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Résumé 

L’obésité est un facteur de risque important du diabète de type 2 et des maladies cardio-

vasculaires. Durant le développement de l’obésité, le remodelage pathologique du tissu adipeux 

et l’inflammation locale contribuent à la mise en place d’une inflammation systémique, une 

accumulation de gras ectopique et une résistance à l’insuline. Les macrophages jouent un rôle 

important dans la régulation des voies signalétiques inflammatoires qui sont liées à leurs 

différents états d’activation. En effet, l’influence de diverses adipokines, cytokines et hormones 

ainsi que la disponibilité des nutriments  vont induire leur polarisation en un phénotype soit pro-

inflammatoire M1, soit anti-inflammatoire M2. De ce fait, comprendre les mécanismes et acteurs 

impliqués dans la polarisation des macrophages résidents du tissu adipeux vers un phénotype 

anti-inflammatoire M2 pourrait apporter une stratégie pour traiter les complications de l’obésité. 

La suppression de l’α/β-hydrolase domain-6 (ABHD6), une monoacylglycérol lipase, a démontré 

chez la souris des effets bénéfiques contre l’obésité, le diabète de type 2 et d’autres maladies 

inflammatoires. Cependant, le rôle précis de l’ABHD6  dans l’activation et la polarisation des 

macrophages en conditions inflammatoires, ainsi que les mécanismes sous-jacents, ne sont pas 

clairement définis. Le but de cette étude était d’investiguer : 1) le rôle immuno-métabolique de 

l’ABHD6 dans l’inflammation chronique du tissu adipeux induite par l’obésité chez la souris, et 2) 

le rôle régulateur de l’ABHD6 dans l’activation et la polarisation des macrophages dans des 

conditions inflammatoires aiguës induite par le lipopolysaccharide (LPS). En employant des 

approches pharmacologiques et génétiques, nous avons démontré que la délétion globale de 

l’ABHD6, chez les souris rendues obèses par une diète riche en gras, permet de maintenir un tissu 

adipeux sain au niveau immuno-métabolique. En effet, les souris ABHD6-KO nourries avec une 

diète riche en gras montrent une expression réduite de l’expression des marqueurs pro-

inflammatoires (Mcp1 and Cd11c), fibrotiques (Col5a1) et hypoxiques (Hif1a) dans tous leurs 

tissus adipeux (viscéral, sous-cutané et brun). Le nombre de macrophages pro-inflammatoires M1 

est aussi diminué dans les tissus adipeux viscéral et brun des souris KO nourries à la diète grasse. 

De plus, la suppression de l’ABHD6 a changé la polarisation des macrophages d’un phénotype 

pro-inflammatoire M1 vers un phénotype anti-inflammatoire M2 dans des lignées cellulaires de 
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macrophages (RAW264.7 et J774A.1) et des macrophages péritonéaux primaires de souris traités 

avec le LPS.  

Collectivement, nos résultats supportent la vision que l’ABHD6 a un rôle pro-inflammatoire dans 

induit par la diète riche en gras  ou le LPS. Ces observations nous ont permis d’obtenir un aperçu 

du rôle de l’ABHD6 dans les voies immuno-métaboliques des tissus adipeux et suggèrent que 

l’ABHD6 pourrait être une cible thérapeutique intéressante pour contrer l’inflammation et les 

complications de l’obésité. 

 

Mots-clés : ABHD6, obésité, tissu adipeux, adipokines, cytokines, monoacylglycérol, maladies 

métaboliques, inflammation, métabolisme. 
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Abstract 

Obesity is a major risk factor for type 2 diabetes (T2D) and cardiovascular diseases. Pathologic 

adipose tissue (AT) remodeling and local inflammation contribute to systemic inflammation, 

ectopic fat accumulation and insulin resistance in obesity. Macrophages play an important role in 

inflammatory pathways, and these cells possess different activation states, M1 pro-inflammatory 

and M2 anti-inflammatory, influenced by adipokines, cytokines, hormones, and fuel availability. 

Thus, understanding the mechanisms and players involved in AT-resident macrophage 

polarization towards an anti-inflammatory M2 phenotype may provide a strategy to treat obesity 

complications. Suppression/deletion of the monoacylglycerol lipase α/β-hydrolase domain-6 

(ABHD6) was previously shown to have beneficial effects against obesity, T2D, and other 

inflammatory disorders. However, it is not precisely known if ABHD6 plays any direct role in 

macrophage activation and polarization under inflammatory conditions, and if it does, the 

underlying mechanisms are yet to be defined. The aim of this study is to investigate: 1) the 

immunometabolic role of ABHD6 in obesity-induced chronic AT inflammation in mice, and 2) the 

regulatory role of ABHD6 in macrophage activation/polarization under conditions of acute 

lipopolysaccharide (LPS)-induced inflammation. Employing pharmacological and genetic 

approaches, we demonstrate that global ABHD6 deletion maintains AT immunometabolic health 

during diet-induced obesity in mice. High-fat-diet(HFD)-fed whole-body ABHD6-KO (HFD-ABHD6-

KO) mice exhibit lower expression of pro-inflammatory (Mcp1 and Cd11c), fibrosis (Col5a1) and 

hypoxia (Hif1a) markers in all fat depots. The pro-inflammatory M1-macrophages in the visceral 

and brown fat depots are also reduced in HFD-ABHD6-KO mice. Additionally, ABHD6 suppression 

switches LPS-induced macrophage polarization from an M1-like phenotype towards an anti-

inflammatory M2 state in the macrophage cell lines (RAW264.7 and J774A.1) and in primary 

peritoneal macrophages. 

Collectively, our results support the view that ABHD6 has a pro-inflammatory role under 

conditions of HFD- and LPS-induced inflammation. These findings provide an insight into the role 
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of ABHD6 in AT immunometabolic pathways in obesity, and suggest ABHD6 as a therapeutic 

target for inflammation and obesity-related complications. 

 

Keywords : ABHD6, obesity, adipose tissue, adipokines, cytokines, monoacylglycerol, metabolic 

diseases, inflammation, metabolism. 
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Chapter 1 - Introduction 

1.1. Obesity 

1.1.1. Definition and generalities 

Overweight and obesity are defined by the World Health Organization (WHO) as “abnormal or 

excessive fat accumulation that may impair health” (1). This classification is based on body mass 

index (BMI), which is the weight in kilograms divided by the square of the height in meters (1). 

WHO guidelines define individuals with a BMI between 25 and 29.9 kg/m2 as overweight and with 

a BMI greater than or equal to 30 kg/m2 as obese. Although obesity is generally measured in terms 

of BMI, waist circumference and total adipose tissue (AT) mass have more impact on the 

development of metabolic disturbances (2). Obesity has been recognized as a major risk factor 

for many cardiometabolic diseases, such as type 2 diabetes (T2D), hypertriglyceridemia, 

hypercholesterolaemia, hypertension, non-alcoholic fatty liver disease, steatohepatitis and 

cardiovascular disease, and also cancer (2, 3). These comorbidities are often associated with the 

development of a low-grade chronic inflammation induced by maladaptive inflammatory 

response to a long-term positive energy balance (3). Indeed, some studies demonstrated the 

involvement of various immune cells, such as lymphocytes, neutrophils, and eosinophils, but 

mostly macrophages, in the regulation of metabolic homeostasis (4-7). 

1.1.2. Epidemiology 

During the last four decades, the worldwide prevalence of obesity nearly tripled and led to the 

associated rise in the healthcare costs (1). In 2016, more than 1,9 billion adults worldwide, i.e., 

39% of the adult men and women, were overweight, of whom 650 million people were obese 

(13%). In the same year, the prevalence of obesity among Canadian adults was 29,4%. Moreover, 

it has been estimated that obesity and the overweight associated chronic diseases caused 

significant increase in the annual healthcare costs in Canada between 2000 and 2008 (from $3,9 

billion to $4,6 billion). The economic burden rises to $7,1 billion when eighteen obesity-associated 

diseases are taken into account (8). Therefore, extensive research is essential to better 
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understand the cellular pathways involved in the pathophysiology of obesity, to identify the 

underlying molecular mechanisms, and to develop new therapeutic strategies. 

 

1.2. Different adipose depots and their influence on the 

pathophysiology of obesity 

AT plays an essential role in the regulation of energy homeostasis. In mammals, there are various 

types of AT, white, beige and brown, which are found in different locations. White adipose tissue 

(WAT) is dispersed all over the mammalian body into subcutaneous (SC) and visceral (VC) depots. 

Brown adipose tissue (BAT), however, is found in the interscapular space and along the cervical 

column in mice, but in human, it is mostly located in the supraclavicular space of the neck and 

next to the heart and cervical column (4). Each of these tissues contains different type of 

adipocytes, and has distinct metabolic features that proffer specific developmental and functional 

characteristics (4, 9). Also, the composition and distribution of ATs affect the development of 

obesity in different ways (Figure 1). For instance, the accumulation of VC WAT, under positive 

energy balance, is notably correlated with the development of insulin resistance and metabolic 

syndrome compared to SC WAT accumulation (2).  

1.2.1. Role and localization 

1.2.1.1. White adipose tissue 

WAT represents a quarter of the body mass in lean individual, and is commonly categorized 

depending on its location. Thus, WAT serves as the principal fuel donor and depository. About 

one third of the cells composing the white fat depots are white adipocytes, surrounded by a rich 

microenvironment consisting of fibroblasts, immune cells, endothelial cells, beige adipocytes and 

preadipocytes, contributing to WAT function (2, 10). White adipocytes contain a large lipid 

droplet, pressing the nucleus to the periphery with very few mitochondria, whereas beige 

adipocytes contain several smaller lipid droplets and relatively more mitochondria to exert their 

thermogenic functions (see section 1.2.1.3 below).  
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Following the discovery of leptin, there has been great interest in understanding the endocrine 

function of AT (11). Studies have found that AT secretes various adipokines and cytokines that 

contribute to the regulation of the metabolic state systemically, and some of the 

adipokines/cytokines have been shown to be involved in low-grade inflammation (11, 12). This 

function of AT will be further discussed later in this thesis. White fat depots are often 

characterized as subcutaneous (under the skin) and visceral or intra-abdominal (10). SC WAT, by 

buffering excess lipids, could be protective in excess nutrition conditions. Whereas VC WAT is 

known to steadily conduct lipolysis and release free fatty acids (FFA) into the circulation, 

contributing greatly to insulin resistance and metabolic syndrome development (10) (Figure 1). It 

is important to mention that WAT is innervated by the sympathetic nervous system (SNS), which 

allows regulation of lipid storage and utilization (13).  

1.2.1.2. Brown adipose tissue 

Brown adipose depots represent less than 2% of total fat mass in lean human adults, and are 

localized in supraclavicular space of the neck and around the cervical column. In mice, the main 

brown depots lie in the interscapular space (4). Brown adipocytes are the main component of the 

BAT, and are designed to generate heat through the uncoupling of oxidative phosphorylation 

from electron transport by the mitochondrial uncoupling protein 1 (UCP1). It has been shown that 

BAT function is induced by cold and SNS activation. BAT is highly innervated by the SNS and 

sensory nerves, which are responsible to promote non-shivering thermogenesis and to regulate 

metabolism, mainly through UCP1 activation (14). BAT also supports excess glucose clearance 

from the circulation in response to insulin signalling, which helps to reduce metabolic pressure 

on the beta-cell to secrete high levels of insulin in response to glucose (Figure 1) (10). In contrast 

to WAT, BAT activity associates negatively with BMI and body fat (15).  

1.2.1.3. Beige adipocytes  

In animal models, it has been noticed that beige adipocytes exist within the white fat pads, mostly 

in SC WAT. Beige adipocytes can arise from beige preadipocytes that have a common lineage with 

white adipocytes, or emerge by the trans-differentiation of mature white adipocytes into mature 

beige adipocytes (4, 11). Although white and beige adipocytes have a shared lineage, beige 
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preadipocytes, like brown precursors, require a specific EBF2 (early B-cell factor 2) transcription 

factor to drive beige adipogenesis, while white adipocyte commitment factor ZPF423 (zinc finger 

protein 423) inhibits EBF2 to induce white adipocyte adipogenesis (see section 1.2.3. below) (16, 

17). Additionally, the differentiation of beige preadipocytes into mature adipocytes is stimulated 

by various signals, such as cold, exercise or adrenergic stimulation, and gives those cells brown 

adipocyte-like functions (3, 18). Indeed, these adipocyte subtypes have higher number of 

mitochondria and UCP1 expression compared to the white adipocytes, and display triglyceride-

lowering and thermogenesis capabilities. However, they exhibit a distinctive expression of 

inflammation- and metabolism-involved genes compared to brown and white adipocytes (10, 11). 

Studies showed that obese individuals have less beige and brown AT than lean individuals and 

that defective differentiation into beige adipose is linked to weight gain. Thus, beige adipocytes 

appear to play an important role in metabolism and energy expenditure (4). 

 

 

Figure 1. Human adipose depots. 

BAT likely plays a considerable role in energy expenditure and thermogenesis in humans. WAT 

depots are involved in energy storage. Under obese conditions, VC WAT expansion contributes 
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to insulin resistance and metabolic syndrome, while SC WAT expansion is protective by reducing 

ectopic lipid accumulation (18, 19). 

 

1.2.2. Adipose tissue cell composition determines healthy metabolic states 

Even though adipocytes are the main constituents of the AT, it also contains a large panel of other 

cell types, including immune cells, fibroblasts, endothelial cells, mesenchymal stem cells, and 

preadipocytes. Fractionation of fat depots, ex vivo gives rise to two separate cellular fractions, 

the floating mature adipocytes and the heterogenous cell pellet, called stromal vascular fraction 

(SVF) (2, 4). The SVF consists of immune cells that are essential to maintain immune homeostasis, 

and fibroblasts, endothelial cells, mesenchymal stem cells and preadipocytes, which co-operate 

to preserve AT function and structure. 

1.2.2.1. Inter-/intra-depot adipocyte heterogeneity influences metabolic functions 

of adipose tissue 

Functional and cellular differences exist between different adipocytes within a fat depot and from 

different depots. Unique gene expression profile of preadipocytes isolated from SC depot, 

together with their distinct adipokine/cytokine secretion and associated signaling cascades, 

contribute to higher rates of ex vivo proliferation/differentiation and lipid accumulation in this 

depot (18). However, VC preadipocytes exhibit less ex vivo differentiation capacity, while  mature 

VC adipocytes display higher rate of lipolysis and are more prone to hypoxia and apoptosis, in 

comparison to the SC adipocytes (18, 19). Consistently, compared to VC, SC fat secretes more 

adiponectin, which has been shown to improve insulin sensitivity and lipid clearance, 

demonstrating its anti-inflammatory abilities. Conversely, VC fat secretes higher levels of resistin 

and retinol binding protein 4 (RBP4), which are associated with insulin resistance and T2D (19). 

The recent discovery of functionally and developmentally different adipocyte progenitors 

explains the presence of various types of mature adipocytes that display distinct location-specific 

metabolic functions (18, 19). 
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1.2.2.2. Adipose tissue macrophages sustain metabolic homeostasis 

1.2.2.2.1. Macrophage activation states 

In the AT from lean individuals, macrophages represent approximately 10% of the total immune 

cells (20). Macrophages are a diversified class of hematopoietic cells that act as the sentinels of 

the innate immune system. They are present in many tissues, tracking infections or cellular 

damage by sensing the inflammatory signals within their microenvironment. Depending on the 

external stimulus, macrophages exhibit different activation states: the classically activated M1 

and the alternatively activated M2 macrophages (Figure 2) (21). The classical activation state, i.e., 

the polarization of macrophages into M1 macrophages, is stimulated by the presence of 

lipopolysaccharide (LPS), Toll-like receptor (TLR) ligands or cytokines, like interferon-g (IFN-g) or 

tumor necrosis factor alpha (TNFa). M1 macrophages display high phagocytic and bactericidal 

characteristics and secrete pro-inflammatory cytokines (21). Several pathways are involved in the 

secretion process, such as the activation and the nuclear translocation of the nuclear factor 

kappa-light-chain enhancer of activated B cells (NF-kB) (21). Conversely, the alternative activation 

of macrophages to M2 state takes place in response to parasitic infections and the presence of 

interleukins (IL)-4 and -13, favoring antiparasitic and tissue repair characteristics of the 

macrophages, which secrete anti-inflammatory cytokines. One of the main anti-inflammatory 

pathways activated in the M2 macrophages is the signal transducer and activator of transcription 

6 (STAT6) (4, 7, 22). Macrophage polarization has pathological role, shown by the involvement of 

M1 macrophages in inflammatory diseases, such as atherosclerosis and inflammatory bowel 

diseases (22). In addition, it has been shown that deletion of STAT6, IL-4, IL-13 and their receptor, 

IL-4 receptor a (IL-4Ra) in mice, leads to compromised function of M2 macrophages and reduced 

expression of UCP1 in beige and brown adipocytes and WAT browning, in association with 

impaired maintenance of core body temperature (4).  

More recently, studies have demonstrated that macrophages can adopt more than two activation 

states within the AT, depending on the fat pad location and the nutritional status, and are 

recognized by the expression of surface markers (6). For example, the cluster of differentiation 

molecule 11c (CD11c) is considered as a general M1-like marker and most of the AT infiltrated 
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monocytes will express CD11c in all the fat depots during obesity and has been linked with insulin 

resistance (2, 7). Both M1 and M2 macrophages express F4/80 and CD11b markers (7, 10). 

However, few other studies argue that F4/80 marker is more expressed in M1 macrophages, and 

that CD11b is not specific to macrophages but present in  other immune cells as well (23, 24). 

Other macrophage markers include NOS2 (Nitric Oxide Synthase 2) and TNFα for M1, and Arg1 

(arginase-1), CD206 and CD301 for M2 (20). 

1.2.2.2.2. Macrophage activation state influences adipose tissue metabolic homeostasis  

Various studies have reported that AT-resident M2 macrophages counteract with the 

development of diet-induced obesity, T2D and meta-inflammation (low-grade chronic 

inflammation throughout the body induced by long-term overnutrition and obesity) (6, 25). 

Indeed, AT M2 macrophages were found to be involved in the regulation of metabolic functions, 

such as adipocyte insulin sensitivity, through the activation of peroxisome proliferator activated 

receptor-g (PPARg) signaling pathway (6, 25). It has also been shown, in the context of obesity, 

that AT-resident macrophages could switch from M2-like phenotype to M1-like phenotype with 

the activation of the NLRP3 (nucleotide oligomerization domain-like receptor family pyrin domain 

containing 3) inflammasome signaling pathway (25). Also, M1 macrophages are able to switch 

back to M2-like phenotype, for example when high-fat-diet(HFD)-fed obese mice are given chow 

diet and upon insulin sensitivity amelioration (7). Therefore, the maintenance of balance in AT 

immune responses is crucial to sustain metabolic homeostasis within the AT microenvironment 

(6).  
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Figure 2. Macrophage activation state characteristics. 

Pro-inflammatory signals promote the classical macrophage activation through the activation 

of transcription factors such as NF-kB, STAT1, or STAT3, which induce the secretion of pro-

inflammatory cytokines and the expression of markers like NOS2. M1 macrophages then display 

phagocytic and bactericidal characteristics. Anti-inflammatory signals promote the alternative 

activation (M2) through the activation of transcription factors such as STAT6 or PPARg, which 

induce the secretion of anti-inflammatory cytokines and the expression of markers like Arg1 (21). 

MCP-1, monocyte chemotactic protein-1. 

 

1.2.2.3. Other cells in the adipose tissue 

In addition to the macrophages, other immune cells, such as T and B lymphocytes, and dendritic 

cells reside in the VC WAT of obese individuals and are linked to obesity-induced inflammation 

pathophysiology (20). Lymphocytes represent 5 to 10% of the immune cells in WAT depots and 

are recognized by surface markers, like CD8+ or CD4+ for T cells or CD19+ for B cells (26). The 

proportion of T cells and B cells increases in the context of obesity, whereas regulatory T cells 

(Treg) are reduced. Indeed, Tregs are known to be involved in the regulation of immune and 

glucose homeostasis in the adipose tissue (20). In the same way, B cells display a greater pro-



 9 

inflammatory phenotype by secreting IFN-g or IL-6 in diet-induced obese mice, while regulatory 

B cells have a protective effect on inflammation and insulin sensitivity (20, 23). In addition, AT-

resident endothelial cells have important roles in the maintenance of AT health, by supplying 

nutrients, hormones, oxygen and growth factors through the blood vessels. In return, adipocytes 

secrete adipokines and angiogenic modulators to regulate angiogenesis (27). Fibroblasts have a 

more structural function and help adipocytes to preserve the extra-cellular matrix, which is 

composed of several proteins and glycoproteins involved in the tissue structure (27). These 

fibroblasts are also implicated in sustaining the pool of preadipocytes (18).  

1.2.3. Adipogenesis and angiogenesis 

1.2.3.1. Adipocyte lineage 

Originally, adipocyte lineage was deduced on the basis of the expression of mesoderm-specific 

genes Myf5 (Myogenic Factor 5) and Pax7 (Paired Box 7). Recent investigations showed that the 

lineage is more complicated. Meox1 (Mesenchyme Homeobox 1), Pax3/7 and Myf5 expression 

actually lead to brown adipocytes and skeletal muscle, as well as retroperitoneal and 

interscapular white adipocytes. Progenitors marked with HoxB6 (Homeobox B6) give rise to other 

WAT depots, while those expressing Prx-1 (Peroxiredoxin 1) generate only SC adipocytes (18). 

Other studies demonstrated a vascular origin of the adipocyte precursors using different 

preadipocyte markers (18). 

1.2.3.2. Adipocyte differentiation contributes to metabolic health 

Adipocytes respond to systemic stimuli by either storing lipids as triglycerides or depleting their 

stocks of nutrients. During fasting or exercise, adipocytes deplete their triglyceride stock via 

lipolysis to supply energy as fatty acids (10). In conditions of excess calorie intake, metabolic 

health depends on the capacity of AT to expand via two processes. Initially, adipogenesis can 

occur by hyperplasia, which is the differentiation of progenitors to create new adipocytes. 

Secondly, differentiated adipocytes can increase their size (hypertrophy) by storing lipids in the 

form of lipid droplets. However, while adipocyte hyperplasia has been shown to counteract 

obesity-related metabolic impairments, adipose hypertrophy associates with insulin resistance 

and inflammation (10, 11). In fact, hypertrophy induces mechanical and hypoxic stresses on 



 10 

adipocytes, leading to AT inflammation in the long run. Those hypertrophic adipocytes also 

display phenotypic characteristics, with an increased secretion of pro-inflammatory adipokines 

and lipolysis, that correlate with reduced anti-inflammatory cytokines and adipokines secretion 

(Figure 3). Consequently, AT metabolic health requires the coordination between the different 

adipose resident cell types to prevent hypoxia by driving AT remodelling and angiogenesis (3, 27).  

Mature adipocytes appear to display distinct metabolic functions depending on their depot 

localization. Thus enhanced differentiation of brown and beige adipocytes allows amplification of 

their functions, such as thermogenesis, insulin sensitivity, glucose tolerance and lipid oxidation. 

Similarly, SC WAT expansion allows a greater lipid storage and oxidation, and anti-inflammatory 

function to prevent metabolic disturbances and ectopic fat accumulation. Conversely, in the 

obesity context, VC WAT differentiation has less beneficial role, as it is linked to insulin resistance, 

cardiometabolic diseases and obesity-induced inflammation (28). 

 

 

Figure 3. Metabolic health depends on healthy expansion of adipose tissue. 

From left to right, preadipocytes differentiate into mature adipocytes depending on adipogenic 

factors. Under healthy conditions, AT sustains its differentiation capacity, resulting in insulin 

sensitivity and low levels of inflammation. When AT loses its differentiation capacity, adipocyte 

hypertrophy leads to inflammation, insulin resistance, hypoxia, metabolic stresses and tissue 

damage. This transition from healthy to unhealthy expansion induces the recruitment and the 

activation of M1 macrophages (18). 
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1.2.3.3. Adipogenesis depends on lineage specificity and PPARg activation  

Adipocyte differentiation causes changes in cell morphology, gene expression and sensitivity to 

hormones (29). Classically, adipogenesis occurs in two consecutive steps: the commitment of a 

mesenchymal precursor cell into a preadipocyte, followed by the differentiation of the 

preadipocyte into a mature adipocyte (Figure 4) (11). The adipogenic commitment consists of a 

process by which early adipogenic factors promote the precursor cells to acquire adipocyte 

lineage-specific markers and thereby lose their ability to differentiate into mesenchymal cell 

types, such as osteoblasts, myoblasts and chondroblasts. During this step, the fibroblast-like 

shaped precursor cell acquires the adipocyte morphology, except for the lipid droplets that arise 

during differentiation (30). The nuclear receptor PPARg is known as the master regulator of 

adipogenesis (11). Its activation in the committed preadipocytes occurs via the stimulation of 

SMAD4 (mothers against decapentaplegic homolog 4) by bone morphogenetic protein (BMP)2 

and BMP4 pathway (11). Moreover, other transcription factors and master regulators are 

involved at different steps of adipocyte commitment. For example, ZFP467 transcription factor 

and KLF5 (Kruppel like factor 5) can stimulate adipogenesis by stimulating the co-activator 

CCAAT/enhancer-binding protein-a (C/EBPa) and C/EBPb, respectively (11). Conversely, GATA2 

and 3 inhibit adipogenesis by restricting PPARg transcription (11). In fact, PPARg also activates 

C/EBPa and both act in synergy to drive adipocyte differentiation. In response, C/EBPa and b  

trigger the transcription of mature adipocyte genes, encoding adipocyte protein 2 (aP2), 

adiponectin and the insulin receptor (11). It is important to note that PPARg, as well as PR domain 

containing 16 (PRDM16), are indispensable for activating BAT differentiation and thermogenesis 

program, and SC WAT browning (15). The complexity of adipogenesis resides in the heterogenicity 

of lineage markers and the large panel of signalling ligands and hormones that are able to 

modulate intracellular cascades, that are implicated in this process. 
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Figure 4. Molecular mechanism of adipogenesis from precursor to mature adipocyte. 

The commitment of a progenitor cell depends on lineage-specific markers and adipogenic factor 

activation. Other transcription factors are needed for differentiation into mature adipocyte and 

they act in synergy. The mature adipocyte acquires specific markers and expresses specific 

proteins that determine its function (11). ADPN, adiponectin; IR, insulin receptor. 

 

1.2.3.4. Signalling via hormones and ligands modulates adipogenesis 

In vitro, adipogenic cells need a special hormonal cocktail to differentiate into mature adipocytes 

(11). Insulin is the main component of this cocktail and allows these cells to differentiate even 

without additional hormones. By binding to its receptor, insulin activates insulin receptor 

substrates (IRSs), PI3K (phosphoinositide-3-kinase) and AKT (serine/threonine kinase 1) kinases, 

leading to the activation of several downstream proteins such as CREB (cAMP response element-

binding protein), mTOR (mechanistic target of rapamycin) and FOXO (forkhead box O) (11). Insulin 

also binds with lower affinity to insulin-like growth factor 1 (IGF1) receptor, present on many cells 

including preadipocytes. However, inhibition of any one of the signalling components of this 

pathway represses adipocyte differentiation in vitro (11). Conversely, elevated blood glucose and 

insulin in obesity context could be involved in AT hyperplasia (11).  

The in vitro adipogenic hormonal cocktail also contains dexamethasone, which is a synthetic 

glucocorticoid, that is needed for terminal differentiation. Glucocorticoid pathway amplifies 

insulin signalling and C/EBPs in preadipocytes. The glucocorticoid receptor is ubiquitous and is 

involved in the utilization of nutrients and prevention of inflammation (11). Further, chronically 
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elevated glucocorticoid plasma level in obesity has been linked to the development of metabolic 

syndrome, insulin resistance, hyperglycemia and dyslipidemia (31). 

Other ligands have been found to modulate adipogenesis, such as WNTs and Hedgehog ligands 

(11). WNT inhibits adipogenesis by preventing PPARg and C/EBPa activation in preadipocytes, 

whereas Hedgehog ligands impede insulin and BMP signalling (11). 

1.2.3.5. Angiogenesis prevents hypoxia during adipogenesis 

In the AT environment, the vasculature is essential to maintain nutrients, oxygen, hormones and 

growth factors levels for adipogenesis, and thereby to remove metabolic wastes (27). Due to the 

increased requirement for oxygen during AT growth, local hypoxia promotes adipocytes to induce 

angiogenesis and glycolysis through hypoxia-inducible factor (HIF) alpha (27). The two subunits 

of HIFa have opposing roles, as HIF-1a has been shown to be pro-angiogenic, -fibrotic and -

inflammatory, whereas HIF-1b prevents obesity-induced inflammation (27, 32). HIF-1a is also 

upregulated in expanding VC adipose due to chronic hypoxia during obesity (27). AT angiogenesis 

can occur through two mechanisms: sprouting and splitting. Sprouting angiogenesis consists of 

the formation of new vessels by endothelial cells migrating toward chemotactic and pro-

angiogenic signals from adipocytes, like VEGF (vascular endothelial growth factor) secretion. 

Splitting angiogenesis occurs because of the division of a vessel in two due to the contraction of 

myofibroblast during wound healing. Sprouting angiogenesis could be induced in the early stages 

of obesity and be replaced by splitting angiogenesis in a chronic state, as VEGF signalling 

decreases and myofibroblast activation increases (27). 

 

1.3. Role of adipose tissue in energy homeostasis and 

metabolism 

Adipocytes play a central role in regulating systemic energy homeostasis through their ability to 

store and release fatty acids, depending on the energy status. AT metabolism and thermogenesis 

are tightly regulated by central nervous system (CNS) and autocrine/paracrine/endocrine factors, 

such as hormones, adipokines and cytokines (10, 11).  
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1.3.1. The adipose tissue as an endocrine tissue 

In addition to its classical functions of energy storage and distribution, AT also acts as an 

important endocrine organ that produces many bioactive molecules called adipokines. 

Adipokines can be hormones, cytokines, growth factors or angiogenic factors, and can operate in 

an autocrine, paracrine or endocrine way. Adipokine secretion depends on the energy status and 

varies among different fat depots, to regulate AT metabolism (33). Besides the adipocytes, 

immune cells, endothelial cells, preadipocytes and fibroblasts also contribute greatly to its 

secretory activity (10, 33). 

1.3.1.1. The adipokines are regulating the systemic energy homeostasis and 

inflammation  

Adipokines are AT-secreted hormones/cytokines that have various effects throughout the body. 

For example, they are responsible for regulating lipogenesis, glucose homeostasis, energy 

expenditure, insulin signaling, inflammation and energy expenditure in metabolically active 

organs, but also physiological functions like appetite and satiety (10, 34). The main adipokines 

released by AT into the circulation are leptin, adiponectin and resistin and are discussed below 

(Table 1. (10). Other cytokines have various paracrine and autocrine effects within the 

microenvironment of AT and are further discussed below (10).  

Leptin is a pro-inflammatory cytokine, expressed predominantly by SC WAT, and has important 

roles in the regulation of appetite, satiety and energy expenditure (34, 35). Leptin blood level is 

proportional to the total fat mass. During periods of feeding, leptin exerts paracrine effects on 

the afferent nerve fibers, innervating the AT, via binding to the leptin receptor. The signaling 

cascade triggered in the afferent fibers sends signals to the brain that fat storage in the AT is 

increasing, and this results in a feedback signal from hypothalamus to limit food intake and 

triglyceride accumulation (36). It also has an endocrine effect directly on the hypothalamus, 

through its receptor, inducing satiety, energy expenditure, heat loss, and also hepatic 

gluconeogenesis (18). During fasting, a decline in leptin level acts as a homeostatic signal to 

inform the CNS to promote feeding by increasing appetite and decreasing energy expenditure (4, 

18, 34-37). This hypothesis was first supported by a study showing that leptin injection during 
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starvation prevented this fasting induced signal, and abrogated appetite increase and energy 

expenditure suppression (38). However, under pathophysiological conditions such as metabolic 

syndrome and obesity, leptin function and signaling may be compromised (Table 1. due to “leptin 

resistance” (34). Of note, leptin receptor is also found on immune cells and leptin signalling 

promotes various effects in these cells such as chemotaxis and pro-inflammatory cytokine release 

(39). In addition to leptin, resistin is another pro-inflammatory cytokine, which is only secreted 

by AT-resident macrophages and monocytes in humans, and increases with obesity (35). Resistin 

plays a role in different metabolic diseases and cell types and is mainly known to worsen insulin 

resistance and inflammation (Table 1. (35). Lastly, in contrast to leptin and resistin, adiponectin 

is an anti-inflammatory and systemic insulin-sensitizing cytokine. Adiponectin is the most 

abundant serum adipokine produced mainly by SC WAT, and in contrast to leptin, its levels are 

inversely proportional to total fat mass (4, 18, 35). Adiponectin acts on many tissues by binding 

to either of its two receptors, AdipoR1 or AdipoR2, depending on the cell type. Adiponectin 

exhibits protective effects on various biological processes, including hepatic gluconeogenesis, 

hepatic and muscle fatty acid oxidation, and AT glucose uptake and inflammation (Table 1. 

Adiponectin also inhibits proliferation and phagocytosis, and promotes apoptosis, M2 

polarization on macrophages and anti-inflammatory cytokines production (18, 35). 

 

Adipokines Healthy AT Hypertrophic AT Effects 

Leptin ¯  

 energy expenditure, satiety, hepatic 
glucogenesis 
¯ appetite, heat loss, insulin secretion 
and resistance 

Adiponectin  ¯ 

 hepatic and muscle FA oxidation, 
appetite, glucose uptake, insulin 
sensitivity 
¯ hepatic glucogenesis, energy 
expenditure, inflammation 

Resistin ¯  ↑ insulin resistance, inflammation 

Table 1.  The adipokines secreted by the adipose tissue in healthy and unhealthy 

conditions, and their endocrine effects. 
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Leptin is a pro-inflammatory cytokine that is upregulated in overfeeding conditions. Its secretion 

has a protective effect at first but during obesity development, a leptin resistance appears and 

leptin fails to exert its functions. Adiponectin is an anti-inflammatory cytokine, which is 

downregulated in obese condition. Its function to reduce inflammation and increase insulin 

sensitivity become less efficient as AT is growing. Resistin is a pro-inflammatory cytokine that is 

upregulated in hypertrophic AT and has detrimental functions (35). 

 

1.3.1.2. Secretion of pro-inflammatory cytokines in the adipose tissue environment 

amplifies the inflammatory response to overnutrition 

Beyond the three adipokines described above, AT secretes many other proteins, growth factors 

and cytokines having paracrine and autocrine effects within the AT microenvironment. The 

cytokines are often classified in two groups: the pro-inflammatory cytokines and the anti-

inflammatory cytokines.  

RBP4 is a pro-inflammatory cytokine produced by adipocytes, hepatocytes and macrophages, and 

is known to be a systemic transporter of vitamin A, and has been linked to obesity, inflammation, 

and insulin resistance (34). RBP4 exerts pro-inflammatory effects by activating antigen presenting 

cells and this function of RBP4 appears to be independent of its ability to bind with retinoids (40). 

During the initial stages of the obesity-induced inflammation development, hypertrophic 

adipocytes, located in VC WAT secrete an important chemokine, the monocyte chemotactic 

protein-1 (MCP1), which attracts circulating monocytes into the AT. MCP1 chemotactic gradient 

attracts monocytes and macrophages within the AT, and binds to the chemokine receptor 2 

(CCR2) on macrophages (7). In response, macrophages secrete more MCP1, amplifying the 

recruitment of additional immune cells in the AT (10). Furthermore, M1 macrophages activated 

by pro-inflammatory signals secrete many pro-inflammatory cytokines, such as IL-1b, TNFa, IFN-

g and IL-6 (4). TNFa, for example, causes insulin resistance by activating serine kinases, which act 

on IRS-1 to attenuate insulin signaling. IL-1b is the product of inflammasome activation and is 

involved in the impairment of glucose tolerance and insulin sensitivity (7). The role of IL-6 is 

controversial and depends on the tissue environment or the type of cells. It has been 
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demonstrated to negatively affect insulin sensitivity in liver and AT, but positively in skeletal 

muscle (7). In summary, this feedback loop between adipocytes and macrophages leads to a local 

amplification of the pro-inflammatory response to overnutrition.  

Further, VC WAT is generally demonstrated to secrete higher levels of pro-inflammatory cytokines 

such as MCP1, IL-6 and RBP4 in comparison to the SC WAT. Therefore, obesity-associated 

inflammation has been suggested to positively correlate specifically with VC expansion (19). Also, 

during obesity development, M2 macrophages are prone to switch to a M1-like phenotype, in 

part through obesity-induced RBP4 upregulation in WAT. In these macrophages IL-10 expression 

is reduced and pro-inflammatory cytokines expression is upregulated (4). In conclusion, the 

inflammatory crosstalk among different AT-resident cells plays a prominent role not only in the 

inflammation state of adipose microenvironment, but also in the progression of obesity-related 

systemic inflammation in the long run. 

1.3.1.3. Secretion of anti-inflammatory cytokines helps maintaining an healthy 

adipose tissue environment during overnutrition 

In addition to the pro-inflammatory cytokines, anti-inflammatory cytokines are secreted within 

the AT to favor metabolic health and protect itself against inflammation, principally by promoting 

M2-macrophage activation. The main anti-inflammatory cytokines involved in the alternative 

macrophage polarization are IL-4 and IL-13, which are produced in the AT by all types of 

adipocytes, eosinophils and type-2 innate lymphoid cells in lean/healthy conditions (39, 41). 

Following the macrophage polarization by IL-4/IL-13, the newly activated M2 macrophages inhibit 

IL-1b pathway by secreting IL-1 receptor antagonist. These M2 macrophages also produce 

another anti-inflammatory cytokine, IL-10, that antagonizes the effects of pro-inflammatory 

cytokine, including TNFa mediated downregulation of glucose transporter 4 (GLUT4). IL-10 also 

acts on adipocytes by decreasing MCP1 expression (4, 7, 21). Apart from IL-10, IGF-1, Arg-1 and 

VEGF-A are other known M2 macrophage-derived mediators, whose anti-inflammatory action 

resides in promoting tissue remodeling/repair and angiogenesis. 
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1.3.1.4. Regulatory effects of adipokines secreted from brown adipocytes 

As BAT and WAT have different function and morphology, the adipokines from BAT, also called 

batokines, are secreted in response to distinct stimuli than the WAT adipokines, and have specific 

functions. In response to cold or norepinephrine signaling through the b3-adrenergic pathway, 

fibroblast growth factor 21 (FGF21) is secreted by BAT and beige WAT in mice (42). FGF21 is 

involved in the regulation of glucose and lipid metabolism in WAT and liver, and in BAT, FGF21 

induces glucose uptake and oxidation, lipolysis and inhibits lipogenesis. FGF21 also promotes 

thermogenesis in BAT and beige adipose by stimulating UCP1 expression (42). Another factor 

promoting thermogenesis in BAT is VEGF-A. This adipokine is known to be involved in 

angiogenesis in both BAT and WAT, but specific overexpression of VEGF-A in brown adipocytes 

also induces UCP1 expression (42, 43). In addition, several studies documented the secretion of 

IL-6 from BAT through b3-adrenergic stimulation (44-47). But IL-6 involvement in BAT remains 

elusive (48). Lastly, in brown and beige adipocytes, cold exposure induces secretion of 

prostaglandins, such as prostaglandin I2 and E2, and the expression of lipocalins and prostaglandin 

D synthase, which are involved in the regulation of WAT browning and BAT function (42). 

1.3.2. Adipose tissue metabolic adaptation in response to overnutrition 

1.3.2.1. The physiologic changes in the adipose tissue microenvironment during the 

development of obesity  

In positive energy balance conditions, the expansion of VC WAT has been found to be linked with 

the development of cardiometabolic disease, whereas SC WAT expansion seems to be protective 

(49). Thus, the mechanisms of WAT expansion in obesity are of interest to better understand the 

obesity-associated pathologies. As mentioned previously, two physiological processes by which 

adipose depots expand have been identified (11). Adipocyte hyperplasia occurs during the initial 

stages of obesity development and defined by de novo differentiation of progenitors into new 

mature adipocytes. During obesity advancement, adipocytes lose their capacity to differentiate 

and adapt to hypertrophic growth by expanding the existing lipid droplets. However, long-term 

positive energy balance, leads to AT hypoxia, cell death, inflammation, fibrosis, and finally lipid 

spill-over into other tissues (ectopic fat accumulation) (50-52). First, VEGF-A expression decreases 
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in overfeeding conditions impairing angiogenesis. Then, hypoxic conditions induce HIF-1a, to 

correct detrimental repercussions of hypertrophic adipocyte expansion by increasing 

angiogenesis and fibrosis (23, 27, 51). However, the chronic hypoxia engenders adipocyte death, 

secretion of pro-inflammatory cytokines and adipokines (which appears to be determined by the 

location of fat depot and the adipocyte subtype involved (11, 12)) and macrophage infiltration 

(23, 51). All of these events trigger the crown-like structure (CLS) formation, which is an 

arrangement of M1 macrophages around the apoptotic adipocytes to clean the adipocyte cellular 

content released in the microenvironment (2, 10, 27, 51). Mechanistically, three major pathways 

are involved. First, FFA, among other signals, released from the dead adipocytes can activate TLRs, 

which in return activate NF-kB and mitogen-activated protein kinase (MAPK) pathways leading to 

insulin signalling inhibition and pro-inflammatory cytokine production by macrophages and 

adipocytes (3, 53). Besides, dead adipocyte signals also induce macrophages to produce reactive 

oxygen species (ROS) that activate NLRP3 inflammasome leading to pro-inflammatory cytokines 

secretion, especially IL-1b (53). Even though macrophage infiltration in BAT has also been 

demonstrated, BAT seems to be more resistant to it and less sensitive to inflammation in diet-

induced obese mice (54-56). However, macrophage infiltration, cell death and CLS formation in 

BAT lead to the whitening of brown adipocytes, which means that they form an unique large lipid 

droplet and lose mitochondria (56). Furthermore, the term metabolically healthy obesity (MHO) 

has been proposed to categorize the patients with obesity who are exceptionally metabolically 

healthy, exhibiting hyperplastic WAT expansion, less inflammation, and better insulin sensitivity. 

Thus, it was hypothesized that adipocytes in elevated number rather than increased size could be 

protective against obesity-associated metabolic diseases (50, 52). 

1.3.2.2. Low-grade inflammation and organs/tissues cross-talk during obesity 

pathogenesis 

As obesity progresses, all the events described in the previous section lead to development of 

obesity-induced low-grade chronic inflammation, also known as meta-inflammation. The AT pro-

inflammatory immune response progressively impedes adipocytes insulin sensitivity and 

signalling, as well as the metabolic homeostasis and lipid storage. Then, the oxidative stress 

becomes lethal to both macrophages and adipocytes, and AT macrophage infiltration increases 
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to clear out the dead cells in order to allow tissue repairs (6, 27). Moreover, impaired metabolic 

and inflammation response under obese condition also occurs in other organs and tissues, and 

has been associated with the development of cardiometabolic and immune diseases (12). Liver 

has its own resident macrophages, the Kupffer cells, that are also able to change their activation 

state and display a pro-inflammatory profile in response to overnutrition (7). Through the 

progression of obesity, even though the number of Kupffer cells seems to be stable, circulating 

monocytes are infiltrating the tissue (57). The hepatic pro-inflammatory macrophages are then 

able to stimulate hepatocyte immune response leading to non-alcoholic fatty liver disease 

(NAFLD) and hepatic insulin resistance (7). Intramuscular fat of skeletal muscle can be infiltrated 

by macrophages that display M1-like characteristics and participate to muscle insulin resistance 

(6, 7, 58). A similar pro-inflammatory macrophage infiltration process is also seen in pancreatic 

islets, and leads to reduced insulin secretion, b-cell dysfunction and death (6, 59). Besides, CNS 

resident macrophages, known as the microglia, are also activated toward a pro-inflammatory 

profile during obesity progression, leading to leptin resistance in the hypothalamus (7, 60). Lastly, 

the gut microbiome inflammatory response has been associated to insulin resistance and glucose 

intolerance during obesity pathogenesis (7). Cytokines, adipokines and FFA secretion locally and 

through the circulation lead to the systemic low-grade inflammation and insulin resistance, and 

AT is at the center of this crosstalk between organs and tissues. 

1.3.3. Adipose tissue is a central player in the regulation of lipid metabolism 

WAT principal function is to serve as a fuel donor and depository for the whole body, and in order 

to fulfill its physiological roles, it can sense and respond to several metabolic signals (11). During 

exercise or negative energy balance, the decreasing glycemia induces glucagon or noradrenaline 

secretion, which stimulates adipocyte lipases, like hormone-sensitive lipase (HSL), adipose 

triglyceride lipase (ATGL) and monoacylglycerol lipase (MAGL) (11, 61). Those lipases are part of 

the glycerolipid/free fatty acid (GL/FFA) cycle, which produces many signalling molecules that are 

essential to maintain cellular metabolic homeostasis (61). Two important molecules produced 

during lipolysis are FFA and glycerol, which leave the lipid droplets to travel through the 

circulation to other organs. When the energy balance is positive, the increasing glycemia induces 

insulin secretion from the pancreas which inhibits HSL and ATGL in the adipocytes, in order to 
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stimulate glucose uptake and de novo lipogenesis to store the excess nutrients in the lipid droplets 

(11). However, during the development of obesity, the adipocytes fail to respond to those signals 

and this leads to elevated plasma glucose and lipids, high pro-inflammatory cytokines secretion, 

fibrosis and adipocytes cell death (11). 

1.3.3.1. Lipid metabolism 

Lipids are essential for several biological functions, ranging from cellular structure and energy 

storage to cell signaling. These multifunctional molecules are classified based on their structure 

into a broad range of lipids, such as fatty acids, phospholipids, sterols, sphingolipids and many 

more. Lipid metabolism involves uptake, lipogenesis, storage, and degradation of lipids to satisfy 

the metabolic needs of the cells. These processes are tightly regulated and are governed by many 

enzymes that constitute a number of specific pathways participate in the biosynthesis and 

degradation of lipids (61, 62). Consequently,  any disturbances in lipid metabolism can lead to the 

pathogenesis of several metabolic diseases, such as obesity, T2D, metabolic syndrome, NAFLD, 

inflammation, and cancer (61).  

During the digestion, fats from the alimentation are digested and then absorbed by the epithelial 

cells of the intestine to be incorporated as triglycerides (TGs) in the chylomicrons, which are 

released into the circulation (62). The lipoprotein lipase (LPL) at the surface of AT capillaries 

hydrolyzes lipoprotein-incorporated TGs into 2,3-diacylglycerol (DAG), then 2-monoacylglycerol 

(MAG) and lastly into FFA and glycerol (62). Circulating FFA will be transferred to the adipocytes 

by different FA transporters, such as CD36 (63, 64). When needed, the imported FAs will be stored 

as neutral lipids (mainly TGs) in the lipid droplets (64, 65). Of note, during feeding, secreted insulin 

induces the uptake of circulating glucose by adipocytes, which can enter either glycolysis or the 

de novo lipogenesis pathways, which produce important lipid substrates such as glycerol-3-

phosphate (Gro3P) and FAs respectively (65). Also, insulin signalization regulates TG synthesis by 

upregulating lipogenic enzymes and simultaneously inhibiting lipid catabolism (63).  

Secondly, during fasting or exercise, adipocyte TGs are broken down into three FFAs and glycerol 

to be used a fuel. The first lipase involved in this process is ATGL, which hydrolyzes TG into either 

sn2,3-DAG or sn1,3-DAG and FFA (62). Then, HSL hydrolyzes DAGs into MAG and FFAs, and finally 
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MAGL cleaves MAG into glycerol and FFAs (65). FFAs can be transported into mitochondria to 

produce acetyl-CoA through the b-oxidation, which is used to generate energy through the citric 

acid cycle in the adipocytes (63). FFAs can also be secreted into the circulation to be absorbed by 

the metabolically active tissues and will be oxidized to generate ATP (adenosine triphosphate), 

and released-glycerol can enter the gluconeogenesis in the liver (64, 65).  

Finally, fat catabolism and anabolism pathways are interlinked into a metabolic cycle termed 

GL/FFA cycle, which connects the glucose and fat metabolism and regulates various physiological 

and biological processes (61). In the same trend, GL/FFA cycle has been found to be implicated in 

the pathogenesis of metabolic diseases like T2D, obesity and cancer (61). 

1.3.3.2. Glycerolipid/Free fatty acid cycle 

GL/FFA cycle is a metabolic machinery comprised of lipogenesis and lipolysis arms (Figure 5). As 

the operation of lipogenesis and lipolysis leads to the formation and hydrolysis of GL, coupled 

with net breakdown of ATP, this GL/FFA cycle produces heat, and is considered “futile”. However, 

inasmuch as the GL/FFA cycle generates several lipid intermediates and signals that are essential 

for cellular structure as well as functions, the usage of ATP for the operation of this cycle can be 

viewed as the “currency” the cell pays for generating these signals as well as heat (61). The 

different steps of the GL/FFA cycle are detailed below. 

Lipogenesis is an anabolic process through which TG is synthesized. The different enzymes 

involved in this process are the acyl-CoA synthase (ACSL), the glycerophosphate acyltransferase 

(GPAT), the 1-acyl-sn-Gro3P acyltransferase (AGPAT), the phosphatidic acid phosphatase (PAP) 

and the DAG acyltransferase (DGAT). First, FFA, entering into the cell, is converted to fatty acyl-

coenzyme A (FACoA) by the ACSL. FFAs arise either from the uptake of exogenous FFA, 

intracellular lipolysis, or de novo lipogenesis from glucose (61). Then, the GPAT isoenzymes (GPAT 

1 to 4) condense FACoA and Gro3P, arising from glycolysis or glyceroneogenesis, into 

lysophosphatidic acid (LPA). AGPAT isoenzymes esterify LPA using another molecule of FACoA to 

form phosphatidic acid (PA). Next, PA is converted in sn1,2-DAG by lipins, also known as PAPs 

(61). At this step, PA and sn1,2-DAG can also be used to produce phospholipids (PL). The last 
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reaction of the anabolic lipogenesis process of GL/FFA cycle is completed by DAG acyltransferases 

(DGAT1 and 2), using sn1,2-DAG and FACoA to produce TG (61). 

The catabolic lipolytic segment of the GL/FFA cycle results in the sequential hydrolysis of TG ester 

bonds by different lipases : ATGL, HSL, MAGL and a/b-hydrolase domain 6 (ABHD6). First, ATGL 

hydrolyzes the  first ester bond at the sn1 position of the TG molecule to give sn2,3-DAG and FFA. 

sn2,3-DAG is hydrolyzed by HSL to form either sn2-MAG and FFA. Subsequent hydrolysis of 2-

MAG is conducted by MAGL or ABHD6 to generate FFA and glycerol and to complete the cycle 

(61). Glycerol, thus produced, is converted back to Gro3P by glycerokinase to be recycled back 

into the lipogenic segment of the cycle (61) . 

  

Figure 5. GL/FFA cycle enzymes and substrates. 
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The scheme depicts the GL/FFA cycling anabolic (lipogenesis) and catabolic (lipolysis) processes 

and corresponding enzymes. FACoA is formed by long-chain ACSL from FFA, and then partitioned 

into the generation of LPA through the condensation with glucose-derived Gly3P by GPAT. LPA 

is further converted by AGPAT to PA, which consequently gives rise to sn1,2-DAG by the action 

of PAP. Further DAG is converted to TG by enzymatic activity of DGAT. Through lipolysis, ATGL 

and/or HSL hydrolyzes TG to sn2,3-DAG which later breaks down to MAG by HSL. MAG is 

hydrolyzed by MAGL and ABHD6 to FFA and glycerol, which is secreted out of the cell. (figure 

modified from Prentki & Madiraju, 2008) (61). 

 

1.4. Role of ABHD6 in obesity-mediated adipose tissue 

inflammation 

Disturbances in lipid metabolism contribute to the development of metabolic complications, such 

as obesity, T2D, and NAFLD. Therefore, it is important to understand the precise mechanisms 

underlying the lipolytic and lipogenic pathways and their components (62).  

1.4.1. ABHD6 gene and enzyme  

ABHD6 is a type II integral membrane protein of 337 amino acid residues, classified as a serine 

hydrolase (66). The gene encoding ABHD6 in humans is divided in 10 exons and found on 

chromosome 3p14.3. The enzyme is folded in 8 b-strands, enclosed by a-helices and connected 

by loops. The catalytic site of the enzyme consists of the amino acid residues Ser148-Asp278-

His306 triad and found on the loop region facing the cytoplasmic side, and the mutation of Ser148 

into an alanine residue inhibits ABHD6 activity (62). ABHD6 plays various biological roles in 

different tissues. In addition to MAG, ABHD6 can hydrolyze few other lipid substrates such as 

lysophosphatidylcholine, LPA, and bis(monoacylglycero)phosphate. It is important to point out 

that ABHD6 is an ubiquitous enzyme, but its mRNA expression is higher in liver, kidney, and ovary 

in human, and in BAT, small intestine and brain in mice. Our previous studies showed that ABHD6 

is also highly expressed in pancreatic islet b-cells compared to MAGL (66, 67). Although ABHD6 

and MAGL catalyze the same reaction, ABHD6 inhibition or deletion does not cause compensatory 
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change in MAGL expression or function in the brain. Similarly, peripheral tissue deletion of ABHD6 

using antisense oligonucleotides (ASOs), has no compensatory change in MAGL activity or 

expression in the liver (66, 68-70). Likewise, MAGL global deletion is not compensated by ABHD6, 

ABHD12 or HSL in brain, liver and AT (71). Few pharmacological inhibitors of ABHD6 have been 

identified, such as WWL70, a selective carbamate-based inhibitor, or KT203, an triazole urea-

based inhibitor with high potency (72, 73). Other lipases, like ABHD12 and ABHD2, have been 

found to have specific hydrolysis roles of 2-arachidonoylglycerol (2-AG) in brain, particularly in 

the microglia, and spermatozoa respectively (62). Actually, ABHD12 is poorly characterized but 

mutations into ABHD12 gene have been shown to cause a neurodegenerative disease called  

PHARC (polyneuropathy, hearing loss, ataxia, retinitis pigmentosa and cataract) (74). ABHD2, 

despite its physiological function in fertilization of the spermatozoa, has been linked to 

pathological processes such as emphysema, atherosclerosis and virus propagation, and selective 

inhibitors for this enzyme are not yet available (74). 

1.4.2. Monoacylglycerol metabolism and signaling  

During fat digestion, TG are hydrolyzed into FFA and 2-MAG by pancreatic lipase in the intestinal 

lumen and are absorbed by intestinal epithelial cells which re-synthesize TG and assemble 

chylomicrons. The chylomicrons with TG are then released into the blood. The circulating 

chylomicron-associated TG are consequently hydrolyzed by plasma lipoprotein lipase into 2,3-

DAG, 2-MAG, and finally FFA and glycerol. The FFA are taken up by the tissues and stored as TG 

in lipid droplets in the cells. Stored TG is hydrolyzed through the catabolic segment of GL/FFA 

cycle, depending on the metabolic needs of the cell.  

1.4.2.1. Biosynthesis and degradation of MAG 

Depending on the position of acyl chain on the glycerol backbone, there are two stereochemical 

isoforms of MAG: 1-MAG, with FA in the sn1 or sn3 positions and 2-MAG with FA in the sn2 

position of the glycerol backbone. MAG is mostly generated through lipolysis cascade and its 

stereoisomer structure depends on the enzymes involved and the order of reactions during TG 

hydrolysis. First, depending on the presence or absence of its co-activator CGI58, ATGL produces 

either sn2,3-DAG or sn1,3-DAG, respectively, and FFA (75). Under basal conditions, ATGL acts 
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alone, and generates sn1,3-DAG by hydrolyzing TG at sn2 position. However, during stimulated-

lipolysis, ATGL synergizes with its co-activator CGI58 to produce sn2,3-DAG, by hydrolyzing TG at 

the sn1 position. Action of HSL on sn1,3-DAG generates 1-MAG, while its action on sn2,3-DAG 

generates 2-MAG (62). In addition to its formation from TG hydrolysis, 2-MAG can also arise from 

sn1,2-DAG, produced from membrane-associated PL, by phospholipase C, with its subsequent 

hydrolysis by membrane associated DAG lipases or cytosolic HSL into 2-MAG and FFA (76). 

Production of 1-MAG can also occur via the hydrolysis of LPA by LPA phosphatases (62). MAGL 

was found to hydrolyze both 1- and 2-MAG non-specifically, whereas ABHD6 has substrate 

preference for 1-MAG (67). Studies from our lab showed that suppression of ABHD6 induces 1-

MAG accumulation in pancreatic islets, INS-1 cells, WAT and BAT and implicated 1-MAG in 

different cellular signaling pathways (67, 77). 

1.4.2.2. Signaling roles of MAG 

Endocannabinoid 2-AG was the first ABHD6 substrate to be identified in the CNS (66, 69). 2-AG is 

an agonist of cannabinoid (CB) receptors 1 and 2, which are implicated in the regulation of satiety 

and energy metabolism in brain (78, 79). CB2 receptor is also highly expressed in various immune 

cells, including macrophages and monocytes, and its activation by 2-AG could have anti-

inflammatory effect or pro-inflammatory effect depending on the cell types and conditions (62, 

80-82). On the other hand, 2-oleoylglycerol (another 2-MAG) was found to have a role in glucose 

and insulin homeostasis in the intestine through its binding to GPR119, a G protein-coupled 

receptor (GPR) implicated in the control of cyclic AMP levels in the cell and to regulate the 

secretion and release of GLP1 (Glucagon-like Peptide-1) from the intestinal L-cells (62). A recent 

study has suggested that RBP2 in the intestine can bind with 2-MAG and also 1-MAG in its retinoid 

binding site and this interaction has ramifications in the secretion of glucose-dependent 

insulinotropic polypeptide (GIP) because RBP2-KO mice exhibit elevated levels of 2-MAG in the 

proximal intestine and elevated GIP levels in the blood (83). Finally, we demonstrated that 1-

MAG, which accumulates in ATs upon constitutive deletion of ABHD6 in whole-body in mice, can 

bind and activate PPARa and PPARg (77). PPARs are actually activated by different lipid molecules. 

PPARa is present in several tissues and controls lipid and lipoprotein metabolism. PPARg is a 
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master regulator of lipogenesis and adipocyte differentiation and also have a role in inflammation 

and cytokine secretion in the AT (84-86).  

1.4.3. ABHD6 in obesity-induced inflammation 

Several studies have identified physiological and pathological functions of ABHD6 in many tissues 

and organs (Figure 6). As discussed above, obesity is often associated with a systemic low-grade 

inflammation by increasing macrophage recruitment and polarization in the adipose depots (87). 

Furthermore, the hydrolysis of 2-AG by ABHD6 generates arachidonic acid, a precursor of 

prostaglandins, which are involved in inflammatory responses (88). Additionally, an in vitro study 

showed that ABHD6 inhibition is protective against LPS-stimulated inflammation in macrophages 

through the induction of prostaglandin-D2-glycerol (PDG2-G) ester synthesis. This pathway is 

mediated by cyclooxygenase-2 (COX-2) enzyme, and shown to be independent of CB receptors 

and PPARs activity (89). In vivo, ABHD6 inhibition with WWL70 significantly reduced the 

expression of the pro-inflammatory cytokines IL-1b, IL-6 and MCP1 in the cerebellum, liver and 

lungs of mice challenged with LPS. Further, it was not the accumulation of 2-AG upon ABHD6 

inhibition that was in cause, but the conversion of 2-AG into PDG2-G by COX-2 that induced the 

anti-inflammatory effect of ABHD6 inhibition in those tissues for the most part (89). Finally, a 

study from Prentki lab revealed that the global deletion of ABHD6 in mice fed with HFD induces 

the elevation of anti-inflammatory cytokines and the reduction of pro-inflammatory cytokines in 

the plasma (77). However, the specific role of ABHD6 in immune cells and obesity-induced 

inflammation is still unknown.  
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Figure 6. ABHD6 pathophysiological functions. 

ABHD6 is involved in several organs and tissues and in many physiological and pathological 

functions (figure inspired by Poursharifi et al. review, 2017) (62). 

 

1-MAG, accumulating upon ABHD6 inhibition, has been found to have an important role in 

adipocyte browning and beiging and energy expenditure. Previous study from our lab showed 

that ABHD6 inhibition in differentiated preadipocytes induces the expression of brown adipose 

markers such as UCP1 (77). In the same study, our lab demonstrated that ABHD6 deletion in mice 

protects them from HFD induced obesity and associated complications. Some of these beneficial 

effects include: reduced body weight gain and food intake, protection from hepatic steatosis, 

improved insulin and glucose tolerance, insulin-independent glucose uptake in AT and muscle, 

enhanced energy expenditure and increased WAT browning and BAT activation (77). In this study 

ABHD6 deletion was shown to result in an increase in lipolysis derived 1-MAG, which induces 
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adipose browning via PPARα and PPARγ activation. Thus, ABHD6 has been proposed to be a 

potential therapeutic target for obesity and T2D (77).  

1.4.4. Role of ABHD6 in neuroinflammation 

Apart from its role in AT and immune cells, ABHD6 role in neuroinflammatory and 

neurodegenerative diseases, as well as in the CNS-controlled energy balance are also studied (62). 

Locally increased endogenous 2-AG, by ABHD6 inhibition in an experimental autoimmune 

encephalomyelitis mouse model, led to a reduction in CD4+ T cell infiltration, microglia 

accumulation, pro-inflammatory cytokines, demyelination and axonal injury in the spinal cord 

(90). Another study showed that inhibition of ABHD6 with WWL70 in a traumatic brain injury 

mouse model reduced the expression of iNOS (Inducible nitric oxide synthase) and COX-2 and 

enhanced Arg-1 expression in the ipsilateral cortex, which suggests a switch from M1 to M2 

phenotype in the microglia macrophages (91). To conclude, ABHD6 has been linked to many 

physiological and pathological processes, and its pharmacological inhibition could have 

therapeutic effects against obesity-induced inflammation and its complications, as well as 

neuroinflammatory diseases. 
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1.5. Rationale and hypothesis 

Obesity is a major risk factor for metabolic diseases, including T2D, non-alcoholic steatohepatitis, 

cardiovascular diseases and inflammatory disorders (2, 3). These comorbidities are associated 

with the development of a low-grade chronic inflammation induced by maladaptive inflammatory 

response to a long-term positive energy balance (3). However, the prevalence of obesity 

continues to increase, causing a huge burden to our society and healthcare costs to rise. 

Therefore, it is crucial to better understand the cellular pathways and molecular mechanisms 

implicated in obesity and its associated inflammation in order to develop new therapeutic 

strategies.  

ABHD6 is a ubiquitous monoacylglycerol lipase, catalyzing the last step of the lipolysis arm of the 

GL/FFA cycle. After its discovery in brain, ABHD6 was shown to contribute significantly to MAG 

hydrolysis in different cells/tissues, and also to play a role in the pathogenesis of metabolic 

diseases and some cancers (62). Studies from our lab showed that whole-body ABHD6 deletion 

in mice is protective against HFD-induced obesity via reduced body weight gain, protection from 

hepatic steatosis, improved insulin and glucose tolerance, and increased WAT browning and BAT 

activation (77). A recent study from our lab demonstrated that AT-specific ABHD6 deletion 

protects mice from cold exposure by enhancing WAT thermogenic programs (92). It was found 

that adipose ABHD6 deletion causes accumulation of adipocyte nuclear 2-MAG, which through 

the activation of PPARα and PPARγ, induces GL/FFA cycling in gonadal WAT, during cold challenge 

(92). Moreover, others showed the protective effect of pharmacological inhibition of ABHD6 

against LPS-stimulated inflammation in macrophages in vitro, and also in the cerebellum, liver 

and lungs after a LPS challenge in vivo (89). However, the role of ABHD6 in diet-induced AT 

inflammation and macrophage polarization remains unexplored. We hypothesized that 

suppression of ABHD6 is protective against HFD-induced AT inflammation by regulating the AT 

macrophage phenotype. This hypothesis has been examined by addressing the following aims: 

1) To assess the immunometabolic role of ABHD6 in obesity-induced AT chronic 

inflammation in mice; 
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2) To clarify the regulatory role of ABHD6 in the acute macrophage activation/polarization 

under LPS-induced inflammation. 

To address these aims, we employed genetic and pharmacological approaches: whole-body 

ABHD6 KO mice generated for in vivo and ex-vivo studies, the ABHD6 inhibitor KT203 and 

macrophages cell lines used for in vitro studies. To induce chronic low-grade inflammation, whole 

body ABHD6-knockout animals and wild-type litter mates were put on 60% HFD for 17 weeks. 

Here, as it is well known that female mice are protected from HFD-induced inflammation, we only 

used male mice (93). In addition, acute inflammatory responses were studied using macrophage 

cell lines after treatment with LPS for 24 h.  

The results from these studies are aimed at a better understanding of the role of AT ABHD6 in the 

dysregulation of metabolic and inflammatory pathways in obesity and to delineate the underlying 

cellular and molecular mechanisms of the protective effects of its suppression.  
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Chapter 2 - Methods 

2.1. Animals 

2.1.1. Whole-body ABHD6 KO mice generation 

All procedures were approved by the Institutional Committee for the Protection of Animals in the 

CRCHUM. Whole-body (WB) ABHD6-KO mice were generated on pure C57/BL6N background by 

employing “KO-first” design as previously described before (67, 94). Briefly, the “KO first” allele is 

generated embryonic stem (ES) cells by splicing exons to a splice acceptor in the targeting cassette 

which will induce the inactivation of the gene function. The ES cells (JM8A3.N1 (Agouti), derived 

from C57/BL6N mice), with conditional vector targeting for ABHD6 (HEPD0651_8_C07) were 

obtained from European Conditional Mouse Mutagenesis Program, Germany. Further details on 

the ES cells and vectors are available at 

http://www.knockoutmouse.org/martsearch/project/72228. Schematic of the conditional 

knockout-first cassette for producing ABHD6-KO mice is shown in Figure 7A. As detailed in the 

scheme, the intervening sequences (Neo cassette), that cause suppression of ABHD6 expression 

are introduced between exons 2 and 3 of ABHD6 gene. Because of the interfering Neo-cassette, 

transcription of ABHD6 gene is terminated after exon-2 and the resulting short, truncated mRNAs 

are degraded, leading to the loss of ABHD6 expression in the whole body. These mice are referred 

to as “Knockout-first” as the same line of mice can also be used by breeding with Flpo deleter 

mice to generate ABHD6-fl/fl mice for conditional deletion of ABHD6 in a tissue specific manner. 

Knockout-first WB-ABHD6-KO mice were generated in Mouse Biology Program, University of 

California, Davis. Positioning of primers for genotyping PCR is indicated (Figure 7A), for an 

anticipated 517 bp DNA fragment (with primers, loxP-F & R1) for floxed mutant mice and a 200bp 

fragment (with primers, wtF & wtR) for wild-type mice. Chromosomal DNA extracted from a piece 

of the tail was used for genotyping the WT and KO mice (3 weeks old). For the WT mice, the 

following primer sequences were used: forward (wtF) 5’- GCAGAAAGGAAAGTAATACCTTAAGAG-

3’ and reverse (wtR) 5’- AACATCTTAAAACTTAATGCTGATAGCTC-3’. Although these sequences are 

also present in the targeting vector, they are spaced far apart and do not give rise to the 
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anticipated PCR product in the mutant mice (Figure 7B). For the WB-ABHD6-KO mice, the 

following primer sequences were used : forward (loxP-F) 5’-GAGATGGCGCAACGCAATTAATG-3’ 

and reverse (ABHD6-R1) 5’- CAAGTGATGCTATGTAACCTTGCCCC-3’. The KO mice give a mutated 

PCR product of 517 bp whereas WT PCR product is indicated by a 200 bp band (Figure 7B). 

 

Figure 7. Generation and genotyping of WB-ABHD6-KO mice. 

(A) Schematic of the conditional “KO-first” cassette for generating WB-ABHD6-KO mice. 

Positioning of the primers used for genotyping PCR are indicated : wtF and wtR primers for the 

WT mice giving a 200 bp fragment, and loxP-F and R1 primers for the mutant mice giving a 517 

bp fragment (scheme modified from Zhao et al, 2014) (67). (B) Genotyping PCR amplification of 

chromosomal DNA from KO and WT mice tails (3 weeks of age). The 517 bp DNA fragment is 

corresponding to the -/- mice (WB-KO), the 200 bp fragment shows the +/+ mice (WT) and both 

fragments are from heterozygous +/- mice (HZ). 

 

2.1.2. Type 2 diabetes db/db mice model 

BKS.Cg-Dock7m+/+Leprdb/J mice were purchased from the Jackson Laboratory (Mouse Strain 

Datasheet - 000642). Male mice (10 weeks of age), homozygous for Leprdb (db/db mice) and 

heterozygous for Dock7m (db/+ mice) were used.  

2.1.3. Mice maintenance 

Mice were housed at room temperature (RT) (22°C) on a 12-hour light/12-hour dark cycle with 

free access to water and food (normal diet, ND) (Teklad Global 18% protein rodent diet irradiated 

20-50KGy, Envigo) (Appendix A. ).  
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2.2. In vivo studies on HFD-fed mice 

2.2.1. HFD treatment 

At weaning (4-5 weeks old), male wild-type (WT) and WB-ABHD6-KO mice were placed in 

individual cages and fed either chow diet or HFD (D12492i Rodent diet with 60% fat by energy, 

Research Diets) (Appendix B. ) for 17 weeks (Figure 8A). Body weight and food intake were 

measured weekly. After 17 weeks, blood was collected from the tail vein for glucose 

measurement by a portable glucometer (Accu-check Advantage, Roche, Indianapolis, IN)., WB-

ABHD6-KO and WT mice were sacrificed and tissues (iWAT, gWAT, BAT, liver, spleen, heart) and 

blood were collected. Plasma and tissue samples were kept at -80°C until processed. 

2.2.2. Mouse adipose tissues  

After 17 weeks on ND or HFD, interscapular BAT (BAT), visceral perigonadal WAT (gWAT) and 

subcutaneous inguinal WAT (iWAT) were collected from WT and WB-ABHD6-KO mice (Figure 8B). 

Male db/db and db/+ mice were also sacrificed at 10 weeks of age on ND, and the gWAT was 

collected. ATs were either used freshly for gene and protein expression analysis, or digested with 

collagenase to isolate SVF as described in the next section. 

2.2.3. Stromal Vascular Fraction isolation 

Freshly isolated adipose tissues were processed for stromal vascular fraction (SVF) isolation 

(Figure 8B). Briefly, fat pads were collected in Krebs-Ringer bicarbonate HEPES buffer containing 

10 mM HEPES, pH 7,4 (KRBH) and carefully minced into small pieces. Minced tissues were 

digested in the buffer containing 1 mg/mL collagenase type II (from Clostridium histolyticum) 

(C6885, Sigma-Aldrich) in KRBH buffer and 2% bovine serum albumin (BSA) (A6003, Sigma-

Aldrich), (1 mg tissue/5 mL digestion buffer). The suspension was incubated at 37°C with constant 

shaking for 45 min. The supernatant (mature adipocytes) was discarded and the SVF fraction was 

pelleted by centrifugation (1500 rpm for 10 min), washed 3 times with KRBH buffer, and filtered 

(70 µm diameter). Obtained SVF cells were used freshly for flow cytometry. 
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Figure 8. In vivo studies on HFD-fed mice. 

(A) WB-ABHD6-KO and WT mice were fed HFD for 17 weeks, starting from weaning. Body weight 

(BW), food intake (FI) were measured weekly. They were sacrificed (sac) after 17 weeks on HFD 

and tissues were collected. (B) Simplified scheme showing the different adipose depots studied 

and AT/SVF isolation. BAT, gWAT and iWAT were collected. Fat depots were either used freshly 

for gene and protein expression, or digested with collagenase to isolated SVF for flow cytometry. 

 

2.2.4. Tissue triglyceride content 

Liver, spleen and heart triglyceride (TG) contents were determined for ectopic fat accumulation. 

This assay is based on the spectrophotometric measurement of glycerol released from the 

enzymatic hydrolysis of TG in the tissue homogenates.  Briefly, tissues were homogenized in lysis 

buffer (20 mM Tris-HCl, pH 7,2, containing 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% v/v Triton 
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X-100, 0,1% SDS, and protease inhibitors), and 10 µL of crude tissue lysate was mixed with 100 µL 

of free glycerol reagent (F6428, Sigma-Aldrich) and 25 µL of triglyceride reagent (T2249, Sigma-

Aldrich) in a 96-well plate. After 5 min incubation at 37°C, glycerol released from TG was 

measured by spectrophotometry at 450 nm and normalized with mg of protein. 

 

2.3. Ex-vivo and in vitro studies  

2.3.1. Flow cytometry 

Adipose depots (iBAT, gWAT and iWAT) were isolated from WT and WB-ABHD6-KO mice after 17 

weeks of 60% HFD. Fat depots were weighed and immediately processed for SVF isolation as 

described above. Macrophage populations were assessed by flow cytometry as described before 

(95). Briefly, red blood cells (RBC) were depleted by incubating freshly isolated SVF pellet in RBC 

lysis buffer for 9 min on ice, followed by a 5 min centrifugation at 300 g. 1 x 106 SVF cells were 

resuspended in 100 µL of FACS (Fluorescence-activated cell sorting) buffer for a final 

concentration of 1 x 107 SVF cells/mL. Cells were stained using LIVE/DEAD™ Fixable Aqua Dead 

Cell Stain Kit (Invitrogen; 1 ul/mL) for 30 min at room temperature, incubated on ice with 1/100 

Fc-block for 10 min, and then incubated with 100 µL of antibody staining cocktail (1/200 anti-

CD45.2, 1/200 anti-F4/80, 1/500 anti-CD11b, 1/200 anti-CD11c and 1/50 anti-CD301) for 30 min 

at 4°C, protected from light. The stained SVF cells were washed, fixed with 2% paraformaldehyde, 

and then used for flow cytometry analysis (BD Fortessa flow cytometer equipped with FACS Diva 

software). Anti-CD45.2 was used for leukocyte staining, anti-F4/80 and anti-CD11b for total 

macrophages, and anti-CD11c and anti-CD301 bind with M1 and M2 macrophages, respectively. 

Antibodies are listed in appendix (Appendix C. ). The data analysis was performed using FlowJo 

v10. 

2.3.2. Peritoneal macrophages isolation and activation/polarization 

Peritoneal macrophages (PMs) were isolated from the peritoneal cavity of WT and WB-ABHD6-

KO male mice as described before (96). PMs were harvested by washing the cavity with 10 mL 

sterile cold 1X PBS and 2,0 x 105 cells/well were plated in 24-well plates in Dulbecco’s minimal 
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essential media (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) and 

antibiotics (Penicillin/Streptomycin). After 1h, PMs were washed with warm 1X PBS and treated 

with either 100 ng/mL LPS (L4516, Sigma-Aldrich) or 10 ng/mL IL-4 (AF-214-14, Preprotech) for 

24h. After the 24h treatment, media were collected and stored at -20°C for cytokine secretion 

measurement and macrophages were kept at -20°C until RNA extraction.  

2.3.3. Macrophage cell lines activation/polarization 

RAW264.7 and J774A.1 macrophage cells were cultured in DMEM and Roswell park memorial 

institute (RPMI) 1640 media respectively, both supplemented with 10% FBS and antibiotics 

(Penicillin/Streptomycin). 0,2 x 105 cells/well were plated in 24-well plates. After the cells reached 

60% confluency, they were treated with 10 µM KT203 (ABHD6 inhibitor) (provided by Servier-

France) for 1h before adding either 100 ng/mL LPS or 10 ng/mL IL-4 for 24h. After the 24h 

treatment, media was collected and stored at -20°C for cytokine secretion measurement. And 

cells were kept at -20°C until RNA extraction.  

 

2.4. Tissues and cell analysis 

2.4.1. Protein expression by immunoblotting 

For immunoblotting, ATs were digested with a lysis buffer (20 mM Tris-HCl, pH 7,2, containing 

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% v/v Triton X-100, 0,1% SDS, and protease inhibitors), 

and after protein quantification, 25-40 µg protein were used for Western blot analysis. ABHD6 

expression was measured and normalized with b-actin. Antibodies are listed in appendix 

(Appendix C. ). 

2.4.2. RNA extraction and quantification 

Adipose depots. For gene expression, ATs were homogenized in 1 mL cold Qiazol (Qiagen), then 

200 µL chloroform was added. After centrifugation at 13 000 rpm for 15 min at 4°C, the upper 

phase (RNA) was collected and mixed with 1:1 70% ethanol. Total RNA was then isolated using 

the RNeasy Mini Kit (Qiagen). Following reverse transcription of 1 µg RNA to cDNA, gene 
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expression was assessed by quantitative PCR using SYBR Green (204145, QuantiTect), in duplicate 

and normalized to 18s. Abhd6, Tnfa, Mcp1, Cd11c, Arg1, Mrc1 (Macrophage Mannose Receptor 

C-Type 1), Col1a1 (Collagen type I alpha 1 chain), Col5a1 (Collagen type V alpha 1 chain) and Hif1a 

were measured. Primer sequences are listed in appendix (Appendix D. ). 

Cells. For RNA extraction, RAW264.7 and J774A.1 macrophages or PMs were scraped in 300 µL 

cell lysis buffer and transferred to the QIAshredder mini-column to homogenize and filter 

insoluble cell debris from the cell lysate (Qiagen). Total RNA was then isolated using the RNeasy 

Mini Kit (Qiagen). Following reverse transcription of 1 µg RNA to cDNA, gene expression was 

assessed by quantitative PCR using SYBR Green, in duplicate and normalized to Gapdh. Tnfa, 

Mcp1, and Arg1 were measured. Primer sequences are listed in appendix (Appendix D. ). 

2.4.3. Cytokine secretion analysis by ELISA 

Cytokine secretion from RAW264.7 macrophages was assayed by ELISA using commercial kits (# 

AL505 AlphaLISA TNF, Perkin Elmer for TNFa, and ab208979 ELISA, Abcam for MCP-1). 

 

2.5. Statistical analysis 

Results are expressed as means ± SEM. All data were analyzed and plotted using GraphPad Prism 

8 (GraphPad Software). Statistical differences between2 groups were assessed by unpaired two-

tailed Student’s t test, and between multiple groups were assessed by 1-way or 2-way ANOVA. A 

P value of less than 0,05 was considered statistically significant. 

 

 

 

 

 

 



 40 

 



 

 41 
 

Chapter 3 - Results 

3.1. The global role of ABHD6 in diet-induced chronic low-grade 

inflammation 

3.1.1. ABHD6 expression in the ATs of obese and diabetic mice 

In order to investigate the role of AT ABHD6 under diet-induced inflammation, we measured 

ABHD6 expression in different adipose depots of obese and diabetic male mice  (Figure 9A). WB-

ABHD6-KO mice fed HFD for 17 weeks exhibited an increased mRNA expression of ABHD6 in all 

fat depots (gonadal WAT (P=0,0481), inguinal WAT (P=0,0538) and BAT (P<0,0001)), compared to 

ND-fed mice (Figure 9A). Similarly, ABHD6 mRNA (P=0,0336) and protein levels (P=0,0187) were 

significantly higher in db/db mice compared to control mice (Figure 9B). These results 

demonstrated the upregulation of ABHD6 in mice adipose depots under inflammatory conditions 

as obesity or T2D. 

 

Figure 9. ABHD6 expression is upregulated in AT under inflammatory conditions. 
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(A) Abhd6 mRNA expression in the ATs of WT mice fed ND or HFD for 17 weeks (n = 7-12 

mice/group). (B) ABHD6 mRNA and protein levels in the gWAT of db/+ and db/db mice at age 

10 weeks (n = 4-5 mice/group). Gene expression analyses were run in duplicate and normalized 

to 18s. Unpaired two-tailed Student’s t test; effects of diet/genotype: *P < 0,05; ***P < 0,001. 

 

3.1.2.  ABHD6-KO mice are protected against HFD-obesity 

Using global ABHD6-KO mice, we previously showed the beneficial effects of ABHD6 suppression 

in diet-induced obesity. Female and male mice fed HFD for 8 weeks showed reduced weight gain, 

improved glucose tolerance and insulin sensitivity, and reduced fat mass and liver steatosis (77). 

To assess the global role of ABHD6 in diet-induced inflammation, we used WB-ABHD6-KO and WT 

male mice fed with 60% HFD for 17 weeks from weaning (Figure 10). As reported before, WB-

ABHD6-KO mice have a mild protection against diet-induced obesity shown by a significant 

reduction of their body weight and fed glycemia (P=0,0180), compared to WT HFD-fed mice 

(significant from week 9 to 17 under HFD) (WB-ABHD6-KO mice are protected against HFD-

induced obesity.) (77). There was no difference in body weight between KO and WT mice under 

ND (WB-ABHD6-KO mice are protected against HFD-induced obesity.). No significant differences 

in dietary intake were observed among groups (WB-ABHD6-KO mice are protected against HFD-

induced obesity.). Regarding the weight of tissues under HFD, iWAT (P=0,0196), liver (P=0,0380), 

spleen (P=0,0243) and heart (P=0,0393) weight were significantly reduced in the KO mice 

compared to the WT littermates (WB-ABHD6-KO mice are protected against HFD-induced 

obesity.). Accordingly, we observed reduced TG accumulation in both liver (P=0,0579) and spleen 

(P=0,0248) of HFD-fed KO mice, but not in heart, compared to controls (WB-ABHD6-KO mice are 

protected against HFD-induced obesity.). Further, due to more fat accumulation, the liver of the 

WT mice fed with HFD appears bigger and lighter, compared to the KO liver (WB-ABHD6-KO mice 

are protected against HFD-induced obesity.). These data confirmed the beneficial effects of 

ABHD6 deletion against diet-induced obesity in male mice. 



 43 

 

Figure 10. WB-ABHD6-KO mice are protected against HFD-induced obesity. 

WT and WB-ABHD6-KO male mice were fed either with ND or HFD for 17 weeks (n = 3 for ND-

fed mice; n = 7-11 for HFD-fed mice) (A) Body weight (BW). (B) Cumulative food intake (FI). (C) 

Tissue weights. (D) Fed glycemia measured in the blood from tail vein. (E) Liver, spleen and heart 

TG content in HFD-fed mice WT and KO (n = 7-11). 2-way ANOVA for BW and FI and 1-way 
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ANOVA for tissue weight, with Bonferroni’s multiple comparison test ; unpaired two-tailed 

Student’s t test for TG content; effects of genotype : *P < 0,05. 

 

3.1.3.  Global ABHD6 deletion effects on adipose tissue markers of 

inflammation, fibrosis and hypoxia 

The long-term positive energy balance, taking place during the development of obesity, leads to 

AT hypoxia, inflammation and fibrosis (50-52). Eventually, these chronic events will induce 

adipocyte death, pro-inflammatory cytokines secretion and macrophage infiltration (23, 51). We 

previously revealed that HFD-fed mice with ABHD6 global deletion exhibit reduced pro-

inflammatory cytokines levels and elevated anti-inflammatory cytokines levels in the plasma (77). 

However, ABHD6 role in diet-induced AT inflammation, fibrosis and hypoxia is still unknown. 

To ascertain the effect of ABHD6 deletion in AT microenvironment health, we first examined the 

inflammatory profile of the three fat depots (iWAT, gWAT and BAT) isolated from WT and WB-

ABHD6-KO mice fed with HFD for 17 weeks (Figure 11). Tnfa was decreased only in the BAT 

(P=0,0469) of KO mice compared to control (Figure 11A). However, diet-induced inflammation 

caused the downregulation of Mcp1 in all the fat depots of ABHD6 KO mice compared to WT 

(P=0,0450 in gWAT; P=0,0011 in iWAT; P=0,0226 in BAT) (Figure 11A). Cd11c, a cell surface marker 

of M1-macrophages, was also reduced in the gWAT (P=0,0139), iWAT (P=0,0004) and BAT 

(P=0,0115) isolated from HFD KO mice, compared to control. Since ABHD6 deletion demonstrated 

a great impact on reducing pro-inflammatory responses in all the adipose depots, we next 

assessed if anti-inflammatory markers were equally upregulated. However, only Arg1 was 

upregulated in the gWAT of KO mice (P=0,0139) and Mrc1 was not changed between groups in 

the different fat depots (Figure 11A). Actually, Arg1 is mostly induced in M2-like macrophages 

and other lymphocytes in the AT microenvironment (21). We speculate that ABHD6 deletion 

reduces AT inflammation in the context of obesity.  

We wondered if the AT inflammation reducing effect of ABHD6 deletion also impacted the 

obesity-induced AT fibrosis and hypoxia. Here we assessed two fibrosis markers, Col1a1 and 
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Col5a1, and a major hypoxia marker, Hif1a, in the gWAT, iWAT and BAT fat depots. Type I collagen 

is the main collagen component of the AT and assembles to type V collagen to compose the 

framework of AT extracellular matrix. Both of those collagen are known to be upregulated in 

response to HFD (97). In a previous study from our lab, histology revealed that WB-ABHD6-KO 

mice exhibit smaller adipocytes in all fat depots in HFD-induced obesity, compared to WT mice 

(77). Thus, we chose Col5a1 whose mRNA expression was reduced in all the ATs of ABHD6-KO 

mice (P=0,0532 in gWAT; P=0,0551 in iWAT; P=0,0518 in BAT), and Col1a1, which was decreased 

in BAT (P=0,0414), compared to WT mice fed HFD (Figure 11B). Finally, Hif1a was significantly 

downregulated in gWAT (P=0,0039) and BAT (P=0,0056), but not in iWAT from WB-ABHD6-KO 

mice compared to control mice (Figure 11B). Overall, the inflammation-reducing effect of ABHD6 

deletion in the AT microenvironment is more pronounced in gWAT and BAT than iWAT, and is 

associated with an improvement of AT microenvironment health.  

 

Figure 11. Global ABHD6 deletion alleviates AT inflammation, fibrosis and hypoxia. 
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(A) mRNA expression of pro-inflammatory (red, Pro-infl.) and anti-inflammatory (blue, Anti-infl.) 

markers in the ATs from WT and WB-ABHD6-KO mice fed HFD for 17 weeks (n = 7-11). (B) mRNA 

expression of fibrosis and hypoxia markers. Unpaired two-tailed Student’s t test; effects of 

genotype : *P < 0,05; **P < 0,01; ***P < 0,001. 

 

3.1.4. ABHD6 deletion reduces M1-macrophage population in gWAT and 

BAT 

Our previous results demonstrated the effect of ABHD6 suppression in reducing diet-induced 

adipose inflammation. Thus, we wanted to assess if this reduction of pro-inflammatory cytokines 

levels was the result of changes in the leukocyte population cell composition. Thus, using flow 

cytometry, we analyzed the lymphocytes repartition in the SVF of gWAT, iWAT and BAT isolated 

from WB-ABHD6-KO and WT mice fed with HFD for 17 weeks (Figure 12).  

In the SVF of the gWAT from HFD-fed ABHD6-KO mice, the leukocyte proportion (CD45+ cells/ g 

of AT) and the total count of macrophages (CD45+ F4/80high CD11b+ cells) were not changed 

compared to the control (Figure 12B). However, the percentage of CD45+ F4/80high CD11b+ CD11c+ 

CD301- cells (% M1 macrophages from F4/80high cells) was significantly reduced compared to 

controls (P=0,0412), but not the percentage of the CD45+ F4/80high CD11b+ CD11c- CD301+ cells 

(% M2 macrophages from F4/80high cells) (Figure 12B). Overall, the ratio of M1/M2 macrophage 

count was significantly decreased compared to control (P=0,0385) (Figure 12B).  

In the SVF of the iWAT from WB-KO mice fed-HFD, there was no change in the leukocyte 

proportion, total count of macrophages, M1 and M2 proportion in the AT macrophages and 

M1/M2 ratio (Figure 12C,D).  

In the BAT SVF isolated from WB-ABHD6-KO HFD-fed mice, the number of leukocytes was 

significantly decreased (P=0,0083), with a decrease (non-significant) in the total number of 

macrophages, compared to WT (Figure 12F). Also, the percentage of M1 macrophages was 

decreased (P=0,0242), and conversely, the percentage of M2 macrophages was increased 
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(P=0,0400) compared to WT (Figure 12F). Finally, M1/M2 ratio was significantly diminished in the 

KO compared to control mice (P=0,0438) (Figure 12F). 

The flow cytometry analysis goes along with previous data from this thesis showing a greater 

inflammatory-reducing effect of ABHD6 deletion in the AT microenvironment in gWAT and BAT 

than in iWAT (Global ABHD6 deletion alleviates AT inflammation, fibrosis and hypoxia.). Here, 

we can appreciate that ABHD6 deletion lessened the M1-like macrophage population in both 

gWAT and BAT, but not in iWAT.  
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Figure 12. Global ABHD6 deletion reduces M1-macrophage polarization in gWAT and BAT. 

Cell composition of gWAT, iWAT and BAT SVF from HFD-fed WT and KO mice (n = 7) were 

analyzed by flow cytometry. CD45+ marker was used for leukocytes count; F4/80 and CD11b for 

macrophages; CD11c for M1 macrophages; CD301 for M2 macrophages. (A,C,E) Representative 

flow cytometry results of CD45+ F4/80+ CD11b+ cells analyzed with anti-CD11c and anti-CD301 
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antibodies in the SVFs of gWAT, iWAT and BAT respectively. (B,D,F) Macrophage population in 

the SVFs of ATs from WT and KO mice. Leukocytes are represented by the number of CD45+ cells 

per gram of AT. AT macrophages (ATM) are the percentage of CD45+ F4/80high CD11b+ cells in 

number compared to CD45+ cells. M1 macrophages are the CD45+ F4/80high CD11b+ CD11c+ 

CD301- cells, and M2 are the CD45+ F4/80high CD11b+ CD11c- CD301+ cells. The analysis  was done 

using FlowJo v10. Unpaired two-tailed Student’s t test; effects of genotype : *P < 0,05; **P < 

0,01. 

 

3.2. The role of ABHD6 in macrophage polarization 

Obesity is associated with a systemic low-grade inflammation by increasing macrophage 

recruitment and polarization in the ATs (87). Also, it has been shown that macrophage 

polarization toward M1 phenotype has a pathological role in inflammatory diseases (22). We 

discussed above that ABHD6 deletion induces a reduction in M1-like macrophages population in 

the gWAT and BAT from mice fed with HFD. Additionally, another study revealed that 

pharmacological inhibition of ABHD6 with WWL70 was protective against LPS-stimulated 

inflammation in vitro and in vivo (89). Here, we used primary macrophages from WB-ABHD6-KO 

mice and a more specific ABHD6 inhibitor (KT203) to assess the role of ABHD6 in macrophage 

activation and polarization under inflammatory conditions.  

To assess the role of ABHD6 in macrophage polarization, we first inhibited ABHD6 with a 

pharmacological inhibitor, KT203, in two mice macrophage cell lines in vitro, RAW264.7 and 

J774A.1, and induced their polarization toward M1-like phenotype with LPS or toward M2-like 

phenotype with IL-4. Then, we measured M1 and M2 markers usually involved in the polarization, 

such as TNFa and MCP1 for M1-macrophages and Arg-1 for M2-macrophages (Figure 13). In both 

macrophage cell lines stimulated with 100 ng/mL LPS for 24h, pharmacological inhibition of 

ABHD6 with 10 mM KT203 induced a downregulation of Tnfa and Mcp1 mRNA expression 

(P=0,009 and 0,0085 respectively for RAW264.7; P=0,0004 and <0,0001 respectively for J774A.1) 

and promoted Arg1 expression (P<0,0001 for both RAW264.7 and J774A.1) (Figure 13A,C). We 

further confirmed these results by measuring TNFa and MCP1 secretion from LPS-stimulated 
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RAW264.7 macrophages in their culture medium. Accordingly, both TNFa (P=0,0430) and MCP1 

(P<0,0001) protein expressions were reduced in the media of macrophages treated with 10 mM 

KT203 (Figure 13F). However, pharmacological inhibition of ABHD6 with KT203 did not promote 

M2-polarization in both cell lines induced with 10 ng/mL IL-4, but mildly lowered IL-4-induced 

Arg1 upregulation (Figure 13B,D). Next, in order to confirm the pro-inflammatory role of ABHD6 

observed in vitro, we isolated and cultured primary peritoneal macrophages from WB-ABHD6-KO 

and WT mice (8 weeks of age), treated them with 100 ng/mL LPS for 24h, and measured pro- and 

anti-inflammatory markers. Under LPS-induced acute inflammation, ABHD6 deletion significantly 

decreased LPS-induced Mcp1 upregulation (P<0,0001) and promoted Arg1 mRNA expression 

(P=0,0486), similarly to macrophages cell lines (Figure 13E). Overall, these data revealed that 

ABHD6 possesses a proinflammatory role in macrophages and its inhibition induces a switch from 

M1-polarization to an anti-inflammatory M2-polarization in macrophages under LPS-induced 

acute inflammation. 
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Figure 13. Pharmacological inhibition/deletion of ABHD6 in macrophages prevents LPS-

induced M1 polarization and promotes M2 polarization. 

RAW264.7 and J774A.1 cells were polarized for 24h with 100 ng/mL LPS (M1) or 10 ng/mL IL-4 

(M2), with or without ABHD6 inhibitor KT203 (10 mM). Peritoneal macrophages were isolated 

from WT and WB-ABHD6-KO mice at 8 weeks of age, cultured and polarized with LPS 100 ng/mL 
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for 24h (n = 6-8 wells/group). (A,C) mRNA expression of pro-inflammatory M1 (Tnfa and Mcp1) 

and anti-inflammatory M2 marker (Arg1) from LPS-stimulated RAW264.7 and J774A.1 cells 

respectively, (B,D) Arg1 mRNA expression from IL-4-stimulated RAW264.7 and J774A.1 cells 

respectively, in the presence or absence of KT203. (E) mRNA expression of Mcp1 and Arg1 of 

peritoneal macrophages isolated from WT and ABHD6-KO mice, treated with LPS for 24h. (F) 

TNFa and MCP1 release from LPS-stimulated RAW264.7 macrophages, in the presence or 

absence of KT203. mRNA expressions are normalized to Gapdh mRNA level. 1-way ANOVA and 

Tukey’s post hoc test; effects of polarization/genotype : *P < 0,05; **P < 0,01; ***P < 0,001; 

****P < 0,0001. 
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Chapter 4 - Discussion 

Maladaptive inflammatory responses to the long-term positive energy balance result in the 

development of a low-grade chronic inflammation, also known as meta-inflammation (3). AT-

resident macrophages have been found to contribute greatly to the diet-induced low-grade 

inflammation (4-7, 11, 12). Macrophages are highly plastic cells influenced by adipokines, 

cytokines, hormones and fuel availability of the AT microenvironment. Thus, AT macrophage 

number and their activation state determine the metabolic health (6, 25). Therefore, 

understanding the mechanisms involved in the pathophysiology of AT-resident macrophages in 

obesity may provide new therapeutic strategies for obesity complications.  

Studies from the Prentki laboratory and others have previously shown the beneficial effect of 

suppression of the ABHD6 against obesity, T2D, and other inflammatory disorders (62, 77). 

Moreover, pharmacological inhibition of ABHD6 has also been shown to be protective against 

LPS-stimulated inflammation in macrophages in vitro and in the cerebellum, liver and lungs in vivo 

(89). However, the role of ABHD6 in diet-induced AT inflammation and AT-resident macrophage 

polarization is not precisely known.  
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Figure 14. Schematic overview of ABHD6 suppression effects in the AT of HFD-mice and in 

the LPS-stimulated macrophages. 

Global deletion of ABHD6 in HFD-fed mice leads to the accumulation of the of MAG in the gWAT- 

and BAT adipocytes, inducing PPARα/γ activation, which inhibits pro-inflammatory pathways and 

activates anti-inflammatory signalization. This results in the reduced M1-like macrophage 

population in gWAT and BAT, and contributes to enhanced AT immunometabolic health in obesity. 

Pharmacological inhibition of ABHD6 in macrophages stimulated with LPS induces a 

downregulation of the pro-inflammatory pathways, which reduces M1 polarization and the 

secretion of pro-inflammatory cytokines. Oppositely, ABHD6 inhibition in LPS-stimulated 
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macrophages activates anti-inflammatory signaling pathways, leading to polarization of 

macrophages towards M2-like phenotype. 

 

4.1. The global role of ABHD6 in diet-induced chronic low-grade 

inflammation 

ABHD6 has been shown to be upregulated in different autoimmune and inflammatory conditions. 

For example, high expression of ABHD6 has been observed by analyzing eQTLs (expression 

quantitative loci) and also mRNA levels on microarrays in the lymphoblastoid cells from a cohort 

of European patients with SLE, an autoimmune disease, in comparison with normal control 

subjects (98). ABHD6 gene expression was also found to be highly elevated in different types of 

cancer cells, such as U2OS cells (osteocarcinoma), PC-3 prostate cancer cells, Jurkat leukemic T-

cell lymphoblast and pancreatic ductal adenocarcinoma tumors (99, 100). Also, diet-induced 

obesity in mice led to an increase in ABHD6 mRNA expression in the small intestine and liver (68). 

Thus, to address the first aim of this MSc thesis (“to assess the immunometabolic role of ABHD6 

in obesity-induced AT chronic inflammation in mice”), we first examined ABHD6 expression in 

different adipose depots of obese and diabetic male mice. We showed that ABHD6 mRNA 

expression was upregulated in the gWAT, iWAT and BAT of HFD-fed mice and in the gWAT of a 

diabetic mice model (db/db), compared to control mice. These results, along with the previous 

studies mentioned above, suggest the involvement of AT ABHD6 in inflammatory and metabolic 

disorders.  

Our research group previously showed that global deletion of ABHD6 in mice protects from diet-

induced obesity and its complications (77). Here, to assess the role of ABHD6 in diet-induced AT 

inflammation, we also used WB-ABHD6-KO and WT mice and fed them with 60% HFD for 17 

weeks. It is known that female mice are largely protected from diet-induced inflammation (93, 

101). More precisely, a study reported that despite showing a similar weight after HFD treatment, 

male but not female mice developed a low-grade inflammation associated with an increased 

population of inflammatory macrophages in intra-abdominal adipose tissues and a decreased 
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population of anti-inflammatory Treg cell (93). Actually, estrogens have been shown to be 

protective against metabolic diseases and glucose-intolerance. In fact, treatment of 

hyperinsulinemic female ob/ob mice with 17b-estradiol resulted in improved glucose metabolism 

and more insulin sensitivity (102, 103).  Thus, we only used male mice in this study. We now report 

in this thesis that HFD-fed WB-ABHD6-KO male mice display a protection against diet-induced 

obesity shown by reduced body weight, fed glycemia, and iWAT, liver, spleen and heart weights, 

as well as a reduced TG accumulation in both liver and spleen, compared to HFD-fed WT mice, as 

well as changes in inflammatory parameters that will be discussed in detail below. 

During the development of obesity, the long-term positive energy balance progressively leads to 

AT hypoxia, inflammation and fibrosis (50-52). We previously demonstrated that global deletion 

of ABHD6 protects against systemic inflammation by reducing pro-inflammatory cytokine levels 

and enhancing anti-inflammatory cytokines in the plasma of HFD-fed mice (77). Here we have 

shown that the pro-inflammatory, fibrotic and hypoxic profiles of the three ATs were improved 

in the KO mice compared to the control group. The VC WAT isolated from HFD-KO mice exhibited 

reduced mRNA expression of the pro-inflammatory cytokines (Mcp1 and Cd11c), fibrosis (Col5a1) 

and hypoxic (Hif1a) markers, associated with an upregulation of the Arg1 anti-inflammatory M2-

macrophage marker. Also, the pro-inflammatory marker Tnfa and the fibrosis marker Col1a1 

were only reduced in the BAT of HFD-KO mice but not in the WATs compared to HFD-WT. Overall, 

the results of this thesis indicate that ABHD6 deletion is associated with an improvement of AT 

microenvironment health, which is more pronounced in gWAT and BAT, rather than iWAT. 

Actually, these results go along with our previous study showing an enhanced BAT function and 

WAT browning in HFD-KO mice, associated with smaller adipocytes in WATs and smaller 

adipocytes with less lipid deposition in BAT (77). Additional studies will focus on histological 

analysis of ATs, such as F4/80 staining for macrophage population and Masson’s staining for 

fibrosis.  

Moreover, flow cytometry analysis showed that the number of M1 macrophages was reduced 

only in the SVF from gWAT and BAT depots, but not iWAT SVF from HFD-fed ABHD6-KO mice 

compared to WT mice. Also, the anti-inflammatory M2-macrophage population was significantly 

enhanced in the SVF from brown adipose depot. These results concur with the previous findings 



 59 

of this thesis showing a more pronounced effect of ABHD6 deletion in reducing inflammation in 

the gWAT of HFD-fed mice compared to iWAT, suggesting fat depot-specific roles of ABHD6 (77, 

92). Consistently, there are differences in the adipokine secretion of VC versus SC ATs, which may 

influence AT-resident macrophage metabolism and phenotype. For example, VC AT secretes 

more resistin, which is considered a pro-inflammatory adipokine and worsen insulin resistance 

and inflammation (35). Oppositely, SC fat produces more adiponectin which promotes M2 

polarization and anti-inflammatory cytokine release (4, 18, 35). Thus, these data indicate that 

ABHD6 might have distinct roles in the different adipose depots under inflammatory conditions. 

Additional studies are needed to clarify the underlying mechanisms governing different functions 

of adipose ABHD6 in the context of obesity. 

 

4.2. The role of ABHD6 in macrophage polarization 

HFD feeding in mice induces a metabolic endotoxemia or enhanced level of plasma LPS. 

Endogenous LPS was found to be produced by gut Gram-negative bacteria which reach the 

circulation by  crossing the intestinal barrier (104). Likewise, chronic ingestion of LPS diluted in oil 

by ND-fed mice led to an increased in plasma LPS levels and body weight, as well as liver insulin 

resistance, fasted hyperinsulinemia, and AT inflammation, similar to HFD-fed mice (104). As TLR 

ligands and LPS are strong inducers of the classical activation of macrophages towards M1-

phenotype, here in addition to chronic diet-induced inflammation, we have also studied 

macrophage activation/ polarization under acute inflammation by LPS. 

In LPS-stimulated macrophage cell lines and primary peritoneal macrophages, suppression of 

ABHD6 leads to protection from acute LPS-induced inflammatory response, shown by the 

downregulation of pro-inflammatory M1-markers, and reduced secretion of proinflammatory 

cytokines. Interestingly, ABHD6 suppression in LPS-stimulated macrophages results in the 

upregulation of the anti-inflammatory M2 marker Arg-1, suggesting that ABHD6 suppression 

could switch LPS-induced M1 polarization toward an anti-inflammatory M2-polarization. 

Nonetheless, ABHD6 inhibition did not promote additional effect to the M2-polarization induced 
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in IL-4-stimulated macrophages, shown by an unchanged expression of Arg1 compared to 

controlled cells treated with IL-4.  

Besides our present results, an in vitro study previously showed that ABHD6 pharmacological 

inhibition in macrophage cell lines and primary macrophages, using WWL70, reduces LPS-induced 

macrophage activation to an M1-phenotype. More precisely, they associated this effect of ABHD6 

suppression to the conversion of 2-AG (an ABHD6 substrate) into prostaglandin-D2-glycerol ester 

(PGD2-G) by COX-2 (89). However, considering that WWL70 is not highly selective for ABHD6 

(105), in the present study, we used a next-generation ABHD6 inhibitor, KT203, which has been 

proved to have a greater potency, selectivity and activity (73). Overall, our results showed that 

ABHD6 suppression in LPS-treated macrophages favored the alternative activation toward an M2-

phenotype over the M1-polarization. And these data demonstrate the involvement of ABHD6 in 

macrophage polarization, only under LPS-induced inflammation. Future  studies will be conducted 

to clarify the mechanisms and actors involved in the pro-inflammatory role of ABHD6 under LPS-

induced inflammation. 

 

4.3. Conclusion 

Following the alarming raise of obesity prevalence over the last decades, it became crucial to 

determine the many actors and mechanisms involved in the physiopathology of obesity in order 

to find new therapeutic strategies. AT, and its complex cell network and endocrine function, 

contributes considerably to the obesity-associated AT inflammatory responses, which influence 

partly the activation and polarization of macrophages in the AT microenvironment (6, 11, 12, 25). 

Thus, providing insights on the mechanisms and actors involved in AT-resident macrophage 

polarization towards an anti-inflammatory M2 phenotype might help to develop new strategies 

to treat obesity and its complications.  

This study identified a novel pro-inflammatory role of ABHD6 under HFD- and LPS-induced 

inflammation conditions. Indeed, we have shown the upregulation of WAT ABHD6 expression in 

the obese and diabetic mice. We also demonstrated the involvement of ABHD6 in the 
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immunometabolic response to obesity-induced AT inflammation in the VC white and brown 

adipose depots. The improved AT immunometabolic health in gWAT and BAT of HFD-ABHD6-KO 

mice, was revealed by reduced M1 macrophage population, M1/M2 ratio, as well as fibrosis and 

hypoxia markers. Moreover, we observed an increased anti-inflammatory M2-macrophage 

population in the SVF of the BAT, isolated from HFD-ABHD6-KO mice compared to HFD-fed WT 

mice. Finally, our acute inflammation studies revealed a novel effect of ABHD6 

inhibition/suppression in switching LPS-induced M1 polarization toward an anti-inflammatory M2 

phenotype in macrophages. These results provide an insight into the role of ABHD6 in AT 

immunometabolic pathways in obesity condition, and suggest ABHD6 as a therapeutic target for 

inflammation and obesity-related complications. 

 

4.4. Perspectives 

This study proposed a new role for ABHD6 in the AT inflammatory responses to HFD and LPS 

treatments. However, the cellular and molecular pathways involved in this pro-inflammatory 

function of ABHD6 in AT-resident macrophages under inflammatory conditions remains 

unstudied. Several cellular mechanisms could be considered for further research on the subject. 

Depending on the tissue or cellular localization, ABHD6 hydrolyzes different lipidic substrates, 

mostly MAGs, and control various functions (62). Previous study from our lab demonstrated that 

ABHD6 deletion led to the accumulation of 1-MAG in white and brown ATs, and 1-MAG was 

responsible for the activation of PPARα and γ by direct binding (77). Moreover, antagonism of 

PPARα was shown to reverse ABHD6-KO beneficial metabolic effects in mice and adipose 

browning and thermogenic program (77). Actually, PPARα regulates lipid and lipoprotein 

metabolism in several tissues, while PPARγ is known as the master regulator of lipogenesis and 

adipocyte differentiation (84-86). Additionally, PPARγ activation also triggers AT macrophage 

polarization towards an M2-phenotype (6, 25). Finally, PPARs antagonize AP-1 and NF-kB, thereby 

inhibit the transcription of pro-inflammatory genes. Therefore for future steps, it could be 

important to look into signalling molecules involved in PPARs pathways in the SVF of ATs from 
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HFD-fed ABHD6-KO and HFD-WT mice, in LPS-stimulated macrophage cell-lines (treated with 

KT203), and upon ABHD6 overexpression in macrophages and adipocytes cell lines. 

In addition, 2-AG, the first ABHD6 substrate found in the CNS, activates CB1 and 2 receptors, and 

the products of 2-AG hydrolysis might also activates PPARα and γ. First, CB2 receptor is highly 

expressed in immune cells such as macrophages, however its activation by 2-AG showed anti- and 

pro-inflammatory effects depending on the experimental conditions and cell lines used (62, 80-

82). Thus, the absence of ABHD6 could induce the accumulation of 2-AG in certain cells/conditions 

and the following effects are unknown. Second, 2-AG hydrolysis by ABHD6 or COX-2 generates 

arachidonic acid, a precursor of prostaglandins, which are well known to be involved in 

inflammatory responses (88). However, an in vitro study showed that, upon ABHD6 inhibition in 

LPS-stimulated macrophages, 2-AG is converted by COX-2 to PGD2-G instead, which had a more 

anti-inflammatory effect (89). This study also demonstrated that ABHD6 inhibition and 2-AG 

effects were independent of cannabinoid receptors, as well as PPARs, in LPS-stimulated 

macrophages (89). Now, it would be important to include lipidomics analysis of the SVF of ATs 

from HFD-fed ABHD6-KO and HFD-WT mice,  and in macrophage cell lines stimulated with LPS, in 

order to understand the underlying mechanisms involved in the diet-induced inflammation 

responses.  

Another point to address is the differences observed between the adipose fat depots in the 

responses to HFD-induced inflammation. We point out that the differences in the adipokine 

secretion of the different ATs can influence the polarization of the AT-resident macrophages and 

cytokine release (6, 25). This could start by simple measurements of leptin, adiponectin and 

resistin and maybe other adipokines secretion from the gWAT, iWAT and BAT from HFD-KO and -

WT. Then, we should confirm the differences in inflammatory and fibrotic profile with histologic 

studies, such as F4/80 staining for macrophage population, and Masson’s staining for fibrosis.  

Lastly, to further reveal the metabolic switch from an M1-phenotype towards an M2-phenotype 

in LPS-treated macrophages, we could investigate their glucose and lipid metabolism in addition 

to M1 and M2 markers. It is known that M1 and M2 macrophages have different metabolic 

phenotypes. M1 macrophages express high levels of nitric oxide (NO) synthase, which synthesize 
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NO from arginine, and NO levels are easily measurable using Griess reagent (106). Also, M1 mostly 

use aerobic glycolysis to fuel the TCA cycle and produce lipids, HIF-1a and prostaglandins (106). 

Again, substrates from glycolysis can be detected and quantify, such as lactate release upon LPS-

stimulation. M2 macrophages express Arg-1, which synthesize arginine, and will be used to 

produce precursors of collagen for tissue repair (106). They also use FA oxidation and FFA to fuel 

the mitochondrial oxidative phosphorylation, which is triggered by PPARγ activation (106). 

Glucose and fat metabolism from macrophages can be measured by cellular oxygen consumption 

rates (OCR) and extracellular acidification rates (ECAR) using a Seahorse extracellular flux 

analyser. 

Nonetheless, there are some limitations in this study that need to be noted. First, only male mice 

were used. Even though female mice are largely protected against diet-induced inflammation, we 

could have confirmed this phenotype in our mice model. Second, as HFD elevates fibrosis, hypoxia 

and inflammation in adipose tissue, and ND-fed mice exhibited no or limited phenotype in this 

study (Figure 10), we continued only on HFD-fed mice and we did not show ND-fed mice in all the 

figures (50-52). Also, it is difficult to analyze macrophage-specific gene expression in the adipose 

tissue because of the limited number of cells and the heterogeneity of the cells found in the whole 

adipose depots. Notably, flow cytometry is the most precise method to examine ATM 

composition (107). Thus, we first showed the inflammatory profile of the whole adipose tissue 

(Figure 11), and then, we confirmed our phenotype by looking into better markers using flow 

cytometry in isolated SVF (Figure 12). 

To conclude, this study proposed ABHD6 as a new therapeutic target for obesity associated 

inflammatory disorders. The protective effect of ABHD6 suppression against HFD-induced AT 

inflammation results from the switch from M1-polarization to an anti-inflammatory M2 

polarization of AT-resident macrophages. The cellular and molecular pathways involved in the 

regulation of macrophage polarization by ABHD6 under inflammatory conditions still need to be 

studied. Some studies revealed that targeting macrophage polarization toward M2 polarization 

had significant effects to counteract metabolic diseases, such as obesity and atherosclerosis (108-

112). Thus, providing insights on the mechanisms and actors involved in AT-resident macrophage 
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polarization towards an anti-inflammatory M2 phenotype upon ABHD6 inhibition might help to 

develop new strategies to treat obesity and its complications.  
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Annexes  

Appendix A.  Mice normal diet composition 

 

Standard Product Form: Pellet
Macronutrients Vitamins
Crude Protein % 18.6 Vitamin A e, f IU/g 15.0
Fat (ether extract) a % 6.2 Vitamin D3 

e, g IU/g 1.5
Carbohydrate (available) b % 44.2 Vitamin E IU/kg 110
Crude Fiber % 3.5 Vitamin K3 (menadione) mg/kg 50
Neutral Detergent Fiber c % 14.7 Vitamin B1 (thiamin) mg/kg 17
Ash % 5.3 Vitamin B2 (riboflavin) mg/kg 15
Energy Density d kcal/g (kJ/g) 3.1 (13.0) Niacin (nicotinic acid) mg/kg 70
Calories from Protein % 24 Vitamin B6 (pyridoxine) mg/kg 18
Calories from Fat % 18 Pantothenic Acid mg/kg 33
Calories from Carbohydrate % 58 Vitamin B12 (cyanocobalamin) mg/kg 0.08
Minerals Biotin mg/kg 0.40
Calcium % 1.0 Folate mg/kg 4
Phosphorus % 0.7 Choline mg/kg 1200
     Non-Phytate Phosphorus % 0.4 Fatty Acids
Sodium % 0.2 C16:0 Palmitic % 0.7
Potassium % 0.6 C18:0 Stearic % 0.2
Chloride % 0.4 &����Ȧ��2OHLF % 1.2
Magnesium % 0.2 &����Ȧ��/LQROHLF % 3.1
Zinc mg/kg 70 &����Ȧ��/LQROHQLF % 0.3
Manganese mg/kg 100 Total Saturated % ���
Copper mg/kg 15 Total Monounsaturated % 1.3
Iodine mg/kg 6 Total Polyunsaturated % 3.4
Iron mg/kg 200 Other
Selenium mg/kg 0.23 Cholesterol mg/kg -- 
Amino Acids
Aspartic Acid % 1.4
Glutamic Acid % 3.4
Alanine % 1.1
Glycine % 0.8
Threonine % 0.7
Proline % 1.6
Serine % 1.1
/HXFLQH % 1.8
Isoleucine % 0.8
Valine % ���
Phenylalanine % 1.0
Tyrosine % 0.6
Methionine % 0.4
Cystine % 0.3
/\VLQH % ��� f 1 IU vitamin A = 0.3 µg retinol

Histidine % 0.4 g 1 IU vitamin D = 25 ng cholecalciferol

Arginine % 1.0 For nutrients not listed, insufficient data is available to quantify.

Tryptophan % 0.2

����

Teklad Diets + Madison WI + envigo.com + tekladinfo@envigo.com + (800) 483-5523

b Carbohydrate (available) is calculated by subtracting neutral detergent fiber
  from total carbohydrates.

c Neutral detergent fiber is an estimate of insoluble fiber, including cellulose, 
  hemicellulose, and lignin. Crude fiber methodology underestimates total fiber.

d Energy density is a calculated estimate of metabolizable energy  based on the 
��$WZDWHU�IDFWRUV�DVVLJQLQJ���NFDO�J�WR�SURWHLQ����NFDO�J�WR�IDW��DQG���NFDO�J�WR�
  available carbohydrate. 

Teklad Global 18% Protein Rodent Diet

© 2015 Envigo

Nutrient data represent the best information available, calculated from 
published values and direct analytical testing of raw materials and finished 
product. Nutrient values may vary due to the natural variations in the 
ingredients, analysis, and effects of processing.

Teklad Diets are designed and manufactured
for research purposes only.

Product Description-  2018 is a fixed formula, non-autoclavable diet 
manufactured with high quality ingredients and designed to support 
gestation, lactation, and growth of rodents. 2018 does not contain alfalfa, 
thus lowering the occurrence of natural phytoestrogens. Typical isoflavone 
concentrations (daidzein + genistein aglycone equivalents) range from 150 
to 250 mg/kg. Exclusion of alfalfa reduces chlorophyll, improving optical 
imaging clarity. Absence of animal protein and fish meal minimizes the 
presence of nitrosamines. Also available certified (2018C) and 
irradiated (2918). For autoclavable diet, refer to 2018S (Sterilizable) or 
2018SX (Extruded & Sterilizable). 

Ingredients (in descending order of inclusion)- Ground wheat, ground corn, 
wheat middlings, dehulled soybean meal, corn gluten meal, soybean oil, 
FDOFLXP�FDUERQDWH��GLFDOFLXP�SKRVSKDWH��EUHZHUV�GULHG�\HDVW��LRGL]HG�VDOW��/�
O\VLQH��'/�PHWKLRQLQH��FKROLQH�FKORULGH��NDROLQ��PDJQHVLXP�R[LGH��YLWDPLQ�(�
acetate, menadione sodium bisulfite complex (source of vitamin K activity), 
manganous oxide, ferrous sulfate, zinc oxide, niacin, calcium pantothenate, 
copper sulfate, pyridoxine hydrochloride, riboflavin, thiamin mononitrate, 
vitamin A acetate, calcium iodate, vitamin B12 supplement, folic acid, biotin, 
vitamin D3 supplement, cobalt carbonate.

e Indicates added amount but does not account for contribution from other 
  ingredients.

a Ether extract is used to measure fat in pelleted diets, while an acid hydrolysis 
  method is required to recover fat in extruded diets. Compared to ether 
  extract, the fat value for acid hydrolysis will be approximately 1% point higher.

2018 
2018 
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Appendix B.  Mice HFD composition 

 

 

5/8/2019 D12492 Formula - OpenSource Diets - Search Formulas - Research Diets, Inc.

https://researchdiets.com/formulas/d12492 1/1

D12492
Rodent Diet With 60 kcal% Fat

Intended species: Rodent (Rat/Mouse)
Color: Blue
Irradiated: D12492i

Talk with one of our nutri�on scien�sts about your next project. Let us formulate the experimental and
matching control diets to meet your specific study needs.

Formula�on
Class descrip�on Ingredient Grams

Protein Casein, Lac�c, 30 Mesh 200.00 g

Protein Cys�ne, L 3.00 g

Carbohydrate Lodex 10 125.00 g

Carbohydrate Sucrose, Fine Granulated 72.80 g

Fiber Solka Floc, FCC200 50.00 g

Fat Lard 245.00 g

Fat Soybean Oil, USP 25.00 g

Mineral S10026B 50.00 g

Vitamin Choline Bitartrate 2.00 g

Vitamin V10001C 1.00 g

Dye Dye, Blue FD&C #1, Alum. Lake 35-42% 0.05 g

Total: 773.85 g

Caloric Informa�on Physiological Fuel Values
Protein: 20% kcal

Fat: 60% kcal

Carbohydrate: 20% kcal

Energy Density: 5.21 kcal/g

 
 
 

20 Jules Lane New Brunswick, NJ 08901 USA Tel: 732.247.2390 Fax: 732.247.2340 info@researchdiets.com 
 

Copyright © 2008-2019 Research Diets, Inc. All Rights Reserved 
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Appendix C.  Antibodies 

Antibodies Dilutions Source Reference 

Anti-ABHD6 (D3C8N) 1/1000 Cell Signaling Technology  97573  
Anti-b-actin (AC-15) 1/10000 Sigma-Aldrich  A5441  
Anti-CD11b BB515 1/500 BD Biosciences 564455 
Anti-CD11c BV421 1/200 BD Biosciences 565451 
Anti-CD301 Alexa647 1/50 Biorad MCA2392A647T 
Anti-F4/80 BV785 1/200 Biolegend 123141 
Anti-CD45.2 PE- Cy™7 1/200 BD Biosciences 560696 
Anti-CD16/CD32 (Fc-block) 1/100 Tonbo Biosciences 70-0161-M001 

 

Appendix D.  Primers sequences 

Gene Sequence 

m18s Forward CTG AGA AAC GGC TAG CAC ATC  
Reverse GGC CTC GAA AGA GTC CTG TAT  

mAbhd6 Forward AGA CCA GGT GCT TGA TGT  
Reverse CTC TCC ATC ACT ACC GAA T  

mArg1 Forward AGA CCA CAG TCT GGC AGT TG  
Reverse CCA CCC AAA TGA CAC ATA GG  

mMcp1 Forward GCAGTTAACGCCCCACTCA   
Reverse CCCAGCCTACTCATTGGGATCA 

mTnfa Forward CCAAGGCGCCACATCTCCCT 
Reverse GCTTTCTGTGCTCATGGTGT 

mCd11c Forward GTGCTGAGTTCGGACACAGT 
Reverse AGAGGCCACCTATTTGGTTAGT 

mMrc1 Forward CTCTGTTCAGCTATTGGACGC 
Reverse CGGAATTTCTGGGATTCAGCTTC 

mCol1a1 Forward AGATGATGGGGAAGCTGGCAA 
Reverse AAGCCTCGGTGTCCCTTCATT 

mCol5a1 Forward TGTCATGTTTGGCTCCCGGAT 
Reverse AGTCATAGGCAGCTCGGTTGT 

mHif1a Forward GGGGAGGACGATGAACATCAA 
Reverse GGGTGGTTTCTTGTACCCACA 

 


