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1  |    INTRODUCTION 

1.1  |    GPCRs 

1.1.1  |    Characteristics and mechanism of signal transduction 

G protein-coupled receptors (GPCRs), also known as seven-transmembrane domain receptors 

(7TM receptors) are the largest family of receptors in many organisms, including mice, humans 

and worms (but not in prokaryotes). GPCRs consist of seven transmembrane spanning segments, 

which position the N-terminus of the protein outside of the cell and the C-terminus inside, and 

the ability to bind and interact with G proteins.  

GPCRs activity and signaling are involved in regulating multiple fundamental biological processes, 

from embryonal development to heart and brain function, as well as in many diseases 

(Wettschureck and Offermanns, 2005). Also for this reason, GPCRs are one of the main families 

of drug targets: indeed, 34% of the drugs approved by FDA (Food and drug administration) target 

108 GPCRs (and 66 are currently in clinical trial), with a global sales volume estimated to be 180 

billion of US dollars as of 2018 (Hauser et al., 2018). 

GPCRs can bind a large number of ligands, such as proteins, small molecules, hormones and 

photons. The ligands bind at the receptors’ N-terminus and extracellular loops (ECLs) or at the 

transmembrane region (Basith et al., 2018), thus initiating a conformational change of the 

receptor and the propagation of the signal intracellularly. The effectors of the GPCRs activation 

are the heterotrimeric G proteins, consisting of three subunits named Gα, Gβ and Gγ. Gα and Gγ 

are typically anchored to the cell membrane by the N-terminus, whereas Gβ is anchored to Gγ by 

hydrophobic interaction (Higgins and Casey, 1994; Vögler et al., 2008). Gα subunits are small 

GTPases able to catalyze the hydrolysis of GTP to GDP. The activated GPCRs act as guanine 

nucleotide exchange factors (GEFs) and exchange GDP to GTP in the Gα subunit. Upon activation, 

Gα changes its conformation and separates from the Gβγ dimer. The subunits are then free to 

interact with downstream targets. When Gα hydrolyzes GTP to GDP it becomes inactivated and 

thus able to re-associate with Gβγ. This process represents a full GPCR G protein cycle (Figure 1).  
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Figure 1: GPCR cycle  

(1) The inactive GPCR binds its ligand, which induced conformational changes and allows the interaction with heterotrimeric G-
proteins. (2) The GPCR acts as GEF on the Gα subunit, promoting the exchange of GDP with GTP. (3) The biding of the Gα subunit 
with GTP induces the separation of the Gα subunit from the Gβγ dimer. (4,5) Gα subunit separates from the GPCR and hydrolyses 
GTP to GDP, promoting downstream signaling cascade through second messengers. GRK binds the GPCR and phosphorylates. (6) 
β-arresting binds to phosphorylated GPCR and induces GPCR internalization. The GDP-bound Gα subunit binds to the Gβγ dimer, 
forming again the inactive heterodimer. Adapted from Hanlon and Andrew, 2015. 

 

Gα proteins are divided in four subclasses, each targeting a specific downstream signaling cascade 

(Wettschureck and Offermanns, 2005): Gαs, Gαi/o, Gαq/11, and Gα12/13. Previous models have 

suggested that each GPCR interacts with only one type of Gα subunits, but it is now established 

that a single GPCR can interact with multiple Gα proteins, albeit with specific preferences for one 

(Cerione et al., 1985).  

Since Gα proteins are weak GTPases, the process of GTP hydrolysis can be accelerated by 

regulators of G protein signaling (RGS) molecules, which are a type of GTPase-Activating Protein 
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(GAP) (De Vries et al., 2000). Conversely, activators of G protein signaling (AGS) can act as GEFs 

to Gα to prolong the signaling (Vögler et al., 2008). Gα can also be activated by other GEFs non 

associated with GPCR signaling pathways (e.g. the receptor tyrosine kinase (RTK) pathway) 

(Garcia-Marcos et al., 2015). Additionally, some AGS proteins act as guanine-nucleotide-

dissociation inhibitors (GDIs), causing Gα to remain in a GDP-bound state and preventing 

reassociation of the Gβγ subunit with the Gα. Finally, the GPCRs conformational changes upon 

ligand binding allows accessibility for phosphorylation by G protein-coupled receptor kinases 

(GRKs) (Palczewski et al., 1991). Gβγ is able to recruit a GRK to the GPCR, thus establishing a 

negative-feedback loop (Luttrell et al., 1999). The phosphorylation induced by GRKs results in the 

binding of β-arrestin, which then promotes the receptor internalization (Drake et al., 2006). 

GPCRs are divided into two classes depending upon how strongly they maintain β-arrestin 

binding: class A GPCRs lose β-arrestin following internalization and can be dephosphorylated and 

recycled back to the cell surface (Oakley et al., 2000); class B receptors maintain β-arrestin 

binding, which stimulates ubiquitylation of the GPCR and drives it to the lysosomes for 

degradation (Figure 1).  

 

1.1.2  |    Downstream signaling 

GPCRs can activate different downstream signaling cascades: the four types of Gα subunits signal 

via three different signaling pathways, whereas the Gβγ subunit can have multiple effectors and 

work exclusively or synergistically with the Gα subunit (Clapham and Neer, 1997).  

Gαs and Gαi/o: The effector of both the Gαs and Gαi/o pathways is the cyclic-adenosine 

monophosphate (cAMP)-generating enzyme adenylate cyclase (AC), which catalyzes the 

conversion of cytosolic adenosine triphosphate (ATP) to cAMP. The interaction of the AC with Gαs 

subunits stimulates the production of cAMP, whereas Gαi/o has an inhibitory effect. cAMP is a 

ubiquitous second messenger and it can work by activating protein kinase A (PKA), by regulating 

the function of ion channels such as the HCN channels and other cyclic nucleotide-binding 

proteins such as Epac1 and RAPGEF2.  
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Gαq/11: The effector of the Gαq/11 pathway is phospholipase C-β (PLCβ). PLCβ cleaves the 

membrane-bound phosphatidylinositol 4,5-bisphosphate (PIP2) into the second messengers 

inositol (1,4,5) trisphosphate (IP3), and diacylglycerol (DAG). IP3, through the IP3 receptors on 

the endoplasmic reticulum (ER), elicits Ca2+ release from the ER, while DAG diffuses along the 

plasma membrane where it activates a second ser/thr kinase called protein kinase C (PKC). The 

increase of Ca2+ itself can activate as well PKC, together with other proteins as calmodulins. 

Gα12/13: The effectors of Gα12/13 are three RhoGEFs (p115-RhoGEF, PDZ-RhoGEF, and LARG), which 

in turn activate the small GTPase Rho. Once activated, Rho can activate various proteins 

responsible for cytoskeleton regulation such as Rho-kinase (ROCK) (Dhanasekaran and Dermott, 

1996). 

Gβγ: As mentioned previously, the effectors of Gβγ are various and not yet fully investigated. The 

most common effectors are ion channels, such as G protein-regulated inwardly rectifying K+ 

channels (GIRKs) (Logothetis et al., 1987), P/Q- and N-type voltage-gated Ca2+ channels (Ikeda, 

1996), as well as some isoforms of AC and PLC (Li et al., 2000; Tang and Gilman, 1991), along with 

some phosphoinositide-3-kinase (PI3K) isoforms (Li et al., 2000; Stephens et al., 1997). 

 

1.2  |    Oxysterols 

1.2.1  |    Characteristics of oxysterols and oxysterol metabolism 

Oxysterols are 27-carbons molecules made of a steroid backbone and a 6-methylheptan-2-yl side 

chain. The carbon in position 3 of the steroid part can be substituted either by a hydroxyl group 

or by a ketone group. Additionally, the 3-hydroxyl group can be esterified or sulfurized. 

Traditionally, oxysterols are identified as hydroxylated forms of cholesterol, and thus also called 

hydroxycholesterols: however, not only hydroxylated compounds belong to the oxysterol family, 

but also oxysterols with a ketone group, epoxides, or with two different groups (e.g. hydroxyl and 

ketone group). 

Oxysterols can be formed from cholesterol or from other oxysterols by free radical oxidation or 

by enzymatic mechanisms. The free radical oxidation occurs when a hydrogen atom is abstracted 

from position C-7 by reactive oxygen species (ROS) such as OH• or reactive nitrogen species such 
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as ONOO- (Iuliano, 2011; Yin et al., 2011). Also the carbons C-20 and C-25 have been shown in 

vitro to be prone to free radical oxidation (Yin et al., 2011), but no reports suggest this reaction 

could happen in vivo. On the other hand, the enzymatic mechanisms leading to oxysterols 

formation are multiple and complex, and lead to a large variety of different oxysterols. Three main 

groups of enzymes carry the enzymatic reactions involved in oxysterols metabolism: 

oxidoreductases (i.e. cytochromes P450, cholesterol hydroxylase, hydroxysteroid 

dehydrogenases and squalene epoxidase), hydrolases (i.e. cholesterol epoxide hydrolase, 

cholesterol esterase) and transferases (i.e. hydroxysteroid sulfotransferases, acyl-CoA cholesterol 

transferase, lecithin-cholesterol acyltransferase).  

Because of this complex system of multiple non-enzymatic and enzymatic reactions, the 

metabolism of oxysterols cannot be oversimplified in a linear and simple series of reactions: 

indeed many enzymes can catalyze the formation of a given oxysterol, the same oxysterol can be 

formed from different substrates (e.g. 7-ketocholesterol can be formed from cholesterol, 

dehydrocholesterol, and 7β-OH), and for some oxysterols (e.g. 7α-OH) part of their origin can be 

explained by both enzymatic and non-enzymatic (ROS).  

 

1.2.2  |    Oxysterols in human diseases 

Several oxysterols are important mediators in many pathological conditions. Far from being 

considered only as intermediate metabolite between cholesterol and bile acids, oxysterol levels 

have been studied and linked to several diseases. 

Metabolic syndrome and obesity: Numerous studies have underlined the role of cholesterol 

metabolism in the development of obesity and related comorbidities (Lupattelli et al., 2011; Van 

Rooyen et al., 2013). Since oxysterols are one of the main cholesterol metabolites, the interest in 

investigating their influence as treatment or markers in such conditions increased in the last few 

years. Recent studies characterized the changes of oxysterols and the enzymes involved in their 

production both in obese mouse models and in obese humans (Guillemot-Legris et al., 2016a; 

Tremblay-Franco et al., 2015; Wooten et al., 2014). Profound changes were identified in 

oxysterols levels in multiple organs and tissues such as liver, adipose tissue, hypothalamus and 
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plasma during and after the development of obesity (Guillemot-Legris et al., 2016a; Wooten et 

al., 2014). Additionally, a markedly different profile of oxysterols was observed between lean and 

obese patients (Tremblay-Franco et al., 2015). Thus, oxysterols emerged as possible players in the 

development of metabolic syndrome and obesity, but the specific role of single oxysterols in the 

development of such pathological conditions as well as their possible use in treatments has not 

been investigated so far.  

Coronary artery disease (CAD) and atherosclerosis: Atherosclerosis is a chronic inflammatory 

condition of arterial tree that may lead to intimal destruction, arterial thrombosis and end-organ 

ischemia (Zmysłowski and Szterk, 2017). Extensive research has been conducted on the role of 

oxysterols in the initiation and progression of this disease, indicating that oxysterols from 

autoxidized cholesterol induce significant apoptosis or necrosis in vascular cells (Ares et al., 2000; 

Lizard et al., 1996; Yuan et al., 2000). Moreover, oxysterols concentrations have been found up 

to 100 times higher in atherosclerotic plaques than in human plasma (Brown and Jessup, 1999). 

To date, many diagnostic tools are available to identify the presence of atherosclerosis and CAD, 

from imaging tests to blood tests. However, there is currently a lack of markers that could 

potentially be used to identify atherosclerosis and CAD at the very early stages: thus, oxysterols 

have been proposed for this purpose. 

Niemann-Pick type C disease (NPC): NPC is a rare neurovisceral disorder (1 in 120 000-150 000 

people) characterized by progressive hepatosplenomegaly and CNS neurodegeneration (Chang et 

al., 2005). In NPC cholesterol accumulates in late endosomal/lysosomal structures (Ory, 2000), 

where it gets oxidized by enzymatic and non-enzymatic reactions (Ribas et al., 2012). Two specific 

oxysterols, cholestane-3β,5,6β-triol (triolCh) and 7-ketocholesterol (7-kCh), are increased in the 

plasma of NPC patients (Jiang et al., 2011; Tint et al., 1998). TriolCh and 7-kCh are currently 

proposed as early biomarkers for NPC and as primary test in confirming of suspicious NPC 

(Reunert et al., 2016; Vanier et al., 2016). 
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1.3  |    EBI2 and its ligand 7α,25-dihydroxycholesterol 

The G protein-coupled receptor Epstein-Barr virus induced gene 2 (EBI2), also known as GPR183, 

was identified in 1993 as a highly upregulated gene in B-cells upon infection with Epstein-Barr 

virus (Birkenbach et al., 1993). In the years following its identification, EBI2 has been shown to be 

expressed in many other cell types of the hematopoietic lineage such as T cells, natural killer cells, 

monocytes, macrophages, dendritic cells, neutrophils, eosinophils, platelets and osteoclasts 

(Amisten et al., 2008; Heinig et al., 2010; Nevius et al., 2015; Novershtern et al., 2011; Rutkowska 

et al., 2015; Shen et al., 2015).  

In 2006 EBI2 was shown to be a Gαi coupled receptor: cells transfected with the receptor were 

found to have a decreased production of forskolin induced cAMP and a reduced activity of the 

transcription factor cAMP response element binding protein in a Pertussis toxin-sensitive manner 

(Rosenkilde et al., 2006). Later, EBI2 was shown also to induce ERK1/2 phosphorylation and to 

recruit β-Arrestin (Benned-Jensen et al., 2011, 2013; Hannedouche et al., 2011; Liu et al., 2011).  

For many years after its identification, the receptor remained orphan, i.e. no endogenous ligand 

able to activate it was known. In 2011 the EBI2 ligand was identified independently by two groups 

from Novartis and Johnson & Johnson (Hannedouche et al., 2011; Liu et al., 2011). By treating 

cells with extract from septic sheep liver and rat spleen respectively, they were able to induce 

EBI2-specific signaling. With chromatography and mass spectrometry techniques, they identified 

EBI2 ligands to be oxysterols. The three most potent oxysterol ligands for EBI2 were determined 

by both groups to be 7α,25-dihydroxycholesterol (7α,25-OHC), 7α,27-OHC, and 7β,25-OHC. The 

EC50-values for these ligands were calculated via GTPγS assays on CHO cells to be 0.14, 1.3, and 

2.1 nM, respectively. Together with these oxysterols, other oxysterols as 7α-OH and 25-OH were 

able to activate EBI2 as well, but with considerably lower potencies.  

The biosynthetic pathway of 7β,25-OHC is poorly characterized, whereas the reactions and 

enzymes leading to the formation of 7α,25-OHC and 7α,27-OHC are well known. 7α,25-OHC is 

generated through the subsequent action of two hydroxylases (Figure 2): the first hydroxylation 

is catalyzed by the enzyme CH25H, that forms 25-OH from cholesterol, and the second by CYP7B1, 

an enzyme of the cytochrome P450 superfamily that converts 25-OH in 7α,25-OHC. Similarly, 

7α,27-OHC is generated stepwise by the enzymes CYP27A1 and CYP7B1 (Figure 2, below) (Russell, 
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2003). Since different immune cells upregulate EBI2, CH25H and CYP7B1 when treated with 

lipopolysaccharides (LPS), whereas the levels of CYP27A1 decrease, 7α,25-OHC and not 7α,27-

OHC was hypothesized to be the main ligand of EBI2 (Liu et al., 2011). This hypothesis was 

confirmed by using mice deficient for CH25H (Hannedouche et al., 2011) or treated with 

clotrimazol, a CYP7B1 inhibitor (Liu et al., 2011): in both cases, the effects on B cells were 

comparable to the effects on EBI2 knockout mice, thus indicating that 7α,25-OHC is the main 

endogenous ligand of EBI2.  

 

 

 

Figure 2: Biosynthetic pathway of 7α,25-OHC and 7α,27-OHC  

Biosynthetic pathway leading to the formation of 7α,25-OHC (above) and 7α,27-OHC (below) from cholesterol.  

 

Besides its endogenous ligand, a number of small molecules has been developed to agonize and 

antagonize EBI2 (Ardecky et al., 2010; Benned-Jensen et al., 2011, 2013; Deng et al., 2016): among 

the others, a potent and selective antagonist named NIBR189 was identified (Gessier et al., 2014).  
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1.4  |    Adipose tissues and metabolic diseases 

1.4.1  |    Characteristics of adipocytes and adipose tissues 

In mammals, three types of adipose tissue can be found, the white adipose tissue (WAT), the 

brown adipose tissue (BAT), and an intermediate type named “beige” or “brite” (for brown-in-

white) adipose tissue, which have different morphology, distribution, gene expression, and 

function.  

BAT is present in almost all mammals, and especially active in newborns and hibernating animals 

(Gesta et al., 2007). Originally, BAT was thought to be present in humans during the neonatal 

period only. However, further studies proved that adults retain some metabolically active depots 

of BAT that respond to cold and sympathetic activation of the nervous system (Cypess et al., 2009; 

van Marken Lichtenbelt et al., 2009; Nedergaard et al., 2007; Virtanen et al., 2009; Zingaretti et 

al., 2009). In adult humans, it localizes mostly in the  supraclavicular, paravertebral, mediastinal, 

para-aortic and suprarenal areas (van Marken Lichtenbelt et al., 2009). The BAT consists of brown 

adipocytes (BA) and the remaining stromal vascular fraction (SVF), formed by preadipocytes, 

fibroblasts, vascular endothelial cells and immune cells such as adipose tissue macrophages. BA 

are characterized by multilocular morphology, abundancy of small lipid droplets, high number of 

mitochondria and enrichment of uncoupling protein-1 (UCP1) (Aherne and Hull, 1966; Cannon 

and Nedergaard, 2004). The main function of BAT is to dissipate the stored energy in form of heat 

in a process called non-shivering thermogenesis (NST). 

WAT consists mostly of two subtypes: subcutaneous and visceral. Subcutaneous and visceral fat 

have different molecular, cellular, and anatomical features (Wajchenberg, 2000): subcutaneous 

adipose tissue presents higher levels of leptin compared to visceral, it is less sensitive to insulin 

effect and has smaller capacity to mobilize free fatty acids (Hellmér et al., 1992; Montague et al., 

1997).  

Subcutaneous WAT can also undergo a process called “browning” or “beiging” in response to β-

adrenergic stimulus (e.g. during cold), modifications of gut microbiota (Carrière et al., 2014; Li et 

al., 2017), exercise (Knudsen et al., 2014; Schlein et al., 2016), and endogenous modulators as 

parathyroid hormone and bile acids (Kir et al., 2014; Worthmann et al., 2017). In response to one 
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or more of these stimuli, WAT acquires intermediate characteristics between white and brown 

fat (e.g. by expressing UCP1 and increasing mitochondrial biogenesis) (Cousin et al., 1992; Harms 

and Seale, 2013; Ikeda et al., 2018; Young et al., 1984).  

The main cell type present in WAT are white adipocytes (WA). WA present variable size, in general 

between 25 and 200 µM, a unilocular lipid droplet, a peripheral and flat nucleus, few 

mitochondria and low oxidative rate, and great capacity of storing energy in form of triglycerides 

(TG) (Jeanson et al., 2015; Tan and Vidal-Puig, 2008). In addition to adipocytes, WAT contains 

macrophages, leukocytes, fibroblasts, cell progenitors, and endothelial cells. 

 

1.4.2  |    Lipid metabolism and mobilization in adipose tissue 

One of the main function of ATs is to provide energy to the organism when needed. Indeed, ATs 

can store triglycerides (TGs) in a process called lipogenesis, and release free fatty acids (FFAs), a 

processed called lipolysis. Systemically, the lipogenic pathway is induced by feeding, while the 

lipolytic by fasting (Figure 3).  

Lipogenesis comprises both de novo FFAs synthesis and TGs synthesis. During feeding, the 

pancreas releases insulin. Insulin stimulates glucose uptake in the adipocytes, activates glycolytic 

and lipogenic enzymes, and stimulates the expression of genes required for cholesterol, fatty 

acids, TG and phospholipid synthesis (Assimacopoulos-Jeannet et al., 1995; Ferré and Foufelle, 

2007). The glucose from the circulation, following insulin stimulus, provides both Acetyl-coA and 

glycerol for FFAs and TGs synthesis. FFAs are synthetized with the addition of two carbon units to 

Acetyl-CoA. TGs synthesis occurs by esterification of FFAs, from the circulation or de novo 

synthetized, to glycerol. The lipogenesis process does not only provide the organism with a fuel 

reservoir, but also clears the plasma from FFAs and TGs avoiding them to deposit in other organs 

(e.g. skeletal muscle and liver), and buffers lipotoxicity and insulin resistance (Frayn, 2002). 

Lipolysis, oppositely to lipogenesis, is induced by fasting and supplies glycerol for hepatic 

gluconeogenesis, and free fatty acids for oxidation according to energy needs in other organs and 

for ketone body formation in case of low glucose intake. Decreased levels of insulin during fasting 

suppresses lipogenesis and activates lipolysis, as well as increased levels of glucagon. Lipolysis in 

mediated by the release of catecholamines by the sympathetic nervous system (SNS) and activate 



  

11 
 

β-adrenergic receptors on adipocytes.  As a consequence of these stimuli, the increase of 

intracellular cAMP and PKA activation in the adipocytes leads to the metabolism of TGs to glycerol 

and FFAs by adipocyte triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) (Haemmerle 

et al., 2002; Zimmermann et al., 2004). Glycerol and FFAs are then released in the blood flow, 

whereas FFAs only can undergo to further β-oxidation and be used by BAs as substrate for 

thermogenesis.  

 

Figure 3: Schematic representation of lipogenesis and lipolysis in adipocytes  

Graphical representation of lipogenesis (left part) and lipolysis (right part) in adipocytes. Lipogenesis: Increase of glucose induces 
release of insulin from the pancreas. Insulin activates its receptors and promotes glucose uptake in adipocytes and its metabolism 
to Acetyl-CoA and Glycerol 3-phosphate. Meanwhile, TG are metabolized to FFAs and uptaken by adipocytes, where, together with 
Acetyl-CoA and Glycerol 3-phosphate promotes the synthesis of TGs. Lipolysis: Stimuli from the brain lead to SNS activation and 
release of NE. NE promotes increase of cAMP intracellular levels in adipocytes, PKA is activated and through HSL TGs are 
metabolized to glycerol and FFAs. Glycerol and FFAs can be released in the blood flow and serve as substrate for oxidation in muscle 
or ketogenesis and glucogenesis in the liver, or used for oxidation and NST in adipocytes, especially BA. TG: triglycerides; FFAs: free 
fatty acids; NE: norepinephrine; cAMP: cyclic adenosine monophosphate; PKA: protein kinase A; HSL: hormone sensitive lipase. 
NST: non-shivering thermogenesis. Modified from Luo and Liu, 2016. 
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1.4.3  |    Thermogenic function of adipose tissue and implications for 

metabolic health 

One of the main features of brown and beige ATs is the ability to dissipate energy in the form of 

heat through a processed called non-shivering thermogenesis (NST). The NST is induced by SNS 

activation. The sympathetic fibers that innervate the ATs release norepinephrine (NE) that binds 

to the β3-adrenergic receptors on the adipocytes, initiating the process of lipolysis described in 

the previous chapter. The FFAs produced activate a protein on the mitochondrial inner membrane 

called uncoupling protein-1 (UCP1) or thermogenin (Fedorenko et al., 2012; Rial et al., 1983). This 

causes an influx of H+ into the matrix of the mitochondrion along proton gradient and bypasses 

the ATP synthase channel. Consequently, oxidative phosphorylation is uncoupled, and the energy 

from the proton motive force is dissipated as heat. Together with UCP1 activation, Ucp1 gene 

expression increases through cAMP-induced modulation of the Peroxisome proliferator-activated 

receptor-g coactivator-1α (PGC-1α) (Villarroya et al., 2017). 

Because of the ability of BAT to dissipate energy in form of heat, brown and beige ATs have been 

proposed as therapeutic targets to treat obesity and related diseases, such as type 2 diabetes. 

Even though in humans the contribution of BAT in the resting metabolic rate is estimated to be 

about 1-5%, it is speculated to reach up to 16% when stimulated (Moonen et al., 2019): for this 

reason, the interest in understanding new mechanisms to modulate BAT activity increased in the 

last few years, aiming to find new pharmacological therapies to modulate energy expenditure. 

Approaches to increase BAT activation via noradrenergic stimulation had so far very limited 

success due to multiple reasons: differences in the binding characteristics of β3-adrenergic 

receptor of selective agonists between humans and rodents, poor oral availability and 

pharmacokinetic, and time-limited efficacy (Arch, 2008; Clapham and Arch, 2007; Larsen et al., 

2002). However, β3-adrenergic receptor agonists continue to be of great interest, with new 

molecules such as mirabegron (Cypess et al., 2015).  

The advancement in understanding new pathways for BAT activation increased also the attention 

on non-adrenergic pharmacological targets. Valuable examples are the mesodermal growth 

factor BMP-7 and FGF-21, which can stimulate BAT growth and reduce weight gain when 

expressed in mice (Kharitonenkov et al., 2005; Schlein et al., 2016; Tseng et al., 2008).  
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However, only a very limited number of drugs is currently approved for obesity treatment in 

humans (González-Muniesa et al., 2017), thus increasing the interest in finding new modulators 

of ATs activity. 
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2  |    AIM AND OBJECTIVES 

The aim of this research is to elucidate the role of EBI2, the receptor for the oxysterol 7α,25-OHC, 

in brown adipocytes and adipose tissue. Thus, the following questions will be addressed:  

1. Does EBI2 activation or lack of EBI2 affect brown adipocytes in vitro? Through which 

mechanism and signaling pathway does EBI2 regulate brown adipocytes activity?  

2. Does EBI2 activation or lack of EBI2 affect adipose tissues activity ex vivo?  

3. What is the effect of EBI2 activation or lack of EBI2 on the whole-body metabolism of 

mice? Is EBI2 involved in adipose tissue activation in response to cold? Does EBI2 affect 

the development of diet-induced obesity? 

To investigate these aspects, the endogenous EBI2 ligand 7α,25-OHC and its antagonist NIBR189 

will be used, as well as a genetic mouse model lacking for EBI2 (EBI2 global knockout mice).    
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3  |    MATERIALS AND METHODS 

3.1  |    Common materials and equipment 

 96-well plates (Sarstedt, Cat. No. 83.3924) 

 Acetic acid (Carl Roth, Cat. No. KK62) 

 Autoclave, Varioklav 135 T (Faust) 

 Bovine Serum Albumin, BSA (Carl Roth, Cat. No. 8076) 

 Calcium chloride, CaCl2 (Carl Roth, Cat. No. A119) 

 Centrifuge (Eppendorf, Cat. No. 5415R) 

 Centrifuge cell culture 

 Chloroform (Carl Roth, Cat. No. Y015) 

 Conical tubes, 15 ml and 50 ml volume (Sarstedt, Cat. No. 62.554.502, 62.547.254) 

 D-(+)-Glucose (Sigma Aldrich, Cat. No. G8270) 

 Dimethyl sulfoxide, DMSO (Carl Roth, Cat. No. 7029) 

 Disodium phosphate, Na2HPO4 (Carl Roth, Cat. No. P030) 

 EnSpire™ Multimode Plate Reader (Perkin Elmer) 

 Ethanol, EtOH (Carl Roth, Cat. No. 9065) 

 Ethylenediaminetetraacetic acid, EDTA (Carl Roth, Cat. No. 8040) 

 EVOS® FL Cell Imaging System (Thermo Fisher Scientific) 

 Glycerol (Sigma Aldrich, Cat. No. G5516) 

 Glycine (Carl Roth, Cat. No. 3908) 

 HEPES (Sigma Aldrich, Cat. No. PHG0001) 

 Incubator, HERAcell® 150 (Heraeus) 

 Isopropanol (Carl Roth, Cat. No. AE73) 

 Laminar air flow, HerasafeTM (Heraeus) 

 Magnesium chloride, MgCl2 (Carl Roth, Cat. No. KK36) 

 Methanol (Carl Roth, Cat. No. 0082) 

 Minispin centrifuge (Sigma Aldrich, Cat. No. Z606235) 
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 Monopotassium phosphate, KH2PO4 (Carl Roth, Cat. No. 3904) 

 NaCl 0.9% saline solution (B. Braun) 

 Nonidet™ P 40 Substitute, NP-40 (Sigma Aldrich, Cat. No. 74385) 

 Paraformaldehyde, PFA (Carl Roth, Cat. No. 0964) 

 Pipetboy acu 2 (Integra) 

 Potassium chloride, KCl (Carl Roth, Cat. No. 6781) 

 Potassium hydroxide, KOH (Carl Roth, Cat. No. 7986) 

 Reaction tube 1.5 mL (Sarstedt, Cat. No. 72706) 

 Scissors, forceps (Fine science tools) 

 Serological pipettes 5 ml, 10 ml, 25 ml (Sarstedt, Cat. No. 86.1253.001, 86.1254.001, 

86.1685.001) 

 Sodium chloride, NaCl (Carl Roth, Cat. No. 3953) 

 Sodium dodecyl sulfate (Carl Roth, Cat. No. 0183) 

 Thermomixer comfort (Eppendorf, Cat. No. 2050-120-04) 

 Tris-HCl (Carl Roth, Cat. No. 9090) 

 Triton® X 100 (Carl Roth, Cat. No. 3051) 

 Xylol (Carl Roth, Cat. No. 9713) 

 

3.2  |    Cell culture 

Materials and equipment 

 10 cm2 TC dishes (ThinCertTM; Greiner, Cat. No. 664160) 

 10 cm2 TC dishes, Standard (Sarstedt, Cat. No. 83.3902) 

 12-well TC plates (Greiner, Cat. No. 662160) 

 12-well TC plates, Standard (Sarstedt, Cat. No. 83.3921) 

 12-well TPP plates (TPP Techno Plastic Products AG, Cat. No. 92412) 

 3,3′,5-Triiodo-L-thyronine sodium salt (Sigma Aldrich, Cat. No. T6397) 

 30 μM and 100 μM nylon meshes (Millipore, Cat. No. NY3002500, NY1H00010) 

 3-Isobutyl-1-methylxanthine, IBMX (Sigma Aldrich, Cat. No. I5879) 
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 6-well tissue culture (TC) plates (Sarstedt, Cat. No. 83.3920) 

 6-well TPP plates (TPP Techno Plastic Products AG, Cat. No. 92406) 

 Cannulas (Braun, Sterican 0,90 x 40 mm, Cat. No. 4657519) 

 Collagenase, Type II (Worthington, Cat. No. CLS2) 

 Countess Automated Cell Counter (Invitrogen, Cat. No. C10227) 

 Cryogenic vials (Sarstedt, Cat. No. 72.379.992) 

 D(+)-Biotin (Novabiochem, Cat. No. 58-85-5) 

 Dexamethasone (Sigma Aldrich, Cat. No. D4902) 

 DMEM, high glucose, GlutaMAX(TM), pyruvate (Gibco, Cat. No. 31966) 

 DMEM, high glucose, GlutaMAX(TM) (Gibco, Cat. No. 61965) 

 Fetal Bovine Serum, FBS (Biochrom, Cat. No. S0015) 

 Insulin solution human (Sigma Aldrich, Cat. No, I9278) 

 Pantothenate (Sigma Aldrich, Cat. No. P5155) 

 Penicillin/streptomycin (P/S; Merck, Cat. No. A2213) 

 Rosiglitazone (Sigma Aldrich, Cat. No. R2408) 

 Sodium ascorbate (Carl Roth, Cat. No. 3149) 

 Syringe filter 0.22 μm (VWR, Cat. No. 514-0061) 

 Syringes 5 ml (BD Discardit II, Cat. No. 309050) 

 T175 tissue culture flasks (Sarstedt, Cat. No. 83.3912.002) 

 Trypan Blue Stain (Gibco, Cat. No. 15250) 

 Trypsin-EDTA (0.05 %), phenol red (Gibco, Cat. No. 25300054) 

 

3.2.1  |    Cell culture of brown adipocytes 

Brown adipocytes isolation 

Isolation buffer 

CaCl2  1.3 mM 

Glucose  5 mM 

HEPES  100 mM 
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KCl  5 mM 

NaCl  123 mM 

H2O  

pH was adjusted to 7.4 and sterile filtered 

 

 

Digestion buffer 

BSA  1.5 % 

Collagenase II 2 mg/ml 

BSA and Collagenase II were dissolved in 

isolation buffer and sterile filtered 

 

 

BA isolation culture medium 

FBS 10 % 

HEPES 10 nM 

Insulin 4 nM 

P/S  1 % 

Sodium Ascorbate  25 μg/ml 

T3 4 nM 

All substances were added to DMEM, high 

glucose, GlutaMAX™ (Gibco, Cat. No. 

61965) 

 

Dissected interscapular BAT from newborn mice was finely chopped into small pieces using 

surgical scissors in 3 ml of the digestion buffer. The tissue was digested for 30 min in a water bath 

at 37 °C, shaking every 5 min to ensure complete digestion of the tissue. Once digested, the tissue 

was filtered using a 100 μm nylon-mesh and incubated on ice for 30 min. The middle-phase was 

collected and filtered a second time using a 30 μm nylon-mesh. The obtained samples were 
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centrifuged at 700 rcf for 10 min. After centrifugation, the pellet was resuspended in 2 ml of BA 

isolation culture medium and plated in a 6-well TC plate and cultured at 37 °C, 5 % CO2 for 24 h.  

Immortalization of the obtained preadipocytes was achieved by using 200 ng of Simian Virus 40 

(SV40) large T-antigen under the control of phosphoglycerate kinase (PGK) promoter per well. 

 

Expansion of immortalized brown adipocytes 

BA growth medium 

FBS 10 % 

P/S  1 % 

All substances were added to DMEM, 

high glucose, GlutaMAX™ (Gibco, Cat. 

No.61965) 

 

 

PBS 

KH2PO4 1.4 mM 

KCl 2.7 mM 

NaCl 137 mM 

Na2HPO4 8 mM 

All substances were dissolved in H2O, the pH 

adjusted to 7.4 and the solution autoclaved. 

 

Immortalized cells were maintained in BA growth medium until reaching 80-90 % confluency. 

Cultured cells were washed PBS and detached from the well by adding Trypsin-EDTA and 

incubated at 37°C until complete detachment. Trypsin was inactivated by adding BA growth 

medium. The obtained cell suspension was centrifuged at 1000 rpm for 5 min. After resuspending 

the pellet in BA growth medium, cells from three mice were pooled and reseeded in three 10-cm2 

TC (passage 1). Cells were further expanded in a 1:10 ratio following the same procedure until 

passage 4. Storage of cells in cryogenic vials in BA growth medium containing 10% DMSO was 

performed at passage 2 (1*106 cells/cryo) and passage 4 (3*106 cells/cryo). Cells were counted 
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before freezing using Trypan Blue Stain and Countess Automated Cell Counter. The cryogenic vials 

were stored for few weeks at -80°C and at -150°C for longer-term storage. 

 

Differentiation of BA 

BA differentiation medium 

FBS 10 % 

P/S  1 % 

Insulin 1 nM 

T3 20 nM 

All substances were added to DMEM, 

high glucose, GlutaMAX™ (Gibco, Cat. 

No. 61965) 

 

BA induction medium 

FBS 10 % 

P/S  1 % 

Insulin 1 nM 

T3 20 nM 

Dexamethasone 1 µM 

IBMX 0.5 mM 

All substances were added to DMEM, 

high glucose, GlutaMAX™ (Gibco, Cat. 

No. 61965) 

 

Preadipocytes were seeded (day -4) in BA Growth medium in a density of 1*106 cells/plate, in 6-

well or 12-well plates. After two days of incubation at 37°C, 5 % CO2, medium was replaced by BA 

Differentiation medium (day -2). After another two days, induction of the adipogenic program 

was started by replacing the medium with BA Induction medium (day 0). Afterwards, cells were 

maintained in BA Differentiation medium until day 7, and medium was refreshed every two days 

(day 2 to day 7). Mature BA were analyzed at day 7. Preadipocytes were analyzed at day -2. 

Sustained stimulation was performed from day -2 to day 7, if not otherwise stated. 
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3.2.2  |    Cell culture of WA 

WA isolation 

WA were isolated from 8-12 weeks old C57BL/6J mice. 

 

Digestion buffer 

BSA  0.5 % 

Collagenase II 1.5 mg/ml 

BSA and Collagenase II were dissolved in 

DMEM, high glucose, GlutaMAXTM, 

pyruvate (Gibco, Cat. No. 31966) 

 
 

WA growth medium 

FBS 10 % 

P/S  1 % 

All substances were added to DMEM, 

high glucose, GlutaMAX™, pyruvate 

(Gibco, Cat. No. 31966) 

 
 
Dissected WAT was washed with ice cold PBS and minced with surgical scissors. Approximately 1 

g of tissue from 2-3 different mice was digested with 7 ml of WA Digestion buffer in a water bath 

at 37°C, shaking every 5 min. After 30-45 min, 7 ml of WA Growth medium was added to stop 

collagenase action. Following 30 min incubation at RT, cells were centrifuged at 1000 rpm for 10 

min. Pellets were resuspended in 2 ml of WA Growth medium and filtered through a 100 μm 

nylon mesh. The filtered solution was seeded in T175 culture flask in WA Growth medium. 24 h 

after seeding, cells were washed with RT PBS and maintained with WA Growth medium in the 

incubator at 37°C, 5 % CO2. Medium was refreshed every second day for 1 week or until cells 

reached approximately 80% confluency. Afterwards cells were washed twice with RT PBS and 

detached from the flask by adding Trypsin and incubated at 37° C, 5 % CO2 until complete 

detachment. Trypsinization was stopped by adding WA Growth medium. Cells were collected and 
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centrifuged at 1000 rpm for 10 min. The obtained pellet was resuspended in WA Growth medium 

containing 10 % DMSO and stored in cryogenic vials at -80°C for short term storage, or at -150°C 

for long term storage. 

 

Differentiation of WA 

WA maintenance medium 

FBS 5 % 

P/S  1 % 

Insulin 0.172 mM 

T3 1 nM 

Sodium ascorbate 50 mg/ml 

Pantothenate 17 mM 

D-biotin 1 mM 

All substances were added to DMEM, 

high glucose, GlutaMAX™, pyruvate 

(Gibco, Cat. No. 31966) 

 
 

WA induction medium 

Dexamethasone 0.25 mM 

IBMX 0.5 mM 

Rosiglitazone 1 μM 

All substances were added to WA 

maintenance medium 

 
 
Primary white preadipocytes were seeded in 12-well TPP plates in a density of ~80000 cells per 

well. Cells were grown to confluency in WA Growth medium, changing the medium every second 

day. Once confluent (day -3), cells were maintained in WA Growth medium for 72 h. After these 

three days (day 0), preadipocytes were induced for 48 h (day 2) by changing the medium to WA 

Induction medium. From day 2 until day 10, cells were maintained in WA Maintenance medium, 

refreshing it every second day. All experiments were performed using day 10-13 WA. 
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3.3  |    RNA analysis 

Materials and equipment 

 Diethyl pyrocarbonate, DEPC (Carl Roth, Cat. No. K028.1) 

 InnuSOLV RNA Reagent (Analytik Jena AG, Cat. No. 845-SB-2090100) 

 LightCycler 480 SYBR Green I Master (Roche, Cat. No. 04707516001) 

 Nanodrop200 Spectrophotometer (Thermo Fisher Scientific) 

 ProtoScript® II First Strand cDNA Synthesis Kit (New England Biolabs, Cat. No. E6560S) 

 Reaction tube 1.5 mL (Sarstedt, Cat. No. 72706) 

 Real-time PCR machine, HT7900 (Applied Biosystems) 

 SpeedVac Concentrator, 5301 (Eppendorf) 

 SYBR-Green PCR master mix (Applied Biosystems, Cat. No. 4309155) 

 

3.3.1  |    RNA isolation 

Isolation of RNA from cells or tissues was performed by using innuSOLV RNA Reagent. 1 ml of ice-

cold reagent was added to the well to lyse the cells. The cell lysate was transferred to an 

autoclaved 1.5 ml reaction tube and 200 μl of chloroform was added to each sample. The samples 

were manually shacked for 15 seconds and incubated for 5 on ice, then centrifuged for 10 min, 

13000 rpm at 4°C. The upper phase containing the RNA (~500 μl) was transferred to a new 1.5 ml 

reaction tube and mixed with 500 μl of isopropanol to precipitate the RNA. Pelleting of the RNA 

was achieved by 10 min of centrifugation, 13000 rpm at 4°C. After removing the supernatant, the 

RNA pellet was washed four times with 1 ml of 75% EtOH followed by centrifugation step (5 min, 

4°C, 13000 rpm). Finally the RNA pellet was dried in SpeedVac at 30°C for 30 min and was 

dissolved in 30-50 μl H2O. 
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3.3.2  |    Synthesis of complementary DNA (cDNA) 

 of RNA was quantified using Nanodrop Spectrophotometer. Following the manufacturer’s 

instructions, 500 ng or 1000 ng of RNA were transcribed using a First Strand cDNA Synthesis Kit 

with the following program: 

 

Step Temperature 

(°C) 

Time 

(s) 

1 25 300 

2 42 3600 

3 80 300 

 
The cDNA was finally diluted in H2O to a  of 2.5 ng/μL. 

 

3.3.3  |    Real-time PCR (RT-qPCR) 

mRNA expression was assessed by RT-qPCR using a HT7900 instrument from Applied Biosystems. 

The reaction was performed using the fluorescent dye SYBR-Green PCR master mix (Applied 

Biosystems) and the following program: 

 

Step Temperature 

(°C) 

Time 

(s) 

Repetitions 

1 95 600  

2 95 15  

3 60 60 To step 2 for 40 times 

4 95 1  

5 65 15  

6 95 ∞  

 
Quantification of mRNA levels was performed based on the crossing point values of the 

amplification curves using the second derivative maximum method. Hprt (Hypoxanthine-guanine 
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phosphoribosyltransferase) was used as an internal control for the cell samples and β-Actin (Actb) 

was used for the tissue samples. The primer sequences used to amplify the target genes are 

shown in the following table: 

 

Name Primer sequence (5’->3’) Species 

Actb forward CAT TGC TGA CAG GAT GCA GAA GG mouse 

Actb reverse TGC TGG AAG GTG GAC AGT GAG G mouse 

Adrb3 forward CCT TCA ACC CGG TCA TCT AC mouse 

Adrb3 reverse GAA GAT GGG GAT CAA GCA AGC mouse 

Cidea forward TGC TCT TCT GTA TCG CCC AGT mouse 

Cidea reverse GCC GTG TTA AGG AAT CTG CTG mouse 

Cox8b forward TGT GGG GAT CTC AGC CAT AGT mouse 

Cox8b reverse AGT GGG CTA AGA CCC ATC CTG mouse 

Ebi2 forward CAG CTT TAC CCA CTC GGA TA mouse 

Ebi2 reverse AAG AAG CGG TCT TGC TCA A mouse 

Fabp4 forward TGA AAG AAG TGG GAG TGG GCT TTG C mouse 

Fabp4 reverse CAC CAC CAG CTT GTC ACC ATC TCG T mouse 

Hprt forward ACA TTG TGG CCC TCT GTG TGC TCA mouse 

Hprt reverse CTG GCA ACA TCA ACA GGA CTC CTC GT mouse 

Pgc1a forward TAT GGA GTG ACA TAG AGT GTG CT mouse 

Pgc1a reverse CCA CTT CAA TCC ACC CAG AAA mouse 

Pparg forward TCC GTA GAA GCC GTG CAA GAG ATC A mouse 

Pparg reverse CAG CAG GTT GTC TTG GAT GTC CTC G mouse 

Prdm16 forward ACA CGC CAG TTC TCC AAC CTG T mouse 

Prdm16 reverse TGC TTG TTG AGG GAG GAG GTA mouse 

Ucp1 forward GGT GAA CCC GAC AAC TTC CGA AGT G  mouse 

Ucp1 reverse GGG TCG TCC CTT TCC AAA GTG TTG A mouse 

 

3.4  |    Protein analysis 

Materials and equipment 

 BioPhotometer D30 (Eppendorf) 

 Cell scraper (Labomedic, Cat. No. 2015217) 

 Centrifuge 5430R (Eppendorf) 

 Complete protease inhibitor cocktail (Roche, Cat. No. 04693116001) 

 Coomassie brilliant blue G-250 (Merck, Cat. No. 1.15444.0025) 

 PBS (as described at p. 17) 
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 Phosphoric acid (Carl Roth, Cat. No. 9076) 

 Sodium deoxycholate (Sigma Aldrich, Cat. No. D6750) 

 Sodium fluoride, NaF (Carl Roth, Cat. No. 4530) 

 Sodium orthovanadate, Na3VO4 (Carl Roth, Cat. No. 0735) 

 Syringe filter 0.22 μm (VWR, Cat. No. 514-0061) 

 Ultra-Turrax® T8 (IKA) 

 

3.4.1  |    Isolation of proteins 

Cells were washed two times with cold PBS and lysed with cold lysis buffer. Cells were scraped 

from the wells and transferred to a 1.5 ml reaction tube, then centrifuged for 30 min at 4°C, 13000 

rpm. The clear phase was transferred to a new sterile reaction tube and stored at -20°C or directly 

used. For tissue samples, approximately 30 mg of tissue was placed in sterile reaction tubes and 

an appropriate amount of lysis buffer was added. The tissue was homogenized by using Ultra-

Turrax® and centrifuged for 20 min at 4°C, 13000 rpm. The clear phase was transferred to a new 

sterile reaction tube and stored at -80°C or directly used. 

 

RIPA buffer 

Sodium deoxycholate 0.1% 

NaCl 150 mM 

NP-40 1% 

SDS 0.1% 

Tris-HCl (pH 7.5) 50 mM 

All substances were added to 

Millipore H2O and solution was sterile 

filtered and stored at 4°C 

 

 

Lysis buffer 

Complete protease inhibitor cocktail 40 μl/ml 
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NaF 10 mM 

Na3VO4  1 mM 

All substances were added fresh to RIPA buffer prior 

to use 

 

3.4.2  |    Bradford assay and protein quantification 

Coomassie solution 

Coomassie brilliant blue G-250 0.01% 

EtOH 5% 

Phosphoric acid 8.5% 

All substances were dissolved in H2O and the solution 

was stored at 4°C 

 

2 μl of the sample was diluted with 98 μl 0.15 M NaCl solution. Next, 1 ml of Coomassie solution 

was added to each sample. The absorbance was measured at 595 nm using Eppendorf 

BioPhotometer D30. Protein concentration was calculated from the BSA standard calibration 

curve established with known BSA standard concentrations. 

 

3.4.3  |    SDS-PAGE and Western Blot 

Materials and equipment 

 Ammonium Persulphate, APS (GE Healthcare, Cat. No. GE17-1311-01) 

 B-Mercaptoethanol (Sigma Aldrich, Cat. No. M6250) 

 Bromophenol blue (Carl Roth, Cat. No. 6558) 

 Enhanced chemiluminescence (ECL) Western Blotting Detection Reagent (Amersham 

Bisociences, Cat. No. RPN2106) 

 Image Quant LAS 4000 mini (Life sciences, Cat. No. 28-9558-10) 

 Milk powder (Sigma Aldrich, Cat. No. 70166) 

 Mini-PROTEAN Tetra Cell electrophoresis system (BioRad) 
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 N,N,N′,N′-Tetramethylethylenediamine, TEMED (Sigma Aldrich, T9281) 

 Nitrocellulose membrane, Amersham Protran 0.45 NC (GE Healthcare Life Sciences, Cat. 

No. 10600002) 

 Odyssey® Fc Imaging System (LI-COR) 

 PageRuler Prestained Protein Ladder (Thermo Scientific, Cat. No. 26616) 

 Power supply, Consort EV 202 (Sigma Aldrich, Cat. No. Z654418) 

 Primary and secondary antibodies (See list below) 

 Roller Mixer SRT6 (Stuart) 

 Rotiphorese®Gel 30 “Acrylamide” (Carl Roth, Cat. No. 3029) 

 Trans-Blot Turbo Transfer System (BioRad) 

 Tween® 20 (Carl Roth, Cat. No. 9127) 

 

SDS-PAGE 

After quantifying protein concentration, an appropriate amount of sample was mixed with 3x 

Laemmli buffer. The protein samples were then incubated for 10 min at 98°C and analyzed using 

SDS-PAGE and Western blot. 

 

Laemmli buffer 3x 

Bromphenol blue 0.015 % 0.015% 

Glycerol 20% 

SDS 17% 

Tris-HCl (pH 6.8) 150 mM 

B-mercaptoethanol 10% 

All substances were dissolved in H2O and the 

solution was stored at -20°C 

 

Proteins were separated according to the electrophoretic mobility using SDS-PAGE gels. SDS-

PAGE gels were prepared combining an upper stacking gel and a bottom resolving gels. Different 

percentage of resolving gels were prepared according to the molecular mass of the protein of 

interest, while the stacking gel was always the same (See tables below). 
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Resolving gel 8% 10% 12% 15% 

H2O 4.6 ml 4 ml 3.3 ml 2.3 ml 

Acrylamide 2.7 ml 3.3 ml 4 ml 5 ml 

Tris-HCl (pH 8.8) 2.5 ml 2.5 ml 2.5 ml 2.5 ml 

20% APS 50 µl 50 µl 50 µl 50 µl 

TEMED 4 µl 4 µl 4 µl 4 µl 

 

Stacking gel  

H2O 3.4 ml 

Acrylamide 830 µl 

Tris-HCl (pH 8.8) 630 µl 

20% APS 25 µl 

TEMED 5 µl 

 

Electrophoresis was performed at 180 V in RT electrophoresis buffer using Mini-PROTEAN Tetra 

Cell electrophoresis system. 

 

Electrophoresis buffer 10x 

Tris-HCl 250 mM 

Glycine 2 M 

SDS 0.1% 

All substances were dissolved in H2O and pH 

adjusted to 8.3. Before to use the buffer was 

dilute to a  of 1x in H2O 

 

Western blot and protein detection 

Following SDS-PAGE, proteins were transferred to a nitrocellulose membrane by semi-dry 

western blotting using a Trans-Blot Turbo Transfer System (BioRad) with Towbin buffer. Proteins 
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were transferred at 25 V, 1.0 A maximum, for 30 min, according to the Standard SD Bio-Rad 

programmed protocol.  

 

Towbin buffer 

Tris-HCl 25 mM 

Glycine 192 mM 

Methanol 20% 

All substances were dissolved in H2O and pH 

adjusted to 8.3 

 

After transferring, the membranes were briefly washed in TBST and blocked for at least 1 h in 5 

% BSA solution or 5 % milk (according to manufacturer indication) under constant agitation at RT. 

After blocking, membranes were briefly washed in TBST and incubated overnight with the primary 

antibody in 5 % BSA solution or 5 % milk (according to manufacturer indication) at 4°C. 

 

TBS 10x 

Tris-HCl 100 mM 

NaCl 1.4 M 

SDS 0.1% 

All substances were dissolved in H2O and pH 

adjusted to 8.0 

 

TBST 

Tween-20 0.1% 

Tween-20 was dissolved in 1xTBS and stored at 

RT protected from light 

 

5% BSA solution 

BSA 5% 

BSA was dissolved in TBST prior to use 
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5% milk solution 

Milk powder 5% 

Milk powder was dissolved in TBST prior to use 

 

Following incubation with the first antibody, membranes were washed 3 times for 10 min each in 

TBST and incubated with a secondary horseradish peroxidase (HRP)-conjugated or fluorescent 

antibody (800 nm or 680 nm wavelength absorbance) in TBST for at least 1 h at RT under constant 

agitation (in the dark if fluorescent antibody were used). Membranes were then washed 3 times 

for 5 min each in TBST. When HRP- conjugated secondary antibody was used, the membranes 

were covered in ECL reagent for 1 min according to the manufacturer’s instructions prior to 

detection. Protein levels were detected in the ImageQuant LAS 4000 mini and quantified by 

densiometric analysis (Image J software) in case of the HRP-conjugated secondary antibody, or 

detected and quantified with the Odyssey® Fc Imaging System in case of fluorescent secondary 

antibody. 

 

List of primary antibodies used 

 Calnexin (Novus Biologicals, Cat. No. NB300-518) 

 HSL and pHSL (Cell signaling, Cat. No. 4107 and 4137) 

 UCP1 (Sigma Aldrich, Cat. No. sc-6529) 

 Tubulin (Dianova, Cat. No. MS-719-P0) 

 ERK1/2 and pERK1/2 (Cell signaling, Cat. No. 9102 and 9101) 

 

List of secondary antibodies used 

 DyLight™ 680-conjugated anti-mouse (Cell Signaling, Cat. No. 5470) 

 DyLight™ 680-conjugated anti-rabbit (Cell Signaling, Cat. No. 5366) 

 DyLight™ 800-conjugated anti-mouse (Cell Signaling, Cat. No. 5257) 

 DyLight™ 800-conjugated anti-rabbit (Cell Signaling, Cat. No. 5151) 

 HRP-conjugated anti -rabbit (Cell Signaling, Cat. No. 7074) 

 HRP-conjugated anti-goat (Dianova, Cat. No. 705-035-147) 
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 HRP-conjugated anti-mouse (Dianova, Cat. No. 115-035-146) 

3.5  |    Lipolysis assays 

Materials and equipment 

 24-well plates (Sarstedt, Cat. No. 83.3921) 

 Bovine serum albumin “BSA”, fatty acids free (Sigma Aldrich, Cat. No. A7030) 

 Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Cat. No. 21063) 

 EnSpire™ Multimode Plate Reader (Perkin Elmer) 

 Free glycerol reagent (Sigma Aldrich, Cat. No. F6428) 

 Glycerol standard (Sigma Aldrich, Cat. No. G7793) 

 Norepinephrine, NE (Sigma Aldrich, Cat. No. A9512) 

 

3.5.1  |    In vitro lipolysis 

Lipolysis assay 

Mature BA were washed twice with warm (37°C) lipolysis medium. The compounds were pre-

mixed at the final desired concentration in lipolysis medium and 400 µl were added to each well 

(12-well plate). The cells were then incubated for 2 hours at 37°C, 5% CO2. After incubation, 40 µl 

of the plate lipolysis medium supernatant was pipetted in a 96-well plate together with 60 µl of 

Free glycerol reagent. The standard solution was prepared mixing 5 μl of the glycerol standard 

solution with 95 μl of the Free glycerol reagent, whereas the blank was prepared with 40 μl of the 

lipolysis medium and 60 μl of Free glycerol reagent. All the samples, standard and blank were 

made in duplicates. Samples were incubated at 37° C, 5 % CO2 for 5 min and absorption was 

measured at 540 nm and 600 nm as reference wavelength using EnSpire™ Multimode Plate 

Reader (Perkin Elmer). The total glycerol release was calculated as indicated by the manufacturer 

after normalization to the protein concentration for each sample. 

 

Lipolysis medium 

Fatty acids free BSA 2% 
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BSA was dissolved in DMEM (Gibco, Cat. No. 

21063) 

 

Protein quantification 

Proteins were isolated and quantified as in p. 26. 

 

3.5.2  |    Ex vivo lipolysis 

Fat pads were isolated from newborn or 8 weeks old mice, weighed (approximately 5 mg of BAT 

and 30 mg of WATi or WATg was used) and incubated with 400 μl of lipolysis medium (see p. 32) 

in a 12 well plate, with or without 1 μM NE and 7α,25-OHC 1 µM at 37°C, 5% CO2 for 2h. After 

incubation, 40 μl of the lipolysis medium was pipetted to a 96-well plate. 60 μl of Free glycerol 

reagent was added to each sample. 

The standard solution was prepared by mixing 5 μl of the glycerol standard solution together with 

95 μl of the Free glycerol reagent. The blank was obtained by pipetting 40 μl of the lipolysis 

medium used for the samples and 60 μl of the free glycerol reagent. Samples were incubated at 

37°C, 5% CO2 for 5 min and absorption was measured at 540 nm, using 600 nm as reference 

wavelength, with an EnSpire™ Multimode Plate Reader (Perkin Elmer). The total glycerol release 

was calculated from the values obtained for the blank and the standard and normalized to the 

weight of tissue in mg of each sample. 

3.6  |    cAMP ELISA 

Materials and equipment 

 Direct cAMP ELISA kit (Enzo Life Sciences, Cat. No. ADI-900-066/ ADI-901-066) 

 

BA or WA were seeded 1*106 cells per plate in 12 well plates and differentiated according to the 

protocol. After differentiation, the cells were pretreated with IBMX 0.5 mM for 30 min, then the 

treatments performed, in presence of IBMX, for 20 min at 37°C, 5% CO2. The cells were then 

washed with ice cold PBS and frozen at -80°C or used immediately. 
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The cAMP ELISA was performed accordingly to manufacturer instruction. Briefly, BA or WA were 

lysed in 600 µl/well or 250  µl/well of 0.1 M HCl respectively for at least 10 min. The samples were 

then centrifuged at 13 000 rpm for 10 min. Neutralizing reagent, standards, samples, blue 

conjugate and yellow antibody were pipetted in duplicate in the cAMP ELISA kit plate as indicated 

by the manufacturer. The plate was then incubated for 2 h on a plate shaker at 500 rpm at RT. 

Following the incubation, the plate was washed 3 times with wash buffer and the blue conjugated 

for the total activity and the substrate solution pipetted. After a final incubation of 1 h at RT, the 

stop solution was added and the absorbance measured at 405 nM.   

 

3.7  |    In vitro respirometry 

Materials and equipment 

 Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) 

 D-(+)-Glucose (Sigma Aldrich, Cat. No. G8270) 

 Hoechst 33258 solution (Sigma Aldrich, Cat. No. 94403) 

 Indomethacin (Sigma Aldrich, Cat. No. I7378) 

 L-Glutamine (Sigma Aldrich, Cat. No. G8540) 

 Seahorse XF Cell Mito Stress Test Kit (Agilent, Cat. No. 103015-100) 

 Seahorse XF DMEM medium (Agilent, Cat. No. 103575-100) 

 Seahorse XFe24 Analyzer (Agilent) 

 Seahorse XFe24 FluxPak (Agilent, Cat. No. 102340-100) 

 Sodium pyruvate (Sigma Aldrich, Cat. No. P5280) 

 

 

 

BA differentiation  

Immortalized primary BA were seeded in Seahorse 24-well plates 40 000 cells/well in 100 µl of BA 

Growth Medium (See p.17). The following day, after reaching confluency, the differentiation was 

induced with the high induction medium. 
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High induction medium 

Dexametasone 1 µM 

IBMX 100 µM 

Rosiglitazone 1 µM 

Indomethacin 125 nM 

All substances were dissolved in BA 

differentiation medium (See p.17). 

 

The high induction medium was replaced after two days with 500 µl of BA differentiation medium 

(See p.17) and the respirometry assay was performed the following day (three days after 

induction of differentiation). 

 

Respirometry assay  

The day before the assay, the Seahorse cartridges were hydrated overnight in Seahorse calibrant 

solution at 37°C in a non-CO2 controlled chamber as indicated by the manufacturer.  

The day of the assay, the Seahorse complete medium was prepared as follow: 

 

Seahorse complete medium 

D-(+)-Glucose 25 mM 

L-Glutamine 2 mM 

Sodium Pyruvate 2 mM 

All substances were dissolved in Seahorse XF 

DMEM medium. 

 

The cells were washed once with Seahorse complete medium and equilibrated for 1 hour at 37°C 

in a non-CO2 controlled chamber in 500 µl of Seahorse complete medium. In the meantime, the 

cartridge was loaded with the Mito Stress assay treatments as follow: 

 

Mito stress treatments  
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NE Final conc. 1 µM Port A (56 µl) 

Oligomycin Final conc. 2 µM Port B (62 µl) 

FCCP Final conc. 1 µM Port C (69 µl) 

Rotenone Final conc. 0.5 µM 

Port D (72 µl) Antimycin A Final conc. 0.5 µM 

Hoechst staining Final conc. 10 µg/ml 

All substances were dissolved in Seahorse XF DMEM medium 

with vehicle (DMSO) or 7α,25-OHC 1 µM 

 

After equilibration, the cells were treated for 15 min with either vehicle (DMSO). The Mito Stress 

assay and following was performed according to manufacturer (Agilent) instruction.  

Following respirometry data acquisition, the cells were washed twice with PBS and the number 

of cells labelled with Hoechst staining was calculated with Cytation 5 Cell Imaging Multi-Mode 

Reader for normalization.  

 

3.8  |    ROS assay 

Materials and equipment 

 Cellular ROS assay kit (Abcam, Cat. No. ab186027) 

 

BA were differentiated in 10 cm plates according to the protocol. At day 7 of differentiation, the 

cells were detached and resuspended in Differentiation medium to a  of 4*105 cells/ml. According 

to manufacturer instruction, the cells were seeded on a black plate with clear bottom 96 well 

plate and let attaching during overnight incubation at 37°C, 5 % CO2. The following morning, the 

assay was carried out according to manufacturer instruction. Briefly, 100 µl of ROS Red Working 

Solution were added to each well and the plate was incubated for 1 h at 37°C, 5 % CO2. After the 

incubation time, the plate fluorescence was recorded to acquire a background value, then treated 

with 11X compounds (NE 1 µM, 7α,25-OHC 1 µM, NIBR189 10 µM or H2O2 30 %, in HBSS). The 

fluorescence increase was measured at different time points at Ex/Em = 520/605 nm at bottom 

read mode with a EnSpire™ Multimode Plate Reader (Perkin Elmer). 
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3.9  |    Animal models 

3.9.1  |    Animals 

WT male C57Bl/6J mice 8weeks old were purchased from Charles River Laboratories. EBI2 

knockout mice were kindly provided by Prof. Caroline Pot (Lausanne University Hospital CHUV, 

Lausanne). All studies were approved by the Landesamt für Natur, Umwelt und 

Verbraucherschutz, Nordrhein-Westfalen, Germany, Animal protocol No. 84-02.04.2017.A311. 

All animals were housed at 23°C±1°C at the Haus für experimentelle Therapie, UKB 

Universitätsklinikum Bonn, or at the Department of Pharmacology and Toxicology, UKB 

Universitätsklinikum Bonn, during experiments.  

Unless otherwise specified they were given access to chow diet and water ad libitum. 

 

3.9.2  |    Genotyping of wildtype (WT) and EBI2 KO littermates 

Materials and equipment 

 Agarose Standard (Carl Roth, Cat. No. 9012-36-6) 

 Casting platforms (EmbiTech) 

 Electrophoresis chamber (Peqlab) 

 Ethidium bromide solution 10 mg/ml (Carl Roth, Cat. No. 2218.1) 

 GelDoc®XR (BioRad) 

 Microwave oven (Panasonic) 

 Phire Tissue Direct PCR Master Mix (Thermo Scientific, Cat. No. F-170) 

 QuantityOne® Software (BioRad) 

 Thermocycler Biometra T-One (Analytik Jena) 

 

To genotype EBI2 WT and KO littermates, a small biopsy was collected from the ears with an ear 

puncher. The genotype was assessed through PCR method using Thermo Fisher Scientific Phire 

Tissue Direct PCR Master Mix. 
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Before beginning, a heat block was warmed at 98°C. The small tissue was placed in 20 µl of 

Dilution Buffer and 0.5 µl of DNA Release Additive. The samples were mixed briefly by vortexing 

and the solution was spinned down by short centrifugation. The reaction was incubated 2-5 min 

at room temperature and then placed in the pre-heated block at 98°C for 2 min. The samples 

were frozen at -20°C if not processed immediately.  

A reaction mix was prepared as follow: 

Component Volume 

2X Phire Tissue Direct PCR Master Mix 10 µl 

EBI2 WT primer 1 µl (final conc. 0.5 µM) 

EBI2 Neo primer 1 µl (final conc. 0.5 µM) 

EBI2 Tg primer 1 µl (final conc. 0.5 µM) 

Sample 1 µl 

H2O 6 µl (final volume of 20 µl) 

 

The following primers were used: 

Name Sequence (5’->3’) 

EBI2 WT CATGGAGTATCCAAACTTTGAAGGG 

EBI2 Neo GGGCCAGCTCATTCCTCCCACTCAT 

EBI2 Tg CAGGATGAACACGACAATGATGAGG 

 

The following cycling protocol was used, with the extracted DNA and reaction mix described 

previously: 

 

Step Temperature (°C) Time (s) Repetitions 

1 98 30  

2 98 5  

3 65, -0.5°C/cycle 5  

4 72 10 To step 2 for 10 times 

5 98 5  
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6 60 5  

7 72 10 To step 5 for 48 times 

8 72 60  

9 4 ∞  

 

To visualize the RT-PCR products, agarose gel electrophoresis was used. A 2.5% gel was prepared 

dissolving agarose in TAE buffer under sustained heating in a microwave oven. 

 

TAE buffer 50x 

Acetic acid 5.71% 

Na2-EDTA  50 mM 

Tris-HCl 2 M 

All substances were dissolved 

together in H2O. 

 

After dissolving completely the agarose, 800 ng/ml of Ethidium bromide was added to the agarose 

solution. The agarose solution was poured into cassettes and left to solidify at RT. 

The PCR product was directly added to the 2.5% gel. Electrophoresis was performed in an 

electrophoresis chamber filled with TAE buffer at 120 V. Separated PCR products were visualized 

under the UV light 366 nm using a UV light transilluminator (GelDoc®XR) in combination with 

QuantityOne® Software 

The PCR products were detected at the following sizes: WT 230 bp; KO 390 bp. 

 

3.10  |    In vivo experiments 

3.10.1  |    Diet induced obesity experiment  

Materials and equipment 

 DIO - 10 kJ% fat (Ssniff Spezialdiäten, Cat. No. D12450) 

 DIO - 60 kJ% fat (Ssniff Spezialdiäten, Cat. No. D12492) 
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8 weeks old males were randomly assigned to control (ND, 10 kJ% fat) or high fat diet (HFD, 60 

kJ% fat) fed group. The mice were fed for 12 weeks with ad libitum with ND or HFD, with free 

access to water. The body weight was recorded weekly. At the end of the 12 weeks, body 

composition, glucose tolerance and whole body metabolism were analyzed (see below, chapters 

3.10.2  |    3.10.4  |   3.10.5  |   ).  

 

3.10.2  |    Glucose tolerance test 

Materials and equipment 

 Accu-Check Nano (Roche) 

 Accu-Check Test Strips (Roche) 

 Omnifix® 100 Solo 1 ml syringe (B. Braun, Cat. No. 9161708V)  

 Sterican® 27G needle (B. Braun, Cat. No. 4665406) 

 

Animals were fasted for 5 hours with free access to water. The weight of the mice was recorded 

and the basal fasting levels of glucose measured from the blood collected from a small cut on the 

tail. The mice were then injected with glucose solution i.p., 8 µl/g body weight and the blood 

glucose was measured after 30, 60, 90 and 120 minutes following the same procedure. The mice 

were let recovering for 3 days in standard housing conditions before to perform any other 

experiment.  

 

 

Glucose solution 

Glucose  2.5 g/ml 

Glucose was dissolved in sterile NaCl 

0.9% saline solution prior to use 
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3.10.3  |    7α,25-OHC injections 

Materials and equipment 

 7α,25-dihydroxycholesterol (Tocris, Cat. No. 62-771-0, or Avanti Polar Lipids, Cat. No. 

700080P) 

 Omnifix® 100 Solo 1 ml syringe (B. Braun, Cat. No. 9161708V) 

 Sterican® 27G needle (B. Braun, Cat. No. 4665406) 

 

8 weeks old male mice were injected daily for 7 days (see p. 80) or once (see p. 77) with 7α,25-

OHC, 5 mg/kg. 7α,25-OHC powder was dissolved in sterile DMSO at 10 mM concentration (stored 

at -20°C according to manufacturer instruction), and further diluted in NaCl 0.9% saline solution 

prior to inject. The maximum DMSO concentration for each injection was 10%. All injections were 

performed i.p. with a 27G needle. At the end of the experiment (i.e. after the 7th injection or 

following the first injection) the whole body metabolism of the mice was analyzed (see p. 41 and 

p. 41). 

 

3.10.4  |    Body composition analysis 

Materials and equipment 

 Minispec Whole Body Composition Analyzer (Bruker) 

 

The whole-body composition (fat mass, lean mass and free water) of mice was measured with 

TD-NMR in a Bruker minispec.  

 

3.10.5  |    Indirect calorimetry 

Materials and equipment 

 Phenomaster (TSE Systems) 
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The mice were housed in single cages with free access to food and water, on a daily cycle of 12 h 

light (06:00 to 18:00) and 12 h darkness (18:00 to 06:00), at the desired temperature (23°C or 4°C) 

and 45% humidity. Following 24 h of acclimatization, the O2 and CO2 consumption, the RER and 

locomotor activity were recorded. The locomotor activity was recorded with an Infrared Motion 

Sensor (InfraMot, TSE System) and normalized to control group mice. 

 

3.11  |    Lipids quantifications 

3.11.1  |    Cholesterol measurement 

Materials and equipment 

 Cholesterol Quantitation Kit (Sigma Aldrich, Cat. No. MAK043) 

 

Approximately 10 mg of liver was homogenized with 200 µl of chloroform:isoporpanol:IGEPAL 

(7:11:0.1). The insoluble material was removed by centrifugation for 10 min at 13 000 rpm. The 

organic phase was transferred in a new tube and air dry at 50°C to remove the chloroform, 

followed by 30 min under vacuum to remove any residue or organic solvent. The dried lipids were 

resuspended in 200 µl of Cholesterol Assay Buffer and vortexed to obtain an homogenous 

mixture.  

The serum samples were used to perform the assay without any prior purification.  

The reaction mix was prepared as indicated in the Cholesterol Quantitation Kit. 50 µl of samples 

and 50 µl of reaction mix were loaded in the 96-well plate and incubated for 60 min at 37°C. The 

absorbance was measured at 570 nm. 

All the samples were run in duplicate.  

 

3.11.2  |    Free fatty acids measurement 

Materials and equipment 

 Free Fatty Acid Quantitation Kit (Sigma Aldrich, Cat. No. MAK044) 
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Approximately 10 mg of liver was homogenized with 200 µl of 1% w/v Triton X-100 in chloroform 

solution. The insoluble material was removed by centrifugation for 10 min at 13 000 rpm. The 

organic phase was transferred in a new tube and air dry at 50°C to remove the chloroform, 

followed by 30 min under vacuum to remove any residue or organic solvent. The dried lipids were 

resuspended in 200 µl of Fatty Acid Assay Buffer and vortexed for 5 min to obtain an homogenous 

mixture.  

The serum samples were used to perform the assay without any prior purification.  

The reaction mix was prepared as indicated in the Free Fatty Acids Quantitation Kit. 50 µl of 

samples and 50 µl of reaction mix were loaded in the 96-well plate, briefly shacked and incubated 

for 30 min at 37°C protected from light. The absorbance was measured at 570 nm. 

All the samples were run in duplicate.  

 

3.11.3  |    Triglycerides measurement 

Materials and equipment 

 Serum Triglyceride Determination Kit (Sigma Aldrich, Cat. No. TR0100) 

 

Approximately 300 mg of liver was dissolved overnight at 55°C in 350 μl ethanolic KOH (30% KOH 

1:1 EtOH). The following day, the tissue was vortexed until completely dissolved and 650 µl of 

H2O:EtOH (1:1) were added. Samples were centrifuged for 5 min at 13 000 rpm and the 

supernatant moved to a new tube. 200 µl of H2O:EtOH (1:1) were added and mixed  by vortexing. 

200 µl were moved to a new tube with 215 μl of MgCl2 1 M. After 10 min on ice, the samples were 

newly centrifuged for 5 min at 13 000 rpm and the supernatant moved to a new tube.  

The serum samples were used to perform the assay without any prior purification.  

78 µl of Free Glycerol Reagent, 20 µl of reconstituted Triglycerides Reagent and 2 µl of samples 

were loaded in the 96-well plate. The plate was incubated for 5 min at 37°C and the absorbance 

read at 540 nM.  
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3.12  |    Histochemistry 

3.12.1  |    Tissues preparation 

Materials and equipment 

 Microtome HM315 (Microm) 

 

Isolated BAT, WATi, WATg and liver pads were fixed in a 4% solution of PFA in PBS. After 24 h, 

samples were dehydrated in increasing concentrations of ethanol: 50%, 70%, 95% and 100%. 

Samples were soaked while shaking in each solution for 3 times, 20 min each. The tissues were 

then incubated in xylol for 3 times, 10 min each time. Afterwards, samples were transferred to 

liquid paraffin, where they were maintained 2 times for 1 h at 60°C, and then incubated in the 

liquid paraffin overnight. Finally, tissues were embedded in paraffin and left to solidify at room 

temperature. 5 μm sections of the tissues were cut using a microtome and dried on histological 

glass slides at 37° C overnight. 

 

3.12.2  |    Hematoxylin/Eosin (HE) staining 

Materials and equipment 

 Eosin Y-solution “Eosin”, (Merck, Cat. No. 1.09844) 

 Mayer´s hemalun solution “Hematoxylin” (Merck, Cat. No. 1.09249) 

 Roti®-Histokitt (Carl Roth, Cat. No. 6640) 

 

Tissue sections were washed for 2 min in xylol to remove the paraffin. Rehydration was achieved 

by incubating the slides in decreasing EtOH concentrations: 100%, 95%, 90%, 75% and 50%, 2 min 

each, followed by 2 min in water. Next, slides were stained with hematoxylin for 2 s and rapidly 

washed with distilled water, then for 15 min under running water. Staining with eosin was 

performed by incubating the tissue section in eosin for 2 min and washed for 4 min with distilled 

water. Tissue was dehydrated by immersing the slides in increasing EtOH concentrations: 75%, 

90%, 95 % and 100 %, for 2 min each, washed for 2 min in xylol and mounted using Roti®-Histokitt. 
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3.12.3  |    UCP1 staining 

Materials and equipment 

 Anti-rabbit, HRP-conjugated secondary antibody (Cell Signaling, Cat. No. 7074) 

 DAB peroxidase HRP-substrate kit (Vector laboratories, Cat. No. SK-4100) 

 Mayer´s hemalun solution “Hematoxylin” (Merck, Cat. No. 1.09249) 

 UCP1 primary antibody (Sigma Aldrich, Cat. No. sc-6529) 

 

Tissue sections were washed 2 times for 2 min in xylol to remove the paraffin. Rehydration was 

achieved by incubating the slides in decreasing EtOH concentrations: 100%, 95%, 90%, 75% and 

50%, 2 times for 2 min, followed by 2 times in water for 5 min. Slides were next incubated in 20 

mM sodium citrate (pH 6) for 5 min, followed by another 5 min incubation with 10 mM sodium 

citrate (pH 6) at 75-80 °C. Next, slides were washed in 3% hydrogen peroxide for 10 min and again 

in water for 5 min. In order to reduce unspecific antibody binding, blocking was performed with 

2.5% goat serum in PBST for 1 h at RT. Incubation with UCP1 antibody (1:75 in 0.25 % goat serum 

in PBST) was performed overnight at 4 °C. The following day, slides were washed 3 times for 5 

min with PBST. Incubation with the secondary antibody (1:200 in 0.25 % goat serum in PBST) was 

performed for 1 h at RT. Slides were washed 3 times for 5 min in PBST. Sections were visualized 

using 3,3'-Diaminobenzidine (DAB) substrate according to manufacturer instruction. 

 

 

3.12.4  |    Oil Red O staining 

Materials and equipment 

 Oil Red O (Sigma Aldrich, Cat. No. O0625) 

 

Mature BA were washed 2 times with PBS at RT and fixed for 10 min with 4% PFA at RT. The PFA 

was removed and the cells were further washed for 2 times with RT PBS, then incubated for 2 to 
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3 hours at RT in Oil Red O solution. After staining, the plate was washed with abundant distilled 

water and picture of each well was acquired.  

 

Oil Red O stock solution 

Oil Red O 0.5 g 

Isopropanol 100 ml 

Oil Red O stock solution was stirred overnight 

and stored at RT 

 

Oil Red O working solution 

Oil Red O stock solution 60% 

Oil Red O stock solution was diluted in H2O 

and filtered two times with filter papers prior 

to use 

 

3.13  |    Statistical analysis 

Data are represented as mean ± standard error of the mean (s.e.m). Statistical analyses were 

performed using one-way or two-way analysis of variance (ANOVA) with Bonferroni post-hoc test 

(multiple comparisons) or two-tailed student’s t-test (single comparison). All calculations and 

analysis were performed using GraphPad Prism 6 software. 

“n” represents individual experiments with cells independently seeded or derived from different 

mice for the in vitro experiments, or different individual mice for the ex vivo and in vivo 

experiments.  
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4  |    RESULTS 

4.1  |    EBI2 expression in adipocytes and adipose tissue 

EBI2 has been identified as an important chemo-attractant receptor in immune cells 

(Hannedouche et al., 2011; Liu et al., 2011), mediating migration of B cells (Pereira et al., 2009) 

and T cells (Chalmin et al., 2015), and other immune cell types (Gatto et al., 2013; Nevius et al., 

2015; Preuss et al., 2014; Rutkowska et al., 2015). Thus, EBI2 has been reported to be expressed 

in multiple tissues and organs: however, no data are available about its presence in adipocytes 

and adipose tissue. EBI2 was expressed in both BA and WA, and its expression level increased 

significantly (3.5 fold increase) during differentiation in BA but not in WA. Mature BA expressed 

significantly higher level of EBI2 than mature WA (+74%) (Figure 4A), suggesting a specific role of 

EBI2 in thermogenic active adipocytes. EBI2 mRNA was also expressed in all the different depots 

of adipose tissue (i.e. BAT, WATi, WATg and PVAT) (Figure 4B) and its level was comparable to 

those of other organs in which it has been reported to have a role, such as brain (Rutkowska et 

al., 2015, 2018; Wanke et al., 2017), lung (Jia et al., 2018; Shen et al., 2017) and intestine (Emgård 

et al., 2018; Wyss et al., 2019). These data suggest a possible role of EBI2 in adipocytes and 

adipose tissue biology. 

 

Figure 4: EBI2 expression in adipocytes and tissues 

(A) Relative expression to HPRT of EBI2 in pre (d-2) and mature (d7) BA, beige adipocytes and pre (d-2) and mature (d10) WA. n=3-
6. (B) Absolute expression of EBI2 in adipose tissues and other organs. n=4. Mean ± s.e.m. 

A B 
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4.2  |    In vitro effects of EBI2 activation and depletion 

4.2.1  |    EBI2 couples to Gαi in BA 

EBI2 has been previously reported to be a Gαi coupled receptor in different cell types (Benned-

Jensen et al., 2011; Hannedouche et al., 2011; Rosenkilde et al., 2006); however, its coupling in 

BA has not been tested so far. To test whether EBI2 couples to Gαi in BA as well, the sensitivity of 

its downstream signaling pathway activation to pertussis toxin (PT) was tested. ERK1/2 

phosphorylation has been reported to be induced after activation of every type of Gα subunit, as 

well as Gβγ subunit and β-arrestin (Eishingdrelo, 2013), and thus was chosen as readout for testing 

EBI2 coupling. Additionally, previous studies in astrocytes and CHO cells showed EBI2 activation 

increases ERK1/2 phosphorylation (Benned-Jensen et al., 2013; Rutkowska et al., 2015). 

Differentiated BA were treated with the EBI2 agonist 7α,25-OHC (1 µM) for 5 min, 10 min, 20 min, 

30 min or 60 min (Figure 5A). The peak in p-ERK1/2 was reached after 5 min of treatment, and 

the phosphorylation rapidly reached basal level at 10 min (Figure 5B). Thus, 5 min of treatment 

with 7α,25-OHC was chosen as time point to test EBI2 Gαi coupling. Differentiated BA were then 

pre-treated with PT (200 ng/ml) for 10 min, then for 5 min with 7α,25-OHC. Furthermore, to test 

the specificity of 7α,25-OHC effect, the highly specific EBI2 antagonist NIBR189 was used (Gessier 

et al., 2014). As shown in Figure 5C, the increase in ERK1/2 phosphorylation due to 7α,25-OHC 

treatment was completely  blunted by PT, as well as by NIBR189 (10 µM), indicating that EBI2 

couples to Gαi and it is selectively activated by 7α,25-OHC.  
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Figure 5: Effect of EBI2 activation on ERK1/2 phosphorylation and Gαi coupling  

(A) Schematic representation of BA differentiation and treatment. (B) Relative quantification (above) and representative 
immunoblot of p-ERK1/2 in BA treated for different times with the endogenous ligand 7α,25-OHC (1 µM). n=3-6. (C) Relative 
quantification (above) and representative immunoblot of p-ERK1/2 in BA treated for 5 min with 7α,25-OHC (1 µM), pertussis toxin 
(PT, 200 ng/ml) or the EBI2 antagonist NIBR189 (10 µM). n=4-7.  Mean ± s.e.m. ANOVA, * p≤ 0.05, **p≤0.01. 

 

4.2.2  |    EBI2 influences acutely BA activation 

Previous studies have shown that 7α,25-OHC can potently decrease intracellular cAMP (IC50 

2nM) in cell line stably expressing human EBI2 (Liu et al., 2011). To test whether 7α,25-OHC can 

affect the cAMP level in adipocytes, BA were treated with 7α,25-OHC (1 nM for 30 min) in 

presence or absence of NE. Consistently with the literature and the Gαi coupling of EBI2, the 

intracellular levels of cAMP were decreased by 7α,25-OHC treatment (Figure 6A). This effect was 

C 

A 
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concentration dependent, showing a bell-shaped dose-response curve (Figure 6B) characteristic 

of many chemotactic GPCRs (Allegretti et al., 2016), with IC501 6.60 pM and IC502 59.80 nM.  

cAMP activates PKA, thus inducing phosphorylation of the hormone-sensitive lipase (HSL), which 

mobilizes the stored fat in the adipocytes. Consistently, also the NE-induced phosphorylation of 

HSL was decreased by 7α,25-OHC treatment (1 µM for 10 min) (Figure 6C). 

 

 

Figure 6: Effects of acute EBI2 activation on intracellular cAMP, p-HSL and thermogenic markers  

(A) Intracellular cAMP levels of BA treated with 7α,25-OHC (1 nM) and/or NE (1 µM). n=3-5.  (B) Intracellular cAMP levels of BA 
treated with increasing concentrations of 7α,25-OHC and NE (1 µM). n=6. (C) Relative quantification (above) and representative 
immunoblot (below) of p-HSL in BA treated for 10 min with 7α,25-OHC (1 µM) and/or NE (1 µM). n=6. Mean ± s.e.m. t- test and 
ANOVA, * p≤ 0.05, **p≤0.01, *** p≤0.001. 

 

Gαi coupled receptors have been previously reported to be able to decrease lipolysis in adipocytes 

(Ge et al.; Liu et al., 2009). Through lipolysis, triglycerides are hydrolyzed into glycerol and free 

fatty acids. To test whether EBI2 activation was able to inhibit in vitro lipolysis, mature BA were 

treated with NE (30 nM), the EBI2 ligand 7α,25-OHC (1 µM) or the EBI2 antagonist NIBR189 (10 

µM). The basal levels of lipolysis were not influenced by the treatment of BA with 7α,25-OHC. 

However, when lipolysis was induced by NE treatment, the activation of EBI2 significantly 

decreased the glycerol released by adipocytes, indicating a reduction in lipolysis and further 

confirming the EBI2 coupling with Gαi (Figure 7A). This effect was blunted by the presence of 

NIBR189. Moreover, BA deficient of EBI2 did not show differences when treated with 7α,25-OHC. 

Together, the pharmacological inhibition of EBI2 with NIBR189 and the use of EBI2 KO BA 

indicated the specificity of 7α,25-OHC in activating EBI2 (Figure 7A). Dose response analysis 

C A B 
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showed that the NE-induced lipolysis was potently decreased by 7α,25-OHC in a concentration 

dependent manner, with an IC50 of 1.48 nM (Figure 7B).  

 

Figure 7: Effect of EBI2 activation on NE-induced lipolysis in BA  

(A) In vitro lipolysis measured as relative glycerol release from BA treated with NE (30 nM), 7α,25-OHC (1 µM) or NIBR189 (10 µM). 
n=4-10. (B) In vitro lipolysis measured as relative glycerol release from BA treated with NE (30 nM) and increasing concentrations 
of 7α,25-OHC. n=4. Mean ± s.e.m. ANOVA, * p≤ 0.05, **p≤0.01, *** p≤0.001. 

 

4.2.3  |    EBI2 influences WA activation 

The effect of EBI2 activation was also tested in WA. Fully differentiated WA were treated with NE 

(1 µM for cAMP ELISA, 30 nM for lipolysis) and the EBI2 ligand 7α,25-OHC (1 nM for cAMP ELISA, 

1 µM for lipolysis), similarly to the experiments performed in BA. Also in WA, the activation of 

EBI2 did not influence basal intracellular cAMP levels (Figure 8A) nor lipolysis (Figure 8B). In 

presence of NE the 7α,25-OHC treatments reduced cAMP and lipolysis, albeit not significantly 

(Figure 8A,B). Thus, EBI2 also reduces lipolysis in WA, albeit not significantly.  
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Figure 8: Effect of EBI2 activation on WA lipolysis and intracellular cAMP  

(A) Intracellular cAMP levels of WA treated with 7α,25-OHC (1 nM) and/or NE (1 µM). n=6. (B) In vitro lipolysis measured as relative 
glycerol release from WA treated with NE (30 nM), 7α,25-OHC (1 µM) or NIBR189 (10 µM). n=8. Mean ± s.e.m. One-way  ANOVA, 
* p≤ 0.05. 

 

4.2.4  |    Acute EBI2 activation decreases mitochondrial maximal 

respiration of BA 

Together with lipolysis, oxygen consumption is a key measure of BA activation. To investigate if 

mitochondrial respiration was affected by EBI2 activation, the complete respiratory profile of BA 

was analyzed (Figure 9).  
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Figure 9: Schematic representation of Oxygen Consumption Rate (OCR) and treatment of BA  

Murine BA were pre-treated for 15 min with DMSO or 7α,25-OHC (1 µM). The basal respiration, non-mitochondrial respiration, NE-
effect, ATP-dependent respiration (ATP), proton leak (H+ leak), maximal respiration and spare respiratory capacity were calculated 
from the OCR. 

 

BA were pretreated with either vehicle (DMSO) or the EBI2 ligand 7α,25-OHC (1 µM) for 15 min. 

After determining basal respiration, the cells were treated with NE (1 µM) and the NE-induced 

respiration was measured. The adenosine triphosphate (ATP) synthase inhibitor oligomycin (2 

µM) was then added, to distinguish between oxygen consumption from ATP synthesis (coupled 

respiration) and proton leak (uncoupled respiration). Next, the ionophore uncoupling agent 

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (1 µM) was used to assess the 

maximal respiratory capacity and the spare respiratory capacity, indicating the ability of the cells 

to respond to increased energy demand or under stress. Finally, rotenone and antimycin A (0.5 

µM each) were added to block the electron transport chain. The remaining oxygen consumption 

was calculated as non-mitochondrial respiration (Figure 10).  
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Figure 10: Respirometry trace of BA following pretreatment with 7α,25-OHC  

Time course of oxygen consumption rates (OCR) of BA pre-treated for 15 min with vehicle (DMSO) or 7α,25-OHC (1 µM) before 
energetic profiling. 

When pretreated with 7α,25-OHC BA showed a significantly lower response to NE-induced 

oxygen consumption compared to DMSO treated BA (Figure 11B), as well as markedly reduced 

maximal respiration and spare respiratory capacity (Figure 11E,F). No differences were observed 

in the basal respiration, ATP production, proton leak and non-mitochondrial respiration (Figure 

11A,C,D,G). These results suggest that EBI2 activation negatively influences the ability of BA to 

respond to noradrenergic stimulation and to high demand of energy from mitochondria. 
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Figure 11: Mitochondrial respiration of BA following pretreatment with 7α,25-OHC  

(A-G) Basal respiration (A), NE-induced respiration increase (B), ATP-production (C), proton leak (D), maximal respiration (E), spare 
respiratory capacity (F) and non-mitochondrial respiration (G) of murine BA pre-treated for 15 min with vehicle (DMSO) or 7α,25-
OHC. n=8. Mean ± s.e.m. t- test, **p≤0.01. 

 

4.2.5  |    EBI2 activation increases NE-induced ROS production in BA 

The decrease in the maximal respiration and spare respiratory capacity observed in BA following 

treatment with 7α,25-OHC and NE suggests that energy might also be dissipated through a 

mechanism independent of ATP-synthase and UCP1. Previous publications reported that 

treatment of BA with NE acutely increases ROS production, and that ROS production is 
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responsible for decrease in maximal respiration (Chouchani et al., 2016; Lettieri-Barbato, 2019; 

Shabalina et al., 2014) and spare respiratory capacity in endothelial cells (Dranka et al., 2010). To 

investigate if the activation of EBI2 could influence the production of ROS, BA were treated with 

7α,25-OHC (1 µM), NE (1 µM) and NIBR189 (10 µM), and the kinetic of ROS production was 

measured. The NE treatment increased ROS production, albeit not significantly, reaching a 

plateau after 60 min of treatment (Figure 12A). 7α,25-OHC alone had no effect in ROS production, 

however significantly increased ROS level in presence of NE (Figure 12A), with a peak at 60 min 

(Figure 12B) and then reaching levels comparable to NE alone after 4 hours (Figure 12A). The 

7α,25-OHC effect in presence of NE was completely blunted by the presence of the EBI2 

antagonist NIBR189, thus indicating that the effect was mediated by EBI2 (Figure 12A,B). This 

results indicate that 7α,25-OHC is able to increase NE-induced ROS production in BA.  

 

Figure 12: BA ROS production following NE and 7α,25-OHC treatment  

(A) BA ROS production measured as fluorescence intensity at different time points following NE (1 µM), 7α,25-OHC (1 µM) and 
NIBR189 (10 µM). (B) BA ROS production measured as fluorescence intensity after 60 min of treatment. H2O2 3%. n=4.  Mean ± 
s.e.m. One-way and two-way ANOVA, *p≤0.05, **p≤0.01, ****p≤0.0001. 
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4.2.6  |    Chronic EBI2 activation and EBI2 loss do not affect BA 

differentiation 

BA undergo a process of proliferation and differentiation before acquiring morphological and 

phenotypical characteristics of mature BA. To investigate the influence of chronic activation of 

EBI2 on the differentiation of BA, cells were treated chronically from the day of confluency (day -

2) with 7α,25-OHC (1 µM). In parallel, BA were treated with 8-Br-cGMP (200 µM), a positive 

regulator of adipocytes differentiation (Hoffmann et al., 2015), to ensure the responsiveness of 

the cells to pharmacological treatments (Figure 13A). At the end of the differentiation process, 

BA treated with 7α,25-OHC showed comparable Oil Red O staining (Figure 13B), levels of 

thermogenic (Ucp1) and adipogenic markers (Pparg, Fabp4) (Figure 13C) to the control, indicating 

that EBI2 activation does not significantly influence the differentiation of BA.  

 

 

 

Figure 13: Effect of chronic EBI2 activation of BA differentiation  

(A) Schematic representation of BA differentiation and chronic treatment. (B) Representative Oil Red O stain of murine BA, 
differentiated in the presence of DMSO (1 µl/ml) as control, 7α,25-OHC (1 µM) or 8-Br-cGMP (200 µM). (C) Relative expression to 
HPRT of the thermogenic marker Ucp1 (left), and adipogenic markers Pparg (middle) and Fabp4 (right) in BA treated with 7α,25-
OHC (1 µM) or 8-Br-cGMP (200 µM) during differentiation. n=3. Mean ± s.e.m. t- test and ANOVA, * p≤ 0.05. 
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To test whether EBI2 loss could influence BA differentiation, primary BA were isolated from EBI2 

WT and KO littermates and the expression of thermogenic (i.e. Ucp1, Cidea and Pgc1a) and 

adipogenic marker genes (i.e. Pparg and Fabp4) analyzed. EBI2 WT and KO BA presented 

comparable levels of both thermogenic and adipogenic genes, and similar response to chronic 

treatment with 8-Br-cGMP (200 µM) (Figure 14A). EBI2 WT and KO BA showed similar amount of 

lipid droplets (Figure 14B). Finally, EBI2 KO BA responded similarly to NE treatment (Figure 14C).  

 

 

Figure 14: Activation and differentiation in EBI2 WT and KO BA  

(A) Relative expression to HPRT of the thermogenic and adipogenic marker genes in EBI2 WT and KO BA, in presence or absence of 
chronic treatment with 8-Br-cGMP (200 µM). (B) Representative Oil Red O stain of EBI2 WT and KO BA. (C) In vitro lipolysis 
measured as relative glycerol release from EBI2 WT and KO BA treated with NE (1 µM). n=3-4. Mean ± s.e.m. 
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4.3  |    Ex vivo effects of EBI2 activation and depletion 

4.3.1  |    EBI2 activation influences lipolysis of BAT from newborn mice 

and WATi from adult mice 

Brown adipose tissue is particularly active in newborn mice (Napolitano and Fawcett, 1958). For 

this reason, BAT was harvested from 1-2 days old newborn WT mice and treated with the EBI2 

ligand 7α,25-OHC (1 µM) alone or in combination with NE (1 µM), similarly to the in vitro 

experiment performed with immortalized BA (Figure 7). Consistently with what was observed in 

vitro, the treatment with the EBI2 ligand 7α,25-OHC decreased the effect of NE-induced lipolysis 

(Figure 15A).  

The same experimental setup was used to investigate the effect of 7α,25-OHC on NE-induced 

lipolysis in WAT from adult mice (8 weeks old). The treatment with 7α,25-OHC was able to 

decrease the lipolysis in WATi stimulated with NE (Figure 15B), but no effect was measured in 

WATg (Figure 15C). Thus, these data suggest that EBI2 activation through its endogenous ligand 

7α,25-OHC is able to decrease BAT and WATi lipolysis following NE stimulation. The difference 

between WATi and WATg might be explained by the lower levels of expression of EBI2 in WATg. 

 

Figure 15: Effect of EBI2 activation on NE-induced lipolysis in ATs  

Ex vivo lipolysis measured as relative glycerol release from newborns BAT (A), 8 weeks old mice WATi (B) and 8 weeks old mice 
WATg (C) treated with NE (1 µM) and/or 7α,25-OHC (1 µM). n=4-9. Mean ± s.e.m. t- test, * p≤ 0.05. 
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4.3.2  |    Loss of EBI2 partially influences basal and NE stimulated 

lipolysis in ATs 

To investigate whether the loss of EBI2 influences the ability of ATs to perform lipolysis, BAT, WATi 

and WATg were harvested from 8 weeks old WT and EBI2 KO littermates and lipolysis assay was 

performed. ATs from WT and EBI2 KO mice had similar basal level of lipolysis, besides a small but 

significant increase in EBI2 KO WATi compared to WT (Figure 16A). When WATi or WATg were 

stimulated with NE (1 µM), the relative NE-responses were comparable between WT and KO in 

WAT (Figure 16B, middle and right). In contrast, whereas the relative NE-induced increase in 

lipolysis was stronger in BAT from EBI2 KO mice than WT (Figure 16B, left), suggesting that EBI2 

might be involved in regulating the response to noradrenergic stimulus in brown adipose tissue.  

 

Figure 16: Effect of EBI2 depletion on lipolysis in ATs  

(A) Basal ex vivo lipolysis measured as relative glycerol release from ATs of WT and EBI2 KO mice. (B) Ex vivo lipolysis of  BAT (left), 
WATi (middle) and WATg (right) of adult (8 weeks old) WT and EBI2 KO mice stimulated with NE (1 µM). n=4. Mean ± s.e.m. t- test, 
* p≤ 0.05. 

 

4.4  |    Effects of EBI2 KO in diet-induced obesity mouse model 

4.4.1  |    Loss of EBI2 does not affect high fat diet-induced weight gain 

In order to investigate the effect of EBI2 in obesity, EBI2 knockout mice were used. 8 weeks old 

mice were fed for 12 weeks with a high fat diet (HFD, 60% fat) or a control diet (ND) and their 

body weight was recorded weekly (Figure 17).  
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Figure 17: High fat diet experiment setup  

Schematic representation of 12 weeks high fat diet/control diet experiment followed by glucose tolerance test (GTT) and metabolic 
cages (TSE) measurement. 

 

EBI2 WT and KO mice showed no significant differences in the body weight at the start of the 

experiment (8 weeks old), as well as at the end (20 weeks old), neither in ND (Figure 18A) nor in 

HFD (Figure 18C). In HFD conditions, both the genotypes gained ~65% of their initial body weight. 

At the end of the 12 weeks of diet, the body composition of the mice was analyzed, measuring 

fat mass, lean mass and free water (Figure 18B,D). No major differences could be observed 

between WT and KO mice (Figure 18D).  
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Figure 18: Body weight and body composition of WT and EBI2 KO mice under ND and HFD  

(A,C) Body weight of WT and EBI2 KO mice during 12 weeks of ND (A) or HFD (C). (B,D) Fat mass, lean mass and free water of WT 
and EBI2 KO mice after 12 weeks of ND (B) or HFD (D) as percentage of total body weight. n=12 per group. Mean ± s.e.m. two-way 
ANOVA and t- test. 

 

To investigate possible differences in adipose tissue depots, BAT, WATi and WATg were harvested 

(Figure 19A) and the weight recorded. The white adipose tissue depots showed significant 

increase in weight following HFD (~2 fold increase in WATi and ~3 fold increase in WATg), but no 

significant differences between WT and KO mice could be observed in any AT depots (ND: +11.3% 

in BAT KO vs. WT, -3.7% in WATi KO vs. WT, -13.8% in WATg KO vs. WT; HFD: +5.2% in BAT KO vs. 

WT, +4.9% in WATi KO vs. WT, +1.7% in WATg KO vs. WT) (Figure 19B).  
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Figure 19: Adipose tissues in WT and EBI2 KO in ND and HFD  

(A) BAT (upper row), WATi (middle row) and WATg (bottom row) of WT and EBI2 KO after 12 weeks of ND or HFD. (B) Adipose 
tissues weight of WT and EBI2 KO mice after 12 weeks of ND or HFD. n=12 per group. Mean ± s.e.m. ANOVA, * p≤ 0.05, **p≤0.01, 
*** p≤0.001, **** p≤0.0001. Scale bar: 1 cm. 

 

Finally, possible differences in the morphology of adipocytes was investigated by histological 

analysis. The two genotypes showed similar morphology of adipocytes (Figure 20A), and no 

differences could be observed regarding the area of white adipocytes of WT and KO mice, on the 

same diet (Figure 20B,C). All together, these results suggest that the lack of EBI2 does not 

influence body weights and adipose tissue morphology in diet-induced obesity.  
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Figure 20: HE stainings of ATs from EBI2 KO mice after ND and HFD  

(A) HE staining of BAT (upper), WATi (middle) and WATg (bottom) from WT and EBI2 KO mice after 12 weeks of ND (left) or HFD 
(right). (B,C) Cell area distribution of adipocytes from WATi and WATg of ND (B) and HFD (C) fed mice. n=12 per group. Scale bar: 
100 µm. 

 

4.4.2  |    Loss of EBI2 affects UCP1 levels in BAT after HFD 

To investigate possible influence of the lack of EBI2 on thermogenic abilities of the adipose 

tissues, the Ucp1 levels were measured with RT-qPCR comparing WT and EBI2 KO mice, after 12 

weeks (20 weeks old) of ND or HFD. A significant increase (+39.7%) in Ucp1 was observed in BAT 

of HFD KO mice compared to HFD WT, whereas Ucp1 expression was unaffected by EBI2 loss in 

the other adipose tissue depots (Figure 21A). Similar results were obtained with 
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immunohistochemistry on BAT and WATi (Figure 21B). Thus, the lack of EBI2 seems to influence 

the levels of Ucp1 exclusively in BAT of HFD fed mice. 

 

Figure 21: Ucp1 levels in adipose tissues  

(A) Ucp1expression relative to b-Actin in BAT (left), WATi (middle) and WATg (right) of WT and EBI2 KO mice after 12 weeks of ND 
or HFD. (B) DAB staining of UCP1 of BAT (above) and WATi (below) from WT and EBI2 KO mice after 12 weeks of ND or HFD. n=6-
9. Mean ± s.e.m. t- test, * p≤ 0.05. Scale bar: 100 µM. 
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4.4.3  |    Loss of EBI2 decreases whole body metabolism in HFD fed mice 

but not under ND 

The whole-body metabolism of WT and KO mice was characterized at the end of the 12 weeks of 

high fat or control diet. To this purpose, the VO2 consumption, a measure for the energy 

expenditure, was recorded for 24h. Under ND, WT and EBI2 KO mice showed comparable energy 

expenditure (Figure 22A,B), both independently (Figure 22A) and in correlation with the body 

weight (Figure 22C). Differently, KO HFD mice had lower VO2 consumption compared to WT, both 

during the day and the night time (Figure 23A,B). When analyzed in correlation to the body 

weight, the energy expenditure of EBI2 KO mice was significantly lower despite comparable body 

weight (Figure 23C), showing that the reduction in energy expenditure was not due to difference 

in the mass of the EBI2 KO mice. 

 

Figure 22: Whole-body metabolism of WT and EBI2 KO mice after 12 weeks of ND  

(A,B) VO2 consumption (ml/l) over 24 h (A) and as A.U.C of A (B) after 12 weeks of ND. (C) ANCOVA analysis of VO2 consumption 
(ml/l, AUC) over 24 h in relation to body weight. n=12 per group. Mean ± s.e.m. 
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Figure 23: Whole-body metabolism of WT and EBI2 KO mice after 12 weeks of HFD  

(A,B) VO2 consumption (ml/l) over 24 h (A) and as A.U.C of A (B) after 12 weeks of HFD. (C) ANCOVA analysis of VO2 consumption 
(ml/l, AUC) over 24 h in relation to body weight. n=12 per group. Mean ± s.e.m. t-test, * p≤ 0.05. 

 

The reduction in the energy expenditure was moreover not due to reduced locomotor activity of 

KO mice compared to WT mice: indeed, KO mice showed a trend towards increased locomotor 

activity rather than decreased (Figure 24A). The lower energy expenditure was also not caused 

by an increased clearance of the lipids in the feces, since the energy content of feces from WT 

and KO mice was comparable (Figure 24B, in collaboration with Prof. Dr. Martin Klingenspor, 

Technical University of Munich), as well as the food consumption (Figure 24C). 
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Figure 24: Locomotor activity, energy content of the feces and food intake after HFD  

(A) Locomotor activity of WT and EBI2 KO mice after 12 weeks of HFD. (B) Energy content of the feces from WT and EBI2 KO mice 
after 12 weeks of HFD. (C) Food intake per day of WT and EBI2 KO mice after 12 weeks of HFD. n=12 per group. Mean ± s.e.m. t-
test. 

 

4.4.4  |    Loss of EBI2 negatively affects glucose metabolism and blood 

cholesterol levels, without influencing NAFLD 

Long-term exposure to a fat rich diet is known to cause type 2 diabetes (Hu et al., 2001; Ley et al., 

2014). To assess the possible development of type 2 diabetes, a glucose tolerance test (GTT) was 

performed on lean and obese WT and EBI2 KO mice. No significant differences between WT and 

KO mice could be observed in blood glucose levels of lean mice after a single injection of glucose 

(8 µl/g body weight of 0.25 g/ml glucose solution in 0.9% NaCl, whereas obese EBI2 KO mice 

showed worse glucose tolerance to obese WT littermates (Figure 25B). Additionally, obese EBI2 

KO mice had higher levels of blood glucose when fed ad libitum (Figure 25C). 

Loss of EBI2 increased also the levels of circulating cholesterol after HFD, but not triglycerides and 

free fatty acids (Figure 25D).  
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Figure 25: Glucose tolerance and serum lipids  

(A,B) Blood glucose (mmol/L) measured after injection of glucose (8 µl/g body weight of 0.25g/ml glucose solution in 0.9 % NaCl) 
i.p. in WT and EBI2 KO mice after 12 weeks of ND (A) or HFD (B). n=12 per group.  (C) Blood glucose level of WT and EBI2 KO mice 
fed ad libitum. n=5. (D) Circulating cholesterol (left), triglycerides (middle) and free fatty acids in serum of WT and EBI2 KO mice 
after 12 weeks of ND or HFD. n=4-6. Mean ± s.e.m. two-way ANOVA, * p≤ 0.05, **p≤0.01 
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Finally, loss of EBI2 did not significantly affect the development of NAFLD following HFD, as 

confirmed by histological analysis (Figure 26A), despite a reduction (not significant) in 

triglycerides (-30.0%) and free fatty acids (-15.7%) content in the liver (Figure 26B). 

 

Figure 26: Effects of HFD on liver  

(A) HE staining of liver from WT and EBI2 KO mice after 12 weeks of ND or HFD. (B) Cholesterol (left), triglycerides (middle) and 
free fatty acids (right) in liver of WT and EBI2 KO mice after 12 weeks of ND or HFD. n=6. Mean ± s.e.m. 

 

4.5  |    Effects of EBI2 KO during cold exposure 

4.5.1  |    Lack of EBI2 increases energy expenditure in acute cold 

exposure 

Since the in vitro data showed that EBI2 affects the activity of BA, WT and EBI2 KO mice were 

exposed to cold temperature for 1 hour in order to cause a strong acute sympathetic activation 

of adipose tissue through NE release. During the 1 hour at 4°C, the energy expenditure of WT and 

EBI2 KO mice was characterized (Figure 27).  
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Figure 27: Short-term cold exposure experimental setup  

Schematic representation of a short-term (1 h) cold exposure (4°C). 

 

Consistently with the lipolysis data that showed a clear difference in the NE-induced effects 

(Figure 16) , the VO2 consumption was 20% higher in EBI2 KO mice compared to WT (Figure 28A). 

However, EBI2 KO mice showed also a tendency towards greater locomotor activity than WT 

littermates when placed at 4°C (Figure 28B).  

 

Figure 28: Whole body metabolism of WT and EBI2 KO mice during 1 hour of 4°C exposure  

(A) VO2 consumption (ml/l) (left) and A.U.C (right) during 1 hour at 4°C. (B) Locomotor activity during 1 hour at 4°C. n=5-6 per 
group. Mean ± s.e.m. two-way ANOVA and t- test, * p≤ 0.05. 

 

When the mice were housed at normal housing temperature (i.e. 23°C) their energy expenditure 

was comparable between the two genotypes (Figure 29A), suggesting that the difference is 

triggered by the cold exposure. No differences could also be observed in the body weight of the 
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mice prior to cold exposure (Figure 29B). The levels of the main thermogenic and adipogenic 

genes showed no significant differences between WT and KO mice, as well as UCP1 (Figure 29C,D). 

Similarly, no significant differences were observed in the morphology of the adipocytes (Figure 

29D).  

Taken together, these results indicate that EBI2 is involved in regulating the metabolic response 

to an acute exposure to cold independently of preexisting differences in the metabolism at 23°C. 
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Figure 29: Whole-body metabolism of mice housed at 23°C  

(A) VO2 consumption (ml/l) (left) and A.U.C (right) during 24h at 23°C. (B) Body weight at 23°C (C) Thermogenic (Ucp1, Pgc1a, 
Cox8b) and adipogenic (Pparg) markers expression in ATs at 23°C. n=4. (D) HE and UCP1 staining of ATs at 23°C. Scale bar: 100 
µM. n=7-8 per group. Mean ± s.e.m. 

 

4.5.2  |    Lack of EBI2 does not affect energy expenditure during long 

term cold exposure 

Compared to standard housing temperature (23°C), EBI2 expression in WATi was significantly 

increased (4 fold increase) following 1 week at 4°C, whereas no significant differences were found 

in BAT (+47%) and WATg (-34%) (Figure 30). Therefore the role of EBI2 in browning, a process by 

which multilocular “beige” adipocytes arise within WAT, and especially WATi, following 

adrenergic stimulus, was further analyzed (Petrovic et al., 2010; Seale et al., 2008; Wu et al., 

2012). 

 

Figure 30: Ebi2 expression after 1 week of cold exposure  

Ebi2 expression in ATs of WT mice housed for 1 week at 23°C or 4°C. n=3. Mean ± s.e.m. t-test, * p≤ 0.05 

 

To investigate the effect of lack of EBI2 on cold-induced energy expenditure and WATi browning, 

8 weeks old WT and EBI2 KO mice were acclimatized at 16°C for 3 days and subsequently housed 

at 4°C for 7 days. During the last day, the metabolism of the mice was characterized (Figure 31).  
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Figure 31: Long-term cold exposure experimental setup  

Schematic representation of a long-term cold exposure (3 days of acclimatization at 16°C and 7 days at 4°C) followed by metabolic 
cages (TSE) measurements. 

 

WT and EBI2 KO mice showed comparable VO2 levels (Figure 32A). Adipogenic and thermogenic 

markers were comparable between the two genotypes, as showed at mRNA level (Figure 32B) 

and with UCP1 immunohistochemistry (Figure 32C).  EBI2 KO mice weighed significantly more 

than WT littermates following cold exposure (+12%) (Figure 32D), due to higher white adipose 

tissue mass (+22.8% in WATi, +42.3% in WATg) (Figure 32E), despite no significant differences in 

whole body composition (Figure 32F). WT and EBI2 KO mice showed no differences in locomotor 

activity (Figure 32G).  
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Figure 32: Whole body metabolism of WT and EBI2 KO mice after 7 days at 4°C  

(A) VO2 consumption (ml/l) over 24 h (left) and as A.U.C (right) after 7 days at 4°C. (B) Ucp1, Pgc1a, Prdm16 and Pparg mRNA levels 
in adipose tissues after 7 days at 4°C. (C) UCP1 staining in adipose tissues after 7 days at 4°C. (D,E) Whole body (D) and adipose 
tissues weight (E) of WT and EBI2 KO mice after 7 days at 4°C. (F) Fat mass, lean mass and free water of WT and EBI2 KO mice 
after 7 days at 4°C. (G) Locomotor activity over 24 h after 7 days at 4°C. n=5-6 per group. Scale bar: 100 µm. Mean ± s.e.m. t- test, 
* p≤ 0.05. 

 

The morphology of adipocytes was analyzed with HE staining (Figure 33A): the adipocytes showed 

similar morphology between the two genotypes.  

 

Figure 33: Adipocytes morphology after 1 week at 4°C  

HE staining of adipose tissues of WT and EBI2 KO mice after 1 week at 4°C. Scale bar: 100 µm. 

Analysis of β3-adrenergic receptor (Adrb3) expression in adipose tissues of EBI2 WT and KO mice 

revealed interesting differences (Figure 34). When housed at 23°C, EBI2 KO mice exhibited higher 

expression of Adrb3 in the thermogenic adipose tissues. However, after prolonged cold exposure 

Adrb3 levels were reduced by 29% in BAT and by -43% in WATi of EBI2 KO mice, respectively 

(Figure 34), suggesting possible compensatory mechanisms involving β3-adrenergic receptor after 

loss of EBI2.  
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Figure 34: β3-adrenergic receptor levels at 23°C and 4°C  

Adrb3 expression levels in ATs of EBI2 WT and KO mice housed at 23°C or after 1 week of cold exposure (4°C). Mean ± s.e.m. one-
way ANOVA, * p≤ 0.05, **** p≤ 0.00001. 

 

4.6  |    Effects of pharmacological activation of EBI2 

4.6.1  |    EBI2 acute activation decreases energy expenditure 

Similarly to what was observed during cold exposure, EBI2 acute activation might regulate the 

energy expenditure. Thus, the metabolism of the 7α,25-OHC  injected mice was characterized 

within the first hour after the first injection (i.p., 5 mg/kg, vehicle 0.9% NaCl and 10% DMSO) 

(Figure 35).  
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Figure 35: Single 7α,25-OHC injections experimental setup  

Schematic representation of a single injection of 7α,25-OHC / vehicle and metabolic cages (TSE) measurement.  

 

7α,25-OHC injection led to a significant decrease in VO2 consumption (-13%) (Figure 36A), as 

expected by the activation of a Gαi -coupled receptor. Also in this case, similarly to what observed 

during acute cold exposure, the locomotor activity was altered: 7α,25-OHC  injected mice showed 

indeed a significant decrease in locomotor activity (Figure 36B), indicating that the acute 

metabolic effect of EBI2 activation might not be exclusively due to adipose tissue activity.  

 

 

Figure 36: Whole body metabolism of WT mice following a single injection of 7α,25-OHC   

(A) VO2 consumption (ml/l) (left) and as A.U.C (right) after a single injection of vehicle or 7α,25-OHC  5 mg/kg i.p. (B) Locomotor 
activity after a single injection of vehicle or 7α,25-OHC 5 mg/kg i.p. n=10 per group. Mean ± s.e.m. t-test, * p≤ 0.05, **p≤0.01 
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To further validate that the effects induced by 7α,25-OHC was EBI2 dependent, the same 

treatment (Vehicle or 7α,25-OHC 5 mg/kg) was administrated to EBI2 KO mice, and their whole-

body metabolism and locomotor activity characterized in the following 100 min. No differences 

could be observed in the energy expenditure (Figure 37A) nor in the locomotor activity (Figure 

37B) of EBI2 KO mice injected with vehicle (DMSO) or 7α,25-OHC, indicating that the effects 

induced by 7α,25-OHC injection are EBI2-mediated. 

 

 

Figure 37: Whole body metabolism of KO mice following a single injection of 7α,25-OHC 

 (A) VO2 consumption (ml/l) (left) and as A.U.C (right) after a single injection of vehicle or 7α,25-OHC 5 mg/kg i.p. (B) Locomotor 
activity after a single injection of vehicle or 7α,25-OHC  5 mg/kg i.p. n=3 per group. Mean ± s.e.m. t-test.   

A B 



  

80 
 

 

4.6.2  |    Prolonged EBI2 activation does not affect metabolism 

To assess whether prolonged EBI2 activation could influence the metabolism and energy 

expenditure, WT mice housed at 23°C were injected i.p. daily for 1 week with 5 mg/kg of 

7α,25-OHC, the EBI2 endogenous ligand. A control group was injected with vehicle (0.9% NaCl, 

10% DMSO). After the last (7th) injection, the metabolism of the mice was characterized (Figure 

38).  

 

Figure 38: 1 week of 7α,25-OHC injections experimental setup  

Schematic representation of 1 week of 7α,25-OHC / vehicle daily injections followed by metabolic cages (TSE) measurement.  

 

Vehicle injected and 7α,25-OHC  injected mice showed comparable VO2 (Figure 39A), locomotor 

activity (Figure 39B), body weight (Figure 39C) as well as adipose tissues weight (Figure 39D), body 

composition (Figure 39E) and UCP1 mRNA expression (Figure 39F). The adipocytes of all the three 

adipose tissues showed similar morphology between the two groups (Figure 39G). Thus, 

prolonged EBI2 pharmacological activation seems not to influence the metabolism of mice. 
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Figure 39: Whole body metabolism of WT mice treated for 7 days with 7α,25-OHC   

(A) VO2 consumption (ml/l) (left) and as A.U.C (right) after 7 days of vehicle or 7α,25-OHC  injections i.p. 5 mg/kg/day. (B) 
Locomotor activity after 7 days of vehicle or 7α,25-OHC  injections i.p. 5 mg/kg/day. (C) Body weight after 7 days of vehicle or 
7α,25-OHC  injections i.p. 5 mg/kg/day. (D) Adipose tissues weight after 7 days of vehicle or 7α,25-OHC  injections i.p. 5 mg/kg/day. 
(F) Fat mass, lean mass and free water after 7 days of vehicle or 7α,25-OHC  injections i.p. 5 mg/kg/day. (G) UCP1 mRNA expression 
in ATs of 7 days injected vehicle or 7α,25-OHC  i.p. 5 mg/kg/day (G) HE staining of adipose tissues after 7 days of vehicle or 7α,25-
OHC  injections i.p. 5 mg/kg/day. n=4 per group. Scale bar: 100 µm (BAT), 200 µm (WATi, WATg). Mean ± s.e.m. 
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Long-term activation of a GPCR can lead to a transcriptional downregulation of receptor levels 

(Black et al., 2016; Von Zastrow, 2001), offering a possible explanation for the lack of an in vivo 

effect of 7α,25-OHC  injection. To test this hypothesis, the mRNA levels of EBI2 were measured in 

adipose tissues after 1 week of vehicle or 7α,25-OHC  treatment. However, no differences were 

observed in EBI2 transcriptional levels (Figure 40A). Similarly, there was no increase in HSD3B7, 

the enzyme involved in 7α,25-OHC  degradation (Figure 40A). Thus, the lack of a EBI2 effect on 

metabolism following chronic activation is not due to EBI2 transcriptional downregulation nor to 

HSD3B7 mRNA upregulation.  

 

Figure 40: Ebi2 and Hsd3b7 expression after 7α,25-OHC  injections  

(A,B) EBI2 (A) and HSD3B7 (B) mRNA expression in ATs after 7 days of vehicle or 7α,25-OHC  injections i.p. 5 mg/kg/day. n=4. Mean 
± s.e.m. 
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5  |    DISCUSSION 

Oxysterols have originally been considered as intermediate metabolites between cholesterol and 

bile acids. However, in the last couple of decades, numerous studies have underlined their role 

as important mediators in many pathological conditions, such as atherosclerosis (Ares et al., 2000; 

Lizard et al., 1996; Yuan et al., 2000) and Alzheimer’s disease (Leoni et al., 2003; Lütjohann et al., 

2012). Recently, the levels of some oxysterols and the enzymes involved in their production were 

reported to be altered during obesity and metabolic syndrome (Guillemot-Legris et al., 2016b), 

suggesting a possible involvement of these molecules in the development of such pathologies.  

In 2011, two independent research showed that a GPCR named Epstein-Barr virus-induced G-

protein coupled receptor 2 (EBI2) or GPR183 was potently activated by some oxysterols, and its 

most potent endogenous ligand was discovered to be 7α,25-dihydroxycholesterol (7α,25-OHC) 

(Hannedouche et al., 2011; Liu et al., 2011). In the present study, EBI2 was found to be expressed 

in adipose tissues and adipocytes, and in particular in brown adipose tissue (BAT) and brown 

adipocytes (BA).  

Therefore, this thesis investigated the role of EBI2 in adipose tissues, with particular focus on BA 

and BAT. To do that, a combined approach using pharmacological tools like the endogenous 

ligand 7α,25-OHC and the selective antagonist NIBR189, as well as a genetic approach involving 

EBI2 knockout mice were used in vitro and in vivo.  

  

5.1  |    EBI2 activation decreases the activity of brown adipocytes 

One of the main features of brown adipocytes is the ability to produce heat in a process called 

non-shivering thermogenesis (NST). NST is stimulated, among other stimuli, by norepinephrine 

(NE) through β3-adrenergic receptor, a Gαs-coupled GPCR, which leads, via a signaling cascade 

involving cAMP and hormone sensitive lipase (HSL) phosphorylation, to triglycerides (TG) 

hydrolysis into free fatty acids (FFA) and glycerol. Contrarily to the β3-adrenergic receptor, EBI2 

was shown in this thesis to be a Gαi-coupled GPCR in BA: EBI2 activation with its endogenous 

ligand 7α,25-OHC reduced NE-induced increase in intracellular cAMP. Consequently, NE-induced 

lipolysis was decreased by the treatment with 7α,25-OHC. In parallel, EBI2 activation decreased 
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the phosphorylation of HSL, an enzyme able to hydrolyze triglycerides in FFA. All these effects 

were mediated by EBI2, because they were blunted by the EBI2 selective antagonist NIBR189. 

EBI2 Gαi-coupling was further proven by pertussis toxin treatment, which completely blunted 

7α,25-OHC induced ERK1/2 phosphorylation in BA. 

Also in WA EBI2 activation decreased NE-induced cAMP levels and lipolysis, albeit not 

significantly: however, it is important to notice that EBI2 mRNA was significantly higher in BA 

compared to WA, suggesting its role might be specific for thermogenically active adipocytes. 

Importantly, EBI2 activation significantly decreased NE-induced lipolysis in ex vivo BAT explants 

from newborn mice, and the same tendency was observed in WATi from adult mice. However, no 

significant effects were observed on NE-induced lipolysis in WATg, indicating that EBI2 effect 

might be specific to thermogenic fat (i.e. BAT and WATi).   

EBI2 activation in absence of a concomitant NE-stimulation did not decrease the intracellular 

cAMP pool, nor HSL phosphorylation or lipolysis, indicating that EBI2 does not affect the basal 

activity of brown adipocytes.  

To investigate in detail how EBI2 activation influences the activity of BA, respirometry analysis 

was performed. Consistently with what observed on cAMP levels and lipolysis, 7α,25-OHC 

pre-treatment decreased the ability of the cells to increase their respiration in response to NE. 

Together with NE-induced respiration, the BA maximal respiratory capacity and the spare 

respiratory capacity, which indicate the ability of the cells to respond to increased energy demand 

or under stress, were significantly reduced by 7α,25-OHC pre-treatment. The mechanisms 

involving a reduction in maximal respiratory capacity and the spare respiratory capacity in 

adipocytes are so far poorly investigated (Alcalá et al., 2017; Keuper et al., 2014): however, 

previous studies, mostly conducted on endothelial cells, showed that such effects are strictly 

linked to cellular stress induced by reactive oxygen species (ROS) and impaired glucose 

homeostasis (Nannelli et al., 2018; Nguyen et al., 2016; Yetkin-Arik et al., 2019). To investigate 

whether this was the case also in BA, ROS production was measured over time in BA treated with 

NE and 7α,25-OHC. Consistently with previous studies (Chouchani et al., 2016; Lettieri-Barbato, 

2019), NE treatment increased the ROS levels in BA, albeit not significantly, whereas 7α,25-OHC 

alone did not. Surprisingly, when BA were treated with both NE and 7α,25-OHC, the increase in 
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ROS levels was significantly higher than in the NE-treated cells, thus suggesting that the reduction 

in maximal respiration and spare respiratory capacity were due to increase in ROS production. 

Previous studies showed that ROS increase can activate UCP1 or induce its expression (Chouchani 

et al., 2016; Echtay and Brand, 2007), whereas others showed that the mechanisms through 

which ROS regulate energy expenditure can be independent of UCP1 (Nabben et al., 2011; 

Shabalina et al., 2010).  

Chronic treatment of BA with 7α,25-OHC had no influence on thermogenic and adipogenic genes 

nor on lipid accumulation, suggesting that EBI2 exerts its effect acutely only. Whereas some 

GPCRs were shown to have a feedback mechanism upon ligand binding, by which the receptor 

expression is downregulated following receptor activation (Black et al., 2016; Von Zastrow, 2001), 

this was not the case of EBI2. Indeed, when mice were treated for 1 week with 7α,25-OHC, no 

EBI2 transcriptional downregulation was observed. 

The effect of EBI2 loss on brown adipocytes was investigated using brown adipocytes isolated 

from WT and EBI2 KO littermates and differentiated in vitro. The lack of EBI2 did not affect the 

basal thermogenic ability of brown adipocytes, which showed comparable levels of thermogenic 

and adipogenic markers. WT and EBI2 KO BA had also comparable NE-induced lipolysis.    

All together, these results indicate that EBI2 is able to decrease NE-induced brown adipocytes 

activation and thermogenic fat activity, without affecting adipocytes differentiation when EBI2 is 

chronically activated or genetically depleted.  

 

5.2  |    EBI2 regulates whole-body metabolism of mice in response 

to cold and upon pharmacological activation 

An approach similar to the one used in vitro was used to investigate the role of EBI2 in vivo. First, 

WT mice were treated either every day for 1 week (chronic treatment) or with a single dose (acute 

treatment) of the EBI2 endogenous ligand 7α,25-OHC (5 mg/kg, i.p.), thus to mimic the conditions 

tested in vitro. All the experiments were performed at 23°C, a temperature that provides a mild 

adrenergic activation of ATs (Cui et al., 2016). Consistently with the in vitro data, the acute 



  

86 
 

activation of EBI2 by 7α,25-OHC injection decreased the whole-body metabolism of mice, 

resulting in decreased oxygen consumption and energy expenditure in the first hour following the 

injection, and reaching the basal level after 1.5 hour from the injection. This effect was mediated 

by EBI2 by injecting 7α,25-OHC in EBI2 KO mice, which showed energy expenditure comparable 

to the vehicle treated group.  

Despite the significant decrease in the energy expenditure following acute injection of 

7α,25-OHC, no changes in the energy expenditure of the mice were observed in the last 24 hours 

of chronic treatment (i.e. after 7 days of injections). The prolonged activation of EBI2 did not 

affect the adipose tissue morphology, nor the adipose tissue mass or body composition.  

 

The mechanism by which the metabolism of mice was affected only in the first hour following 

7α,25-OHC injection could be dependent on the short half-life of 7α,25-OHC in the organism. Even 

though the specific half-life of 7α,25-OHC was not investigated, previous studies reported that 

oxysterols have in general very short half-life, often shorter than 1 h (Björkhem, 2002; Meaney et 

al., 2001). To test whether EBI2 prolonged activation would lead, as for other GPCRs (Black et al., 

2016; Von Zastrow, 2001), to a feedback mechanism causing EBI2 transcriptional downregulation, 

EBI2 mRNA was measured after chronic injections, but no differences were observed compared 

to vehicle treated mice. No changes were also observed in mRNA levels of HSD3B7, the enzyme 

involved in 7α,25-OHC degradation, after prolonged EBI2 activation. 

A similar time-dependent mechanism was observed in EBI2 KO mice exposed to cold (4°C). When 

EBI2 KO mice were housed at 4°C for 1 h, they showed significantly higher energy expenditure 

compared to WT littermates, suggesting that EBI2 is involved in acute regulation of energy 

expenditure in cold-induced brown adipose tissue activation. Consistently, BAT from EBI2 KO mice 

showed higher ex vivo lipolysis than WT tissues in response to NE stimulus, and KO WATi had 

significantly higher basal lipolysis, thus supporting the idea of EBI2 regulating the activity of 

thermogenic fat.  

Prolonged low temperatures are also known to induce “browning” of white adipose tissue 

(Nedergaard and Cannon, 2014). However, when the mice were gradually acclimatized to lower 

temperature (3 days at 16°C), and exposed to cold temperature (4°C) for 1 week, no significant 



  

87 
 

effect was observed on their oxygen consumption. Consistently, thermogenic genes levels were 

comparable between the two genotypes at both mRNA and protein level, indicating that EBI2 is 

not involved in cold-induced “browning” of white adipose tissue.  

Prolonged cold exposure causes decrease of fat mass due to the increased need of producing heat 

to cope with the low temperature (Ravussin et al., 2014; Robidoux et al., 2004). EBI2 KO mice 

were able to conserve more white adipose tissue mass and body weight after 1 week of cold 

compared to WT. This result appears to be in contrast with the lack of a Gαi-coupled receptor: 

indeed, mice lacking for such kind of receptor should be more sensitive to noradrenergic stimulus, 

and thus their adipose tissue consume more fat. However, the in vitro data showed that EBI2 

activation leads to increased NE-induced ROS production. ROS production occurs at multiple sites 

of the electron transport chain, and leads to decrease in the mitochondrial proton gradient (Zhao 

et al., 2019), which is responsible for heat production in BA through UCP1. Thus, on the contrary, 

EBI2 loss could lead to increased efficiency of the electron transport chain, resulting in greater 

thermogenic capacity in response to cold and smaller adipose tissue loss. Another potential 

explanation to the comparable energy expenditure between WT and KO mice, as well as for the 

improved conservation of WAT in cold exposure EBI2 KO mice, comes from the levels of β3-

adrenergic receptor. Subcutaneous white adipose tissue (WATi), which is prone to “browning”, 

was unable to increase β3-adrenergic receptor expression following cold in EBI2 KO mice, 

suggesting a compensatory mechanism for the loss of EBI2. These reduced levels of Adrb3 might 

also explain why EBI2 KO mice exhibit no significant changes in energy expenditure compared to 

WT mice: the loss of the inhibitory (EBI2) effect might be compensated by the reduced stimulatory 

(adrenergic β3) signal. Moreover, this altered balance between Gαi/Gαs signaling in brown/beige 

fat might be the basis why, EBI2 KO mice are able to conserve better the adipose tissue depots 

during prolonged cold.  

Together with changes in the energy expenditure, acutely cold exposed EBI2 KO mice showed a 

tendency towards increased locomotor activity, whereas 7α,25-OHC injection caused a significant 

reduction in the locomotor activity compared to vehicle injected mice. No previous studies ever 

investigated this aspect, thus no further data are available to speculate whether this might be 

dependent on the nervous system, skeletal muscle, adipose tissue or other organs. However, 
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future experiments will be performed with tissue specific EBI2 KO mice to asses if the differences 

in energy expenditure are due exclusively to adipose tissue or if other organs and are involved.  

 

5.3  |    EBI2 loss affects metabolism in diet induced obesity without 

influencing body weight 

Obesity and its comorbidities have become in the last few decades one of the main health 

concerns in developed countries, resulting in increased mortality rate and poor life quality (Di 

Angelantonio et al., 2016). Therefore, there is increased and urgent need to find new 

pharmacological therapies to counteract it. Since EBI2 activation was able to decrease lipolysis in 

vitro, the lack of EBI2 was hypothesized to increase energy expenditure and thus reduce weight 

gain during diet-induced obesity. However, EBI2 KO mice did not show any difference in body 

weight compared to WT mice when fed for 12 weeks with high fat diet. No differences were also 

observed in the total fat mass nor in the mass of the single adipose tissue depots.  

EBI2 KO mice fed for 12 weeks with control diet (ND) showed no differences in energy expenditure 

compared to WT littermates. In contrast, obese EBI2 KO mice had decreased energy expenditure 

compared to WT littermate, despite an increase in UCP1 levels in BAT: this seems in contrast with 

the lack of a Gαi-coupled receptor, which is supposed to reduce energy expenditure when 

stimulated. A possible explanation is that the lack of EBI2 eventually leads to the upregulation of 

another Gαi-coupled receptor involved in regulation of energy expenditure in response to high fat 

diet, resulting in a decrease in energy expenditure in EBI2 KO mice. Previous works (El-Brolosy 

and Stainier, 2017) showed that the lack of a receptor can lead to the upregulation of a 

phylogenetically close one. A possible candidate for such mechanism in EBI2 KO mice is GPR18: 

GPR18 is indeed the EBI2 most phylogenetically close GPCR (Rosenkilde et al., 2006; Sanders et 

al., 2011), and was previously reported to be positively associated with obesity and T2D 

(Rajaraman et al., 2016).  

A significant effect of EBI2 loss was observed in obesity-induced type 2 diabetes. EBI2 KO mice 

showed worse performance in the glucose tolerance test in comparison to WT mice, indicating 

stronger insulin resistance. Whether Gαi-coupled receptors are able to influence the development 
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of type 2 diabetes is matter of debate: whereas the chemogenetic activation of Gαi-coupled 

receptors in adipose tissue was shown to not influence glucose homeostasis (Caron et al., 2019), 

other research conducted on Gαi-coupled receptors knockout mice showed opposite results 

(Dobbins et al., 2013; Girousse et al., 2013; Wallenius et al., 2017; Yang et al., 2015). Previous 

studies demonstrated that activation of Gαi-coupled receptor during obesity is beneficial against 

development of type 2 diabetes because it reduces lipids mobilization (in particular free fatty 

acids) from adipose tissue, reducing their lipotoxicity (Wallenius et al., 2017). However, no 

differences have been observed in free fatty acids blood concentration between WT and EBI2 KO 

mice after high fat diet. Increased lipid mobilization from adipose tissue during obesity is known 

to induce Nonalcoholic Fatty Liver Disease (NAFLD), which is characterized by excess lipid uptake 

by the liver, and which has been linked to glucose intolerance and insulin resistance (Fabbrini et 

al., 2010).  However, obese EBI2 KO mice showed a tendency towards decreased hepatic lipids 

compared to obese WY mice, suggesting that probably EBI2 influences insulin resistance via a 

different mechanism than lipid mobilization from adipose tissue and lipid uptake by the liver. 

The lack of EBI2 might worsen the T2D induced by HFD because of its role in regulating ROS 

production. On one side, excessive ROS production has been positively linked to T2D 

development because of induction of adipocytes hypertrophy, increased lipid storage, decreased 

adiponectin expression and increased inflammation (Carrière et al., 2003; Lundgren et al., 2007; 

Murdolo et al., 2013; Wang et al., 2013, 2010). On the other side, decreased levels of ROS induced 

by administration of antioxidants were shown to induce insulin resistance and impair insulin 

signalling (Goldstein et al., 2005; Xu et al., 2012; Zhou et al., 2013).  

Additionally, the loss of EBI2 might lead, as previously mentioned, to upregulation of GPR18, 

which was shown to be involved in development of T2D (Rajaraman et al., 2016). 

Altogether, these data indicate that EBI2 loss negatively impact T2D, suggesting that treatment 

with the EBI2 ligand 7α,25-OHC could improve insulin resistance during obesity.  
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7  |    SUMMARY 

Weight-related diseases are common and often fatal conditions characterized by an imbalance 

between energy intake and energy expenditure. Obesity and weight gain related diseases such as 

type 2-diabetes have reached in the last decades pandemic levels. Importantly, excessive weight 

loss characterizes a broad spectrum of pathological conditions, from cancer cachexia to anorexia-

nervosa.  

Adipose tissue activity is positively regulated by Gαs-coupled receptors such as β3-adrenergic 

receptors, causing an intracellular increase of cAMP and the following stimulation of lipolysis and 

energy expenditure. Oppositely, activation of Gαi-coupled receptors causes inhibition of cAMP 

production and lipolysis. Among Gαi-coupled receptors, the Epstein-Barr virus-induced G protein-

coupled receptor 2 (EBI2) was found to be highly expressed on adipocytes and adipose tissues; 

however, its possible role in regulating energy expenditure and adipose tissue function has not 

been investigated so far. In this study, the effect of EBI2 and its ligand 7α,25-dihydroxycholesterol 

(7α,25-OHC) was studied on adipocytes, adipose tissue and whole-body metabolism.  

EBI2 stimulation was able to potently decrease activation of brown adipocytes, decreasing 

intracellular cAMP levels and counteracting norepinephrine-induced lipolysis. In vivo, EBI2 

deletion increased energy expenditure in response to an acute cold stimulus. EBI2 acute 

activation following in vivo injection of 7α,25-OHC potently influenced the energy expenditure in 

mice, dramatically decreasing oxygen consumption. The data on the long-term effects of EBI2 loss 

or stimulation are less clear, and require further studies. 

Thus, EBI2 is involved in regulating acutely adipose tissue activity and energy expenditure, and in 

the long term in the development of type 2-diabetes. 
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