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ALLOCATION SFD/PIERRE FABRE MEDICAMENT 2017 
 
 

Prévention de l’inflammation du tissu adipeux blanc par 
les adipocytes brites. 

 
 

RAPPORT SCIENTIFIQUE DE FIN DE PROJET 
 
 

Résumé du projet financé. 

 

 Le diabète de type 2 est couramment associé à une augmentation de la masse grasse et à une inflammation de 
bas grade du tissu adipeux blanc pouvant mener à une résistance à l’insuline. De nombreuses études ont démontré 
que la conversion des adipocytes blancs en adipocytes thermogéniques, dit brites, permet de réduire la masse de 
tissu adipeux et de normaliser la glycémie et la lipidémie quand celles-ci sont anormales. Cependant, l’impact de ces 
adipocytes brites sur le statut inflammatoire du tissu est encore méconnu. Notre projet visait donc à identifier le 
sécrétome inflammatoire (cytokines et éicosanoïdes) des adipocytes brites et de déterminer leurs capacités 
immunomodulatrices. 

 Nos résultats préliminaires montraient que le sécrétome inflammatoire des adipocytes brites était différent 
des adipocytes blancs. Pour compléter ces données, nous proposions des approches in vitro et in vivo chez l’Homme 
et la souris pour caractériser le sécrétome complet (cytokines et éicosanoïdes, pro- et anti-inflammatoire) des 
adipocytes brites en condition normale ou inflammatoire, et déterminer les capacités immunomodulatrices de ces 
adipocytes.  
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1. Caractérisation in vitro du profil de sécrétion de cytokines et d’éicosanoïdes des adipocytes brites humains 
en condition inflammatoire et impact sur la polarisation des macrophages.  

 

Des cellules hMADS ont été différenciées en adipocytes blancs ou brites et ensuite stimulées par du LPS (100 ng/ml) 
ou un acide gras saturé (Palmitate, 50 µM complexé à de la BSA). Le traitement au Palmitate n’a jamais permis de 
mettre en évidence une réponse de type inflammatoire par les adipocytes, ce qui rejoignait certaines données de la 
littérature (Erridge and Samani 2009). 

Une analyse de l’expression et de la sécrétion des cytokines pro- et anti-inflammatoires ainsi que des dérivés 
oxygénés des acides gras polyinsaturés a été réalisée en réponse à un traitement au LPS (Figure 1A).  

Nous avons ensuite généré un milieu conditionné de ces adipocytes traités au LPS, qui a été utilisé pour stimuler des 
macrophages différenciés à partir de la lignée monocytaire THP-1. Les capacités pro- et anti-inflammatoire de ces 
macrophages ont été analysé d’un point de vue sécrétion de cytokines (Figure 1B).  

Ces données non publiées (résumé dans la figure 1) n’ont pas permis de mettre en évidence un effet 
immunomodulateur direct des adipocytes brites sur la sécrétion de cytokines par des macrophages. Néanmoins, les 
sécrétions accrues d’oxylipines de la famille des HODEs, connue pour leur effet anti-inflammatoire, et de la protéine 
IL1RA, inhibitrice de l’IL1b et donc fortement anti-inflammatoire, mettaient en évidence une effet potentiel anti-
inflammatoire de ces adipocytes brites qu’il serait nécessaire de caractériser dans un système plus complexe in vitro 
ou in vivo. 

 

2. Caractérisation in vivo du profil de sécrétion de cytokines et d’éicosanoïdes des adipocytes brites humains. 
  

Grâce à une collaboration avec le groupe de Pirjo Nuutila et Kirsi Virtanen (PET center, Université de Turku, 
Finlande), nous disposions de plasmas issus d’une cohorte (n=22 ; âge de 20-50 ans ; BMI de 20 à 25 ; 
normoglycémique ; sélection par FDG-PET-scan) pour laquelle nous connaissions le statut thermogénique des 
individus (Glucose uptake, Expression de gène…) (Figure 2) (M, Saari et al. 2018). A partir de ces échantillons, nous 
avons mesuré les niveaux d’éicosanoïdes (approche LC-MS, plateforme Metatoul, I2MC Toulouse) et de cytokines 
(ELISA multiplex MSD). Nous avons pu ainsi déterminer s’il existait une corrélation entre le statut inflammatoire et le 
statut thermogénique in vivo chez l’Homme.  

Différents types d’analyses ont été réalisés (corrélation ou moyenne, selon Glucose uptake, BMI, expression 
d’UCP1…). La figure 2 présente une série de résultats comparant les niveaux d’éicosanoides et de cytokines 
circulantes dans 2 groupes de 6 individus regroupés selon l’expression d’UCP1 retrouvé dans le tissu adipeux sous-
scapulaire. De manière intéressante, les niveaux de HODEs sont comme pour l’analyse in vitro plus important dans le 
groupe exprimant le plus UCP1. Peu de cytokines ont été détectées mais les niveaux d’IL8 et d’IFNg, et dans une 
moindre mesure d’IL6 et de TNFalpha, étaient plus faible dans les individus exprimant le plus UCP1.  

Ces résultats semblent montrer que les individus exprimant le plus UCP1 au niveau de leur tissu adipeux ont un 
phénotype moins inflammatoire. Néanmoins, ces résultats sont à prendre avec précaution car le statut 
inflammatoire/infectieux des patients est inconnu. 
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Figure 1. Résumé des résultats obtenus pour la caractérisation in vitro (A) du profil de sécrétion de cytokines et 
d’éicosanoïdes des adipocytes brites humains en condition inflammatoire et (B) leur impact sur la sécrétion de 
cytokines par le macrophage. 

  



RAPPORT SCIENTIFIQUE – ALLOCATION SFD/PIERRE FABRE MEDICAMENT 2017 – DIDIER PISANI 

4 
 

 

 

Figure 2. Analyse des profils plasmatiques d’éicosanoides (LC-MS) et de cytokines (ELISA, MSD) d’une cohorte de 
personnes saines (n=12). Les profils sont séparés en 2 groupes selon le niveau d’expression d’UCP1 (low ou high, 
RNAseq) retrouvé dans le tissu adipeux « brun » sous-scapulaire de chaque individu, correspondant à une zone 
positive en PET-SCAN après exposition au froid.  
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3. Caractérisation in vivo du profil de sécrétion de cytokines et d’éicosanoïdes des adipocytes brites murins. 
 

Les oxylipines, dérivés oxygénés des acides gras dont les éicosanoides, sont essentiellement métabolisées à partir 
des acides gras polyinsaturés w3 et w6 d’origine alimentaires et sont entre autres impliqués dans la réponse 
inflammatoire. Le statut inflammatoire du tissu adipeux est un facteur clé des troubles métaboliques et il est admis 
que les acides gras alimentaires, en termes de qualité et de quantité, modulent la synthèse d'oxylipines dans ce tissu. 
En outre, il a été montré que la supplémentation alimentaire en acides gras polyinsaturés w3 résout certaines 
situations inflammatoires. Il était donc intéressant d'évaluer l'influence des acides gras polyinsaturés alimentaires sur 
la synthèse des oxylipines et leur impact sur le statut inflammatoire du tissu adipeux. Pour cela, des souris ont été 
soumise à un régime alimentaire standard enrichi en w6 ou en w3 (rapport w6/w3 de 30 et 3,75, respectivement) et 
le contenu en oxylipines du tissu adipeux ainsi que le profils cytokiniques, local et systémique, ont été caractérisés.  

Nous avons ainsi pu montrer que l'enrichissement du régime en acide gras polyinsaturés w3 induisait une 
augmentation des oxylipines dérivés l’acide linoléique, du DHA (acide docosahexaénoïque) et de l’EPA (acide 
eicosapentaénoïque) à la fois dans le tissu adipeux blanc et brun. Parmi ceux-ci, le niveau des intermédiaires des 
résolvines et lipoxines (pro-resolving mediators), ainsi que certains métabolites anti-inflammatoires, étaient 
augmentés. Parallèlement, l’expressions des marqueurs des macrophages M2 (anti-inflammatoires) étaient aussi 
augmentés, mais sans affecter les contenus en cytokines inflammatoires.  

En conclusion, nous avons démontré qu'une alimentation enrichie en w3 induisait la synthèse d’oxylipines 
impliquées dans la réponse anti-inflammatoire et une signature moléculaire des macrophages M2 anti-
inflammatoire, mais cela sans affecter la sécrétion de cytokines inflammatoire. Cette étude très intéressante, mais 
limitée car réalisé dans un contexte non-obésogène et non-inflammatoire, permettait de mettre en évidence les 
effets bénéfiques d’un ratio en acides gras poly-insaturés équilibrés. Ces résultats ont été publiés dans la revue 
Nutrients (cf Annexe 1) (Colson, Ghandour et al. 2019). 

Sachant que ce type de régime favorise le recrutement et l’activation des adipocytes bruns et brites, il était 
intéressant de vérifier les effets bénéfiques de ces adipocytes dans un contexte inflammatoire. 

 

4. Détermination in vivo de l’impact des adipocytes bruns et brites sur la réponse inflammatoire à 
l’endotoxémie.  
 

Cette partie du projet était de déterminer les capacités immunomodulatrices des adipocytes bruns et brites en 
réponse à une endotoxémie, retrouvée en cas d’obésité. 

Des souris balb/C males de 8 semaines ont été traités pendant une semaine avec un agoniste du récepteur b3-
adrénergique (CL316,243, 1mg/kg/jour) pour induire une thermogénèse chronique caractérisée par le recrutement 
et l’activation des adipocytes bruns et brites. Ensuite les animaux sont injectés par une solution de LPS pour générer 
une endotoxémie aiguë (lipopolysaccharides de E. Coli, i.p., 100 µg/souris). 

Nos résultats montrent qu’en réponse au LPS, l’activité thermogénique permet de favoriser un environnement local 
anti-inflammatoire avec une sécrétion importante d’IL1RA et une diminution de celle de cytokines pro-
inflammatoires. De manière intéressante l’activation des adipocytes beiges permet de réduire la sécrétion de leptine 
induite par le LPS. Ces résultats ont permis de mettre en évidence une activité immunomodulatrice des adipocytes 
thermogéniques en réponse à une endotoxémie, ce qui est encourageant dans le cadre d’une thérapie mettant en 
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jeu les adipocytes bruns et beiges pour le traitement des maladies métaboliques, présentant une endotoxémie qui 
participent à l’inflammation chronique de bas grade du tissu adipeux retrouvée dans ces pathologies. 

Ces résultats sont en cours de publication (cf Annexe 2) et font l’objet d’une communication pour le futur congrès de 
la SFD 2020 (CA-190).  

 

5. Détermination in vivo de l’impact des adipocytes bruns et brites sur la réponse inflammatoire à une 
infection bactérienne.  
 

Des souris balb/C males de 8 semaines ont été traités pendant une semaine avec un agoniste du récepteur b3-
adrénergique (CL316,243, 1mg/kg/jour) pour induire une thermogénèse chronique caractérisée par le recrutement 
et l’activation des adipocytes bruns et beiges. Ensuite les animaux sont infectés par des E. Coli (i.v., 1.7x107 
CFU/souris). Les paramètres métaboliques et inflammatoires des souris sont alors analysés. 

Nos résultats montrent qu’en réponse à une infection, l’activité thermogénique n’a d'effet ni sur la clairance 
bactérienne, ni sur la pyrexie et ni sur la réponse inflammatoire locale et systémique. En conclusion, l’activité 
immunomodulatrice des adipocytes thermogéniques décrite précédemment en réponse à une endotoxémie, n’a pas 
lieu en cas d’infection.  

Ces résultats vont faire l’objet d’une publication en cours de rédaction (partie résultats en Annexe 3) et font l’objet 
d’une communication pour le futur congrès de la SFD. 

 

6. Recherche d'un site sanctuaire d'infection par Leishmania infantum dans l'adipose 
 

Récemment, certains travaux sur la bactérie Coxiella burnetii ont mis en évidence la persistance de cette bactéries 
dans le tissu adipeux (Bechah, Verneau et al. 2014), une donnée qui mettait en perspectives des résultats obtenus 
précédemment pour le parasite Leishmania infantum (Michel, Ferrua et al. 2011) où il a pu être constater la 
persistance du parasite au niveau abdominal dans des tissus adipeux néoformés chez la souris. Les leishmanioses 
sont dues à un protozoaire flagellé du genre Leishmania responsable de leishmanioses viscérales, cutanées, cutanéo-
muqueuses ou encore des formes atypiques plus rares, qui sont toutes responsables d’une inflammation chronique. 
À ce jour, le nombre de porteurs asymptomatiques est considérablement sous-estimé et il existe des phénomènes de 
rechute après traitement et de développement de la maladie après la phase de portage asymptomatique, ce qui 
suggère la persistance de Leishmania dans les sites sanctuaires. Nous avons donc émis l'hypothèse qu'un phénomène 
similaire était possible pour ce parasite Leishmania et nous nous sommes posé la question de l’influence des 
adipocytes bruns et brites sur cette persistance et sur la réponse inflammatoire au parasite.  

Nous avons étudié la présence du parasite au niveau des tissus adipeux blancs et bruns après infection par voie 
intraveineuse chez la souris. Nous avons ainsi pu mettre en évidence la présence de parasites au sein des tissus 
adipeux par qPCR et imagerie chez la souris et de manière intéressante avec une prévalence plus importante dans le 
tissu adipeux brun. Le même type de résultat a été obtenu in vitro dans des adipocytes bruns et brites. 

Ces résultats sont très intéressants et pourrait être reliés au statut plutôt anti-inflammatoire des adipocytes bruns et 
brites qui permettrait une persistance du parasite en limitant la réponse anti-inflammatoire classique. 
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Ces données sont en cours de publication (cf Annexe 4) et ont fait l’objet d’une communication en congrès (ECCMID 
2018, Madrid, O0682). 

 

7. Conclusion 
 

Au cours de ce projet nous avons pu montrer que le recrutement et l’activation des adipocytes brites et bruns 
permettaient la mise en place d’un environnement plutôt anti-inflammatoire avec une sécrétion d’IL1RA importante. 
Ce phénomène semble particulièrement vrai lorsque le tissu est soumis à une endotoxémie aigue. Cela est très 
intéressant dans le cadre des maladies métaboliques qui présente une inflammation chronique de bas grade du tissu 
adipeux essentiellement en réponse à l’augmentation des niveaux de LPS circulants. Il s’agit pour nous maintenant de 
démontrer que le recrutement et l’activation des adipocytes bruns et brites permet de diminuer cette inflammation 
lors d’expérience d’exposition chronique à du LPS, différemment du traitement aigu que nous avons utilisé ici. De plus, 
nous avons démontré d’un côté qu’un régime équilibré en acides gras polyinsaturés w6/w3 favorisait le recrutement 
d’adipocytes brites (Ghandour, Colson et al. 2018), et d’un autre côté que ce même type de régime favorisait un 
phénotype anti-inflammatoire au niveau du tissu adipeux avec entre autres la synthèse accrue d’intermédiaires des 
médiateurs de résolution de l’inflammation comme les résolvines. Il serait donc intéressant de caractériser la 
combinaison d’effet que pourrait avoir ce type de régime avec le recrutement et l’activation des adipocytes bruns et 
brites dans un contexte d’endotéxémie, comme retrouvée chez les patients obèses.  
Par contre, les études d’infections bactérienne et parasitaire que nous avons réalisées ont montré des résultats 
contrastés. Lors d’une infection bactérienne, le recrutement et l’activation des adipocytes bruns et brites ne modifient 
ni la réponse inflammatoire, ni l’élimination des bactéries ; et lors d’une infection parasitaire, la présence de ces 
adipocytes semblent même favoriser la persistance des parasites dans l’organisme. 
En conclusion, stimuler l’activité thermogénique des adipocytes bruns et brites pourrait permettre de limiter 
l’inflammation chronique retrouvée de maladies métaboliques, mais n’offrirait aucun avantage en cas d’infection. 
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Abstract: Oxylipins are metabolized from dietary ω3 and ω6 polyunsaturated fatty acids and are

involved in an inflammatory response. Adipose tissue inflammatory background is a key factor

of metabolic disorders and it is accepted that dietary fatty acids, in terms of quality and quantity,

modulate oxylipin synthesis in this tissue. Moreover, it has been reported that diet supplementation

in ω3 polyunsaturated fatty acids resolves some inflammatory situations. Thus, it is crucial to assess

the influence of dietary polyunsaturated fatty acids on oxylipin synthesis and their impact on adipose

tissue inflammation. To this end, mice fed an ω6- or ω3-enriched standard diet (ω6/ω3 ratio of

30 and 3.75, respectively) were analyzed for inflammatory phenotype and adipose tissue oxylipin

content. Diet enrichment with an ω3 polyunsaturated fatty acid induced an increase in the oxylipins

derived from ω6 linoleic acid, ω3 eicosapentaenoic, and ω3 docosahexaenoic acids in brown and

white adipose tissues. Among these, the level of pro-resolving mediator intermediates, as well as

anti-inflammatory metabolites, were augmented. Concomitantly, expressions of M2 macrophage

markers were increased without affecting inflammatory cytokine contents. In vitro, these metabolites

did not activate macrophages but participated in macrophage polarization by inflammatory stimuli.

In conclusion, we demonstrated that an ω3-enriched diet, in non-obesogenic non-inflammatory

conditions, induced synthesis of oxylipins which were involved in an anti-inflammatory response as

well as enhancement of the M2 macrophage molecular signature, without affecting inflammatory

cytokine secretion.

Keywords: oxylipins; brown adipose tissue; white adipose tissue; macrophages; inflammation

1. Introduction

ω6 linoleic acid (LA), a precursor of dihomo-γ-linolenic acid (DGLA) and arachidonic acid

(ARA), and ω3 α-linolenic acid, a precursor of eicosapentaenoic (EPA) and docosahexaenoic (DHA)

acids are essential polyunsaturated fatty acids (PUFAs) only supplied by food. These PUFAs are

required for healthy development from embryonic steps to adult life and are involved in a variety

of biological processes, especially, in adipose tissue [1,2]. It is now well accepted that insufficient

intakes of ω3 PUFAs, as well as an excess of ω6 PUFAs, correlate with various diseases; especially,

metabolic diseases [3–5]. For example, ARA intake correlates positively with being overweight/obese,

inflammatory diseases, and associated metabolic syndrome [6–10]. Indeed, ω6 oxylipins (oxygenated

Nutrients 2019, 11, 438; doi:10.3390/nu11020438 www.mdpi.com/journal/nutrients
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derivatives of PUFAs) are known to favor inflammatory responses [11], as well as to promote energy

storage [12] and to inhibit energy expenditure [13,14]. The dietary ω6/ω3 PUFAs ratio is more

important than the total amount of PUFA intake as it determines the level of synthesized ω6-derived

oxylipins. Indeed, ω3 PUFAs modulate ω6-derived oxylipins synthesis [15]. Mechanistically this is

characterized by (i) the capacity of ω6 and ω3 PUFAs to compete at the level of lipoxygenase (LOX)

and cyclooxygenase (COX), their two major metabolization pathways and ii) the capacity of various

ω3 PUFAs to inhibit these pathways.

The increase in the number of overweight or obese people has reached an epidemic stage in the

21st century. More than 2 billion adults are overweight (body mass index (BMI) > 25 kg/m2) and

at least 600 million are clinically obese (BMI > 30 kg/m2). Obesity and being overweight are the

consequences of a positive energy balance that leads to an increase in the mass of subcutaneous and

visceral white adipose tissue. White adipocytes are storing energy under the form of triglycerides

whereas brown adipocytes dissipate energy from triglycerides by producing heat (=thermogenesis).

In addition, white and brown adipocytes are able to secrete molecules acting on their environment, and

especially, on immune cells [16]. For example, white adipocytes secrete adipokines (e.g., adiponectin)

and pro-inflammatory factors (e.g., PAI-1, MCP-1, or IL-6) which are able to recruit and activate

macrophages [17]. Furthermore, it has also been shown that the white adipose tissue of obese subjects

is characterized by low-grade inflammation that can lead to metabolic disorders such as insulin

resistance [18]. This inflammation, characterized by an increase in inflammatory markers such as

TNFα, PAI-1, or interleukins 1 and 6 (IL-1, IL-6), promotes the macrophage infiltration of adipose

tissue and the polarization of macrophages of the alternative M2 type in classic pro-inflammatory M1

type [19].

The macrophages respond to environmental cues by acquiring specific functional phenotypes.

Pro-inflammatory M1 macrophages are involved in the fight against many infections. They are

activated by Toll-like receptor (TLR) ligands such as lipopolysaccharide and saturated fatty acids,

but also by IFNγ and TNFα. They participate in the inflammatory environment by secreting many

cytokines such as IL-1, IL-6, IL-12, IL-23, and TNFα, and by participating in the chemo-attraction of

other immune cells [20]. M2 macrophages are more heterogeneous at functional and secretory levels.

Considered as anti-inflammatory or inactive, they normally reside in tissues and are involved in tissue

homeostasis by participating in the remodeling, repair, and activation of certain metabolic functions.

They can be activated by cytokines such as IL-4, IL-10, and IL-13, but also by more specific signals

from the tissue environment [21].

The accumulation of immune cells, especially that of macrophages, as well as their inflammatory

phenotype, affect adipose tissue homeostasis and, more specifically, the recruitment and function of

adipocytes in white and brown adipose tissues [16]. It has been shown that TNFα secreted by M1

macrophages inhibited adipocyte differentiation [22] and that IL-1β blocked insulin signaling [23],

thus favoring insulin-resistance. Recently, it has also been shown that IL-1β and TNFα can affect the

thermogenic function of brown adipocyte [24–26]. These inflammatory cytokines thus participate

in the deregulation of tissue homeostasis by limiting its ability to dissipate an excessive supply of

substrate in the form of heat. On the contrary, it was shown that M2 macrophages, via the secretion of

factors such as IL-4 or IL-13 favored the formation of brown adipocytes and their activation [27,28].

In addition, immune cells can modulate insulin sensitivity and local secretion of catecholamines [29].

This secretion, that represents the preferential inducer of lipolysis and thermogenesis through the

activation of the β-adrenergic pathway, appears to be crucial during prolonged exposure to cold or

aging [28,30].

Similarly to adipokines, the oxygenated derivatives of ω6 PUFAs such as the n-2 series

prostaglandins or the n-4 series leukotrienes, which are synthesized and secreted by adipocytes,

participate in the inflammatory state of the tissue [31,32]. Furthermore, adipocytes are able to

metabolize ω3 PUFAs, in the same way as ω6, to produce oxygenated anti-inflammatory derivatives

such as n-3 series prostaglandins (PG), n-5 series leukotrienes (LT), as well as resolvins (Rv) and
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protectins (PD) [32]. For example, the administration of ω3 PUFAs to obese mice as well as resolvin D1

(RvD1), an oxygenated derivative of DHA, limits macrophage infiltration, favors their polarization

toward the M2 phenotype, and rescues adipocyte metabolic dysfunction [33,34]. Thus, ω6- and

ω3-derived oxylipins are able to modulate the inflammatory phenotype of immune cells, especially

macrophages [11,35]. As dietary ω6 and ω3 PUFAs directly affect the quality and the quantity of

oxylipins synthesized and secreted by the adipocytes, it is of high interest to characterize the impact of

ω3 PUFA diet supplementation on the inflammatory state of adipose tissue.

2. Materials and Methods

2.1. Reagents

Culture media and buffer solutions were purchased from Lonza (Ozyme, St-Quentin en Yvelines,

France), fetal bovine serum (FBS) from Eurobio (Courtaboeuf, France), insulin and trypsin from

InVitrogen (Cergy Pontoise, France). Oxylipins and inhibitors were purchased from Cayman

(BertinPharma, Montigny le Bretonneux, France). Other culture reagents were from Sigma-Aldrich

Chimie (Saint-Quentin Fallavier, France).

2.2. Animals and Diets

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 national

experimentation committees (MESR 01947.03). Ten-week-old C57BL/6J male mice from Janvier

Laboratory (France) were maintained at thermoneutrality (28 ± 2 ◦C) and 12:12-h light-dark cycles,

with ad libitum access to food and water to not hide any behavioral modification. Mice were fed for

12 weeks with isocaloric isoenergetic (3.2 kCal/g–13.5 kJ/g) ω6- or ω3-enriched diets (12% energy

content as lipids). The diets were prepared by Harlan (WI, USA) from standard chow diets (reference

number 2016) by the addition of specific fatty acid ethyl-esters from NuChekPrep (Elysian, MIN, USA).

Detailed compositions are displayed in Table 1. Blood, interscapular brown adipose tissue (iBAT),

epididymal (eWAT), and inguinal subcutaneous (scWAT) white adipose tissues were sampled and

used for different analyses.

Table 1. Diet compositions.

ω6-Enriched Diet ω3-Enriched Diet

Protein [% by weight] 16
Carbohydrate [% by weight] 52

Fat [% by weight] 5
Saturated fatty acids (FAs) [% of total FAs] 12

Monounsaturated FAs [% of total FAs] 26 14
Polyunsaturated FAs [% of total FAs] 62 74

Linoleic acid [% by weight] 3
α-linolenic acid [% by weight] 0.1 0.64

EPA [% by weight] - 0.08
DHA [% by weight] - 0.08
ω6/ω3 PUFA ratio 30 3.75

2.3. Cell Culture

THP-1, a human pro-monocytic cell line, was cultured in RPMI GlutaMax medium, supplemented

with 10% FBS and 10 mM sodium pyruvate, at 37 ◦C and 5% CO2. Differentiation in macrophages-like

cells was induced by treatment with 20 nmol/L phorbol 12-myristate 13-acetate (PMA) for 72 h.

Then, media were replaced and polarization was induced for 48 h either with lipopolysaccharides

(LPS, 100 ng/mL) for M1 like-phenotype or with IL-4/IL-10 (10 ng/mL each) for M2 like-phenotype

acquisition. Treatments with a LOX inhibitor (=carnosic acid (CA), 10 µM), and/or with 9-HODE and

13-HODE (50 nmol/L + 50 nmol/L), were performed during the 48 h polarization step.
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2.4. Oxylipin Quantification

For quantification of unesterified oxylipins, tissues were snap-frozen with liquid nitrogen

immediately after retrieval and stored at −80 ◦C. Extraction and analysis by mass spectrometry

were performed at METATOUL platform (MetaboHUB, INSERM UMR 1048, I2MC, Toulouse, France)

as previously described [13,36].

2.5. Cytokine Quantification

For blood analysis, plasmas were diluted twice and analysis following manufacturer’s instructions

using the mouse V-PLEX Proinflammatory Panel 1 Kit (Meso Scale Discovery, # K15048D) on a

QuickPlex SQ 120 apparatus (Meso Scale Discovery).

For tissue analysis, proteins were extracted from frozen organs using an ULTRA TURRAX T25

(Ika, Germany) and lysis buffer (25 mM Tris-Cl (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1% Triton X-100,

0.5% Nonidet P40 and protease inhibitors (Roche Diagnostics, Meylan, France)). Protein concentration

was evaluated by BCA assay (Sigma-Aldrich Chimie, Saint-Quentin Fallavier, France). 10 µg proteins

were used to evaluate cytokine concentration using the same kit and apparatus as those used for blood

cytokine analysis.

2.6. Histology

Freshly sampled tissues were fixed in 4% paraformaldehyde overnight at RT and then

paraffin-embedded. Embedded tissues were cut into 5-µm sections and dried overnight at 37 ◦C.

For immunohistochemistry, sections were then deparaffinized in xylene, rehydrated using alcohol,

and washed in phosphate-buffered saline (PBS).

For histology analysis, sections were stained with hematoxylin-eosin and mounted in Mowiol.

For immunohistochemistry analysis, antigen unmasking was performed in boiling citrate buffer

(10 mM, pH 6.0) for 6 minutes. Sections were then permeabilized in PBS with 0.2% Triton X-100

at room temperature for 20 minutes and blocked in the same buffer containing 3% BSA for 30 min.

Sections were co-incubated with rat anti-F4/80 antibody (Biorad, clone Cl:A3-1, dilution 1:100) and

rabbit anti-Arginase-1 (ThermoFisher Scientific, #PA5-29645, dilution 1:100) overnight at 4 ◦C.

Following a 30-min incubation with biotinylated anti-rat and TRITC-coupled anti-rabbit

secondary antibodies, the sections were incubated for another 30 min at room temperature with

avidin–biotin complex (Vector Lab, VECTASTAIN ABC Kit, PK-4000), and were then labeled with

3,3′-diaminobenzidine solution (Vector Lab, DAB, SK-4100). Nuclear staining was performed with

DAPI and sections were mounted in Mowiol.

Visualization was performed with an Axiovert microscope. Pictures were captured using

AxioVision software (Carl Zeiss, Jena, Germany).

2.7. Isolation and Analysis of RNA

Procedures follow MIQE recommendations [37]. Total RNA was extracted using a TRI-Reagent

kit (Euromedex, Souffelweyersheim, France) according to the manufacturer’s instructions. For RNA

isolation from organs, tissues were homogenized in TRI-Reagent using a dispersing instrument

(ULTRA TURRAX T25). A reverse transcription-polymerase chain reaction (RT-PCR) was performed

using M-MLV-RT (Promega). SYBR qPCR premix Ex TaqII from Takara (Ozyme, France) was used

for quantitative PCR (qPCR), and assays were run on a StepOne Plus ABI real-time PCR machine

(PerkinElmer Life and Analytical Sciences, Boston). The expression of selected genes was normalized

to that of the TATA-box binding protein (TBP) and 36B4 housekeeping genes and then quantified using

the comparative-∆Ct method. Primer sequences are available upon request.
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2.8. Statistical Analysis

Data were expressed as mean values ± standard error of the mean (SEM). Data were analyzed

using InStat software (GraphPad Software) by one-way ANOVA followed by a Mann-Whitney

(for in vivo experiments) or a Student-Newman-Keuls (for in vitro experiments) post-test to assess

statistical differences between experimental groups. Differences were considered statistically

significant with p < 0.01.

3. Results

3.1. Impact of ω3 PUFA Supplementation on General Parameters of Mice

3.1.1. General Metabolic Parameters

Ten-week-old male mice were fed for 12 weeks with an isocaloric isoenergetic standard diet

enriched in ω6 PUFAs (ω6-enriched diet, ω6/ω3 = 30), or supplemented with ω3 PUFAs (ω3-enriched

diet, ω6/ω3 = 3.7), see Table 1. Mice were housed at 28 ◦C, near thermoneutrality, in order to

limit energy expenditure due to thermogenic metabolism and to avoid any effect of this activity

on inflammatory response, as demonstrated previously [38].

Mice body weight, see Figure 1a, as well as food intake (ω6-enriched diet, 4.49 g/day; ω3-enriched

diet, 4.46 g/day per mouse) were similar between the two groups. Epididymal white adipose tissue

mean weight, see Figure 1b, and fed glycaemia, see Figure 1c, were not different after 12 weeks of

the diets. Altogether, these results indicated that the ω6/ω3 ratio of a standard diet, equilibrated in

carbohydrate, protein, and fat quantities (respectively, 20.1%, 65.4%, and 14.5% of energy supply), did

not modify general metabolic parameters of mice.

 

ω

ω ω ω ω ω ω
ω ω

ω ω

ω ω

ω ω

Figure 1. Mice general metabolic parameters. (a) Mouse body weight, (b) epididymal white adipose

tissue weight, and (c) blood glycaemia evaluated after 12 weeks of ω6- or ω3-enriched diet. Results are

displayed as independent mouse values (dots) and mean ± SEM (histograms). n = 12.

3.1.2. Plasmatic Inflammatory Phenotype

To characterize the systemic inflammatory effect of a PUFA-enriched diet, we evaluated the blood

circulating level of a panel of cytokines, see Figure 2.
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Figure 2. Analysis of blood cytokines. Results are displayed as independent mouse values (dots) and

mean ± SEM (histograms). n = 8. *, p < 0.01.

As expected, the level of most of the pro-inflammatory and anti-inflammatory cytokines was

unchanged between the two groups of mice. Only TNFα (pro-inflammatory cytokine) and IL-4

(anti-inflammatory cytokine) levels slightly but significantly decreased in mice fed an ω3-enriched diet.

3.1.3. Impact of ω3 PUFA Supplementation on Adipose Tissue Oxylipin Content

To investigate the modification induced by the two different diets within adipose tissues, we

quantified the levels of 33 PUFA-metabolites within iBAT, see Figure 3, and scWAT, see Figure 4, of

mice. These oxylipins were analyzed by groups following their PUFA origin, see Figures 3a and 4a, or

separately, see Figures 3b and 4b. In the iBAT, ω3 PUFA supplementation led to a significant increase

of the oxylipins deriving from ω3 PUFAs EPA (PGE3, LTB5, 18-HEPE) and DHA (RvD2, RvD1, MaR1,

PDx, 17-HDoHE, 14-HDoHE), but did not affect ω6-derived metabolites (6kPGF1a, TxB2, 11B-PGF2a,

PGF2a, PGE2, PGD2, 8isoPGA2, 15dPGJ2, LxB4, LxA4, LTB4, 5,6-DiHETE, 15-HETE, 8-HETE, 12-HETE,

5-HETE, 5oxoETE, 14,15-EET, 11,12-EET, 8,9-EET, 5,6-EET derived from ARA; 13-HODE, 9-HODE

derived from LA), see Figure 3a.

In scWAT, while similar results were found for ω3 PUFA-derived and ARA-derived oxylipins,

LA-derived metabolites were highly increased, as shown in Figure 4a.

LA and ω3-PUFA derived oxylipins are considered as anti-inflammatory and pro-resolving

mediators, especially through the modulation of macrophage function. Along with these oxylipins, we

have found that 14- and 17-HDoHEs and 18-HEPE levels were increased in iBAT and scWAT of mice

fed the ω3-enriched diet, and 9- and 13-HODEs were increased only in scWAT, see Figures 3b and 4b.

14- and 17-HDoHE are metabolized in pro-resolving mediators as RvD1, RvD2, Mar1, PDx, and PD1,

while 18-HEPE leads to RvE1 synthesis. It is interesting to note that these final metabolites were barely

(PDx) or not detected within the tissue, see Figures 3b and 4b.
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Figure 3. Quantities of oxylipins derived from dietary polyunsaturated fatty acids (PUFAs) in

interscapular brown adipose tissue (iBAT). (a) Quantities of oxylipins derived from arachidonic acid

(ARA) and linoleic acid (LA) ω6 PUFAS or eicosapentaenoic acid (EPA) and docosahexaenoic acid

(DHA) ω3 PUFAs. (b) Quantities of oxylipins considered as anti-inflammatory or pro-resolving

mediator intermediates. Results are displayed as independent mouse values (dots) and mean ± SEM

(histograms). n = 8. *, p < 0.01.
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Figure 4. Quantities of oxylipins derived from dietary PUFAs in inguinal subcutaneous white

adipose tissues (scWAT). (a) Quantities of oxylipins derived from ARA and LA ω6 PUFAS or EPA

and DHA ω3 PUFAs. (b) Quantities of oxylipins considered as anti-inflammatory or pro-resolving

mediator intermediates. Results are displayed as independent mouse values (dots) and mean ± SEM

(histograms). n = 8. *, p < 0.01.
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3.2. Effect on Inflammatory Phenotype of Adipose Tissue

3.2.1. Histology and Cytokine Content

The histological analysis of iBAT and scWAT, see Figure 5a, revealed neither cell infiltration nor

crown structure that were typical of an adipose tissue inflammatory response in both groups of mice.

 

ω ω
Figure 5. Inflammatory profile of iBAT and scWAT of mice submitted to ω6- or ω3-enriched diet.

(a) Hematoxylin and eosin staining of tissue sections. (b) Analysis of adipose tissue cytokine levels.

Results are displayed as independent mouse values (dots) and mean ± SEM (histograms). n = 6.

*, p < 0.01.
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In the same way, analysis of the iBAT and scWAT cytokine contents showed similar levels of both

pro- and anti-inflammatory cytokines in the two groups of mice, as shown in Figure 5b.

3.2.2. Expression of Inflammatory Markers

As we did not find any modulation of cytokine levels, we analyzed marker expression of

specialized macrophages to evaluate the inflammatory background of the tissue, see Figure 6.

 

ω ω
α β γ

ω
α

α
α

ω

ω

Figure 6. Macrophage marker expression in adipose tissue of mice submitted to ω6- or ω3-enriched

diet. mRNA level analysis of general (CD11c, CD11b), M1 (TNFα, IL-1β, IFNγ, IL-6) and M2 (IL-1RA,

IL-10, MRC1, FIZZ1, MGL2, ARG1, YM1) macrophage markers in (a) iBAT and (b) scWAT. Histograms

display mean ± SEM. n = 12. *, p < 0.01.

The analysis of macrophage markers in iBAT derived from the ω3-enriched diet group, see

Figure 6a, revealed an increase in CD11b (or ITGAM, integrin αM) and CD11c (or ITGAX, integrin αX)

mRNA expression, concomitantly to an increase in major M2 macrophage markers, namely MRC1

(mannose receptor 1), FIZZ1 (found in inflammatory zone 1 or RELMα), and MGL2 (macrophage

galactose N-acetyl-galactosamine specific lectin 2). No change was found for other M2 macrophage

markers or for M1 macrophage markers. To note, ARG1 (arginase 1) and Ym1 (chitinase 3-like 3) were

either barely detected or undetected in this tissue.

The analysis of the scWAT, see Figure 6b, from ω3-supplemented mice, showed an increased the

expression of the M2 macrophage markers MRC1 and FIZZ1 (not MGL2), but no increase of CD11c

(CD11b was undetected). In contrast to iBAT, our data revealed an increase of ARG1 mRNA expression
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and the induction of YM1 mRNA expression. Finally, as for iBAT, no change was found for mRNA

expression of M1 macrophage markers.

Altogether, these results demonstrated that an ω3-enriched diet led to a general increase in M2

anti-inflammatory macrophage marker expression without modification in M1 pro-inflammatory

markers. This was correlated and perhaps due to the increased amount of substrates for pro-resolving

mediator synthesis, as well as an increased quantity of M2 polarizing oxylipins.

3.3. Effect of Potential Anti-Inflammatory Oxylipins Modified in an ω3-Enriched Diet on THP1
Monocyte Cells

The oxylipins 9- and 13-HODEs (LA-derived oxylipins metabolized by LOX) are not known

to be precursors of pro-resolving mediators but display high contents in iBAT, see Figure 3b, and

scWAT, see Figure 4b, and are strongly increased in scWAT after the implementation of an ω3-enriched

diet. In order to investigate the role of 9- and 13-HODEs on macrophage polarization, we used

THP-1 macrophage cell lines activated in pro-inflammatory M1 (LPS 100 ng/mL, Figure 7a) or

anti-inflammatory M2-like phenotype (IL4 + IL-10 10 ng/mL each, Figure 7b). THP-1 cells were

treated with 9- and 13-HODEs (9/13-HODEs, 50 nmol/L each) or with carnosic acid (CA, 10 µM), a

lipoxygenase inhibitor [39], or a combination of both.

 

ω

ω

α β
Figure 7. Macrophage marker expression in THP-1 cells under 9- and 13-HODE treatment. mRNA

level analysis by RT-qPCR of M1 (TNFα, IL-1β) and M2 (MRC1, TGM2) macrophage markers in control,

lipopolysaccharides (LPS) (upper panel) or IL-4/IL-10 (lower panel) treated THP-1 macrophages. Cells

were co-treated for 48 h with carnosic acid (CA, 10 µM) and or 9- and 13-HODEs. (a) CA treatment

induced opposite effects in M1- and M2-like macrophages as it increased inflammatory markers in

THP-1 M1-like macrophages, and (b) decreased M2-like macrophages’ markers. Histograms display

mean ± SEM. n = 3. *, p < 0.01 vs. ctrl and $, p < 0.01 vs. CA.
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None of the treatments modulated non-polarized THP-1, see Figure 7. Treatment with

9/13-HODEs alone showed no effect on macrophages’ M1-like phenotype but increased TGM2

expression on M2-like macrophages. Remarkably, CA treatment induced opposite effects in M1-

and M2-like macrophages as it increased inflammatory markers in THP-1 M1-like macrophages, see

Figure 7a, and decreased M2-like macrophages’ markers, see Figure 7b. Interestingly, 9/13-HODEs

supplementation reversed CA effects, see Figure 7.

4. Discussion

Dietary fats are the source of essential PUFAs that are required for fetal and newborn development

and trigger a variety of biological responses in adults, especially, in adipose tissue. New dietary

recommendations warn against the insufficient intake of ω3 PUFAs and the excess of ω6 PUFAs which

correlate with various disease developments [3,4]. In the first year of life, a high dietary ω6/ω3 ratio is

positively associated with adiposity of infants [40–42]. In the same way, in adults, a high ω6/ω3 ratio

can correlate to an increase of fat mass and the development of metabolic complications [6–10].

Conversely, it has been described that a low ω6/ω3 ratio seems to be correlated with metabolic

disorder protection in different populations [43]. On a metabolic point of view, diets exhibiting a high

ω6/ω3 ratio allow a higher ARA bioavailability for the synthesis of ω6-derived eicosanoids due to an

insufficient compensatory effect of EPA and DHA [15]. Indeed, both ω6 and ω3 PUFAs are metabolized

using the same enzymatic pathways. First, LA and LNA are modified by common ∆-desaturases

and elongases [44]; then, their metabolites, i.e., ARA, DGLA, EPA, and DHA, are metabolized in

oxygenated derivatives also using common pathways involving cyclooxygenases, lipoxygenases, and

CYP450 enzymatic reactions. Here, we provided evidence that, compared to a high ω6/ω3 PUFA ratio,

an equilibrated ratio of four allows the synthesis of LA and EPA/DHA oxylipins instead of ARA

oxylipins. As LA and LNA use a common pathway (∆-desaturase) to be transformed, respectively, into

DGLA/ARA and EPA/DHA, we hypothesize that LNA supplementation could limit LA desaturation

and thus increase LA bioavailability and metabolization in oxylipins through the LOX pathways. Thus,

these competitive phenomena, in addition to dietary intake, determine PUFA availability in oxylipins

synthesis and, in turn, their various metabolic effects, especially for inflammatory responses [45].

It has already been described in rodents that an increase of white adipose tissue mass can be

related to an ω6 PUFA-enriched high-fat diet and can be prevented by ω3 PUFA supplementation [12,

46]. It is suggested that this could only be due to a specific subset of ω3 PUFA such as EPA [47].

Moreover, eicosanoids derived from ω6 PUFA inhibit adipocyte thermogenic activity both in vitro

and in vivo [11,13,48]. We and others demonstrated previously, using the same nutritional approach

as in the present work, that an ω3 PUFA diet supplementation improved the thermogenic adipocyte

function by promoting a more oxidative phenotype in response to β-adrenergic stimulation [14,49].

In the present study, ω3 PUFA supplementation does not induce any change in body mass, glycaemia,

or white and brown adipose tissue morphologies since the mice were fed diets with normal fat content

and did not receive any β-adrenergic challenge.

Most studies concerning ω3 PUFA supplementations were carried out in a context of

obesity (high-fat diet) or infection (LPS treatment) and demonstrate a positive effect of ω3 PUFA

supplementation on the analyzed parameters [35]. Nevertheless, other studies demonstrate the

inability of ω3 PUFAs to modulate inflammation after LPS treatment [50] or in obese mice [51,52].

These discrepancies are essentially due to the differences in the experimental approaches (diet

composition, mouse strain, challenge . . . .) and in the analyzed parameters (cytokine concentration,

mRNA expression, histology . . . ). In humans, several experimental approaches have tried to link

an ω3 PUFA intake to inflammatory response, again with inconsistent conclusions. For example, a

one-year dietary supplementation in ω3 PUFA does not modify the circulating cytokine levels in

healthy volunteers [53]. Conversely, other studies show a decrease of blood inflammatory markers

after ω3 PUFA supplementation [54,55]. It is important to note that a plasma inflammatory mediator

profile seems to be less representative compared to the one of adipose tissue [56]. The same discrepancy
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is found for studies analyzing adipose tissue inflammation. Although one human trial (4g ω3

PUFAs/day; 12 weeks) on insulin-resistant adults demonstrates a decrease in the crown-like structure

number [57], corresponding to phagocytic activity of macrophage on adipocyte, another trial on

the same type of patients (4.2g ω3 PUFAs/day; 6 months) demonstrates no effect of ω3 PUFA

supplementation on the same parameter [58]. Moreover, a recent paper establishes that the oxylipin

profile in rat adipose tissue after dietary ω3 PUFA supplementation (ratio ω6/ω3 of 0.6) is dependent

of (i) the kind of ω3 PUFA used, (ii) the kind of adipose tissue analyzed, and (iii) the sex [59].

In view of these heterogeneities, we decided to analyze the effect of PUFA intake in normal

physiological conditions (thermoneutrality, no β-adrenergic challenge) using an isocaloric, isoenergetic

standard diet supplemented with ethyl esters of fatty acids (instead of classic oil supplementation)

and various technical approaches to characterize the inflammatory profile. With this strategy, we

characterize fatty acid metabolism within subcutaneous and brown adipose tissues and the related

inflammatory phenotype. Our results linking ω3 PUFA supplementation and M2 macrophage are

in line with other studies, such as a recent one demonstrating that (i) treatment of human adipose

tissue explants with ω3 PUFAs lead to an anti-inflammatory phenotype characterized by a decrease

of M1 marker expression, and (ii) treatment of THP-1 cells increased expression of M2 markers [60].

In the same way, DHA supplementation in a high-fat diet context promotes mRNA expression of

M2 markers within white adipose tissue without affecting the total macrophage number [61]. In this

study, the authors describe the same effect for RvD1, DHA metabolites, and conclude that DHA leads

to an anti-inflammatory phenotype via RvD1 synthesis. Unfortunately, they never quantify RvD1

production in vivo and thus do not link DHA supplementation to RvD1 synthesis [61]. In our study,

we have not been able to detect resolvins but only their substrates. We assume that without a specific

inflammatory signal, intermediates of pro-resolving mediators are synthesized but not metabolized.

Indeed, these mediators are involved in the resolution of inflammation and appeared late in the process

as they are not required before, differently to prostaglandins and leukotrienes which appear early [62].

In our study, we measure a defined set of oxylipins. Even if this panel includes oxylipins

deriving from all pathways and PUFAs, we cannot exclude that unmeasured oxylipins triggered the

anti-inflammatory effect of ω3 PUFA supplementation found in our model. In this way, epoxide

and diol metabolites derived from CYP epoxygenase/soluble epoxide hydrolase activity [63], as well

as endocannabinoids, are known and interesting potential mediators of the inflammatory effect of

PUFA [64]. In addition, the esterification of oxylipins, especially of eicosanoids, was described as

an active and major mechanism in various cell biological responses including inflammation [65].

These esterified oxylipins can represent the majority of cell oxylipins and can be hydrolyzed from

the membrane under specific stimuli [66]. In this way, it could be interesting to quantify all oxylipins

(unesterified and esterified) in adipose tissue under ω3 PUFA diet supplementation and to evaluate

their hydrolysis under inflammatory conditions. Nevertheless, our unexhaustive analysis allowed a

correlation between the synthesis of several oxylipins and the expression of M2 macrophage markers.

We propose that 9- and 13-HODEs could drive this effect. In our in vitro results on the THP-1 cell

line, we demonstrate that 9- and 13-HODEs are not enough to directly drive the polarization of THP-1

macrophage but are required to maintain the phenotype. Indeed, their supplementation restores control

level expression of M1-like and M2-like markers after CA treatment. Moreover, 9- and 13-HODEs seem

to play a role in the anti-inflammatory effects since they are able to increase M2 markers such as TGM2.

These results are consistent with some studies describing 9- and 13-HODEs as known mediators of

macrophage polarization [67] in a PPARγ-dependent manner [68]. Of course, other oxylipins could be

involved in the anti-inflammatory environment found in our mice. For example, the study of Fat-1

mouse, which is able to synthesize ω3 PUFAs itself, displays a lowered inflammatory environment

induced by obesity, correlatively to 17-HDoHE synthesis [69]. In addition to oxylipins involvement,

we cannot exclude a direct action of ω3 PUFAs on the membrane receptor. Indeed, it is shown that

DHA is able to directly activate, via GPR120, an anti-inflammatory response driven by macrophage

within adipose tissue [33]. This activity could be linked to the recent characterization of the DHA
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inhibitory effect on NLRP3 inflammasome activity, an effect triggered by GPR40/GPR120 pathways

and leading to a decreased production of mature IL-1β [70]. As NLRP3 is activated essentially in

response to an infectious environment, we do not correlate ω3 PUFA supplementation with a decrease

in IL-1β production in our physiological context.

It is interesting to note that the ω3 PUFA intake finely drives the kind of oxylipins synthesized.

A recent study analyzed the effect of an ω3 PUFA dietary supplementation of an already equilibrated

diet (ratio ω6/ω3 = 6.7) to reach an ω6/ω3 ratio of 0.8. Thus, differently to our situation, LA and

LNA are already desaturated equivalently, and the increase in ω3 PUFA intake leads to a decrease

of LA-derived oxylipins (9/13-HODEs) in favor of EPA and DHA derived oxylipins in the brain.

Moreover, this “over”-supplementation ameliorates against an inflammatory response [71].

5. Conclusions

Previous studies have demonstrated the positive effect of ω3 PUFA intake to counteract the

adverse consequences of a high-fat diet or inflammatory situation. Herein, our study was conducted

in non-obesogenic non-inflammatory conditions and also showed a beneficial influence of ω3 PUFA

dietary supplementation on the adipose tissue inflammatory phenotype. Moreover, while ω3 PUFA

metabolites have been involved in this effect, we additionally highlighted the unsuspected role of

LA-derived metabolites. Finally, this already assumed beneficial outcome of ω3 PUFA supplementation

is in line with a human situation where a high ω6/ω3 ratio is correlated with the development of

inflammatory diseases in metabolic tissue.
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Highlights. 

• Brown and brite adipocyte functions were unaffected by acute LPS treatment. 

• Brown and brite adipocyte recruitment did not prevent the inflammatory response. 

• Brite adipocytes highly secreted IL-1RA in response to LPS. 

• Brite adipocytes limited leptin secretion in response to LPS. 

 

 

  



Abstract. 

Objectives. Numerous studies have shown that the recruitment and activation of thermogenic 

adipocytes, which are brown and beige/brite, reduces the mass of adipose tissue and normalizes 

abnormal glycaemia and lipidaemia. However, the impact of these adipocytes on the inflammatory 

state of adipose tissue is still not well understood, especially in response to endotoxaemia, which 

is a major aspect of obesity and metabolic diseases. 

Methods. First, we analysed the phenotype and metabolic function of white and brite primary 

adipocytes in response to lipopolysaccharide (LPS) treatment in vitro. Then, 8-week-old male 

BALB/c mice were treated for one week with a β3-adrenergic receptor agonist (CL316,243, 1 

mg/kg/day) to induce recruitment and activation of brown and brite adipocytes and were 

subsequently injected with LPS (E. coli lipopolysaccharide, i.p., 100 μg/mouse) to generate acute 

endotoxaemia. The metabolic and inflammatory parameters of the mice were analysed 6 hours 

later. 

Results. Our results showed that in response to LPS, thermogenic activity promoted a local anti-

inflammatory environment with high secretion of IL-1RA without affecting other anti- or pro-

inflammatory cytokines. Interestingly, activation of brite adipocytes reduced the LPS-induced 

secretion of leptin. However, thermogenic activity and adipocyte function were not altered by LPS 

treatment in vitro or by acute endotoxaemia in vivo. 

Conclusion. In conclusion, these results suggest an IL-1RA-mediated immunomodulatory activity 

of thermogenic adipocytes specifically in response to endotoxaemia. This encourages potential 

therapy involving brown and brite adipocytes for the treatment of obesity and associated metabolic 

diseases. 

 

Keywords. brown adipose tissue; white adipose tissue; cytokines; inflammation; catecholamines. 

  



1. Introduction 

 

White adipocytes are specialized for the storage and release of energy (carbohydrates and 

lipids), while brown adipocytes dissipate this energy in the form of heat (thermogenesis) through 

the activity of uncoupling protein-1 (UCP1) [1]. Brown adipocytes constitute brown adipose tissue 

(BAT) but can also be found within white adipose tissue (WAT). They are then called beige or brite 

adipocytes ("brown in white”) and have a high thermogenesis capacity in response to conditions 

such as prolonged cold exposure [2]. 

Overweight (body mass index, BMI > 25 kg/m2) and obesity (BMI > 30 kg/m2) are the 

consequences of a positive energy balance (energetic substrate storage > expenditure) that leads 

to an increase in the mass of subcutaneous and visceral white adipose tissue. Obesity is a major 

risk factor for type 2 diabetes development, as 90% of patients suffering from type 2 diabetes are 

overweight or obese. It has also been shown that metabolic organs of obese subjects, especially 

WAT, are characterized by low-grade inflammation that can lead to metabolic disorders such as 

insulin resistance [3]. Inflammation is characterized in WAT by an increase in inflammatory 

cytokines such as tumour necrosis factor α (TNFα), plasminogen activator inhibitor-1 (PAI-1) or 

interleukin-1β and -6 (IL-1β and IL-6). This promotes immune cell infiltration of adipose tissue, 

particularly infiltration of macrophages and their polarization to an inflammatory M1 phenotype [4]. 

Immune cell accumulation and secretion of inflammatory cytokines affect adipose tissue 

homeostasis and, more specifically, the recruitment and function of adipocytes in WAT and BAT 

[5]. Previous studies have shown that TNFα inhibits adipocyte differentiation [6] and that IL-1β 

blocks insulin signalling, thus favouring insulin resistance [7]. Recently, it has also been shown 

that IL-1β and TNFα affect the thermogenic function of brown adipocytes [8-10]. Altogether, these 

studies showed that inflammatory cytokines participate in the development of an inflammatory 

environment, leading to the deregulation of adipose tissue homeostasis. However, the origin of 

low-grade metabolic inflammation is still under debate. Growing evidence indicates that the gut 

microbiota is a major player in metabolic inflammation. The gut of obese patients is characterized 

by an alteration in the microbiota (dysbiosis) and a disruption of the intestinal barrier, increasing 

its permeability to microbiota metabolites and degradation products. Consequently, systemic 

endotoxin levels increase (endotoxaemia), including the levels of lipopolysaccharide (LPS) [11]. It 

has been demonstrated using germ-free rodent models that this endotoxaemia is directly linked 

to adipose tissue inflammation [12-14]. In this pathophysiological condition, LPS directly activates 

Toll-like receptor 4 (TLR-4), which is displayed by tissue macrophages and adipocytes [15]. In 

response, white and brown/beige adipocytes exhibit an altered function [8; 16] and secrete 

inflammatory cytokines (TNFα and IL-1β), which alter tissue homeostasis. Recently, it has been 



shown that brown and white adipocytes respond differently to in vitro LPS stimulation and mediate 

different inflammatory responses [17]. 

One of the strategies for treating type 2 diabetes associated with obesity is to increase 

energy expenditure by stimulating the formation and activity of brown and/or beige adipocytes 

[18]. While little is known about the impact of this strategy on the balance and functionality of the 

immune system, it is a key element in the pathology of metabolic syndrome, especially in low-

grade inflammation and inherent insulin resistance. In this work, we investigated the response of 

white and brown/brite adipocytes to LPS treatment with regard to their impact on the inflammatory 

environment induced by LPS. Using ex vivo and in vivo approaches in mice, we demonstrated 

that recruitment/activation of brown/brite adipocytes by β-adrenergic receptor agonists was not 

affected by LPS treatment and led to a reduced inflammatory response to LPS, especially by the 

overexpression of an IL-1 receptor antagonist (IL-1RA) that is known to inhibit the action of IL-1β. 

  



2. Materials and Methods 

 

2.1. Reagents 

Culture media and buffer solutions were purchased from Lonza (Ozyme, St-Quentin en 

Yvelines, France), foetal bovine serum (FBS) was purchased from Eurobio (Courtaboeuf, France), 

and insulin was purchased from Invitrogen (Cergy Pontoise, France). LPS (LPS-EK Ultrapure 

isolated from E. coli K12 strain) was obtained from InvivoGen (Toulouse, France). Other reagents 

were obtained from Sigma-Aldrich (Saint-Quentin Fallavier, France). 

 

2.2. Animals  

 The experiments were conducted in accordance with the French and European regulations 

(2010/63/EU directive) for the care and use of research animals and were approved by national 

experimentation committees (MESR No.: APAFIS#18322-2018121809427035 v2). Eight-week-

old male BALB/c mice from Janvier Laboratory (France) were maintained at housing temperature 

(22°C) on a 12:12-hour light-dark cycle, with ad libitum access to food and water. 

The mice were treated daily with the β3-adrenergic receptor agonist CL316,243 (1 mg/kg 

in saline solution, intraperitoneal injection, n=12) (Sigma-Aldrich) or with vehicle only (saline 

solution, n=12). To induce endotoxaemia, 6 mice from each group were injected at day 7 with LPS 

(100 µg/mouse in PBS, intraperitoneal) or vehicle only and were sacrificed 6 hours later. At the 

end of the experiment, blood, interscapular brown adipose tissue (iBAT), epididymal white adipose 

tissue (eWAT) and inguinal subcutaneous white adipose tissue (scWAT) were sampled and used 

for different analyses. 

 

2.3. Cytokine and metabolic parameter quantification 

 For blood analysis, freshly prepared plasma was diluted twice before analysis. For tissue 

analysis, freshly sampled WAT and BAT were washed in PBS, weighed and incubated in free 

Dulbecco’s modified Eagle’s medium for 2 hours at 37°C. The media were preserved for analysis 

of various secreted proteins. 

Leptin was assayed using a mouse leptin kit (Meso Scale Discovery, # K152BYC), and 

cytokines were measured using a mouse V-PLEX pro-inflammatory panel 1 kit (# K15048D) 

according to the manufacturer’s instructions using a QuickPlex SQ 120 apparatus (Meso Scale 

Discovery, Rockville, Maryland, USA). IL-1RA levels were assayed using a mouse IL-1RA ELISA 

kit (#EMIL1RN) from Thermo Fisher Scientific (Courtaboeuf, France). Glycerol and triglyceride 



determinations were performed using a dedicated kit (free glycerol reagent and triglyceride 

reagent, Sigma Aldrich). 

 

2.4. Histology 

 Freshly sampled tissues were fixed in 4% paraformaldehyde overnight at RT and then 

paraffin-embedded. Embedded tissues were cut into 5 μm sections and dried overnight at 37°C.  

For histological analysis, the sections were stained with haematoxylin-eosin and mounted 

in vectamount (Vecto laboratories). 

For immunohistochemical analysis, antigen retrieval was performed in buffer low pH in a 

de-cloaking chamber (Dako, S2367). The sections were then permeabilized in PBS with 0.2% 

Triton X-100 at room temperature for 10 min and blocked in the same buffer containing 3% BSA 

for 1 hour. The sections were incubated with rat anti-F4/80 antibody (Biorad, clone Cl:A3-1, dilution 

1:100) overnight at 4°C. Following a 1 hour incubation with A568-coupled anti-rabbit secondary 

antibodies, nuclear staining was performed with DAPI, and the sections were mounted in 

PermaFluor mounting Media (Thermofisher). 

Visualization was performed with an Axiovert microscope. Images were captured using 

AxioVision software (Carl Zeiss, Jena, Germany). 

 

2.5. Stromal vascular fraction cell isolation and culture 

Subcutaneous WAT (scWAT, inguinal) deposits were sampled from 8-week-old BALB/c 

male mice, washed in PBS, and minced. Adipose tissue samples were digested for 45 min at 37°C 

in DMEM containing 2 mg/ml collagenase A (Roche Diagnostics, Meylan, France) and 20 mg/ml 

bovine serum albumin (Sigma-Aldrich Chimie, Saint-Quentin Fallavier, France). The sample was 

successively filtered through 250, 100 and 27 µm nylon sheets and centrifuged for 5 min at 500 

g. The pellet containing stromal vascular fraction (SVF) cells was subjected to red blood cell lysis. 

SVF cells were plated and maintained in DMEM containing 10% FCS until confluence. 

Differentiation was induced in the same medium supplemented with 1 µM dexamethasone, 0.5 

mM isobutylmethylxanthine and 860 nM insulin for two days. Then, the cells were maintained for 

7 days in the presence of 860 nM insulin for white adipogenesis and 860 nM insulin, 1 µM 

rosiglitazone and 2 nM triiodothyronine for brite adipogenesis. Media were changed every other 

day. On the final day, the adipocytes were stimulated with or without 1 µM isoproterenol for 6 

hours. 

 

2.6. Isolation and analysis of RNA 



 Procedures were performed according to MIQE recommendations [19]. Total RNA was 

extracted using a TRI-Reagent kit (Euromedex, Souffelweyersheim, France) according to the 

manufacturer’s instructions. For RNA isolation from organs, tissues were homogenized in TRI-

Reagent using a dispersing instrument (ULTRA TURRAX T25). Reverse transcription-polymerase 

chain reaction (RT-PCR) was performed using M-MLV-RT (Promega). SYBR qPCR premix Ex 

Taq II from Takara (Ozyme, France) was used for quantitative PCR (qPCR), and assays were run 

on a StepOne Plus ABI real-time PCR instrument (PerkinElmer Life and Analytical Sciences, 

Boston). The expression of selected genes was normalized to that of the TATA-box binding protein 

(TBP) and 36B4 housekeeping genes and then quantified using the comparative-ΔCt method. 

Primer sequences are available upon request. 

 

2.7. Oxygen consumption analysis 

The oxygen consumption rate (OCR) of 17-day-old differentiated hMADS cells was 

determined using an XF24 Extracellular Flux Analyser (Seahorse Bioscience, Agilent 

Technologies France, Courtaboeuf, France). Uncoupled and maximal OCR were determined 

using oligomycin (1.2 µM) and FCCP (1 µM). Rotenone and antimycin-A (2 µM each) were used 

to inhibit mitochondrial respiration. All parameters were calculated as described previously [20]. 

 

2.8. Statistical analysis 

Animal cohort size was determined using G*Power [21], and animals were allocated to 

experimental groups by randomization. The data were analysed using GraphPad Prism 6 software 

and evaluated by ordinary one-way ANOVA followed by Tukey's multiple comparisons post-test 

to assess significant differences between experimental groups. Differences were considered 

statistically significant with p<0.05. The data are displayed as scatter plots of independent values 

and group mean values ± SD. 

  



3. Results 

 

3.1. In vitro phenotypic and functional metabolic response of white and brite adipocytes to LPS 

treatment 

White and brite adipocytes were obtained after differentiation of preadipocytes that were 

isolated from the stromal vascular fraction of mouse subcutaneous white adipose tissue. On the 

last day of differentiation, the adipocytes were treated for 6 hours with 1 µM isoproterenol (a 

nonspecific β-adrenergic receptor agonist that activates lipolysis and/or UCP1 activity) and/or 100 

ng/ml LPS and were then used for mRNA expression and functional metabolism modification 

analysis (Figure 1). 

Acute LPS treatment did not alter perilipin 1 mRNA expression but strongly inhibited leptin 

mRNA expression in white adipocytes (Figure 1A). Isoproterenol treatment induced a similar 

inhibition but had no synergistic effect with LPS. White adipocytes barely expressed Ucp1 and 

perilipin 5 mRNA, and LPS and isoproterenol did not alter these expression levels. The same 

result was found for leptin mRNA in brite adipocytes. In addition, in brite adipocytes, perilipin 1 

mRNA expression was unaffected by the treatments, unlike that of perilipin 5, which was slightly 

inhibited by LPS treatment independent of isoproterenol. Interestingly, LPS alone did not alter 

Ucp1 expression in brite adipocytes but blunted the increase in Ucp1 mRNA expression due to 

acute isoproterenol treatment (Figure 1A). 

Analysis of Tnfα and Il-6 mRNA levels showed that they were overexpressed after acute 

LPS treatment. Interestingly, isoproterenol completely inhibited Tnfα overexpression in the two 

kinds of adipocytes. A more complex situation was found for Il-6 mRNA, which was positively 

affected by the combination of isoproterenol and LPS treatment in white adipocytes but inhibited 

by the same cotreatment in brite adipocytes (Figure 1A). Analysis of Il-1β mRNA expression 

showed an increase after LPS treatment of adipocytes. Isoproterenol did not alter this expression 

except when white adipocytes were treated with both isoproterenol and LPS. As Il-1β mRNA 

encodes the pro-form of the protein before its maturation and secretion, these results need to be 

analysed with caution. mRNA expression of Il-1rn, which codes for the IL-1RA protein that 

counteracts the effect of IL-1β, was increased after LPS treatment, similar to that of Il-1β mRNA. 

Interestingly, brite adipocytes expressed more Il-1rn than white adipocytes. This expression in 

brite adipocytes was increased by LPS treatment and, more importantly, by isoproterenol with or 

without LPS. 

At the metabolic level, isoproterenol treatment induced glycerol release (a reflection of 

lipolysis) in both types of adipocytes, but cotreatment with LPS had no effect (Figure 1B-D). 



Interestingly, LPS slightly but significantly increased glycerol release in white and brite adipocytes. 

The extracellular acidification rate (ECAR) (Figure 1C) and oxygen consumption rate (OCR) 

(Figure 1D) were analysed concomitantly and were increased by acute isoproterenol treatment in 

brite adipocytes, while only the OCR was increased in white adipocytes. Uncoupling mitochondrial 

oxygen consumption (the OCR due to proton leakage) was increased in brite adipocytes after 

isoproterenol stimulation, which is a reflection of Ucp1 activity (Figure 1D). Neither ECAR nor OCR 

was affected by LPS treatment (Figure 1C-D). 

Taken together, these in vitro adipocyte experiments suggest that activation of adipocyte 

β-adrenergic receptors decreased the inflammatory phenotype and that LPS treatment did not 

clearly affect the thermogenic phenotype. 

 

3.2. In vivo effects of acute LPS treatment on browning and BAT activation induced by the β3-

adrenergic receptor agonist (CL316,243) 

Eight-week-old male BALB/c mice were treated daily with a β3-adrenergic receptor agonist 

(CL316,243, 1 mg/kg) that activates brown and brite adipocyte thermogenesis and adipocyte 

lipolysis and were finally treated with 100 µg of LPS for 6 hours. Body weight was unaffected by 

treatment with CL316,243 or LPS (Figure 2A). Different weights of epididymal WAT showed that 

fat mass was decreased after CL316,243 treatment but was unaffected by LPS treatment (Figure 

2A). While the plasma glycerol level did not change, we found a decrease in plasma triglyceride 

levels, probably due to the high use of this substrate by activated brown and brite adipocytes 

(Figure 2B). Interestingly, LPS treatment also decreased triglyceride levels, but no additive effect 

was found in the cotreated mouse group (Figure 2B). Leptin plasma levels increased in LPS-

treated mice, and the effect was blunted when the mice were pre-treated with CL316,243 (Figure 

2C). To assess the secretory capacity of adipose tissue, we freshly sampled and washed scWAT 

and iBAT from the 4 groups of mice and analysed secreted cytokines and adipokines two hours 

later. With this approach, we found a decrease in secreted leptin from scWAT explants. Thus, in 

our experiment, leptin levels did not follow the fat mass of the animals and corresponded to an 

adipose tissue inflammatory response to LPS (Figure 2C). 

 To assess the effects of acute LPS treatment on brown and brite adipocyte recruitment 

and activation, we performed histological and molecular analyses of WAT and BAT from mice in 

each group. As shown in Figure 2D, CL316,243 decreased quantity of lipid droplets in brown 

adipose tissue and slightly increased Ucp1 and Cpt1m mRNA expression, which is characteristic 

of activated BAT, without affecting Perilipin 1 and 5 expressions (Supplementary Figure 1A). 

scWAT histological sections from CL316,243-treated groups displayed massive recruitment of 



multiloculated adipocytes (Figure 2D), which is a characteristic morphology of brite adipocytes. 

This was confirmed by the overexpression of Ucp1 and Perilipin 5 mRNA (Supplementary Figure 

1B).  

 Perilipin 1 and Leptin mRNA expression in scWAT did not change with LPS and/or 

CL316,243 treatment. This discrepancy between leptin secretory levels and mRNA expression 

supports an acute response independent of fat mass change (Supplementary Figure 1B). 

Interestingly, we did not detect inflammatory cell infiltration after acute LPS treatment by 

histological analysis (Figure 2D), which was confirmed by negative staining for the macrophagic 

marker F4/80 (data not shown). 

  

3.3. Acute LPS treatment induces an inflammatory response and secretion of anti-inflammatory 

cytokines. 

Inflammation is mainly triggered by inflammatory cytokine secretion, followed by a 

resolution step that is characterized by secretion of anti-inflammatory cytokines. This effect was 

observed in mice that were treated with LPS. Terminal LPS treatment induced an increase in the 

plasma level of IL-1β, as well as IL-1β secretion in BAT and scWAT explants, and CL316,243 did 

not alter this effect (Figure 3A). IL-1RA plasma levels equivalently increased after administration 

of LPS to untreated and CL316,243-treated mice (Figure 3B). In contrast, in scWAT and BAT, 

while LPS treatment increased IL-1RA secretion, CL316,243 also increased IL-1RA secretion, and 

this effect was additive in the presence of LPS (Figure 3B). 

In addition to IL-1β/IL-1RA, other cytokine levels were affected. TNFα and IL-12 plasma 

levels were increased after LPS treatment independent of CL316,243 treatment, and the same 

trend was found for IL-6 (Supplementary Figure 2). KC/GRO (CXCL-1) was detected in the plasma 

of mice but was not affected by the different treatments. Interestingly, LPS-induced IFNγ and IL-2 

plasma levels increases were abrogated when the mice were treated with CL316,243 

(Supplementary Figure 2). 

A different profile of secreted cytokines was found in the adipose tissue explant media. 

IFNγ was undetected, and IL-2 and IL-12 were barely detected (Figure 4), with a slight increase 

only in the iBAT of LPS-treated mice (Figure 4A). Secreted IL-6 increased in the iBAT of LPS-

treated mice independent of CL316,243 treatment and only in LPS plus CL316,243 in scWAT 

(Figure 4). In contrast, KC/GRO and TNFα increased in all groups of LPS-treated mice 

independent of CL316,243 treatment and had the same trend (Figure 4). 

Although the anti-inflammatory cytokine IL-4 was barely detected in plasma and 

undetected in explants of adipose tissues, the plasma level of IL-10 was increased in response to 



LPS (Supplementary Figure 3). None of these were altered by CL316,243. In contrast, local 

secretion of IL-10 by adipose tissue was not stimulated by LPS alone, but an increasing trend was 

observed after CL316,243 treatment, especially in BAT that was cotreated with LPS 

(Supplementary Figure 3). 

 

4. Discussion 

 

Obesity disturbs the gut epithelium, which allows LPS from gram-negative gut bacteria to 

enter the systemic circulation [13]. This metabolic endotoxaemia leads to systemic and local 

inflammation, which is a central feature of metabolic syndrome development. Several studies have 

shown the action of LPS on white and brown adipocyte differentiation and function. LPS modulates 

adipocyte functions directly via TLR-4 activation or indirectly, especially through macrophage 

activation which in turn secrete cytokines that modulate adipocyte functions. In WAT, LPS directly 

induces lipolysis and cytokine secretion by adipocytes and indirectly (mainly by macrophage-

derived cytokines) inhibits differentiation and insulin resistance [22; 23]. In BAT, LPS has been 

suspected to be an activator of brown adipocyte thermogenesis [24], but recent studies 

demonstrated that acute (in vitro) and chronic (in vivo) exposure to LPS inhibits UCP1 expression 

and function in these adipocytes [16; 25]. However, little is known about the influence of white and 

brite or brown adipocytes on local and systemic inflammation due to LPS exposure, especially the 

secretion of inflammatory mediators such as cytokines and adipokines. Herein, we analysed the 

impact of brown and brite adipocyte recruitment and activation on systemic and local (adipose 

tissue) responses to acute LPS treatment, which mimics endotoxaemia. 

Leptin is a well-known modulator of pyrexia in response to LPS [26-28]. We found an 

expected increase in leptin secretion in plasma that correlated with scWAT leptin level, which is 

the primary origin of this adipokine, in mice that were stimulated with acute LPS treatment. This 

positive effect was not found at the mRNA level in the scWAT of these mice or in primary white 

adipocytes that were exposed to LPS. These results suggest that LPS is unable to directly 

stimulate adipocyte leptin expression, suggesting the involvement of additional cell populations 

that respond to the LPS signal. Interestingly, these increased leptin levels were completely 

abolished when the mice were pre-treated with CL316,243, which induces brown/brite adipocyte 

recruitment and activation and thus thermogenesis. As leptin induces fever independently of 

thermogenesis [27], we suspect negative feedback that prevents hyperthermia due to the addition 

of thermogenesis and pyrexia. Unfortunately, leptin levels cannot be related to fever, as body 

temperature was not available in our work. Inconsistently, numerous studies have shown an 



inhibitory effect of chronic LPS treatment on Ucp1 expression and function in vivo and thus on 

thermogenesis [16]. In our work, we showed that LPS did not modify Ucp1 expression or the 

histology of BAT and scWAT after CL316,243 treatment, strongly suggesting that LPS does not 

affect thermogenesis. The difference between our results and those of Okla and colleagues is 

probably due to the duration of LPS treatment (6 hours vs. 2 weeks) [16]. This was confirmed by 

an in vitro experiment on brite adipocytes showing that LPS slightly inhibited Ucp1 mRNA 

expression due to isoproterenol treatment but did not modify Ucp1 function, as demonstrated by 

oxygen consumption analysis. It is possible that a difference exists between brite and brown 

adipocytes, as LPS inhibits Ucp1 function in brown adipocytes in vitro [25]. 

Dowal and colleagues used coculture of human adipocytes and macrophage cell lines to 

show that brown adipocytes reduced macrophage IL-6 secretion in response to LPS compared to 

that of white adipocytes [17]. Under similar conditions, mRNA expression of other inflammatory 

markers, including Il-10, in macrophages was inhibited by brown adipocytes. These results 

suggest that brown adipocytes and perhaps brite adipocytes display general immunomodulatory 

properties of interest. Our ex vivo analysis showed the same results, with decreased mRNA 

expression of Il-6 in brite adipocytes compared to that in white adipocytes and to a lesser extent 

for Tnfα. We hypothesised that the inhibition of inflammatory cytokine expression in brown 

adipocytes participates in its immunomodulatory activity on macrophages. Unfortunately, this 

inhibition of pro-inflammatory and anti-inflammatory cytokine levels was not confirmed in vivo. 

Control mice and mice that were pre-treated with CL316,243 displayed an equivalent increase in 

the secretion of TNFα and IL-6 after LPS treatment. The same results were obtained for other pro- 

and anti-inflammatory cytokines in plasma and adipose tissue, except for IFNγ and IL-2 plasma 

levels, which were strongly decreased in the CL316,243 group after LPS treatment. As no IFNγ 

and very low quantities of IL-2 were found in BAT and scWAT, we can exclude the involvement of 

these tissues in this immunomodulatory effect. 

Along pro-inflammatory cytokines, IL-1β has a central role in the immune response to LPS 

and in adipose tissue homeostasis [29]. More specifically, IL-1β secretion induced by LPS 

treatment disrupts insulin signalling in WAT [7; 30; 31] and inhibits UCP1 function in BAT both in 

vitro and in vivo [9; 24]. As expected, we found that LPS treatment induced IL-1β production in all 

conditions assayed, as shown by mRNA expression in white and brite adipocytes in vitro and 

secretion of the mature form of IL-1β in BAT and scWAT in vivo. In addition, we showed that 

recruitment and activation of brown and brite adipocytes did not modulate IL-1β levels and thus 

did not seem to prevent inflammatory action of this cytokine. IL-1β is mainly regulated at the 

expression, maturation and secretion levels, especially by modulation of the NF-kB transcription 



factor and activation of inflammasomes. Another pathway exists to modulate IL-1 activity, which 

is the production and secretion of IL-1RA. This cytokine antagonizes the biological effects of IL-

1β by competing for binding to the IL-1 receptor without inducing a cellular response [32]. 

Moreover, IL-1RA is highly produced by adipose tissue [33]. Interestingly, we demonstrated that 

Il-1rn mRNA was more highly expressed in brite adipocytes in vitro than in white adipocytes and 

that this difference was amplified when the cells were treated with a β-adrenergic receptor agonist. 

Importantly, these observations were confirmed in vivo, where CL316,243 treatment increased IL-

1RA levels in WAT and BAT, with or without LPS treatment. In contrast, plasma levels of IL-1RA 

increased only in the presence of LPS and independently of CL316,243 treatment. Taken together, 

these results clearly demonstrate that brite and brown adipocytes express and/or secrete more 

IL-1RA than white adipocytes, especially in response to acute LPS treatment. In addition to a 

potential anti-inflammatory role of IL-1RA, we hypothesise that the simultaneous secretion of IL-

1RA and IL-1β corresponds to a protective mechanism to preserve adipocyte function in an 

inflammatory context. 

Increased IL-1β or decreased IL-1RA levels are linked to the development of obesity and 

diabetes, and among therapeutic strategies developed to normalize these levels, some studies 

have focused on the use of exogenous IL-1RA [29; 34]. In rodents, chronic IL-1RA treatment of 

mice that were fed a high-fat/high-sucrose diet prevented glucose metabolism alteration and 

normalized the metabolic parameters linked to obesity without affecting fat mass [35]. In addition, 

using IL-1RA-overexpressing mice, we detected a normalization of inflammatory marker mRNA in 

the WAT of mice fed a high-fat diet [35]. In humans, several clinical trials using anakinra 

(recombinant human IL-1RA) have been developed with obese and diabetic patients and have 

shown, among others, better pancreatic function and decreased systemic inflammation after 

treatment [36; 37]. As we demonstrated that IL-1RA adipose levels are increased after β-

adrenergic receptor agonist treatment, we suggest that increasing brown/brite adipocyte 

recruitment and activity in humans, in addition to decreasing fat mass, protects adipose tissue 

from the adverse effects of IL-1β. 

 

 Finally, we have demonstrated that recruitment and activation of brown and brite 

adipocytes in the adipose tissue of mice led to a local anti-inflammatory phenotype characterized 

by an increased IL-1RA level and decreased leptin secretion in response to endotoxaemia without 

modulation of systemic inflammation. 
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Legends. 

Figure 1. Effect of LPS on white and brite adipocytes in vitro. White and brite adipocytes were 

obtained after differentiation of stromal vascular fraction cells isolated from mouse scWAT. (A) 

mRNA expression analysis by qPCR of white (leptin and perilipin 1), brite (Ucp1 and perilipin 5) 

and inflammatory markers (Tnfα, Il-6, Il-1β, and Il1rn) after 6 hours of treatment with isoproterenol 

(1 µM) and/or LPS (100 ng/ml). (B) Glycerol levels were assayed in the supernatants of white and 

brite adipocytes that were treated for 2 hours with LPS and/or isoproterenol. (C-D) White and brite 

adipocytes were analysed for oxygen consumption and extracellular acidification following 

sequential injection of isoproterenol and/or LPS, oligomycin A (1.2 µM) and rotenone/antimycin A 

(2+2 µM). (C) ECAR in response to LPS and/or isoproterenol is displayed as % of basal ECAR. 

(D) Plots show mitochondrial OCR and the indicated injections. Histograms display OCR in 

response to LPS and/or isoproterenol and uncoupling mitochondrial respiration. The results are 

displayed as the mean ± SEM. n = 3. * p<0.05 vs. control; $ p<0.05 vs. LPS; § p<0.05 vs. 

isoproterenol; £ p<0.05 vs. white adipocytes. 

 

Figure 2. Effect of CL316,243 and LPS on general mouse metabolic parameters. Mice were 

analysed after 1 week of treatment with CL316,243 daily (1 mg/kg/day) or vehicle only (NaCl), and 

with or without LPS treatment (1 mg/kg) during the final 6 hours. (A) Mouse body weights, 

epididymal white adipose tissue (eWAT) weights, (B) triglycerides and glycerol plasma levels and 

secreted leptin levels in (C) plasma and (E) subcutaneous white adipose tissue (scWAT). (D) 

Haematoxylin-eosin staining of interscapular BAT (iBAT), scWAT and eWAT sections. The results 

are displayed as independent mouse values (dots) and the mean ± SE. n = 8. * p<0.05.  

 

Figure 3. Effect of CL316,243 and LPS on IL-1β/IL-1RA. IL-1β (A) and IL-1RA (B) protein levels 

were assessed in plasma (upper panel) and in the media of iBAT (middle panel) and scWAT (lower 

panel) explants from mice that were treated for 1 week with CL316,243 daily (1 mg/kg/day) or 

vehicle only (NaCl), and with or without LPS treatment (1 mg/kg) for the final 6 hours. The results 

are displayed as independent mouse values (dots) and the mean ± SE. n = 6 (plasma) or 8 

(explant). * p<0.05. 

 

Figure 4. Local inflammatory response to LPS. IFNγ, TNFα, IL-6, IL-12-p70, KC/GRO (CXCL-

1) and IL-2 levels were assessed in the media of iBAT (A) and scWAT (B) explants from mice that 

were treated for 1 week with CL316,243 daily (1 mg/kg/day) or vehicle only (NaCl), and with or 



without LPS treatment (1 mg/kg) for the final 6 hours. The results are displayed as independent 

mouse values (dots) and the mean ± SE. n = 8. * p<0.05. 

 

Supplementary Figure 1. Effect of CL316,243 and LPS on mRNA adipocyte markers. mRNA 

expression of brown/brite (Ucp1, Cpt1m, and perilipin 5) and white adipocyte (leptin and perilipin 

1) markers was analysed by qPCR in iBAT and scWAT from mice that were treated for 1 week 

with CL316,243 daily (1 mg/kg/day) or vehicle only (NaCl), and with or without LPS treatment (1 

mg/kg) for the final 6 hours. The results are displayed as independent mouse values (dots) and 

the mean ± SE. n = 8. * p<0.05. 

 

Supplementary Figure 2. Systemic inflammatory response to LPS. IFNγ, TNFα, IL-6, IL-12-

p70, KC/GRO (CXCL-1) and IL-2 levels were assessed in the plasma from mice that were treated 

for 1 week with CL316,243 daily (1 mg/kg/day) or vehicle only (NaCl), and with or without LPS 

treatment (1 mg/kg) for the final 6 hours. The results are displayed as independent mouse values 

(dots) and the mean ± SE. n = 8. * p<0.05. 

 

Supplementary Figure 3. Systemic and local anti-inflammatory responses to LPS. IL-4 and 

IL-10 levels were assessed in plasma (A) and in the media of iBAT (B) and scWAT (C) explants 

from mice that were treated for 1 week with CL316,243 daily (1 mg/kg/day) or vehicle only (NaCl), 

and with or without LPS treatment (1 mg/kg) for the final 6 hours. The results are displayed as 

independent mouse values (dots) and the mean ± SE. n = 8. * p<0.05. 
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1. Results 

 

1.1. Bacteria injection does not modify response of mice to CL316,243. 

Mice were treated daily for 1 week with the β3-adrenergic receptor agonist CL316,243 (1 

mg/kg, intraperitoneal), or vehicle only (NaCl), to induce brown adipose tissue (BAT) activation 

as well as recruitment and activation of brite thermogenic adipocytes within white adipose tissue 

(WAT). As expected, at the end of the treatment mice body weight was decreased and rectal 

temperature was increased in CL316,243 group compare to NaCl group (Figure 1A) due to the 

thermogenic activity of brown and brite adipocyte. At the end of this treatment, half of the mice of 

each group were infected with E. Coli and followed 48 hours. While bacteria induced a decrease 

in body weight in NaCl treated mice, no additive effect was found in CL316,243 treated mice 

(Figure 1B). Differently, CL316,243 treatment decreased epididymal WAT (eWAT) mass while 

bacteria did not modify significantly it. Plasma analysis revealed that CL316,243 treated mice 

displayed higher glycerol level (Figure 1C) and lower triglycerides level (Figure 1D) compared to 

NaCl group and independently of bacteria treatment, demonstrating increase in fatty acid 

oxidation in link with thermogenesis. Interestingly, an additive effect was found for triglycerides 

plasma level in mice treated with CL316,243 and infected with bacteria.  

As they have been performed 48 hours after the end of CL316,243 treatment, histological 

analysis of inter-scapular BAT (iBAT) did not shown major difference between groups (Figure 

1E). Nevertheless, sub-cutaneous WAT (scWAT), and for a lower extend eWAT, shown 

numerous multilocular adipocytes in CL316,243 treated mice, characteristic of brite adipocytes 

(Figure 1E). Bacteria did not modify frequency of brite adipocytes as well as iBAT morphology 

(Figure 1E). 

 

1.2. Bacteria clearance and pyrexia are independent to leptin and BAT activation.  

Intraperitoneal injection of bacteria in mice induces in the first 4 hours a pyretic response 

which is maintained all along the two days of analysis (Figure 2A). Interestingly, even if rectal 

temperature was different before infection (Figure 1A), the fever in response to bacteria is 

equivalent between NaCl- and CL316,243-treated mice. As expected, the bacteriemia is 

decreased at 24 hours and completely resolved after 48 hours, demonstrating bacteria 

clearance by mice (Figure 2B). Activation of brown and brite adipocytes have not modified this 

response to infection (Figure 2B). 



Leptin is considered as a key mediator of pyrexia especially in mice by limiting body heat 

loss. Here it is interesting to note that leptinemia as well as leptin secretion by scWAT is 

decreased in mice infected with bacteria as well as in mice treated with CL316,243 (Figure 2C), 

demonstrating that pyrexia in response to bacteria and thermogenesis are independent to leptin 

action. 

 

1.3. Systemic and local inflammatory response to bacteria.  

CL316,243 preconditioning did not modify fever and bacteria clearance by mice. Thus, 

we analyzed cytokine profiling to determine if brown and brite adipocyte activity can modulate 

inflammatory response to bacteria. As expected, bacterial infection induces a systemic 

inflammatory response characterized by increased plasmatic levels of IFNγ, TNFα, IL-6 and 

KC/GRO (CXCL-1) compared to PBS-treated mice (Figure 3A). IL-12 does not vary between 

groups of mice and IL-2 is undetected (Figure 3A). CL316,243 treatment does not modulate by 

itself plasma cytokine levels and do not modify cytokines increased in response to bacteria, even 

if a slight decrease was found (Figure 3A). To note, the high variability in plasma quantity for 

each cytokine (Figure 3A) in response to bacteria can be relied to the high variability in 

bacteriemia evolution found in the mice (Figure 2B). 

Adipose tissues seem less affected by bacterial infection. Indeed, in iBAT only IFNγ 

secretion increases in response to bacteria injection (Figure 3B), other cytokines are either 

unaffected (TNFα, IL-2) or decreased (IL-6, IL-12, KC/GRO) (Figure 3B). In scWAT, all cytokine 

secretions are unaffected except for IL-12 which is decreased (Figure 3C). In all case, 

CL316,243 does not modulate local cytokine secretions in response to infection (Figure 3B-C). 

In search to an impact of CL316,243 pretreatment on inflammatory resolving, we 

analyzed IL-4 and IL-10 levels in plasma and in secretory media of adipose tissue explant. 

Unfortunately, IL-4 is never detected and even if IL-10 level increases in plasma of infected mice 

it is not modulated by CL316,243 treatment (Figure 4). Like to pro-inflammatory cytokines, IL-10 

secretion is unaffected by bacteria as well as CL316,243 treatment in iBAT and scWAT (Figure 

4). 

Due to the basal response of scWAT to bacteria in term of cytokine secretion, we search 

for immune cells infiltration in this tissue. As expected, we found classic figures of inflammation 

in scWAT of mice infected by bacteria, pretreated or not with CL316,243, including crown 

structure and small cell infiltration characteristic of macrophage and lymphocyte presence 



respectively (Figure 5A). This is confirmed using F4/80 immunostaining showing clearly 

macrophage occurrence in adipose tissue (Figure 5B).  

 

1.4. Systemic and local inflammatory response to bacteria.  

Along inflammatory cytokines, IL-1β is a main actor of pyrexia and anti-bacterial 

response and is highly secreted by adipose tissue. Thus, in response to bacteria injection, IL-1β 

plasma level increases in the same time to IL-1RA (IL-1 receptor antagonist) which is involved in 

inflammatory resolving (Figure 6A). Pre-treatment of mice with CL316,243 did not modify this 

response (Figure 6A). Analysis of IL-1β and IL-1RA secretion in iBAT shows that both increase 

in infected mice and, interestingly, IL-1β secretion is decrease in iBAT activated by CL316,243 

treatment (Figure 6B). Differently, IL-1RA secretion is equivalent between iBAT of infected mice 

treated or not with CL316,243 (Figure 6B). scWAT situation is different as IL-1β secretion is not 

significantly induced by bacteria injection which increased IL-1RA secretion, CL316,243 

increased it to and this effect is additive to infection (Figure 6C).  
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Introduction 13 

Leishmania infantum (L. infantum) is the causative agent of visceral leishmaniasis transmitted 14 

by the bite of female sand flies. According to the WHO, the estimated annual incidence of 15 

leishmaniasis is one million new cases, resulting in 30 000 deaths per year [1]. The outcome 16 

of infection can be variable ranging from an asymptomatic form to obvious disease. 17 

Commonly, Leishmania infection remains asymptomatic in immunocompetent individuals 18 

[2]. Clinical features of leishmaniasis depend on the species and the immune response of the 19 

host [3]. Symptomatic leishmaniasis is characterized by 3 main forms: cutaneous 20 

leishmaniasis (CL), mucocutaneous leishmaniasis (MCL) and visceral leishmaniasis (VL). CL 21 

is a chronic infection with ulcerative skin lesion occurring at the site of innoculation. MCL is 22 

generally the result of the parasite dissemination from the skin to the naso-oropharyngeal 23 

mucosa. VL is the most serious form of leishmaniasis leading to death in a few months 24 

without treatment. It is characterized by irregular fever, weight loss, hepatosplenomegaly, 25 

lymphadenopathies and pancytopenia. Currently, there is no human vaccine and treatments 26 

are expensive. WHO guidelines recommend the use of few drugs, including Amphotericin B 27 

[4]. Over the course of the years, several cases of relapses have been documented[5,6]. These 28 

relapses call into question the efficiency of actual treatments [5] [7] and raises the question of 29 

potential persistence sites. Indeed, Leishmania has the ability to persist in humans for long 30 

periods of time and even after successful treatment [8]. Several potential persistence sites 31 

have already been identified and named ‘safe targets’. These include immature myeloid 32 

precursor cells, monocytes, sialoadhesin-positive stromal macrophages of the bone  marrow, 33 

hepatocytes and fibroblasts [8]. Previously, L. infantum persistence and development has been 34 

shown in intra-abdominal adipose tissue in intraperitoneally infected mice [9]. Moreover, 35 

adipose tissue has been proposed as a sanctuary of persistence for bacteria such as 36 

Mycobacterium tuberculosis [10], Coxiella burnetii [11], Mycobacterium canettii [12] or 37 

viruses such as Human Immunodeficiency Virus (HIV) [13], Simian Immunodeficiency Virus 38 
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[14] and parasites such as Trypanosoma cruzi , Trypanosoma brucei and Plasmodium spp. 39 

[15,16]. In this paper, we addressed the question of the persistence of L. infantum in adipose 40 

tissue and whether or not L. infantum could infect adipocytes.  41 

  42 
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Results 43 

L. infantum is found in the adipose tissue of infected mice. 44 

In this study, we investigated wether or not L. infantum could be present in the two different 45 

adipose tissues (brown and white adipose tissue) of infected mice. For this purpose, BALB/c 46 

mice were intravenously inoculated by LUC-L. infantum. Mice were sacrificed after 6, 10 and 47 

31 weeks post-infection (p.i). Tissues samples were analyzed for the presence of L. infantum 48 

by qPCR. Verification of infection confirmed chronic infection in spleen and liver (Fig S1). 6 49 

weeks post infection, white (subcutaneous and periovarian) and brown tissues presented a 50 

parasite burden (Fig 1). After 10 weeks post infection periovarian adipose tissue and brown 51 

adipose tissue levels of parasite burden is high. In subcutaneous tissue, between 6 and 10 52 

weeks post infection, parasite burden decreased and totally disappeared 31 weeks post 53 

infection. Of note, the number of mice with positive parasite burden in brown adipose tissue 54 

remains higher than 70% until 31 weeks post infection. These results show the presence of L. 55 

infantum in adipose tissue after an infection by intravenous route preferentially in brown 56 

adipose tissue. Furthermore, we performed histological sections on different tissues from the 57 

same infected mice in order to visualize parasites by immunolabelling. 40 weeks post 58 

infection, presence of intact leishmania parasites in all adipose tissues can be observed (Fig 59 

2). This raised the question whether parasites contained in adipose tissue from infected mice 60 

where alive and infectious. We thus performed an adoptive transfer experiment by 61 

intravenously injecting naïve mice with brown adipose tissue from previously infected mice. 62 

34 weeks post transfer we could detect parasite DNA by qPCR in the liver, spleen and brown 63 

adipose tissue of naïve mice (Supplemental Table 1). To conclude, our results show that L. 64 

infantum persists in the adipose tissue of mice, and suggests its implication as a potential 65 

reservoir for L. infantum persistence. 66 

L. infantum is contained in adipocytes enriched fraction  67 
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To assess whether L. infantum is contained in adipocytes or other cell types, we separated an 68 

adipocyte enriched fraction from the stromal vascular fraction (SVF). White and brown 69 

adipose tissue from 4 IV infected mice were separated into floating fraction (adipocytes 70 

enriched fraction) and a pellet containing the SVF. The samples were pooled in order to 71 

increase the number of parasites and improve the detection by qPCR. Separation between 72 

adipocytes and stromal cells was checked by amplification of adipocyte markers mRNA (Fig 73 

3A). As expected, expressions of perilipin 1, a protein coating the lipid droplet and 74 

abundantly expressed only in white and brown adipocytes [17], and adiponectin, a 75 

glycoprotein adipocyte-specific factor which is implicated in increasing insulin sensitivity 76 

[18], were restricted to adipocyte fraction (Fig 3A). As no parasite DNA was detected in SVF 77 

(Fig 3B) of each kind of adipose tissue, these results suggest the presence of Leishmania 78 

predominantly in adipocytes.  79 

L. infantum can infect murine and human adipocytes in vitro  80 

We next evaluated the ability of L.infantum to infect white, brown and brite adipocytes 81 

derived from mouse primary pre-adipocytes. Brite adipocytes are similar to classical brown 82 

adipocytes but come from white adipose tissue derived pre-adipocytes. Primary pre-83 

adipocytes from BALB/c mice were collected in subcutaneous (SC) white adipose tissue and 84 

differentiated into white and brite adipocytes (Fig 4). Moreover, the pre-adipocytes from 85 

brown adipose tissue were differentiated into brown adipocytes. Given that L. infantum 86 

targets macrophages, bone marrow derived macrophages (BMDM) were taken as a positive 87 

control for infection. 24 and 48 hours post infection, observation of the cells suggested the 88 

presence of intracellular parasites. This infection is observed in all types of adipocytes (Fig 4). 89 

This observation shows the ability of L. infantum to infect and survive in murine adipocytes in 90 

vitro. We next investigated the ability of L. infantum to parasite human adipocytes. Adult SC 91 

white adipose tissue progenitors  were differentiated into white and brite human adipocytes 92 

[19] and  were infected by L. infantum. 24 and 48 hours post infection, we observed the 93 
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presence of parasites in human adipocytes (Fig 5). To confirm the intracellular localization of 94 

L. infantum parasites in brown adipocytes, we performed an electronic microscopy 95 

experiment. Finally, L. infantum parasites were indeed found inside a vacuole in lipid droplets 96 

containing cells. In conclusion, epifluorescence and electronic microscopy combined 97 

confirmed the ability of L. infantum to parasite adipocytes. This reinforced the hypothesis that 98 

adipose tissue and more precisely adipocytes could be a ‘safe target’ for the persistence of L. 99 

infantum. 100 

  101 
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Discussion 102 

To understand Leishmania persistence in humans despite treatment, we searched for a tissue 103 

reservoir for this organism. Because adipose tissue has been demonstrated to be targeted 104 

and/or be a reservoir for several intracellular pathogens able to induce relapses [10–15], we 105 

hypothesized that adipose tissue could also be a reservoir for Leishmania parasites. Indeed, 106 

sanctuaries of persistence of L. infantum parasites in humans are still undetermined. A 107 

previous study highlighted the presence of L. infantum in intra-abdominal fat in BALB/c mice 108 

[9]. Thus, we hypothesized that adipose tissue could be a sanctuary of persistence for L. 109 

infantum.  110 

Our results have shown the presence of L. infantum in murine subcutaneous, periovarian, 111 

dorsal and predominantly in brown adipose tissue. Moreover, transfer of brown adipose tissue 112 

from previously infected BALB/c mice to naïve led to development of infection. This 113 

indicates that Leishmania present in brown adipose tissue are alive and able to infect the liver, 114 

spleen and brown adipose tissue of naïve mice. We have shown that in vitro, L. infantum can 115 

infect mouse and human adipocytes. It is known that adipocytes are very long-lived cells and 116 

do not significantly turn over in 6-12 months [20].  Interestingly, in HIV-positive patients, 117 

60% of the patients relapse within 12 months after treatment [21] and in HIV-negative 118 

patients, relapses occur with a median time of 10,1 months[22]. Finally, adipocytes could act 119 

as safe targets for Leishmania parasites as they do not per se exert antimicrobial activities, 120 

have a long turnover and thus allow parasite persistence. Relapses could be explained by a 121 

failing of treatment to target intracellular Leishmania in adipose tissue. In this context, it is 122 

possible that relapses occur because of poor penetration into adipose tissue. Structural 123 

changes in drug design may improve the penetration of molecules active against L. infantum 124 

in adipose tissue.  125 



 8 

Materials and Methods 126 

Mice and Ethics statement: Female BALB/c and C57BL mice were purchased from Charles 127 

River (France). Mice were maintained and handled according to the regulations of the 128 

European Union, the French Ministry of Agriculture and to FELASA (the Federation of 129 

Laboratory Animal Science Associations) recommendations. Experiments were approved by 130 

ethics committee of the Nice School of Medicine, France (Protocol number: 2017-56) 131 

Leishmania culture: L. infantum MON-1 (MHOM/FR/94/LPN101), was isolated from a 132 

patient with Mediterranean visceral leishmaniasis contracted in the Nice area (south of 133 

France). We used the generation of recombinant L. infantum -expressing reporter Luc genes 134 

(LUC-L. infantum) and a generation of recombinant L. infantum -expressing reporter Green 135 

Fluorescence Protein (GFP-L. infantum). L. infantum promastigotes were routinely grown at 136 

26°C in Schneider’s Insect Medium (Sigma®) supplemented with NaHCO3 0.4g/L (Janssen 137 

chimica®), CaCl 0.6g/L (Fluka Chemika®), Fetal Bovine Serum 10% (Gibco®), 10 mL urine 138 

pool for 500 mL of medium, Phenol Red 0,1%, Hepes 1M pH 7.3, penicillin/streptomycin 1% 139 

(Gibco®), L-Glutamine 1% (Gibco®). 140 

Parasite preparation and inoculation in mice: LUC-L. infantum promastigotes were prepared 141 

from promastigote cultures. Briefly the promastigote forms were washed three times in PBS, 142 

and 2.108 parasites are injected by intravenous route in 200µL of PBS. We injected 200µL of 143 

PBS in Mice control. 144 

Minced BAT tissue from infected BALB/c: BAT from infected BALB/c were sampled and 145 

freshly minced with potter. The minced BAT infected was injected by intraperitoneal route in 146 

naïve BALB/c. 147 

Separation adipocytes enriched fraction and stromal vascular fraction (SVF) 148 
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Briefly BAT and WAT were minced and then digested for 45 min at 37°C in collagenase type 149 

2. The tissue digest is passed through a 250 μm nylon sheets. Floating adipocytes are 150 

separated from the SVF after decantation. The floating fraction is carefully removed 151 

corresponding to the adipocytes enriched fraction. 152 

Quantification of parasites by PCR quantitative: Each sample of AT, liver and spleen was put 153 

in a sterile tube of Lysing Kits (Precellys®), and then homogenized by Precellys® (2 x 30 154 

sec, with a break of 15sec) in lyse buffer of Quiagen Kit QIAmp DNA Mini Kit®. The DNA 155 

extraction is realized in according to the recommendations of Quiagen®. The extracts were 156 

kept at -20°C for conservation. 157 

Quantitative PCR was implemented for detection and quantification of L. infantum targeting 158 

minicircle kinetoplast DNA (kDNA). Primers and probes previously described by Mary et al. 159 

[5]  containing 20 pmol of each forward (5’-CTTTTCTGGTCCTCCGGGTAGG-3’) and 160 

reverse (5’-CCACCCGGCCCTATTTTACACCAA-3’) primers and 3.33 pmol of TaqMan 161 

probe (FAM-TTTTCGCAGAACGCCCCTACCCGC-TAMRA) were used for Leishmania 162 

screening and quantification [5] . The assays were performed with a final volume of 10µL 163 

including 2.5µL DNA sample. 164 

The standard curve was obtained from the primary DNA extraction source of 2.5.107 parasites 165 

and diluted serially with 1/10 rate which corresponding to the 50 000 to 0.05 parasites in 166 

2,5µL. PCR program was implemented in two steps temperature of 95°C and 60°C for 40 167 

cycles. The standard curve and a pair of negative controls was used for each assay. 168 

Histology and microscopic observation: Organs fixed in PFA (ParaFormAldehyde) 4%. 169 

Samples are included in paraffine automatically with the spin tissue processor STP120 170 

(ThermoFisher®). The tissue processor STP120 uses alcohol to remove water from tissues 171 

and replace it with a medium that allows sectioning of tissue. Thin sections (2.5 µm) were 172 

realized with Microtome Microme HM340E (Leica BIOSYSTEMS®). Sections were 173 

http://sites.unice.fr/site/rostagno/grr/week.php?year=2018&month=7&day=25&area=14&room=50
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deparaffinized by 3 immersing in xylene, rehydrated by successive immersing in ethanol 174 

solution with different percentages of ethanol (100%, 95%, 70%, 50%) and in water. 175 

Unmasking was realized by heat in boiled 10 mM Sodium Citrate buffer (pH 6.0) . 176 

Endogenous peroxidase activity, is blocked by a solution of 3.0% hydrogen peroxide. The 177 

immunostaining is an antibody succession: the primary antibody is a human antibody directed 178 

against Leishmania. This antibody is recognized by an anti-human goat antibody, which is 179 

recognized by biotinylated anti-goat, the signal is amplified and revealed by Streptavidin-180 

HRP. 181 

The brightfield microscope was an Eclipse Ci upright stand (Nikon, Japan), using objectives 182 

20X dry NA 0.40. Acquisitions were done with a DS – Ri 1 camera (Nikon, Japan). 183 

Mouse primary pre-adipocytes purification and differenciation  184 

The method for generating white, brite and brown adipocytes from stromal vascularization 185 

fraction (SVF) cells was adapted from a previous publication [23]. Briefly, fat depots were 186 

sampled, minced and then digested for 45 min at 37°C in DMEM (Lonza, BE12–707F) 187 

containing 2 mg/ml collagenase A (Roche Diagnostics, 11088793011) and 20 mg/ml BSA 188 

(Sigma-Aldrich Chemie Gmbh, A7030). Digesta was successively filtrated through 250, 100 189 

and 27 μm nylon sheets, and finally centrifuged at 500 g for 5 min. The pellet containing 190 

stromal-vascular fraction (SVF) was cleaned from red blood cells using specific buffer 191 

(Sigma) before to be plated and maintained in DMEM containing 10% (v/v) fetal calf serum 192 

(FCS) until confluence. Differentiation was induced by supplementation with 1 μM 193 

dexamethasone (Sigma-Aldrich Chemie Gmbh, D4902), 0.5 mM isobutylmethylxanthine 194 

(Sigma-Aldrich Chemie Gmbh, I5879) and 860 nM insulin (Invitrogen, 12585014) for 2 d. 195 

Cells were then maintained for 7–10 d in presence of 100 nM insulin for white adipogenesis 196 

or a mixture containing 100 nM insulin, 1 μM rosiglitazone (BertinPharma, 71740) and 197 
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0.2 nM triiodothyronine (Sigma-Aldrich Chemie Gmbh, T6397) for brown or brite 198 

adipogenesis. 199 

Differentiation and generation of BMDM (Bone Marrow Derived Murine):  200 

Femurs are removed and purified from the surrounding muscles and connective tissue. Under 201 

sterile condition the bone marrow was flushed by pression after needle penetration in 202 

epiphyses with RPMI medium BMDM with decomplemented FBS 10% and gentamycin 203 

0,001%. The cells were centrifuged (400G, 5min) and resuspended in RPMI medium BMDM 204 

supplemented with M-CSF 10 ng/mL. We placed 5.105 cells /well. 205 

Human adipocytes differentiation.  206 

Human adipose tissue primary progenitor cells are from a previous study [19]  and 207 

differentiated as follow. Cells were cultivated in DMEM containing 10% FCS until 208 

confluence. When cells reached confluence, they were induced to differentiate for 3 days in 209 

DMEM/Ham's F12 (1:1) media supplemented with 10 μg/ml transferrin, 10 nM insulin, 210 

0.2 nM triiodothyronine, 1 μM dexamethasone and 500 μM isobutyl-methylxanthine. The 211 

cells were next differentiated in white adipocytes using a media supplemented with 10 μg/ml 212 

transferrin, 10 nM insulin, 0.2 nM triiodothyronine or in brite adipocytes in the same media 213 

supplemented with 100 nM rosiglitazone. 214 

Amastigotes generation: The BMDM and adipocytes of pre-adipocytes murine origin are 215 

infected after 7 days of differentiation with 10 leishmania/cells. Human adipocytes are 216 

infected after 14 days of differentiation with 10 leishmania/cells.   217 

The EVOS FL microscope (AMF-4302-EU) (Labtech, France), using objectives 10X dry Ph 218 

and 20X dry FL. The cubes used were LED Light cube included: GFP. Acquisitions were 219 

done with Sony ICK285AL monochrome CCD, 2/3’’ 1360x1024, 1,4 Megapixels camera 220 

(Labtech, France). 221 
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Figure 1. qPCR evaluation of parasite burden per milligram of tissue at 6, 10 and 31weeks post infection.
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Figure 2. Immunolabelled histological sections of tissues from BALB/c mice infected with Leishmania infantum, 40 weeks post 

infection.
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Figure 3  A. detection by qPCR of Leishmania infantum in adipose tissue fractions. Adipose tissues were separated into adipocytes 

enriched floating fraction (adi) and stromal vascular fraction (SFV). B. mRNA expression of Perilipin 1 and Adiponectin markers.
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Figure 4. In vitro GFP-L. infantum infection of BALB/C adipocytes



Figure 5. In vitro GFP-L. infantum infection of different human adipocytes
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Figure 5. In vitro infection of mouse brown adipocytes by GFP-L. infantum. 

A, B – Epifluorescence microscopy of GFP-L. infantum infected Brown adipocytes,

C, D, E – Electronic microscopy of infected Brown adipocytes

(Nucleus (n), flagella (f), kinetoplast (k),mitochondrion (m))



Figure S1. Parasite burden per milligram of spleen and liver at 6, 10 and 31 

weeks post infection. BALB/c mice were infected intravenously with 3.108 LUC-

Leishmania infantum.
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Figure S2. Microscopy controls of BMDM or Adipocytes (48h)
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Samples Parasite burden/mg of tissue

Mouse 1 Mouse 2

Liver 1,2.10-2 1,5.10-2

Spleen

Undetected

6.10-3

Brown AT 1,7.10-2

Subcutaneous AT
Undetected

Periovarian AT

Supplemental Table 1. Parasite burden per milligram of tissue in organs of naïve mice

transplanted with BALB/c-infected brown adipose tissue (AT).
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