expected, pretreatment with EGTA or U0126,
a widely used MEK/ERK inhibitor, abolished fluprostenol-induced
ERK1/2 phosphorylation (Figure 7B). A chronic treatment with
U0126 during the conversion of white to brite hMADS adipocytes
between days 14 and 17 did not affect UCP1 mRNA induction and
adipogenesis (as assessed by perilipin gene expression) but was able
to reverse the inhibitory effect of fluprostenol (Figure 7C). Altogether,
these data strongly suggest that inhibition of the conversion of white
to brite adipocytes by ARA is a multi-step process involving the
synthesis and secretion of prostaglandins PGF2a and PGE2. The
signaling pathway appears to implicate, with respect to PGF2a, its
binding to the cognate FP receptor, i[Caþþ] oscillations and ERK
phosphorylation leading in turn to a lower PPARg activity charac-
terized by a decreased expression of PPARg-target genes, such as
ADPQ, FABP4 and UCP1.
MOLECULAR METABOLISM 3 (2014) 834e847 � 2014TheAuthors. Published by Elsevier GmbH. This is an open
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3.7. ARA-enriched diet inhibits the recruitment of brite adipocytes
induced by a chronic treatment with b3-adrenergic receptor agonist
We aimed to investigate in vivo whether prostaglandin synthesis
induced by ARA supply can attenuate b-adrenergic-induced UCP1
expression in WAT. For that purpose, we fed C57BL/6 mice a standard
diet supplemented with ARA (arachidonate ethyl ester 1.1% w/w) for 4
weeks. We used as a control mice fed an isocaloric diet based on oleic
acid (OA) enrichment (oleate ethyl ester 1.1% w/w), since OA does not
induce prostaglandin synthesis and does not affect UCP1 expression in
hMADS cells (data not shown). As expected, ARA or OA supplemen-
tations neither induce weight gain nor modify leptin plasma levels
(Figure 8A). In order to investigate the ARA effects on brite adipocyte
formation in white adipose tissue, ARA or OA-fed mice received during
the last week a b3-adrenergic receptor agonist CL316,243 (1 mg/kg/
day) or vehicle. Mice fed ARA-supplemented diet display a defective
induction of “browning”. Indeed, molecular analysis of subcutaneous
WAT (scWAT) showed an impaired increase of UCP1 mRNA and protein
expression upon CL316,243 treatment in ARA-compared to OA-
supplemented diet (Figure 8B,C). Histological analysis showed clearly
a defect in the formation of multilocular adipocytes characterized by a
low lipid droplet content and representative of activated brite/beige
accessarticle under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 841
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Figure 7: A Caþþ/ERK pathway is involved in the inhibition of white to brite adipocyte conversion. (AeC) hMADS cells were treated or not with 100 nM rosiglitazone from day 14 to
day 17. Rosiglitazone-treated cells were exposed or not to 10 nM fluprostenol. Unstimulated brite (R3e9/14e17) cells were used as control. (A) UCP1 and Perilipin mRNA
expression analyzed by RT-qPCR in the absence or presence of 300 mM EGTA. (B) Upper panel: hMADS adipocytes deprived of Caþþ for 48 h in DMEM/BSA 0.5% and then
exposed to 2 mM CaCl2 or 10 nM fluprostenol. Lower panel: deprived hMADS adipocytes pretreated for 10 min with 300 mM EGTA or 10 mM U0126, and then stimulated with
10 nM fluprostenol. Cells were lysed at the indicated times and analyzed by western blotting (whole cell lysate, 25 mg protein/line). Values correspond to ERK1/2 phosphorylated vs
ERK1/2 total protein intensity ratio evaluated with fluorescent signal quantification. (C) UCP1 and Perilipin mRNA expression analyzed by RT-qPCR in the absence or presence of
10 mM U0126. Histograms represent mean � SEM of 3 independent experiments. a: p < 0.01 vs R3e9/14e17; b: p < 0.01 vs R3e9/14e17 þ fluprostenol.

Original article
adipocytes (Figure 8D). Despite the limited browning found in ARA-fed
mice, we detected an increased expression of brown/brite adipocyte
markers CPT1-M, CIDEA, PLN5 PRDM16, PGC1a, PAT2 and P2RX5
mRNA as well as of the mitochondrial content marker Citrate Synthase
842 MOLECULAR METABOLISM 3 (2014) 834e847 � 2014 TheAuthors. Published by Elsevier Gmb
(Figure 8C). Contrasted results were obtained for white adipocyte
markers mRNA expression; PPARg2, CD36 and ASC-1 mRNA increase
with ARA-enriched diet differently to ADPQ mRNA which decrease as
previously found in vitro with ARA treatment (Figures 2 and 8C).
H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Figure 8: Impact of ARA metabolites production in scWAT on inducible brite adipocytes formation. 10-week-old C57BL/6RccHsd female mice fed standard diet supplemented with
ARA or OA for 4 weeks. During the fourth week, mice subdivided in two groups, a first group was treated with CL316,243 and the second group with vehicle (NaCl). (A) Body weight
gain between week 1 and 4 and plasma leptin levels were determined. (B) UCP1 protein level was assessed in scWAT (40 mg/lane). b-tubulin was used as loading control and iBAT
protein extract (4 mg/lane) as UCP1 positive control. (C) UCP1, COX-2 and representative white and brite adipocyte markers mRNA were determined in scWAT by RT-qPCR. (D)
Representative histological sections (4 mm, paraffin-embedded, HES staining) of scWAT from different treatment are shown. (E) Prostanoid amounts were measured by LC-MS/MS
in scWAT of each group of mice. Histograms represent means � SEM of 8e12 mice per group. a: p < 0.01 vs NaCl group and b: p < 0.01 vs OA group.
In order to assess whether ARA effect could be extended to all UCP1-
expressing cells, i.e. brown adipocytes per se, the status of UCP1 was
analyzed in interscapular BAT (iBAT). Mice fed ARA-supplemented diet
and treated with CL316,243 displayed a lower content of UCP1 mRNA
compared to control mice (Supplemental Figure 3A), despite the fact
that histology analysis, i.e. the pattern of lipid droplets, was compa-
rable whatever the diet (Supplemental Figure 3B).
MOLECULAR METABOLISM 3 (2014) 834e847 � 2014TheAuthors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
ARA-supplemented diet enhanced COX-2 mRNA expression
(Figure 8C), suggesting changes in the levels of ARA metabolites within
scWAT (Figure 8E). Quantification of ARA metabolites has been per-
formed on scWAT and iBAT. Among these metabolites, 6-keto-PGF1a,
PGE2 and PGF2a are the most represented prostanoids found in both
tissues and, as expected, were increased in mice fed ARA-
supplemented diet compared to mice fed OA-supplemented diet. Of
accessarticle under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 843
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Original article
note, chronic treatment with CL316,243 led to a significant decrease of
6-keto-PGF1a and PGE2 levels in mice fed either diet, in contrast to
PGF2a levels. Interestingly, PGD2 levels were not significantly altered
by either diet or treatment and its metabolites 15dPGJ2, a reported
PPARg ligand, was not detected even after CL316,243 treatment.
TxB2 and 8isoPGA2, two others ARA COX-derived prostanoids, were
detected and their levels exhibited parallel patterns with respect to
diets and to chronic CL316,243 treatment. As these prostanoids have
not been clearly identified as adipocyte products they might be syn-
thesized and secreted by other cell types present within adipose tissue.
Similar observations were obtained for prostanoid levels in iBAT
compared to scWAT of mice fed ARA- and OA-supplemented diet, in
agreement with the ARA effect on UCP1 gene expression observed in
both tissues (Supplemental Figure 3A vs 3C).

4. DISCUSSION

The recent discovery of thermogenic competent adipocytes in adult
healthy humans has opened new therapeutic perspectives for the
treatment of obesity and type 2 diabetes which aim at increasing
energy expenditure by enhancing the formation and activation of
brown/brite adipocytes. However, in parallel to developing new treat-
ments, it is of utmost interest to assess in humans the impact of di-
etary lipids on the conversion of white to brown adipocytes. This issue
is highly relevant to body weight regulation since, besides the quan-
titative importance of hypercaloric high-fat diets leading to WAT
excess, the qualitative importance of u6 poly-unsaturated fatty acids
in favoring weight gain has been established in rodents and suggested
in recent studies in infants [23,24]. In the present work, we described
a potential additional deleterious effect of u6 fatty acids on the
regulation of body weight. ARA treatment of hMADS adipocytes inhibits
UCP1 mRNA expression during the acquisition of a brite phenotype and
thus decreases oxygen consumption. Indeed, UCP1 induces an over-
activity of mitochondria to compensate the increase in the uncou-
pling process between oxygen consumption and ATP synthesis. By
contrast, ARA does not modulate mitochondriogenesis and maximal
respiratory capacity of brite adipocytes. Whereas it has been reported
that ARA increased DNA synthesis in differentiating preadipocytes [38],
ARA treatment of hMADS cells does not modulate DNA synthesis when
ARA-treatment was applied on differentiated cells (data not shown).
hMADS adipocytes display the complete machinery to metabolize ARA
into PGs of the 2 series and were able to respond to PGs in an
autocrine/paracrine manner. In these cells, PGs mediate the ARA effect
as specific inhibition of COX-2 activity blunted these effects. Among
secreted PGs in response to ARA treatment, PGI2 and PGE2 have been
described to induce white to brite adipocyte conversion [37,39,40]. In
hMADS cells, cPGI2 neither up-regulated UCP1 expression nor was
able to reverse the inhibitory effect of ARA while dm-PGE2 inhibited
UCP1 expression under rosiglitazone treatment. Furthermore, ARA
appeared to inhibit PTGIS expression via the COX pathway, which could
then favor PGF2a and PGE2 effects at the expense of PGI2, leading to
inhibition of the browning process of white adipocytes.
Endocannabinoid metabolism by COX-2 [41] represents another
pathway linking ARA to its inhibitory effect of UCP1 expression,
especially viavia the prostaglandins analogs, PG-glycerol esters and
PG-ethanolamides, which are able to activate the same prostaglandin
receptors. Interestingly, monoacylglycerol lipase (MGL) and fatty acid
amide hydrolase (FAAH) mRNA expression, which encode for enzymes
involved in the hydrolysis of endocannabinoids (N-arach-
idonoylethanolamine and 2-arachidonoylglycerol) in ARA, and pre-
sumably decreasing their availability, are increased under brite
844 MOLECULAR METABOLISM 3 (2014) 834e847 � 2014 TheAuthors. Published by Elsevier Gmb
conditions (R3e9/14-e17 in vitro and under CL316,243 treatment
in vivo). If our results are correlated to a decrease in enzyme activities,
it is tempting to assume that a decrease in endocannabinoid levels will
favor brite adipocyte recruitment under physiological conditions.
Nevertheless, expression of cannabinoid receptors 1 and 2 in vivo, and
FAAH and MGL in vivo and in vitro, was not affected by ARA treatment
(Supplemental Figure 4) suggesting a minor role, if any, of endo-
cannabinoids in ARA effect. Further experiments determining the levels
on endocannabinoids and using pharmacological tools will shed light
on the mechanisms involved in brite adipocyte recruitment. Disequi-
librium between u6 and u3 polyunsaturated fatty acid metabolites
could be involved in ARA-inhibitory effect. Lipooxygenase derived
metabolites from DHA, such as resolvin D1 and D2, do not seem to be
involved, as they were not detected in BAT. Moreover, resolvin D2 was
detected in scWAT and its level was not affected in animals fed by ARA
enriched diet (data not shown).
Extracellular PGE2 is able to bind to various receptors with different
affinities [42]. hMADS adipocytes express three PGE2 receptors, i.e.
EP1, EP2 and EP4 (Supplemental Figure 2F) allowing PGE2 to promote
cAMP signaling (via EP2 and EP4 receptors) and Caþþ signaling (via
EP1 receptor). In these cells, 16,16-dm-PGE2 induced a dose
dependent inhibition of UCP1 mRNA expression, with a maximum ef-
fect at 5 mM while it activated i[Ca

þþ] oscillations. Thus, we assume
that ARA-derived PGE2 bound to the low-affinity EP1 receptor as well
as to the FP receptor. It is worth noticing that PGE2 was able to
promote white to brown/brite conversion at lower concentrations via its
high-affinity EP4 receptor while inhibiting this process at higher con-
centrations via its low-affinity EP1 receptor (in this study). Indeed,
activation of these two opposite pathways in hMADS adipocytes are in
agreement with the potent inhibitory effect of high doses of 16,16-dm-
PGE2 in the presence of a specific EP4 receptor antagonist when
compared to 16,16-dm-PGE2 alone (Supplemental Figure 2G).
ARA also induced synthesis and secretion of PGF2a in hMADS adi-
pocytes. This PG bound to its cognate FP receptor and inhibited the
“browning” process as shown with two highly specific agonists, flu-
prostenol and latanoprost. Interestingly, ARA, fluprostenol and high
concentrations of 16,16-dm-PGE2 were able to induce sustained
i[Ca

þþ] oscillations. It is known that human mesenchymal stem cells
and preadipocytes displayed spontaneous i[Ca

þþ] oscillations by
contrast to mature adipocytes [43,44]. However, transient i[Ca

þþ] flux
controls early and late steps of human adipocyte differentiation [21,45]
whereas in rodents, a potential regulation of glucose uptake by a non-
canonical i[Ca

þþ] oscillation implicates this pathway in adipocyte
metabolism [46,47]. Moreover, TRPV4 as a potent Caþþ channel
appears as an important player in the browning process [48].
Herein, we described for the first time the occurrence of i[Ca

þþ] os-
cillations in the conversion of human white to brown adipocytes. Our
data show that intracellular storage depletion was the first step of the
ARA-mediated UCP1 inhibition, though the mechanism of extracellular
Caþþ entry remained unknown. Two mechanisms could be proposed,
i.e. i) a voltage-dependent calcium channel (Ca(V)), induced by
membrane depolarization or ii) a store-operated calcium channel
(SOCE) induced by reticulum depletion as several Ca(V), STIM, ORAI
and TRPC proteins were expressed by hMADS adipocytes (data not
shown). However, neither membrane depolarization (by addition of
high KCl concentrations, data not shown) nor the use of SKF96365 (a
non-specific inhibitor of SOCE) were able to inhibit i[Ca

þþ] oscillations
(Figure S3C). Cross-talk between Caþþ and cAMP signaling has been
reported. It is known that cAMP signaling is highly important for white
and brown adipocytes, whereas cAMP levels have been shown to
reduce or delay Caþþ oscillations [49]. Interestingly, in hMADS
H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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adipocytes, neither 8-Br-cAMP nor cPGI2 were able to modulate
i[Ca

þþ] oscillations (Supplemental Figure 2D,E).
ARA, fluprostenol and 16,16-dm-PGE2 inhibited specifically UCP1,
FABP4 and ADIPOQ mRNA expression which have been reported to be
PPARg target genes, strongly suggesting a specific inhibitory effect of
PG-mediated pathway via PPARg activity. It is known that Caþþ

signaling controlled early and late steps of adipogenesis through inhi-
bition of PPARg expression and the involvement of Caþþ/calcineurin
pathway [18,50e52]. Our data rule out this possibility as treatment with
FK506 (a specific calcineurin inhibitor), was unable to reverse the inhi-
bition of UCP1 expression in the presence of ARA or PGs (data not shown).
PGF2a has been reported to activate Caþþ signaling and to induce
PPARg phosphorylation and thus its inactivation [16]. ERK1/2 signaling
pathway appeared to be involved in this phenomenon in adenocarci-
noma cells in which PGF2a via Gq/Caþþ signaling allowed phos-
phorylation of ERK1/2 which in turn led to PPARg degradation through
the ubiquitin/proteasome pathway [53,54]. In a similar way, inhibition
of ERK1/2 phosphorylation in hMADS adipocytes reversed the
fluprostenol-induced inhibition of UCP1 mRNA. As extracellular Caþþ

and fluprostenol induced a transient phosphorylation of ERK1/2, our
results are in favor of a mechanism involving a “PG- > Caþþ-
> ERK1/2- > PPARg- > UCP1” pathway in controlling the conversion
of white to brite adipocytes.
In vivo, COX pathway has been shown to be crucial for the induction of
brite adipocytes in 129Sv mice, a strain resistant to obesity due to a
high content in brown and brite adipocytes [37,40]. In C57BL/6 mice, a
strain sensitive to high fat diets, a recent report describes in contrast
an opposite role of the COX pathway. Indeed, inhibition of COX-1 and
-2 by indomethacin in mice fed high fat diet prevents weight gain,
partly due to enhanced recruitment of brite adipocytes in scWAT [55].
Our data obtained with C57BL/6 mice fed an ARA-supplemented diet
are in agreement with this observation as increased prostanoid levels
were associated with impairment of brite adipocyte formation. More-
over, chronic stimulation of the b3-adrenergic pathway in mice fed OA-
supplemented diet induces a significant decrease of prostaglandins
and prostacyclin levels, making unlikely the involvement of prostanoids
in brite adipogenesis (Figure 8E). It is tempting to postulate that a
strong but transient induction of prostanoids occurs within the first
days of CL316,243 treatment and cold exposure [37,40,56] and is
important for the induction of brown/brite adipocyte differentiation.
However, a chronic excess in prostaglandins, due to a lipid supply
change, leads to an inhibition of this differentiation and of UCP1
thermogenic activity.

5. CONCLUSION

Collectively, our data demonstrate the specific nutrient regulation of
the browning process in WAT by u6 ARA in addition to its role in
stimulating the formation of white adipocytes. In aggregate, prevention
of excessive consumption of u6 fatty acids appears suitable as
disequilibrium of polyunsaturated fatty acid metabolism may contribute
to excessive adipose tissue development.
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