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Part A: Summary  

Brown adipose tissue (BAT) is responsible for maintaining core body temperature via a process 

called non-shivering thermogenesis (NST). Upon cold-exposure, the peripheral sympathetic 

nervous system is activated, leading to the release of norepinephrine (NE) at the terminal nerve 

ends in BAT. Subsequently, NE binds to ɓ3-adrenergic receptors of brown adipocytes 

triggering an internal signaling cascade, which ultimately leads to lipolysis of triglycerides 

stored in intracellular lipid droplets. The liberated fatty acids (FAs) are then imported into the 

mitochondria for ɓ-oxidation to generate a proton gradient at the inner mitochondrial 

membrane. However, instead of producing ATP, brown adipocytes contain a protein called 

uncoupling protein 1 (UCP1), which uncouples the proton gradient to produce heat. 

Besides using intracellular lipid stores, BAT when activated, takes up increased amounts of 

lipids and glucose from the circulation. Glucose is taken up by glucose transporter 1 (GLUT1) 

and 4 (GLUT4) and stored as lipids via a process called de novo lipogenesis (DNL). On the 

other hand, lipids from triglyceride-rich lipoproteins (TRLs) are taken up by BAT to replenish 

the depleted energy stores of activated BAT. These TRLs are very-low-density lipoproteins 

(VLDLs) and chylomicrons that are produced in a fasted state by the liver and by the gut in a 

fed state, respectively. These TRLs are then marginalized by lipoprotein lipase (LPL) which is 

anchored to glycosylphosphatidylinositol-anchored high density lipoprotein binding protein 1 

(GPIHBP1) on the luminal side of endothelial cells. LPL hydrolyzes the triglycerides (TGs) and 

liberated free FAs (FFAs) are taken up by endothelial cells via the fatty acid transporter 1 

(FATP1) and by the scavenger receptor cluster of differentiation 36 (CD36). In addition to FFAs, 

endothelial CD36 can also mediate endocytosis of entire TRL remnants that follow an 

intracellular endolysosomal route. After endothelial transcytosis, FFAs are taken up by brown 

adipocytes probably again via FATP1 and CD36. Cold exposure and subsequent sympathetic 

stimulation also activates lipolysis in white adipose tissue (WAT). In contrast to BAT, lipolysis 

resulted in the release of FFAs into the circulation that can be taken up by BAT. It was shown 

that inhibiting lipolysis in WAT impaired thermogenic capacity of BAT, while inhibiting lipolysis 

in BAT did not, underlining the importance of exogenous lipids for BAT function. Lastly, it was 

also shown that acyl carnitines derived from the liver can be used as a fuel for BAT 

thermogenesis. 

Taken together, in order for BAT to function properly, lipid uptake via lipid receptors in BAT is 

essential for efficient thermogenesis. In line, the full-body knockout of CD36 (CD36ko) resulted 

in decreased uptake of lipids into different BAT depots and impaired thermogenic function. 
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Since CD36 is expressed in many cell-types but highly expressed in brown adipocytes and 

endothelial cells, we aimed to elucidate the cell-type specific roles of CD36 in adaptive 

thermogenesis and lipid uptake. Moreover, lipid uptake in BAT is not fully ablated in CD36ko 

mice. Another member of the class B scavenger receptor family is scavenger receptor B1 (SR-

B1). SR-B1 is mainly known for its role in reverse cholesterol metabolism where hepatic SR-

B1 mediates the selective uptake of cholesteryl esters (CE) from HDL particles. In the context 

of atherosclerosis, it was demonstrated that endothelial SR-B1 can mediate transcytosis of LDL 

particles. Notably, we detected that SR-B1 is highly expressed in endothelial cells of murine 

BAT as well as WAT depots in mice and in humans. Based on these data, we aimed to 

investigate the role of SR-B1 expressed by endothelial cells in adaptive thermogenesis and 

lipid uptake. 

The importance for CD36 in brown adipocytes was evident when mice lacking CD36 specifically 

in brown adipocytes (BAd-CD36ko) were cold exposed, as under these conditions they were 

unable to maintain their core body temperature in the fasted state. In line with the impaired BAT 

function, BAd-CD36ko mice had decreased uptake of lipids into BAT compared to control 

littermates. Gene expression analysis did not show a compensational mechanism regarding 

thermogenic marker expression or receptor expression. WAT of BAd-CD36ko mice showed 

decreased expression of thermogenic marker expression. In line with the decreased lipid 

uptake, the increase in lipid handling gene expression was blunted in cold-exposed BAd-

CD36ko mice.  

Conversely, mice with an endothelial-specific CD36 knockout (EC-CD36ko) were able to 

maintain their core body temperature regardless of the nutritional status. Moreover, in BAT lipid 

uptake was not altered in EC-CD36ko mice and thermogenic marker, receptor and lipid 

handling gene expression was not affected. On the other hand, EC-CD36ko mice had 

decreased expression of thermogenic markers in WAT. Interestingly, EC-CD36ko mice had 

higher levels of non-esterified FA (NEFAs) and lower glucose levels in blood, which were not 

observed in BAd-CD36ko mice. Hearts of EC-CD36ko mice did show higher uptake of glucose 

that could explain the lower blood glucose levels.  
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Similar to EC-CD36ko mice, endothelial-specific SR-B1 knockout (EC-SR-B1ko) mice were 

able to maintain their core body temperature regardless of diet. Moreover, lipid and glucose 

uptake was unaltered in EC-SR-B1ko mice. Moreover, the expression of thermogenic markers 

and lipid receptors was not affected. Interestingly, endothelial SR-B1 expression contributed 

majorly to whole organ level SR-B1 expression of not only BAT, but also WAT, quadriceps and 

heart. Surprisingly, when performing a HDL turnover study, we found that EC-SR-B1ko mice 

had decreased uptake of CE in BAT, heart and lungs. Future studies will have to elucidate the 

importance of CE uptake in BAT endothelial cells mediated by SR-B1. 

Overall, we show that the importance of CD36 for adaptive thermogenesis and lipid uptake is 

dependent on its expression by thermogenic adipocytes but not endothelial cells. Lastly, 

endothelial SR-B1 is dispensable for thermogenesis and lipid uptake in BAT but mediates CE 

uptake in BAT.  
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Part B: Zusammenfassung  

Braunes Fettgewebe (BAT) ist für die Aufrechterhaltung der Körperkerntemperatur über einen 

Prozess verantwortlich, der als Non-Shivering Thermogenesis (NST) bezeichnet wird. Bei 

Kälteeinwirkung wird das periphere sympathische Nervensystem aktiviert, was zur Freisetzung 

von Noradrenalin (NA) an den terminalen Nervenenden im BAT führt. Anschließend bindet NA 

an ɓ3-adrenerge Rezeptoren der braunen Adipozyten, was eine interne Signalkaskade auslöst, 

die letztlich zur Lipolyse der in intrazellulären Lipidtröpfchen gespeicherten Triglyceride führt. 

Die freigesetzten Fettsªuren (FS) werden dann zur ɓ-Oxidation in die Mitochondrien importiert, 

um einen Protonengradienten an der inneren Mitochondrienmembran zu erzeugen. Anstatt 

jedoch ATP zu produzieren, enthalten braune Adipozyten ein Protein namens Uncoupling 

Protein 1 (UCP1), das den Protonengradienten entkoppelt, um Wärme zu erzeugen. 

Neben der Nutzung intrazellulärer Lipidspeicher nimmt die aktivierte BAT auch erhöhte 

Mengen an Lipiden und Glukose aus dem Blutkreislauf auf. Glukose wird von den 

Glukosetransportern 1 (GLUT1) und 4 (GLUT4) aufgenommen und über einen Prozess 

namens De-novo-Lipogenese (DNL) als Lipide gespeichert. Andererseits werden Lipide aus 

triglyceridreichen Lipoproteinen (TRLs) von der BAT aufgenommen, um die erschöpften 

Energiespeicher der aktivierten BAT wieder aufzufüllen. Diese TRLs sind very-low-density 

Lipoproteine (VLDLs) und Chylomikronen, die im nüchternen Zustand von der Leber und im 

gefütterten Zustand vom Darm produziert werden. Diese TRLs werden dann durch 

Lipoproteinlipase (LPL) marginalisiert, die an Glycosylphosphatidylinositol-verankertes High-

Density-Lipoprotein-Bindungsprotein 1 (GPIHBP1) auf der luminalen Seite von Endothelzellen 

verankert ist. LPL hydrolysiert die Triglyceride (TG) und die freigesetzten freien FS (FFS) 

werden von Endothelzellen über den Fettsäuretransporter 1 (FATP1) und den Scavenger-

Rezeptor-Cluster-Differenzierung 36 (CD36) aufgenommen. Zusätzlich zu den FFS kann der 

endotheliale CD36 auch die Endozytose ganzer TRL-Reste vermitteln, die einem 

intrazellulären endolysosomalen Weg folgen. Nach der endothelialen Transzytose werden FS 

von braunen Adipozyten aufgenommen, wahrscheinlich wieder über FATP1 und CD36. 

Kälteexposition und anschließende sympathische Stimulation aktivieren auch die Lipolyse im 

weißen Fettgewebe (WAT). Im Gegensatz zur BAT führte die Lipolyse zur Freisetzung von 

Fettsäuren in den Blutkreislauf, die von der BAT aufgenommen werden können. Es wurde 

nachgewiesen, dass die Hemmung der Lipolyse in WAT die thermogene Kapazität von BAT 

beeinträchtigt, während die Hemmung der Lipolyse in BAT dies nicht tat, was die Bedeutung 

exogener Lipide für die BAT-Funktion unterstreicht.  
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Schließlich wurde auch nachgewiesen, dass aus der Leber stammende Acylcarnitine als 

Brennstoff für die BAT-Thermogenese verwendet werden können. 

Zusammenfassend lässt sich sagen, dass die Lipidaufnahme über Lipidrezeptoren in BAT für 

eine effiziente Thermogenese unerlässlich ist, damit die BAT richtig funktioniert. 

Dementsprechend führte die vollständige Ausschaltung von CD36 (CD36ko) im gesamten 

Körper zu einer verminderten Aufnahme von Lipiden in verschiedene BAT-Depots und zu einer 

beeinträchtigten thermogenen Funktion. Da CD36 in vielen Zelltypen exprimiert wird, jedoch in 

braunen Adipozyten und Endothelzellen stark exprimiert wird, wollten wir die 

zelltypspezifischen Rollen von CD36 bei der adaptiven Thermogenese und der Lipidaufnahme 

aufklären. Darüber hinaus ist die Lipidaufnahme in BAT bei CD36ko-Mäusen nicht vollständig 

unterbunden. Ein weiteres Mitglied der Klasse-B-Scavenger-Rezeptorfamilie ist der 

Scavenger-Rezeptor B1 (SR-B1). SR-B1 ist vor allem für seine Rolle im reversen 

Cholesterinstoffwechsel bekannt, bei dem hepatisches SR-B1 die selektive Aufnahme von 

Cholesterylestern (CE) aus HDL-Partikeln vermittelt. Im Zusammenhang mit Atherosklerose 

wurde nachgewiesen, dass endotheliales SR-B1 die Transzytose von LDL-Partikeln vermitteln 

kann. Insbesondere haben wir festgestellt, dass SR-B1 in Endothelzellen von BAT- und WAT-

Depots bei Mäusen und Menschen stark exprimiert wird. Auf der Grundlage dieser Daten 

wollten wir die Rolle von SR-B1, das von Endothelzellen exprimiert wird, bei der adaptiven 

Thermogenese und der Lipidaufnahme untersuchen. 

Die Bedeutung von CD36 in braunen Adipozyten wurde offensichtlich, als Mäuse, denen CD36 

spezifisch in braunen Adipozyten fehlte (BAd-CD36ko), Kälte ausgesetzt wurden, da sie unter 

diesen Bedingungen nicht in der Lage waren, ihre Körperkerntemperatur im nüchternen 

Zustand aufrechtzuerhalten. Im Einklang mit der beeinträchtigten BAT-Funktion hatten BAd-

CD36ko-Mäuse im Vergleich zu Kontrollgeschwistern eine verringerte Aufnahme von Lipiden 

in die BAT. Die Genexpressionsanalyse zeigte keinen Kompensationsmechanismus 

hinsichtlich der Expression thermogener Marker oder Rezeptoren. Das WAT von BAd-CD36ko-

Mäusen zeigte eine verminderte Expression thermogener Marker. Im Einklang mit der 

verminderten Lipidaufnahme war die Zunahme der Genexpression im Zusammenhang mit dem 

Lipidstoffwechsel bei BAd-CD36ko-Mäusen, die Kälte ausgesetzt waren, gedämpft. 
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Im Gegensatz dazu konnten Mäuse mit endothelspezifischem CD36-Knockout (EC-CD36ko) 

ihre Körperkerntemperatur unabhängig vom Ernährungszustand aufrechterhalten. Darüber 

hinaus war die BAT-Lipidaufnahme bei EC-CD36ko-Mäusen nicht verändert und die 

Expression von thermogenen Markern, Rezeptoren und Lipid-Handling-Genen war nicht 

beeinträchtigt. Andererseits wiesen EC-CD36ko-Mäuse eine verminderte Expression von 

thermogenen Markern in WAT auf. Interessanterweise wiesen EC-CD36ko-Mäuse höhere 

Werte an nicht veresterten Fettsäuren (NEFS) und niedrigere Glukosewerte im Blut auf, was 

bei BAd-CD36ko-Mäusen nicht beobachtet wurde. Die Herzen von EC-CD36ko-Mäusen 

zeigten eine höhere Glukoseaufnahme, was die niedrigeren Blutglukosewerte erklären könnte. 

Ähnlich wie bei EC-CD36ko-Mäusen konnten endothelspezifische SR-B1-Knockout-Mäuse 

(EC-SR-B1ko) ihre Körperkerntemperatur unabhängig von der Ernährung aufrechterhalten. 

Darüber hinaus war die Lipid- und Glukoseaufnahme bei EC-SR-B1ko-Mäusen unverändert. 

Außerdem wurde die Expression von thermogenen Markern und Lipidrezeptoren nicht 

beeinflusst. Interessanterweise trug die endotheliale SR-B1-Expression wesentlich zur SR-B1-

Expression auf Ganzorganebene bei, und zwar nicht nur in der BAT, sondern auch in der WAT, 

im Quadrizeps und im Herzen. Überraschenderweise stellten wir bei der Durchführung einer 

HDL-Umsatzstudie fest, dass EC-SR-B1ko-Mäuse eine verringerte Aufnahme von CE in BAT, 

Herz und Lunge aufwiesen. In zukünftigen Studien muss die Bedeutung der durch SR-B1 

vermittelten CE-Aufnahme in BAT-Endothelzellen untersucht werden. 

Insgesamt zeigen wir, dass die Bedeutung von CD36 für die adaptive Thermogenese und die 

Lipidaufnahme von seiner Expression durch thermogene Adipozyten, nicht aber durch 

Endothelzellen abhängt. Schließlich ist endotheliales SR-B1 für die Thermogenese und die 

Lipidaufnahme in der BAT nicht erforderlich, vermittelt aber die CE-Aufnahme in der BAT.   
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Part C: Introduction  

Adipose tissues  

Adipose tissue is a heterogeneous organ, found in multiple depots in the body. In general, 

adipose tissue can be divided into white adipose tissue (WAT) and brown adipose tissue (BAT).   

In Figure 1 , the different adipose tissue depots in humans are shown with the mouse 

counterparts. Large WAT depots are visceral and subcutaneous for WAT and the BAT depots 

are found in the in neck, supraclavicular, para aortic, paravertebral and suprarenal regions 

(Torres Irizarry et al., 2022).  

 

Adipose tissue is mainly comprised of adipocytes but also contains immune cells, endothelial 

cells, fibroblasts and pre-adipocytes (Luo and Liu, 2016). For the scope of this thesis, the focus 

will mainly be on adipocytes and endothelial cells. 

  

Figure 1. Location of different BAT and WAT depots in humans and mice.  (Torres 

Irizarry et al., 2022) 
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White vs brown adipocytes 

There are some differences between adipocytes derived from BAT or WAT. White adipocytes 

are derived from platelet-derived growth factor receptor alpha (Pdgfra) expressing (Pdgfra+) 

mesodermal stem cells and differentiate into white adipocytes through the activation of 

peroxisome proliferator-activated receptor ɔ (PPARɔ) (Rosen et al., 1999) (Figure 2 ). On the 

other hand, brown adipocytes are derived from a myogenic factor 5 (Myf5) expressing (Myf5+) 

precursor, just like smooth muscle cells. The adipogenic transcription factor PR domain 

containing 16 (PRDM16) activates PPARy which induces the differentiation into brown 

adipocytes (Seale et al., 2008) (Figure 2 ). (Kajimura and Saito, 2014) 

 

 

  

Figure 2. Cell origin and differentiation of skeletal muscle, brown, beige and white adipocytes.  

(Kajimura & Saito, 2014) 

a) Skeletal muscle and brown adipocytes stem from the same Myf5+ expressing precursor and brown 

adipocytes are differentiated into brown adipocytes with the help of PRDM16. 

b) White and beige adipocytes stem from Pdgfra+ expressing mesodermal stem cells. PPARy induces 

differentiation to white adipocytes, while PRDM16 can induce differentiation to beige adipocytes. 
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As shown in Figure 3, white adipocytes consist of one unilocular lipid droplet, while brown 

adipocytes have multilocular lipid droplets and numerous mitochondria which express 

uncoupling protein 1 (UCP1) (Luo and Liu, 2016; An, Cho and Yoon, 2023). Corresponding 

with their respective functions as white adipocytes main function is energy storage and brown 

adipocytes are metabolically active and are responsible for non-shivering thermogenesis (NST) 

(Cannon and Nedergaard, 2004; Luo and Liu, 2016).  

  

Figure 3. Overview of characteristics of white, brown and beige adipocytes.  (Adapted from: An 

et al. 2023) 
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A third type of adipocyte: beige 

A third type of adipocyte is the beige or brown-in-white (brite) adipocytes. These beige 

adipocytes stem from the same precursor as white adipocytes and are found in WAT depots 

(Himms-Hagen et al., 2000; Seale et al., 2008; Petrovic et al., 2010; Wu et al., 2012). Upon 

cold exposure or treatment with PPARy-agonists, these adipocytes can differentiate to a more 

beige phenotype, which results in browning or beigeing of the WAT (Figure 4 ) (Barbatelli et al., 

2010; Petrovic et al., 2010). Beige adipocytes also have multilocular lipid droplets, more 

mitochondria than a white adipocyte and express UCP1 which makes them metabolically active 

and contribute to NST (Wu et al., 2012; Rosenwald et al., 2013). Conversely, during a high-fat 

diet (HFD) or when no NST is needed during thermoneutrality, beige adipocytes can regain 

their white-adipocyte-like phenotype, called ówhiteningô (Figure 4 ) (Rosenwald et al., 2013). 

(Bartelt and Heeren, 2014) 

 

 

 

 

 

 

  

Figure 4. Browning and whitening of WAT.  (Adapted from: Bartelt & Heeren, 2014) 
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Endothelial cells in adipose tissues 

Endothelial cells form the lining of blood vessels and are therefore important for nutrient 

delivery, oxygen supply to organs and waste removal from organs. Endothelial cells show 

differences based on location (arteries, capillaries, veins, lymphatics) but even within the same 

vascular bed, endothelial cells show tissue-specific traits (Kalucka et al., 2020). For example, 

in the liver the endothelium is discontinuous, meaning that there are gaps between the 

endothelial cells, therefore facilitating uptake of large particles from the blood without the need 

for transporters. While in adipose tissue, the endothelium is continuous, meaning that in order 

for proteins and nutrients to reach the adipocytes, they need receptors and transporters to get 

across the endothelium (Urbanczyk, Zbinden and Schenke-Layland, 2022).  

BAT and to a lesser extent WAT are highly innervated. Different subpopulations within the 

endothelial cells of adipose tissue were reported in human WAT (Festa, AlZaim and Kalucka, 

2023). Two interesting subpopulations are the pro-angiogenic and free fatty acid (FFA)-

processing endothelial cells. Pro-angiogenic adipose tissue endothelial cell progenitors have 

high expression of PRDM16 and ADP ribosylation factor-like GTPase 15 (ARL15) (Festa, 

AlZaim and Kalucka, 2023). Interestingly, these progenitors seem to be able to give rise to new 

brown and white adipocytes (Min et al., 2016; Park et al., 2022). On the other hand, the FFA-

processing endothelial cells express high levels of lipid handling genes like cluster of 

differentiation 36 (CD36) and fatty acid binding protein 4 (FABP4) (Vijay et al., 2020; Whytock 

et al., 2022). 

The importance of endothelial cells for adipose tissue health and function is evident in the case 

of obesity. Due to the expansion of the WAT and innervation not expanding at the same rate, 

hypoxic areas in the WAT emerge, which in turn attracts immune cells and causes inflammation 

(Elias et al., 2012). Conversely, studies showed that promoting endothelial proliferation 

enhances thermogenesis in BAT, browning of WAT and protect against hypoxia in hypertrophic 

WAT under conditions of obesity (Elias et al., 2012; Seki et al., 2016, 2018). 
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WAT is the main organ for energy storage 

As WAT is the main organ for energy storage, in a fed state, the WAT stores the dietary-derived 

lipids and converts glucose via de novo lipogenesis (DNL) into lipids. While upon fasting or high 

energy demand, white adipocytes initiate lipolysis and release FFAs back in the bloodstream 

(Figure 5 ) (Luo and Liu, 2016; Braun et al., 2018). WAT is of particular interest as large 

amounts of WAT as seen with obesity, increase the risk of type 2 diabetes and cardiovascular 

diseases (Lee, Lee and Oh, 2019; Polkinghorne, West and Antoniades, 2024).  

 

  

Figure 5. White adipocytes during feeding and fasting.  (Luo and Liu, 2016) 

During feeding white adipocytes take up liberated FFA by lipoprotein lipase (LPL) from very-low-density 

lipoprotein (VLDL) particles and chylomicrons and store them as triglycerides (TGs). Simultaneously, 

white adipocytes take up glucose and store them as TGs via DNL. Upon fasting or adrenergic stimuli, 

lipolysis of TGs is initiated and the FFAs and glycerol are released in the circulation for energy-

demanding tissues and the liver.  
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BAT and NST 

BAT is only found in mammals and the main function of BAT is maintaining core body 

temperature through the process of NST (Cannon and Nedergaard, 2004). As shown in Figure 

6, upon cold-exposure the nervous system gets activated and releases norepinephrine (NE) 

that binds to ɓ3-adrenergic receptors (in rodents, ɓ2 in humans (Blondin et al., 2020)). This 

triggers activation of protein kinase A (PKA) through cyclic adenosine monophosphate (cAMP)-

dependent internal signaling cascades. Activated PKA phosphorylates cAMP response 

element-binding protein (CREB) which in turn results in enhanced transcription of thermogenic 

genes like Ucp1 and Pgc1a (Cannon and Nedergaard, 2004).  

Moreover, PKA enhances the activity of the lipolytic enzymes adipose triglyceride lipase 

(ATGL), hormone sensitive lipase (HSL) and monoglyceride lipase (MGL) (Cannon and 

Nedergaard, 2004; Pagnon et al., 2012; Zechner, Madeo and Kratky, 2017). These enzymes 

are located at the lipid droplets and break down the stored TGs into FFAs (Cannon and 

Nedergaard, 2004). The FFAs can then be imported into the mitochondria to be used for ɓ-

oxidation and to allosterically activate UCP1 (Fedorenko, Lishko and Kirichok, 2012). UCP1 is 

located at the inner mitochondrial membrane of mitochondria and uncouples the proton 

gradient, which instead of generating ATP, allows for the generation of heat (Fedorenko, Lishko 

and Kirichok, 2012). (Hoeke et al., 2016) 
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Interestingly, when lipolysis in BAT was ablated by knocking out Atgl (Schreiber et al., 2017) or 

the ATGL-activating protein comparative gene identification-58 (CGI-58, Abhd5) (Shin et al., 

2017) specifically in brown adipocytes, thermogenic capacity was not impaired. However mice 

that had a knockout of Atgl or Abhd5 in BAT and WAT were cold sensitive  (Schreiber et al., 

2017; Shin et al., 2017), thereby underlining the importance of exogenous lipids for BAT 

function.  

Besides the liberated FFAs from WAT, a major source of extracellular lipids are TGs packaged 

in lipoproteins (Bartelt et al., 2011; Dijk et al., 2015; Heine et al., 2018). Chylomicrons are 

produced by the gut in a fed state while VLDL particles are produced by the liver in a fasted 

state. Both contain a high concentration of TGs and are therefore also called triglyceride-rich 

lipoproteins (TRLs) (Feingold, 2022).  

Figure 6. Signalling cascade upon adrenergic stimulation of BAT.  (Hoeke et al., 2016) 

Upon adrenergic stimulation of BAT, NE binds to the ɓ3-adrenergic receptor. This triggers activation of 

PKA through cAMP-dependent internal signaling cascades. Activated PKA phosphorylates CREB which 

in turn results in enhanced transcription of thermogenic genes. PKA enhances lipolysis by activating 

lipolytic enzymes. Subsequently the FFAs are imported in the mitochondria and heat is generated by 

UCP1 uncoupling the electron transport chain. Glucose and exogenous FFAs liberated by LPL from 

triglyceride-rich lipoproteins (TRLs) are imported via different transporters and stored as TGs. 
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One thing that all the exogenous lipid have in common is that they have to cross the endothelial 

barrier before reaching the BAT. At the luminal site, lipoprotein lipase (LPL) that is bound to the 

endothelial protein glycosylphosphatidylinositol anchored high density lipoprotein binding 

protein 1 (GPIHBP1), hydrolyzes fatty acids (FAs) from the TRLs. These liberated FAs are then 

transported to the brown adipocytes via fatty acid transporter 1 (FATP1) or CD36 (Goldberg, 

Eckel and Abumrad, 2009; Bartelt et 

al., 2011; Lynes et al., 2017). The FFAs 

can then be re-esterified and stored in 

the lipid droplets or imported in the 

mitochondria and used for heat 

generation. 

 The marginalized TRLs also called 

TRL-remnants can then be taken up by 

endothelial cells (Fischer et al., 2021) 

or be taken up by the liver.  

Another pathway to fuel BAT 

thermogenesis was described by 

Simcox and colleagues, where they 

found that acyl carnitines derived from 

the liver can also be used as fuel for 

thermogenesis (Figure 7 ) (Simcox et 

al., 2017). 

 

 

 

Besides lipids, BAT also takes up large amounts of glucose when activated (Labbé et al., 2015). 

Glucose is taken up by glucose transporter 1 (GLUT1) or by glucose transporter 4 (GLUT4) in 

a fed state or when stimulated with NE (Dallner et al., 2006). Glucose is then converted into 

TGs via DNL mediated by carbohydrate response element binding protein beta (CHREBP-b) 

and stored in the lipid droplets. Sanchez-Gurmanches and colleagues showed that when mice 

were exposed to mild cold (22°C) genes that are associated with DNL were highly upregulated 

in BAT (Sanchez-Gurmaches et al., 2018).  (Heeren and Scheja, 2018) 

Figure 7. Lipoprotein metabolism during NST.  

(Heeren & Scheja, 2018) 

TRLs are produced by the liver (VLDL) in a fasted state 

and chylomicrons by the gut in a fed state. VLDL and 

chylomicrons are able to deliver lipids to the BAT and 

WAT. Upon adrenergic stimulation or in a fasted state, 

WAT releases FFAs which can be taken up by the BAT. 

BAT can also take up liver-derived acyl carnitines as a 

fuel. Chylomicron remnants (CR), high-density 

lipoprotein (HDL) and intermediate-density lipoprotein 

(IDL) can then be transported back to the liver.  
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Receptors  

Efficient lipid uptake in BAT is essential to maintain the thermogenic function (Bartelt et al., 

2011). For efficient lipid uptake, receptors and transporters expressed on endothelial cells and 

brown adipocytes are indispensable (Abumrad et al., 2021; Wade et al., 2021). For example 

knockout of the VLDL receptor (VLDLR) which mediates uptake of VLDL particles, resulted in 

cold intolerance when mice were put into the cold (Shin et al., 2022). Another example is the 

fatty acid transporter CD36, as full body knockout mice were not able to maintain their core 

body temperature when faced with a cold challenge (Bartelt et al., 2011), underlining the 

importance of lipid receptors and transporters for BAT thermogenic function. 

For the scope of this thesis I will focus on CD36 and scavenger receptor B1 (SR-B1) which 

belong to the same receptor family (Abumrad et al., 2021) and focus on their roles in lipid 

uptake and thermogenesis. 

CD36 

CD36 is highly expressed in BAT, on brown adipocytes as well as endothelial cells and its 

expression is increased upon cold exposure (Fischer et al., 2021). Besides endothelial cells 

and adipocytes, CD36 is also expressed in immune cells (Cifarelli et al., 2017), heart (Koonen 

et al., 2005), muscle (Bonen et al., 2000), gut (Nassir et al., 2007; Cifarelli et al., 2017), liver 

(Zhao et al., 2018), tongue (Laugerette et al., 2005) and platelets (Asch et al., 1987). Therefore 

CD36 is involved in different processes in the body related to immune and metabolic regulation 

(Silverstein and Febbraio, 2009). 

Discovery 

CD36 was identified as a long-chain fatty acid (LCFA) receptor in adipocytes by Abumrad and 

collegues in 1993 (Abumrad et al., 1993). Upon treating rat adipocytes with radioactively 

labeled Sulfo-N-succinimidyl oleate (SSO), long chain fatty acid uptake (oleate) was diminished 

by 75% and SSO bound to a 88 kDa plasma membrane protein (Harmon et al., 1991; Harmon 

and Abumrad, 1993). This plasma membrane protein showed a high similarity with the already 

known protein CD36 expressed in human platelets, human and bovine endothelia as well as 

PAS IV from bovine and human endothelia (Harmon and Abumrad, 1993).  
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Structure 

CD36 is predicted to have 2 membrane spanning domains creating a hairpin like structure with 

both the N- and C-terminal tails are palmitoylated and located on the cytoplasmic side (Figure 

8) (Tao, Wagner and Lublin, 1996).  

Neculai and 

colleagues who 

determined the 

crystal structure of 

lysosomal integral 

membrane 

protein-2 (LIMP-

2), another 

member of the 

scavenger 

receptor B family 

which CD36 

belongs to, 

proposed how 

CD36 is able to 

transfer lipids to 

cells. They found 

that LIMP-2 had a 

large cavity that 

spans across the 

whole length of the 

protein and propose that lipids can attach to the receptor and travel to the membrane through 

the tunnel (Neculai et al., 2013).  (Martin et al., 2011) 

Post-translational modifications 

CD36 is glycosylated and palmitoylated. Glycosylation is necessary for trafficking CD36 to the 

membrane (Hoosdally et al., 2009). Inhibition of palmitoylation resulted in delayed processing 

at the endoplasmic reticulum (ER) and trafficking through the secretory pathway. Furthermore, 

the half-life of CD36 was reduced and more importantly, the palmitoylation-mutant of CD36 

was not able to incorporate efficiently into the lipid rafts therefore impairing its function in FA 

uptake (Thorne et al., 2010; Hao et al., 2020).  

Figure 8. Schematic overview of structure of CD36.  (Martin et al., 2011) 

CD36 has two membrane spanning domains and N- and C-terminal tails are 

palmitoylated and located on the cytoplasmic side. CD36 has a cavity that 

spans the whole length of the protein and is proposed that FAs can be 

transported through the cavity. Other ligands that CD36 can bind such as 

advanced glycation endproducts (AGE), oxidized low-density lipoprotein 

(oxLDL), apoptotic cells, thrombospondin 1&2 and plasmodium falciparum are 

indicated in the figure.  
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Regulation of CD36 

CD36 is inhibited by SSO (Harmon et al., 1991; Harmon and Abumrad, 1993; Coort et al., 2002; 

Kuda et al., 2013) and induced by peroxisome proliferator-activated receptor Ŭ (PPARŬ) in liver 

and PPARy in adipose tissue (Motojima et al., 1998; Teboul et al., 2001). Furthermore, 

expression of CD36 is increased upon stimulation with LCFAs (Sfeir et al., 1997). 

Ligands of CD36 

CD36 is known to act as a receptor for lipoproteins (VLDL, oxLDL, LDL, high-density lipoprotein 

(HDL)) (Endemann et al., 1993; Calvo et al., 1998; Kuniyasu, Hayashi and Nakayama, 2002; 

Zeng et al., 2003; Hosomi et al., 2023), coenzyme Q (CoQ) (Anderson et al., 2015), 

thrombospondin (Asch et al., 1987), anionic phospholipids (Rigotti, Acton and Krieger, 1995), 

plasmodium falciparum parasitized erythrocytes (Oquendo et al., 1989; Baruch et al., 1999), 

apoptotic cells (Ren et al., 1995), micronutrients (Moussa et al., 2011; Borel et al., 2013), 

albumin (Raheel et al., 2019) and LCFAs (Abumrad et al., 1993; Baillie, Coburn and Abumrad, 

1996). 

Transport of fatty acids 

Long there was a debate whether FAs needed transporters to be transported into the cells as 

the plasma membrane is a lipid bilayer. The theory that no transporters are needed is based 

on the observations that FA would be able to be transported through the membrane by a 

mechanism called óflip-flopô where the polar carboxyl group of the fatty acid moves through the 

bilayer interior and re-positions at the opposite interface.   

The theory that FA transport is protein-mediated is favored due to the fact that tissues can 

control the influx of FAs independently of the extracellular FA concentration. Meaning that the 

tissue is able to take up FAs when the extracellular concentrations are low or conversely limit 

FAs uptake when extracellular concentrations are high. Furthermore, when the fuel demands 

of the tissue change (suddenly), protein-mediated FAs uptake can be adjusted quickly. Lastly 

protein-mediated FA uptake may also select for specific fatty acid types (Reviewed in: Glatz, 

Luiken and Bonen, 2010). (Schwenk et al., 2010) 
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The general consensus regarding FA uptake is that it follows the following steps (Figure 9 ): 

1. Adsorption step. After 

hydrolyzation, fatty acids are bound 

by CD36 or fatty acid binding 

protein plasma membrane 

(FABPpm) to stabilize the fatty acid 

and to help to insert the fatty acids 

into the outer leaflet of the lipid 

bilayer.  

2. Translocation step. 

Subsequently, fatty acids move to 

the inner leaflet by the use of the 

flip-flop mechanism.  

3. Desorption step. Lastly, the 

fatty acid moves to the aqueous 

phase and is bound by FABP 

cytoplasmic (FABPc) (Review in: 

Glatz and Luiken, 2017). 

CD36 and its role in lipid uptake & thermogenesis 

The role of CD36 in lipid uptake was confirmed by the mouse models were CD36 was ablated. 

Febbraio and colleagues were the first to generate a full-body CD36 knockout (CD36ko) mouse 

model. CD36ko mice have higher levels of plasma cholesterol, FFAs and TGs. Lower blood 

glucose levels after a prolonged (18h) fast and an increase in VLDL-associated TGs while low-

density lipoprotein (LDL) particles were TG-poor. Oleate uptake was reduced in adipocytes of 

CD36null mice (Febbraio et al., 1999). Moreover, CD36ko mice have reduced uptake of FAs in 

heart, muscle and adipose tissue (Coburn et al., 2000). To compensate, heart and muscle took 

up more glucose in CD36ko mice and CD36ko mice cleared glucose faster than control 

littermates after an oral glucose tolerance test (OGTT) (Hajri et al., 2002; Goudriaan et al., 

2003; McFarlan et al., 2012).  

Consistent with the mouse data, certain SNPs in the CD36 gene resulted in higher plasma TGs 

and FFA levels in humans (Ma et al., 2004; Yamashita et al., 2007; Masuda et al., 2009; Shibao 

et al., 2016).  

Figure 9. Schematic overview of FA uptake via CD36.  

(Schwenk et al., 2010) 

FA are bound by FABPpm or CD36 and are helped to insert 

the FA into the outer leaflet of the lipid bilayer. Then via flip-

flop mechanism the FA moves to the inner leaflet of the lipid 

bilayer and lastly, FA is bound by FABPc and processed 

intracellularly.  
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When specifically focusing on BAT, CD36ko mice had a slower clearance of radioactively 

labelled 3H-Triolein-TRLs (fatty acid label) and 3H labeled oleate-bound-to-albumin (mimicking 

circulating FA in the bloodstream) in CD36ko mice compared to control littermates. This 

corresponded with decreased uptake of whole TRL particles and reduced uptake of 

radioactively labelled 3H-Triolein-TRLs in different BAT depots (Bartelt et al., 2011; Schlein et 

al., 2016). When exposed to cold, the cold-induced uptake of whole particles and FAs was 

blunted in BAT of CD36ko mice (Fischer et al., 2021). Similar effects were observed when 

CD36ko mice were treated with a ɓ3-adrenergic agonist CL316,243 (CL) (Heine et al., 2018).  

Impaired lipid uptake impairs the thermogenic capacity of BAT. For example, when CD36ko 

mice were cold-exposed for 24h, 60% of them died. When the cold-exposure time was reduced 

to 12h and the mice were fasted for the last 4h, CD36ko mice were shivering and had lower 

body temperatures compared to their control littermates (Bartelt et al., 2011; Anderson et al., 

2015). The nutritional state is especially important, as CD36ko mice were able to keep their 

body temperature in the cold and at RT in a fed state, however upon fasting body temperature 

rapidly decreased after 1-2h (Putri et al., 2015).  

Since CD36 is expressed by many different cell-types, many different cell-specific knockout 

models are developed to unravel the cell-type specific CD36 contribution to lipid uptake. 

Interestingly, endothelial-specific CD36 knockout (EC-CD36ko) mice created using the Cre-lox 

system under the TEK Receptor Tyrosine Kinase (Tie2) promoter, recapitulated the CD36ko 

phenotype. EC-CD36ko mice had increased fasting plasma FFA levels and decreased plasma 

glucose levels. When given an olive oil gavage, plasma TG levels remained higher in EC-

CD36ko mice while glucose was cleared faster than their control littermates after an OGTT. 

Furthermore, oleic acid clearance was delayed in EC-CD36ko mice and oleate uptake was 

50% decreased in heart, quadriceps and BAT. Conversely, glucose uptake was increased in 

heart, muscle and WAT of EC-CD36ko mice. Similar results were found in another endothelial-

specific CD36 knockout model (using the VE-Cadherin (Cdh5) promoter) (Son et al., 2018). 

Moreover, male EC-CD36ko had lower levels of oxygen consumption and CO2 production and 

lower energy expenditure (Rekhi et al., 2021). 

Daquinag and colleagues compared EC-CD36ko to an adipocyte-specific CD36ko (Ad-

CD36ko) using the adiponectin (Adipoq) promoter, thereby knocking out CD36 in BAT and 

WAT. Both strains had increased levels of serum FFAs. After injection with fluorescently labeled 

BODIPY (lipid) both strains had decreased uptake of the BODIPY label in BAT and WAT 

(Daquinag et al., 2021).  
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SR-B1 

SR-B1 is together with LIMP-2 and CD36 part of the scavenger B class receptor family (Calvo 

and Vega, 1993; Acton et al., 1994). It is highly expressed in many tissues and cell types, 

including intestine, adrenal gland, testis, ovaries, macrophages, endothelial cells, smooth 

muscle cells, keratinocytes, adipocytes and placenta (Shen, Azhar and Kraemer, 2018). 

Discovery 

Soon after it was discovered that the LDL receptor (LDLR) mediates the uptake of cholesterol 

in LDL particles via receptor-mediated endocytosis (Brown and Goldstein, 1986), a 

nonendocytic pathway of transferring cholesteryl esters (CEs) from HDL particles to cells was 

described (Pittman et al., 1987). However, it was not till 1996 that Acton and colleagues showed 

that SR-B1 was responsible for the CE transfer and was coined the HDL receptor (Acton et al., 

1996). The role of SR-B1 in cholesterol metabolism was further underlined with the generation 

of the full-body knockout (SR-B1ko) mice. SR-B1ko mice had increased HDL size and total 

plasma cholesterol levels compared to control littermates. Furthermore, cholesterol stores in 

SR-B1ko mice were drastically reduced compared to control littermates (Rigotti, B. Trigatti, et 

al., 1997). HDL particles were enlarged in SR-B1ko mice and plasma decay of radioactively 

labeled CE was decreased in SR-B1ko mice (Varban et al., 1998). The importance of SR-B1 

in the liver was underlined when a liver-specific SR-B1 mouse model was generated, which 

recapitulated the SR-B1ko elevated plasma total and free cholesterol (FC) levels and 

lipoprotein profile (Huby et al., 2006). Conversely, when SR-B1 was overexpressed in mice 

livers it resulted in a reduction of plasma cholesterol levels (Kozarsky et al., 1997; Wang et al., 

1998). 

A lot of research has been done in regards to SR-B1 and the development of atherosclerosis. 

As liver-specific SR-B1ko mice or SR-B1ko mice fed a western-type diet (WTD) have increased 

risk of atherosclerosis (Trigatti et al., 1999; Braun et al., 2002; Van Eck et al., 2003; Huby et 

al., 2006). These effects can also be seen in humans, a SNP in the SCARB1 gene results in 

increased HDL cholesterol and increased risk of coronary heart disease (Acton et al., 1999; 

Roberts et al., 2007; Manichaikul et al., 2015; Zeng et al., 2017). Interestingly, Vaisman and 

colleagues showed that overexpression of endothelial-expressed SR-B1 has atheroprotective 

effects when mice are fed a high-cholesterol diet (Vaisman et al., 2015) while Huang and 

colleagues showed that an endothelial-specific knockout of SR-B1 had atheroprotective effects 

(Huang et al., 2019). 
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Structure 

SR-B1 is encoded by the gene 

Scarb1 and has two splicing 

variants: SR-B1 and SR-B1.1 (Webb 

et al., 1998). SR-B1 is highly 

abundant in tissues and is more 

efficient in taking up HDL-CE 

compared to SR-B1.1 (Webb et al., 

1998). SR-B1 has, just like the other 

members of the scavenger class B 

family, short cytoplasmic N- and C-

terminals, two transmembrane 

domains and a large extracellular 

domain (Powers and Sahoo, 2022). 

Although the X-ray crystal structure 

of SR-B1 is not known yet, as 

discussed before, it is proposed that 

SR-B1 and CD36, just like LIMP-2 

have a large cavity that spans 

across the whole length of the 

protein which is believed to 

facilitate the lipid transfer (Neculai 

et al., 2013). Moreover, Chadwick 

and colleagues showed with 

nuclear magnetic resonance 

(NMR) spectroscopy that a transmembrane domain of SR-BI is located at the C-terminal. This 

leucine zipper dimerization motif is important for the ability to bind HDL and mediate CE 

transfer, upon disruption, this function is ablated (Chadwick et al., 2017). Earlier it was already 

shown that the extracellular domain of SR-B1 is important for HDL binding, import of CE and 

cholesterol efflux and when hydrophobicity was decreased due to mutations in the extracellular 

domain, all these functions were impaired (Papale et al., 2010). In order for SR-B1 to function 

it needs to form oligomers (Reaven et al., 2004; Sahoo et al., 2007). Disruption in the glycine 

dimerization motif Gly 15_Gly 18_Gly 25 in the N-terminal or C-terminal leucine zipper motif of 

SR-B1 also reduces the ability to transfer lipids from HDL to cells and receptor oligomerization 

(Figure 10 ) (Gaidukov et al., 2011; Marques et al., 2019). 

Figure 10. Schematic overview of structure of SR -B1. 

(Powers & Sahoo, 2022) 

SR-B1 contains a leucine zipper dimerization motif at the C-

terminal and a glycine dimerization motive at the N-terminal. 

It has two transmembrane domains and a large extracellular 

domain containing a tri-helical bundle.  
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Post-translational modifications 

SR-B1 has a predicted molecular weight of 57 kDa, however SR-B1 is heavily N-glycosylated 

which results in an apparent molecular weight of 82 kDa (Acton et al., 1994; Babitt et al., 1997). 

Of the 11 N-linked glycosylation sites (in mice, 9 in humans), when disrupting Asn-108 and 

Asn-173 expression and function of SR-B1 was altered. Disruption of Asn-108 and Asn-173 

resulted in decreased localization of SR-B1 at the plasma membrane and also reduced its 

ability to transfer lipids from HDL to the cells (Viñals et al., 2003).  

Regulation of SR-B1 

The function and expression of SR-B1 is regulated by different factors. The adaptor protein 

PDZ Domain Containing 1 (PDZK1) regulates the expression and function of SR-B1 in liver and 

in moderate level in the proximal intestine, whereby PDZK1 knockout (PDZK1ko) had 

decreased SR-B1 expression in these organs. In endothelial cells, the interaction between SR-

B1 and PDZK1 is needed for HDL activation of endothelial NO synthase and cell migration (Zhu 

et al., 2008) but not needed for the transcytosis of HDL (Zhu et al., 2008; Fung et al., 2017). 

SR-B1 expression in the steroidogenic organs (adrenals, testis and ovaries) was not affected 

in PDZK1ko mice or by a knockdown of PDZK1 (Kocher et al., 2003).  

In steroidogenic organs expression of SR-B1 is regulated by Na+/H+ Exchanger Regulatory 

Factors (NHERFs), where NHERF1 and NHERF2 inhibit de novo synthesis of SR-B1. Thereby 

decreasing selective CE uptake and steroidogenesis (Hu et al., 2013). Treating mice with 

adrenocorticotropic hormone (ACTH) induced SR-B1 expression in adrenal gland while 

treatment with dexamethasone (which decreases ACTH levels) decreased SR-B1 expression 

(Rigotti et al., 1996). 

Besides PDZK1 and NHERFs, small-molecule inhibitor blocker of lipid transport 1 (BLT-1) is 

known as an irreversible inhibitor of SR-B1 (Yu et al., 2011). 

Ligands of SR-B1 

SR-B1 binds acetylated LDL (AcLDL) and oxLDL (Acton et al., 1994; Calvo et al., 1997), anionic 

phospholipids (Rigotti, Acton and Krieger, 1995), ApoA-l, ApoA-ll and ApoC-lll (Xu et al., 1997), 

VLDL, LDL and HDL (Calvo et al., 1997). 

(Zhang and Fernández-Hernando, 2019)  
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Reverse cholesterol metabolism, cholesterol efflux, atherosclerosis, cold exposure 

The main function of SR-B1 is its role in reverse cholesterol transport (RCT) in the liver and 

cholesterol efflux in the periphery. As cells in the periphery are unable to get rid of excess 

cholesterol internally, pre-nascent lipid-poor HDL particles are released into the circulation by 

the liver (Shen, Azhar and Kraemer, 2018). These lipid-poor HDL particles are then taking up 

FC from the cells or macrophages with the help of ATP-binding cassette A1 (ABCA1) while 

mature HDL particles take up FC via ATP-binding cassette G1 (ABCG1) (Phillips, 2014). Larger 

HDL particles bind more efficiently to SR-B1 and promote more cholesterol efflux compared to 

smaller HDL particles (Thuahnai et al., 2004), however SR-B1 can also facilitate passive FC 

efflux independently of HDL (De La Llera-Moya et al., 1999). The FC on the HDL particles are 

then esterified by the enzyme Lecitin:cholesterol acyltransferase (LCAT), thereby promoting 

maturation of HDL particles. The HDL particles are then transported back to the liver where 

SR-B1 extracts the CE, FC and TGs from the HDL particles without endocytosing HDL as 

opposed to the LDLR (Brown and Goldstein, 1986). The CEs are then broken down to FC and 

excreted or turned into bile acids (Shen, Azhar and Kraemer, 2018) (Figure 11 ).  

The role of SR-B1 in 

RCT is thought to be 

atheroprotective. 

Endothelial SR-B1 is 

also responsible for 

transcytosis of HDL 

particles, therefore 

facilitating uptake of 

excess cholesterol by 

HDL particles (Rohrer 

et al., 2009). However, 

besides the 

transcytosis of HDL, 

endothelial SR-B1 is 

also involved in LDL 

translocation, which is 

considered atherogenic 

(Armstrong et al., 2015; 

Huang et al., 2019).  

Figure 11. Role of SR -B1 in endothelial cells and RCT.  (Zhang & 

Fernández-Hernando, 2019) 

SR-B1 has a dual role in the development of atherosclerosis. During 

RCT, HDL particles take up excess cholesterol from the periphery and 

macrophage foam cells. Hepatic SR-B1 extracts the CEs from HDL 

which can then be excreted. This is thought to be anti-atherogenic. SR-

B1 expressed by endothelial cells was shown to transcytosis LDL 

particles, which is thought to be pro-atherogenic.  
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There has been a lot of research in the context of atherosclerosis. Studying atherosclerosis 

development in mice was for a long time not directly translatable to humans as mice do not 

contain the cholesteryl ester transfer protein (CETP) which mediates exchange of CEs and 

lipids between chylomicrons, VLDL, LDL and HDL particles. Therefore, in mice HDL particles 

contain the majority of cholesterol. In order to properly study the development of 

atherosclerosis, APOE*3-Leiden.CETP mice were generated, which express the CETP protein 

(Westerterp et al., 2006). This allowed to study the effect of cold exposure on HDL metabolism. 

BAT activation by CL decreased plasma cholesterol levels and promoted cholesterol -enriched 

remnants clearance by the liver in APOE*3-Leiden.CETP mice. Moreover, atherosclerosis 

development was also decreased upon BAT activation by CL (Berbeé et al., 2015). Our group 

showed that pharmacological stimulation and cold exposure resulted in HDL remodeling in 

APOE*3-Leiden.CETP mice. Thereby, CL enhanced clearance of HDL particles via SR-B1 in 

the liver and enhanced RCT (Bartelt et al., 2017). Besides, cold exposure also increases the 

conversion of cholesterol into bile acids, which results in changes in the microbiota, resulting 

in enhanced thermogenesis (Worthmann et al., 2017). 
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Part D: Aims  

Brown and beige adipocytes internalize large amounts of glucose and FAs from the circulation. 

Notably, up to 80% of the energy used for heat production is delivered by TRLs that are 

processed at the luminal site of the vascular endothelium. For efficient lipid uptake and 

thermogenesis, lipid and lipoprotein receptors and transporters expressed on endothelial cells 

and brown adipocytes are indispensable (Abumrad et al., 2021; Wade et al., 2021). This thesis 

will investigate the cell-type specific relevance of the two scavenger class B receptors CD36 

and SR-B1. 

CD36 facilitates LCFA uptake in cells (Coburn et al., 2000) and the role for thermogenesis was 

evident when full-body CD36ko mice were unable to maintain their core body temperature when 

exposed to cold ambient temperatures (Bartelt et al., 2011). Other groups have been making 

efforts to elucidate the cell-type specific role of CD36 in lipid uptake in endothelial cells (Son et 

al., 2018; Daquinag et al., 2021; Rekhi et al., 2021; Dada et al., 2024) and adipocytes 

(Daquinag et al., 2021). However, the role of cell-type specific CD36 expression in endothelial 

cells and brown adipocytes in the context of adaptive thermogenesis is unclear. Therefore, the 

first aim of this thesis focuses on the role of CD36 expressed by brown adipocytes and by 

endothelial cells in adaptive thermogenesis and lipid handling. 

SR-B1 is mainly known for its role in RCT in the liver and cholesterol efflux in the periphery 

(Shen, Azhar and Kraemer, 2018). Based on the observation that SR-B1 is highly expressed 

in the endothelial fraction of BAT and WAT in mice, in the second aim the hypothesis is tested 

whether SR-B1 expressed by endothelial cells plays a role in lipid handling and adaptive 

thermogenesis.  

To address the hypotheses, metabolic tracer studies to quantify organ uptake of radiolabeled 

glucose and lipoprotein particles will be performed in endothelial- and adipose-specific mouse 

models fed a chow or an obesogenic HFD, which are housed at various ambient temperatures. 

The role of CD36 and SR-B1 in adaptive thermogenic responses will be investigated in cell-

type specific knockouts by gene and protein expression analysis of thermogenic and metabolic 

markers in BAT and WAT. To measure energy expenditure and fuel selection at different 

ambient temperatures, indirect calorimetry will performed. Overall, the results of these 

mechanistic studies will show whether CD36 expressed by brown adipocytes and endothelial 

CD36 and/or SR-B1 are important for the internalization of TRL particles, thermogenic 

adaptations, substrate utilization and energy expenditure mediated by BAT and/or WAT.  
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Part E: Material and methods  

Animals  

Mice with a specific endothelial deletion of SR-B1 and their control littermates were kindly gifted 

from the lab of Philip Shaul (Dallas, USA). Detailed description of the generation of the 

endothelial-specific knockout mice can be found in the paper of Huang (Huang et al., 2019). In 

short, Scarb1f l/f l mice have loxP sites inserted in intron 1 and intron 3 of the Scarb1 gene. 

Heterozygous Scarb1f l/+ mice were crossed with Cdh5Cre+ mice to generate mice with an 

endothelial-specific knockout of SR-B1 (Scarb1f l/f l-Cdh5Cre+) and control littermates (Scarb1f l/f l-

Cdh5Cre-). 

Cd36fl/fl mice with loxP sites flanking exon 3 and 4 of the Cd36 gene were bought from Jackson 

laboratories. Cd36fl/fl mice were crossed with mice with Cre under the Cdh5 promoter (Cdh5Cre 

mice) to create mice with an endothelial knockout of CD36 (Cd36fl/fl-Cdh5Cre+) and control 

littermates (Cd36fl/fl-Cdh5Cre-). To create a knockout of CD36 in brown adipocytes, Cd36fl/fl mice 

were crossed with mice that express Cre under the Ucp1 promoter (Ucp1Cre mice) (Cd36fl/fl-

Ucp1Cre+) and control littermates (Cd36fl/fl-Ucp1Cre-). 

Mice were housed individually during the experiment with wood bedding in a light - and 

temperature-controlled facility with a 12h/12h dark regime. Mice were fed a standard laboratory 

chow diet ad libitum (19.10% protein, 4% fat, 6% fiber, from Altromin Spezialfutter GmbH&Co, 

Germany) or a HFD for 4 weeks (26.1% protein, 25.5% carbohydrates, 6.4% fiber, 34.8% fat, 

6.4% mineral, 0.4% vitamins, 0.25% cholesterol from Research Diets, D14010701, USA) prior 

to the start of the experiment. At the end of the experiments, body weight was measured and 

blood glucose was determined using an Accu-Chek Aviva (Roche). Unless stated otherwise, 

mice were sacrificed by a lethal dosis of a mix of ketamine (180 mg/kg) and xylazin (24 mg/kg) 

in 0.9% NaCl. Blood samples were collected in syringes containing 0.5M EDTA by cardiac 

puncture and subsequently the animals were perfused with ice-cold PBS containing 10 U ml-1 

heparin. Harvested tissues were snap frozen in liquid nitrogen for quantitative PCR (qPCR) and 

western blot analysis and stored at -80°C for further analysis. Tissues used for 

immunofluorescence were kept in 3.7% formaldehyde solution. Animal studies were carried out 

in Hamburg and were approved by the Animal Welfare Officers at University Medical Center 

Hamburg-Eppendorf and the Behörde für Gesundheit und Verbraucherschutz Hamburg. 
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Interventions  

Indirect calorimetry 

A week before the start of the experiment, mice underwent surgery to transplant a transponder 

(STARR Life Sciences, USA) intraperitoneally. For metabolic studies, mice were put in 

metabolic cages (Sable Systems Europe GmbH, Germany) and the system was operated 

according to the manufactures guidelines. Mice were acclimated to the metabolic cages for 2 

days at 22 C prior to recording. Change of temperature occurred at 7 am and the light phase 

was from 7 am ï 7 pm. During the experiment consumption of O2, production of CO2, respiratory 

exchange ratio (RER), energy expenditure, food intake, water intake, body core temperature 

and activity were measured.  

Cd36fl/fl-Ucp1 

Non fasting experiment 

To test whether Cd36fl/fl-Ucp1Cre+ mice were able to maintain their body temperature at different 

temperatures, 11-13 week old female Cd36fl/fl-Ucp1Cre+ and Cd36fl/fl-Ucp1Cre- mice were put in 

metabolic cages. After acclimatization, temperature was kept for 2 days at 30 C, then 

decreased to 22 C for 2 days and the last 2 days were 6 C. Mice were fasted for 2h before 

sacrifice.  

Fasting experiment 

To test whether Cd36fl/fl-Ucp1Cre+ mice were able to maintain their body temperature at different 

temperatures while fasted, 15-17 week old female Cd36fl/fl-Ucp1Cre+ and Cd36fl/fl-Ucp1Cre- mice 

were put in metabolic cages. After acclimatization, temperature was kept for 2 days at 30 C, 

then decreased to 22 C for 2 days and the last 2 days were 6 C. On the day of the temperature 

change, mice were fasted from 6 am to 12 pm. Experiment was stopped when temperature of 

mice got critically low. 

Cd36fl/fl-Cdh5 

To test whether Cd36fl/fl-Cdh5Cre+ mice were able to maintain their body temperature at different 

temperatures while fasted, 13-19 week old female Cd36fl/fl-Cdh5Cre+ and Cd36fl/fl-Cdh5Cre- mice 

were put in metabolic cages. After acclimatization, temperature was kept for 2 days at 30 C, 

then decreased to 22 C for 2 days and the last 2 days were 6 C. Every day, mice were fasted 

from 6 am to 12 pm. After the 2 days of cold exposure, mice were fasted for 2h and received 

an oral fat gavage (see Oral fat tolerance test). 
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Scarb1fl/fl-Cdh5 

Basal measurement 

To determine the metabolic parameters of Scarb1fl/fl-Cdh5Cre+ and Scarb1fl/fl-Cdh5Cre- mice, at 

a basal level, fat mass, lean mass and water mass were measured using the EchoMRI 

machine (EchoMRIÊ, USA) of 17-18 week old male and female Scarb1fl/fl-Cdh5Cre+ and 

Scarb1fl/fl-Cdh5Cre- mice. Afterwards they were kept in metabolic cages (Sable Systems 

Europe GmbH, Germany) for 5 days at 22 C. 

Cold challenge 

To test whether Scarb1fl/fl-Cdh5Cre+ mice were able to maintain their body temperature at 

different temperatures, 13 week old male Scarb1fl/fl-Cdh5Cre+ and Scarb1fl/fl-Cdh5Cre- mice were 

put in metabolic cages. After the acclimatization, the temperature was decreased from 30 C 

to 6 C by decreasing the temperature by 6 C every day at 7 am. On the day of sacrifice, mice 

were fasted for 4 hours in the morning and received a CL (Tocris, 0.2 mg mLī1 in 0.9 w/v % 

NaCl) subcutaneous injection (1 ɛg per g body weight) and were sacrificed by cervical 

dislocation for tissue collection 3 hours later.  

Cold exposure 

Half of the mice were kept at room temperature (RT, 22 C) and the other half was put into the 

cold (4 C) for 24 hours. Mice were fasted 4h in the morning before sacrifice. Cd36fl/fl-Cdh5 and 

Cd36fl/fl-Ucp1 mice were fasted only 2h due to risk of mice dying.  
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Postprandial uptake studies and organ distribution 

Oral fat tolerance test (OFTT) 

Cd36fl/fl-Ucp1 

To analyze lipid uptake and organ distribution at different temperatures, 13-16 week old female 

Cd36fl/fl-Ucp1Cre+ and Cd36fl/fl-Ucp1Cre- mice were kept at RT and exposed to cold (4 C) for 24 

hours. Mice were fasted 4h in the morning and 2h before sacrifice they received an oral gavage 

with radio-labelled 3H-Triolein and a tracer of 14C-Deoxyglucose (DOG).  

Cd36fl/fl-Cdh5 

To analyze lipid uptake and organ distribution at different temperatures, 13-17 week old male 

Cd36fl/fl-Cdh5Cre+ and Cd36fl/fl-Cdh5Cre- mice were kept at RT and exposed to cold (4 C) for 48h 

in metabolic cages. Mice were fasted 4h in the morning and 2h before sacrifice they received 

an oral gavage with radio-labelled 3H-Triolein and a tracer of 14C-DOG.  

Oral glucose fat tolerance test (OGFT) 

To analyze lipid and glucose uptake and organ distribution at different temperatures, 16-22 

week old male Scarb1fl/fl-Cdh5Cre+ and Scarb1fl/fl-Cdh5Cre- mice were kept at RT and exposed to 

cold (4 C) for 24 hours. Mice were fasted 4h in the morning and 2h before sacrifice they 

received an oral gavage with radio-labelled 3H-Triolein and 14C-DOG (2 g/kg).  

Workflow and analysis 

Organs were dissolved in SolvableTM (PerkinElmer, USA) (~0.1mL per 10 mg organ) in a 60 C 

shaker overnight. The next day, 400 µL of dissolved organ solution or 50 µL of plasma was 

mixed with 4 mL of scintillation fluid (Rotiszint® eco plus, Carl Roth) and radioactive particles 

were then counted using Liquid Scintillation Analyzer Tri-Carb® 2810 TR (PerkinElmer, USA).  

For the analysis, counts per mg organ or µL plasma was calculated. For total organ uptake, 

counts per mg were multiplied with the total organ weight. 
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HDL turnover 

As described in Bartelt et al. (2017), HDL was isolated from the blood of 4h fasted C57BL/6J 

WT mice by sequential ultracentrifugation (d = 1.063ï 1.21 g/ml) as described by Havel (Havel, 

Eder and Bragdon, 1955). HDL was then double-labelled with 125I-tyramine cellobiose (125I-TC) 

in the apolipoprotein moiety and with 3H-cholesteryl oleoyl ether (CEt) in the lipoprotein core. 

Human plasma CETP was used to introduce 3H-CEt into 125I-TC-HDL by exchange from donor 

liposomal particles, containing 3H-CEt. The final 125I-TC-/3H-CEt-HDL particles were dialyzed 

against PBS (pH 7.4, 4°C) with added 1 mM EDTA. In the following, 125I-TC-/3H-CEt-HDL (30 

mg HDL protein per mouse; ca. 39 kBq 125I-TC and 33 kBq 3H-CEt, respectively) were injected 

into the tail vein of 4h fasted Scarb1fl/fl-Cdh5Cre+ and Scarb1fl/fl-Cdh5Cre- mice for analysis of 

plasma decay and organ uptake of radiolabeled HDL. Blood samples were collected at: 10 min, 

30 min; 2, 5, 9, 22 and 24h after injection. While plasma aliquots and tissues were directly 

assayed for 125I radioactivity, 3H-radioactivity was analyzed by scintillation counting after lipid 

extraction using the method of Dole (Dole, 1956). 

Plasma fractional catabolic rates (plasma-FCRs) were determined for the two tracers per 

mouse. The uptake of the HDL-associated tracers were determined in the following organs: 

liver, kidney, heart, intestine, BAT and carcass. The fraction of total tracer uptake attributed to 

a specific organ was calculated as the radioactivity recovered in that organ divided by the total 

radioactivity recovered from all tissues and carcass.  

Organ FCRs (organ-FCRs) were calculated to compare the rates of uptake of the 

apolipoprotein component and the CE moiety of HDL of the different organs. These rates are 

calculated as followed: (Organ-FCR in Tissue X) = (Plasma-FCR) × (Fraction [%] of Total Body 

Tracer Recovery in Tissue X). This organ-FCR represents the fraction of the plasma pool of 

either HDL tracer cleared by an organ per hour. 125I-TC represents the uptake of HDL holo-

particles by tissues. Selective HDL CE uptake is calculated as the difference in organ-FCR 

between [3H]CEt and 125I-TC. 
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Genotyping  

DNA isolation 

Tail biopsies were lysed at 50ºC for 1h or at 37ºC overnight in a heat block at 700 rpm in a 

solution of 700 µL STE-Buffer and 10 µL Proteinase K. Afterwards 70 µL 10% SDS and 270 µL 

5M NaCl were added and the samples centrifuged for 10 min at max g to let the protein fall out. 

450 µL of the DNA-containing supernatant was transferred to a new Eppendorf tube with 900 

µL 70% EtOH and thoroughly mixed. To pellet the DNA, samples were centrifuged at max g for 

at least 25 min. Then, the ethanol was removed and the DNA pellet dried for 1-2h at 45ºC or 

37ºC overnight in a heat block at 700 rpm. Finally, the DNA pellet was dissolved in 50 µL aqua 

dest. 

PCR 

Genotyping was done for the following genes: CD36flox (Cd36fl/fl-Cdh5Cre and Cd36fl/fl-Ucp1Cre 

mice), SR-B1flox (Scarb1fl/fl-Cdh5Cre mice) and Cre in all mice. 

CD36flox 

Table 1.  PCR reaction mix for CD36flox  

Material Amount (µL) 

aqua dest. 19.4 

10x PCR-Buffer GREEN 2.5 

10 mM dNTP 1 

10 µM PrimerMix 1 

Taq-Polymerase (5U/µL) 0.1 

DNA 1 

Total 25 
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Table 2.  PCR primer sequences of CD36flox from 5ô to 3ô 

Primer Sequence 

CD36flox forward primer CAT CTG TGT AGC GCT CTT GG 

CD36flox reverse primer TTG CTA CTA TGC ACT CCA TGC 

 

A primer mix was made by diluting the stock solutions of the primers 1:10 and adding the 

primers in a proportion of 1:1.PCR tubes were briefly vortexed and spun down and then put in 

the thermocycler with the following program: 

Table 3.  PCR program CD36flox 

Step Temperature (°C) Time 

1 95 3 min 

2 95 30s 

3 57 30s 

4 72 60s 

 Repeat step 2-4 for 40 cycles 

5 72 5 min 

6 4 oo 

PCR products were then loaded on a 1.5% agarose gel (1.5g agrose/100mL TBE buffer, 5 ɛl 

Roti®-GelStain) and separated by electrophoresis for 1h at 120 mA. 8 ɛl of GeneRulerÊ DNA 

Ladder Mix was used as marker. The bands were visualized under UV light with the GelStick 

Imager (INTAS, Germany) and images were analyzed in Excel. 
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The band corresponding with no CD36flox-alleles (+/+) was at 285 bp, 

the bands corresponding to one CD36flox-allele (+/d) were at 285 and 

360 bp and two CD36flox-alleles (d/d) corresponded to a band at 360 

bp (Figure 12 ). For experiments, only d/d mice were used. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 12. Exemplary PCR results of the 

CD36flox PCR.  

In addition to the marker, the gel picture shows the 

water control and the PCR products of no 

CD36flox-alleles (+/+), one CD36flox-allele (+/d) 

as well as two CD36flox-alleles (d/d). 
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SR-B1flox 

Table 4.  PCR reaction mix for SR-B1flox  

Material Amount (µL) 

aqua dest. 17.25 

10x PCR-Buffer GREEN 2.5 

DMSO 1 

10 mM dNTP 1 

10 µM SR-B1flox forward primer 1 

10 µM SR-B1flox reverse primer 1 

Taq-Polymerase (5U/µL) 0.25 

DNA 1 

Total 25 

 

Table 5.  PCR primer sequences of SR-B1flox from 5ô to 3ô 

Primer Sequence 

SR-B1flox forward primer GCACAGAGGACCCAACAGCGCACAAAATGG 

SR-B1flox reverse primer  GCTGGGATTCAAGGTGTGTGCCACCACTAC 
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PCR tubes were briefly vortexed and spun down and then put in the thermocycler with the 

following program: 

Table 6.  PCR program SR-B1flox 

Step Temperature (°C) Time 

1 95 3 min 

2 95 30s 

3 69 30s 

4 72 60s 

 Repeat step 2-4 for 40 cycles 

5 72 5 min 

6 4 oo 

PCR products were then loaded on a 1.5% agarose gel (1.5g agrose/100mL TBE buffer, 5 ɛl 

Roti®-GelStain) and separated by electrophoresis for 1h at 120 mA. 8 ɛl of GeneRulerÊ DNA 

Ladder Mix was used as marker. The bands were visualized under UV light with the GelStick 

Imager (INTAS, Germany) and images were analyzed in Excel. 
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The band corresponding with no SR-B1flox-alleles (+/+) was at 149 bp 

and two SR-B1flox-alleles (d/d) corresponded to a band at 188 bp 

(Figure 13 ). For experiments, only d/d mice were used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 13. Exemplary PCR results of the  

SR-B1flox PCR.  

In addition to the marker, the gel picture shows the 

water control and the PCR products of no SR-

B1flox-alleles (+/+) and two SR-B1flox-alleles 

(d/d). 
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CreCs 

Table 7.  PCR reaction mix for CreCs  

Material Amount (µL) 

aqua dest. 19.9 

10x PCR-Buffer GREEN 2.5 

10 mM dNTP 1 

10 µM 1+2+3+4 PrimerMix 1 

Taq-Polymerase (5U/µL) 0.1 

DNA 0.5 

Total 25 

 

Table 8.  PCR primer sequences of CreCs from 5ô to 3ô 

Primer Sequence 

Cre forward primer (1) CCGTCTCTGGTGTAGCTGAT 

Cre reverse primer (2) CCGGTATTGAAACTCCAGCG 

Cre control forward primer (3) ACTGGGATCTTCGAACTCTTTGGAC 

Cre control reverse primer (4) GATGTTGGGGCACTGCTCATTCACC 
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A primer mix was made by diluting the stock solutions of the primers 1:10 and adding the 

primers in a proportion of 1:1. PCR tubes were briefly vortexed and spun down and then put in 

the thermocycler with the following program: 

Table 9.  PCR program CreCs 

Step Temperature (°C) Time 

1 95 3 min 

2 95 30s 

3 57 30s 

4 72 60s 

 Repeat step 2-4 for 40 cycles 

5 72 5 min 

6 4 oo 

PCR products were then loaded on a 1.5% agarose gel (1.5g agrose/100mL TBE buffer, 5 ɛl 

Roti®-GelStain) and separated by electrophoresis for 1h at 120 mA. 8 ɛl of GeneRulerÊ DNA 

Ladder Mix was used as marker. The bands were visualized under UV light with the GelStick 

Imager (INTAS, Germany) and images were analyzed in Excel. 
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The band corresponding with Cre gene (Cre+) was at 246 bp and the 

control band was at 397 bp, for Cre- only the control band was seen 

(Figure 14 ). 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 14. Exemplary PCR results of the CreCs 

PCR.  

In addition to the marker, the gel picture shows the 

water control and the PCR products of the control 

(Cre-) and the Cre gene and control (Cre+). 
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Plasma TG, cholesterol and NEFA levels determination  

Blood samples were centrifuged for 5 min, 10.000 rcf and subsequently plasma was collected. 

For plasma TG and cholesterol determination, 5 µL of plasma was pipetted in duplicate in a 96-

wells plate and determined with the commercial kits (DiaSys Diagnostic Systems GmbH). For 

plasma non-esterified FA (NEFA) concentrations 20 µL of (diluted in PBS) plasma was pipetted 

in duplicate in a 96-wells plate and determined with the commercial  kits (NEFA-HR(2) Assay 

(FUJIFILM)). Absorbance was read at 540 nm. NEFA concentrations were determined via 

linear regression with help of the standard curve.  

Magnetic -activated Cell sorting (MACS)  

To test whether the SR-B1 knockout 

was endothelial-specific, 

interscapular BAT (iBAT) and 

inguinal WAT (iWAT) of 15-18 week 

old female Scarb1fl/fl-Cdh5Cre+ and 

Scarb1fl/fl-Cdh5Cre- mice were 

pooled separately from 4 mice per 

pool, resulting in a n=3 per genotype 

and organ.  

MACS analysis was performed as 

described previously (Tian et al., 

2020). Briefly, tissues were digested 

with collagenase (Sigma, USA). 

Mature adipocyte fraction was 

collected by collecting the floating 

fraction after low-speed 

centrifugation. Remaining fractions 

were collected with the use of 

magnetic beads (MiltenyiBiotec 

GmbH, Germany) and LS columns 

(MiltenyiBiotec GmbH, Germany). 

First the Cd11b+ or macrophage cell fraction was obtained, then the endothelial Cd31+ fraction 

and the final flow through was obtained as premature adipocytes (Figure 15 ). RNA was isolated 

as described in RNA isolation, cDNA and qPCR. 

Figure 15. Workflow of MACS. (Figure provided by 

Kristina Gottschling) 

Multiple BATs are pooled and then digested. Mature 

adipocytes are separated from the stroma vascular fraction 

(SVF) by low-speed centrifugation. Cd11b+ beads capture 

the macrophage fraction and Cd31+ beads the endothelial 

fraction. Final flow through contains premature adipocytes.  
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Gene expression analysis  

RNA isolation 

To isolate the RNA, 1 mL of TRIzolÊ Reagent was added to a piece of tissue which was 

subsequently homogenized in the tissue lyzer (Qiagen) using metal beads. After 

homogenization, chloroform was added in a 5:1 ratio and mixed well. To separate the phases, 

the lysate was centrifuged for 15 min at 13.000 rpm at 4°C. The aqueous phase was then mixed 

1:1 with 70% ethanol. RNA was then further isolated using the Nucleo Spin RNA® (Macherey-

NagelÊ, Germany) according to the manufacturerôs protocol and dissolved in nuclease-free 

aqua dest. 

RNA content was measured using NanoPhotometer ® N60 (IMPLEN, Germany) and 

subsequently 400 ng of RNA was transcribed to cDNA using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). For the MACS experiment, 100 ng of RNA was 

transcribed, as the RNA concentrations were too low to transcribe 400 ng. 

qPCR 

Gene expression was measured by mixing cDNA with Universal PCR MasterMix (Applied 

Biosystems) and TaqMan® Assay-on-demand primer sets (Table 10). PCR reaction was 

performed by QuantstudioTM 5 Real-Time PCR Systems (ThermoFischer Scientific).   

Table 10.  Gene names and TaqMan® Assays-on-DemandÊ 

Gene name Assay-on-DemandÊ 

Tbp Mm00446973_m1 

Scarb1 Mm01198172_m1 

Ucp1 Mm00494069_m1 

Elovl3 Mm00468164_m1 

Ppargc1a Mm00447183_m1 

Fasn Mm00662319_m1 

Dio2 Mm00515664_m1 

Lpl Mm00434764_m1 

Cd36 Mm00432403_m1 
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Scarb2 Mm00446977_m1 

Glut1 Mm00441480_m1 

Glut4 Mm01245502_m1 

Ldlr Mm00440169_m1 

Lrp1 Mm00464608_m1 

Vldlr Mm00443281_m1 

Adgre1/Emr1 Mm00802530_m1 

Gpihbp1 Mm01205849_g1 

Pparg Mm00440945_m1 

Prdm16 Mm00712556_m1 

Chrebp_beta AIVI4CH 

Fabp4 Mm00445880_m1 

Fat1 Mm00449511_m1 

Cycling parameters were as followed: 1 cycle of 95 °C for 10 min, 40 cycles of 95 °C for 15 s 

then 60 °C for 60 s, followed by melt curve analysis. Gene copy number was calculated with 

the formula (10((Ct-35)/-3.3219)) and gene expression was normalized for copy number of TATA-box 

binding protein (Tbp). Normalized values could be used to calculate the relative values where 

the values for (RT) Cre- was set to 1. 
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Western blot  

Total lysates were prepared by homogenizing the tissues with metal beads and tissue lyzer 

(Qiagen) in RIPA buffer ((10x (v/w), 20 mM Tris-HCl pH 7.4, 5 mM EDTA, 50 mM sodium 

chloride, 10 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 

1 % NP-40, 0.1% SDS supplemented with cOmplete Mini Protease Inhibitor Cocktail Tablets 

(Roche) and phosphatase inhibitors (Sigma)). Lysates were centrifuged at 10.000 rcf, for 5 min 

at 4ęC. The aqueous phase without the fatty layer was taken for protein determination using 

the PierceÊ BCA Protein Assay Kit (Thermoscientific). Samples were diluted to 20 µg protein 

per sample in RIPA and NuPAGE reducing sample buffer (Invitrogen) denatured for 10 min at 

55°C. 

Samples were separated by SDS-PAGE on a 10% SDS-polyacrylamide Tris-glycine gels. 

Samples were transferred to a nitrocellulose membrane overnight in a wet blotting system. 

Ponceau S (Sigma-Aldrich) staining was performed to ensure equal loading. The blots were 

blocked in 5% milk (Millipore) in TBST (0.2 M Tris, 1.37 M sodium chloride, 0.1 % (v/v) Tween 

20) solution for 1h at RT. After washing with TBST, blots were incubated with primary antibody 

in 5% Bovine Serum Albumin (BSA, Sigma-Aldrich) in TBST overnight at 4 C. Blots for CD36 

were blocked in Roti®Block (Carl Roth, 1:10 diluted with aqua dest) and primary and secondary 

antibodies were in Roti®Block as well. Primary antibodies used were SR-B1 ((ab217318, 

1:1000); AKT (cs9272, 1:1000); CD36 (aliquot 201, 1:1000); y-Tubulin (ab179503, 1:2000)). 

After washing with TBST, blots were incubated with secondary antibody in 5% milk in TBST for 

1h at RT. Blots were then developed on Amersham Imager600 (GE Healthcare) using luminol 

(Sigma A4865) and para-hydroxycoumarinic acidïbased (Sigma C9008) chemiluminescence 

substrate. Secondary antibodiy used was HRP-conjugated goat anti-rabbit (AB_2307391, 

Jackson ImmunoResearch laboratories, Inc, 1:5000). 

Quantification of the bands was done in Image Studio Lite (version 5.2.5) and protein 

expression was normalized for AKT or y-Tubulin. Then from the normalized values the relative 

values were calculated where the values for (RT) Cre- was set to 1. 
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Immunofluorescence  

Tissues were fixed in 3.7% formaldehyde in PBS and embedded in paraffin. 4 ɛm paraffin iBAT 

sections were deparaffinized and subsequently rehydrated in xylene and descending ethanol 

series. Next, slides were cooked in 10 mM citrate buffer (pH 6.0) for 30 minutes for antigen 

retrieval and left in the buffer for an additional 30 min to cool down. Next, to reduce auto 

fluorescence slides were incubated for 10 minutes at RT with 3% hydrogen peroxide in PBS. 

After washing, slides were blocked with 3% BSA in PBS for 1h at RT. Slices were then 

incubated with primary antibodies (CD36, AF2519, R&D Systems, 1:200; PLIN1, D1D8 #9349, 

Cell Signalling, 1:200; GPIHBP1, 11A12-SN, 1:500) in PBS overnight at 4°C. The following 

day, the slides were incubated (1:500) with Cy2 donkey-anti-rabbit secondary antibody (711-

225-152, Jackson Laboratories), Cy3 donkey-anti-rat antibody (712-165-153, Jackson 

Laboratories) and Cy5 donkey-anti-goat secondary antibody (705-175-147, Jackson 

Laboratories) for 1 hour. Slides were then covered with ROTI®Mount FluorCare DAPI (Carl 

Roth). The negative control was incubated in PBS without primary antibody and treated using 

the same workflow. 

Microscopy images were recorded using the Nikon A1R inverted Microscope with a 40x 

objective (Nikon, Shinagawa, Tokyo).  

Statistical analysis  

Results are expressed as mean ± SEM. Outliers were identified by Graphpad prism (version 

10) for Windows (GraphPad Software, USA) using the ROUT method with a Q cut-off value of 

1%. When outliers were identified in basal body characteristics (body weight, plasma 

cholesterol and triglyceride levels, organ weights) the outlier was removed from all analyses.  

All other statistical analysis were performed with RStudio version 2023.12.1+402 (RStudio, 

USA) with the following packages: readxl, tidyverse, car, ggpubr, rstatix. Data was tested for 

normal distribution and equal variances. In case parametric tests could be used the Studentôs 

t-test was performed for two groups, otherwise a two-way ANOVA was performed. When a 

non-parametric test was needed a Wilcox rank sum test was performed for two groups. A p-

value <0.05 was considered significant.  
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Part F : Results  

Brown adipocyte -specific CD36ko mice  

Validating brown adipocyte-specific knockout of CD36 in Cd36fl/fl-Ucp1Cre+ mice 

To validate the knockout, female Cd36fl/fl-Ucp1Cre- and Cd36fl/fl-Ucp1Cre+ mice were kept at RT 

or 24h at 4°C and after a 2h fast organs were collected. Aside from a slight increase in blood 

glucose levels in cold-exposed Cd36fl/fl-Ucp1Cre+ mice compared to control littermates kept at 

RT (Figure 16A ), no significant differences were observed in other body characteristics (Figure 

16B-F).  

 

 

 

  

Figure 16. Body characteristics of Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice . 

(A-F) 15-20 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were housed at RT or 24h at 4 C. 

Mice were fasted 2h before sacrifice. 

(A) Blood glucose (B) Body weight (C) Organ weights (D) Plasma cholesterol (E) Plasma TGs (F) Plasma 

NEFAs 
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Regarding Cd36 expression as shown in Figure 17A , cold-exposed Cd36fl/fl-Ucp1Cre- mice had 

increased Cd36 expression compared to mice housed at RT, as described before (Bartelt et 

al., 2011). However, Cd36fl/fl-Ucp1Cre+ mice kept at RT had decreased expression of Cd36 

compared to control littermates kept at RT. Moreover, Cd36 expression in the BAT of Cd36fl/fl-

Ucp1Cre+ mice did increase upon cold exposure, however failed to reach the level of cold-

exposed Cd36fl/fl-Ucp1Cre- mice. On protein level, the cold-induced increase of CD36 was not 

observed, but Cd36fl/fl-Ucp1Cre+ mice had decreased levels of CD36 regardless of the housing 

temperature compared to their control littermates (Figure 17B -C). 

 

 

 

 

 

 

 

 

  

Figure 17. Cd36
fl/fl

-Ucp1
Cre+

 mice have decreased Cd36 gene and CD36 protein expression 
compared to control littermates . 
 

(A-C) 15-20 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were housed at RT or 24h at 
4 C. Mice were fasted 2h before sacrifice. 

 
(A) Cd36 expression in iBAT. Gene expression was normalized for Tbp.  
 
(B-C) CD36 expression in iBAT. Protein expression was normalized for y-Tubulin and RT Cre- group 
was set to 1.  
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In order to validate that the knockout is cell-type specific, pieces of iBAT were used for 

immunofluorescence to look at the localization of CD36. PLIN1 is a protein which surrounds 

the lipid droplets and can be used as a marker for adipose tissue (Yu et al., 2015), while 

GPIHBP1 is expressed on endothelial cells (Fong et al., 2016) and therefore used as a 

endothelial marker. In Cd36fl/fl-Ucp1Cre- mice regardless of housing temperature, CD36 staining 

displayed endothelial structures (tubular structures) and ring-like structures reflecting the 

plasma membrane of brown adipocytes (Figure 18 A-B ). Conversely, the staining in Cd36fl/fl-

Ucp1Cre+ mice regardless of temperature only shows the endothelial structures (Figure 18 C-

D).

 

 

Figure 1 8. Localization of CD36 in iBAT of Cd36
fl/fl

-Ucp1
Cre- 

and Cd36
fl/fl

-Ucp1
Cre+

 mice.  

(A-D) 15-20 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were housed at RT or 24h at 

4 C. Mice were fasted 2h before sacrifice. Paraffin sections were stained with PLIN1 (adipocyte marker), 

GPIHBP1 (endothelial marker) and CD36. Scale bar is 50 ɛm. 

(A-B) Cd36
fl/fl

-Ucp1
Cre-

 mice (A) housed at RT (B) cold-exposed 

(C-D) Cd36
fl/fl

-Ucp1
Cre+

 mice (C) housed at RT (D) cold-exposed 
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In summary, brown adipocyte-specific knockout of CD36 can be observed on gene expression 

on whole organ level. Moreover, we conclude that based on the immunofluorescence data that 

CD36 is knocked out specifically in brown adipocytes in Cd36fl/fl-Ucp1Cre+ mice. 
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Are Cd36fl/fl-Ucp1Cre+ mice able to maintain their body temperature when exposed to 

cold in a fed state? 

To test whether Cd36fl/fl-Ucp1Cre+ mice were able to maintain their body temperature when faced 

a cold challenge, 11-13 week old female and male Cd36fl/fl-Ucp1Cre- and Cd36fl/fl-Ucp1Cre+ mice 

were put in metabolic cages. Temperature was kept at 30°C for 2 days, then decreased to 22°C 

for 2 days and lastly decreased to 6°C for 2 days. Only data from female mice are shown, 

whereas male mice showed a similar pattern. No differences in body characteristics were 

observed (Figure 19A-C) except for a lower liver weight in Cd36fl/fl-Ucp1Cre+ mice (Figure 19C). 

Interestingly, Cd36fl/fl-Ucp1Cre+ mice also had lower plasma cholesterol levels compared to 

control littermates (Figure 19D), no differences in plasma TGs and plasma NEFAs were 

observed (Figure 19E-F). 

 

 

 

 

 

 

 

Figure 19 . Body characteristics of Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice . 

(A-F) 11-13 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were put in metabolic cages. 

After acclimatization, temperature was kept for 2 days at 30 C, then decreased to 22 C for 2 days and 

the last 2 days were 6 C. Mice were fasted for 2h before sacrifice.  

(A) Blood glucose (B) Body weight (C) Organ weights (D) Plasma cholesterol (E) Plasma TGs (F) Plasma 

NEFAs  
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Both genotypes were able to maintain their body temperature at all temperatures (Figure 20A ). 

Energy expenditure increased as the temperature decreased, as expected (Scholander et al., 

1950), but no differences was observed between the genotypes (Figure 20 B). RER which 

indicates which fuel is used whether itôs lipids (RER ~0.7) or glucose (RER ~1.0) (Simonson 

and DeFronzo, 1990) also showed no major differences (Figure 20 C). Other mechanisms to 

maintain body temperature is increasing activity levels and food intake. Total distance in cage 

(Figure 20 D) and food intake (Figure 20 E) showed no differences.  

 

 

 

 

 

 

 

 

 

 

 

Figure 20 . Cd36
fl/fl

-Ucp1
Cre+

 mice are able to maintain their body temperature when exposed to 

cold in a fed state.  

(A-E) 11-13 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were put in metabolic cages. 

After acclimatization, temperature was kept for 2 days at 30 C, then decreased to 22 C for 2 days and 

the last 2 days were 6 C. Mice were fasted for 2h before sacrifice.  

(A) Body temperature (B) Energy expenditure (C) RER (D) Total distance in cage (E) Food intake 
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We conclude that Cd36fl/fl-Ucp1Cre+ mice are able to maintain their body temperature when 

exposed to cold in a fed state. 
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Are Cd36fl/fl-Ucp1Cre+ mice able to maintain their body temperature when exposed to 

cold in a fasted state? 

CD36ko mice are able to maintain their body temperature in the cold in a fed state (Putri et al., 

2015). However, upon fasting, their body temperature rapidly decreases and become cold 

sensitive (Bartelt et al., 2011; Putri et al., 2015). Therefore, we wanted to test whether Cd36fl/fl-

Ucp1Cre+ mice were able to maintain their body temperature when faced a cold challenge when 

fasted. 15-17 week old female Cd36fl/fl-Ucp1Cre- and Cd36fl/fl-Ucp1Cre+ mice were put in metabolic 

cages. The same temperature schedule was followed as before, except on the day of 

temperature change mice were fasted from 6 am ï 12 pm.  

No differences in body characteristics were observed (Figure 21 A-F).  

 

 

 

 

  

Figure 21 . Body characteristics of Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice .  

(A-F) 15-17 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were put in metabolic cages. 

After acclimatization, temperature was kept for 2 days at 30 C, then decreased to 22 C for 2 days and 

the last 2 days were 6 C. On the day of the temperature change, mice were fasted from 6 am to 12 pm. 

(A) Blood glucose (B) Body weight (C) Organ weights (D) Plasma cholesterol (E) Plasma TGs (F) Plasma 

NEFAs 
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Cd36fl/fl-Ucp1Cre+ mice were able to maintain their body temperature when fasted at 30°C and 

22°C. However, during the fasting period at 6°C, half of the Cd36fl/fl-Ucp1Cre+ mice were unable 

to maintain their body temperature (Figure 22A-B ) and the experiment had to be stopped. 

Energy expenditure showed some tendencies to be lower in Cd36fl/fl-Ucp1Cre+ mice compared 

to Cd36fl/fl-Ucp1Cre- mice already at 22°C (Figure 22C) and was also lower in Cd36fl/fl-Ucp1Cre+ 

mice compared to Cd36fl/fl-Ucp1Cre- mice during the fasting period at 6°C (Figure 22D ). RER, 

total distance in cage and food intake did not differ between the genotypes (Figure 22E -H).  
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We conclude that Cd36fl/fl-Ucp1Cre+ mice are unable to maintain their body temperature when 

exposed to cold in a fasted state. 

Figure 22 . Cd36
fl/fl

-Ucp1
Cre+

 mice are unable to maintain their body temperature when exposed to 

cold in a fasted state.  

(A-H) 15-17 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were put in metabolic cages. 

After acclimatization, temperature was kept for 2 days at 30 C, then decreased to 22 C for 2 days and 

the last 2 days were 6 C. On the day of the temperature change, mice were fasted from 6 am to 12 pm. 

(A-B) Body temperature (C-D) Energy expenditure (E-F) RER  

(B, D, F) last 5.5 h of the experiment, zoomed in (G) Total distance in cage (H) Food intake 
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Do Cd36fl/fl-Ucp1Cre+ mice have altered lipid uptake compared control littermates at 

different housing temperatures? 

To investigate whether Cd36fl/fl-Ucp1Cre+ mice have altered lipid uptake, 13-16 week old female 

Cd36fl/fl-Ucp1Cre- and Cd36fl/fl-Ucp1Cre+ mice were kept at RT or at 4°C for 24h and received an 

oral fat gavage with radioactively labelled 3H-Triolein and a tracer of radioactively labelled 14C-

DOG.  

No differences in body characteristics were observed (Figure 23 A-F). 

 

 

 

  

Figure 23 . Body characteristics of Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice . 

(A-F) 13-16 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were kept at RT and exposed 

to cold (4 C) for 24h. Mice were fasted 4h in the morning and 2 hours before sacrifice they received an 

oral gavage with radio-labelled 
3
H-Triolein and a tracer of 

14
C-DOG. 

 

(A) Blood glucose (B) Body weight (C) Organ weights (D) Plasma cholesterol (E) Plasma TGs (F) Plasma 

NEFAs  
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Cd36fl/fl-Ucp1Cre+ mice show a tendency to have decreased 3H-Triolein uptake in iBAT when 

kept at RT compared to their control littermates. However, when cold-exposed, Cd36fl/fl-

Ucp1Cre+ mice have blunted uptake in iBAT compared to cold-exposed control littermates. In 

line with this, cold-exposed livers of Cd36fl/fl-Ucp1Cre+ mice show an increase in 3H-Triolein 

uptake which is not observed in cold-exposed Cd36fl/fl-Ucp1Cre- mice (Figure 24A ).  

Regarding 14C-DOG uptake, heart and iBAT show increased uptake of 14C-DOG during cold-

exposure but no major differences were observed between the genotypes (Figure 2 4B). 

 

 

 

 

 

 

We conclude that cold-exposed Cd36fl/fl-Ucp1Cre+ mice have lower lipid uptake in iBAT 

compared to cold-exposed control littermates. 

 

  

Figure 24. Cold -exposed Cd36
fl/fl

-Ucp1
Cre+

 mice have blunted uptake in BAT compared to cold -
exposed control littermates.  

(A-B) 13-16 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were kept at RT and exposed 
to cold (4 C) for 24h. Mice were fasted 4h in the morning and 2h before sacrifice they received an oral 

gavage with radio-labelled 
3
H-Triolein and a tracer of 

14
C-DOG.  

 

(A) 
3
H-Triolein counts per organ (B) 

14
C-DOG counts per organ 
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Do Cd36fl/fl-Ucp1Cre+ mice have altered gene expression in BAT and WAT compared 

to control littermates at different housing temperatures? 

To check whether a brown adipocyte-specific knockout of Cd36 affects gene expression in BAT 

and WAT and order to identify potential compensational mechanism, we determined 

thermogenic markers, glucose and lipid handling genes as well as lipid receptor expression in 

iBAT and iWAT of Cd36fl/fl-Ucp1Cre- and Cd36fl/fl-Ucp1Cre+ mice kept at RT or at 4°C for 24h . 

Ppary expression did not increase upon cold-exposure in BAT of Cd36fl/fl-Ucp1Cre+ mice 

compared to control littermates while no differences were observed in Prdm16 expression. 

Thermogenic markers Dio2, Ucp1 and Elovl3 were increased upon cold exposure and showed 

no differences between the genotypes except for Elovl3. elongation of very long chain fatty acid 

3 (Elovl3) was shown to be highly upregulated during cold-exposure in BAT (Tvrdik et al., 1997, 

2000) and important for lipid recruitment and thermogenesis in BAT (Westerberg et al., 2006). 

Elovl3 expression did increase in BAT of cold-exposed Cd36fl/fl-Ucp1Cre+ mice but was blunted 

compared to cold-exposed littermates (Figure 25A). 

In WAT, cold-exposure did increase Ucp1 and Dio2 expression in Cd36fl/fl-Ucp1Cre- mice but in 

cold-exposed Cd36fl/fl-Ucp1Cre+ mice this increase was blunted (Figure 25B ). Type II 

iodothyronine deiodinase (Dio2) is an enzyme which catalyzes the conversion of thyroid 

hormones thyroxine (T4) to its active metabolite 3,5,3ᾳ-triiodothyronine (T3). T3 is able to 

stimulate thermogenesis in BAT via UCP1 (Silva, 2003; Yau et al., 2019). No major differences 

in Ppary, Prdm16 and Elovl3 expression were seen between the genotypes and housing 

temperatures. 

In BAT, Cd36 expression was decreased in Cd36fl/fl-Ucp1Cre+ mice compared to Cd36fl/fl-

Ucp1Cre- mice housed at RT while the cold-induced increase of Cd36 was blunted in Cd36fl/fl-

Ucp1Cre+ mice (Figure 25C). In line with the brown adipocyte-specific Cd36 knockout, no 

differences in Cd36 expression were observed in WAT (Figure 25D). Regarding expression of 

other receptors, aside from cold-induced effects no major differences were observed in BAT 

and WAT between the genotypes and housing temperatures (Figure 25C-D). 
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Aside from cold-induced increase in Glut4 expression in BAT (Figure 25E), no major 

differences in gene expression of glucose handling were observed in BAT and WAT (Figure 

25E-F). Interestingly, cold-exposure did increase Fabp4 and Lpl expression in BAT, however 

in cold-exposed Cd36fl/fl-Ucp1Cre+ mice this increase was lower compared to cold-exposed 

littermates (Figure 25E) and this effect was not observed in WAT (Figure 25F). Moreover, 

expression of angiopoietin-like protein 4 (Angplt4) an inhibitor of LPL (Lafferty et al., 2013), was 

decreased in Cd36fl/fl-Ucp1Cre+ mice regardless of housing temperature compared to control 

littermates housed at RT (Figure 25E) but not in WAT (Figure 25F). No differences in Fatp1 

expression in BAT and WAT were observed between the genotypes and housing temperatures 

(Figure 25E-F). 

These data indicated that cold-exposed Cd36fl/fl-Ucp1Cre+ mice have decreased expression of 

lipid handling genes in BAT and decreased expression of thermogenic markers in WAT.  

 

  



76 

 

 

 

  

Figure 25 . Cold -exposed  Cd36
fl/fl

-Ucp1
Cre+

 mice have decreased expression of lipid handling 

genes in BAT and decreased expression of thermogenic markers in WAT.  

(A-F) 15-20 week old female Cd36
fl/fl

-Ucp1
Cre+

 and Cd36
fl/fl

-Ucp1
Cre-

 mice were housed at RT or 24h at 

4 C. Mice were fasted 2h before sacrifice.  

 

(A, C, E) Gene expression in iBAT, (B, D, F) Gene expression in iWAT 

Gene expression was normalized for Tbp and RT Cre- group was set to 1. 

(A-B) Adipocyte and thermogenic marker gene expression 

(C-D) Receptor gene expression 

(E-F) Glucose and lipid handling gene expression 
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Endothelial -specific CD36ko mice  

Validating endothelial-specific knockout of CD36 in Cd36fl/fl-Cdh5Cre+ mice 

To validate the knockout, 12-14 week old male Cd36fl/fl-Cdh5Cre- and Cd36fl/fl-Cdh5Cre+ mice 

were kept at RT or 24h at 4°C and after a 2h fast organs were collected. Cd36fl/fl-Cdh5Cre+ mice 

had lower blood glucose levels compared to control littermates (Figure 26 A) and higher plasma 

NEFA levels when cold-exposed compared to their cold-exposed control littermates (Figure 

26F). Aside from cold-induced increase in heart weight (Figure 2 6C), no significant differences 

were observed in other body characteristics (Figure 26B-E).  

 

  
Figure 26 . Body characteristics of Cd36

fl/fl
-Cdh5

Cre+
 and Cd36

fl/fl
-Cdh5

Cre-
 mice .  

(A-F) 12-14 week old male Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were housed at RT or 24h at 4 C. 

Mice were fasted 2h before sacrifice. 

(A) Blood glucose (B) Body weight (C) Organ weights (D) Plasma cholesterol (E) Plasma TGs (F) Plasma 

NEFAs  
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Regarding Cd36 expression as shown in Figure 27A , Cd36 expression in the BAT of Cd36fl/fl-

Cdh5Cre+ mice did increase upon cold exposure but no knockout could be detected in Cd36fl/fl-

Cdh5Cre+ mice. On protein level, cold-exposed Cd36fl/fl-Cdh5Cre+ mice did have decreased 

protein expression compared to control littermates housed at RT (Figure 27B -C). 

 

 

 

 

 

 

 

  

Figure 27 . Cd36
fl/fl

-Cdh5
Cre+

 mice have decreased CD36 protein expression compared to control 

littermates housed at RT.  

(A-C) 12-14 week old male Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were housed at RT or 24h at 

4 C. Mice were fasted 2h before sacrifice. 

(A) Cd36 expression in iBAT. Gene expression was normalized for Tbp. (B-C) CD36 expression in iBAT. 

Protein expression was normalized for y-Tubulin and RT Cre- group was set to 1.  
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In order to validate that the knockout is cell-type specific, pieces of iBAT were used for 

immunofluorescence to look at the localization of CD36. In Cd36fl/fl-Cdh5Cre- mice regardless of 

housing temperature, CD36 staining displays endothelial structures (tubular structures) and 

ring-like structures (plasma membrane of brown adipocytes) (Figure 2 8A-B). Conversely, the 

staining in Cd36fl/fl-Cdh5Cre+ mice regardless of temperature only shows the ring-like structures 

indicating adipocyte staining (Figure 28 C-D). 

 

 

 

 

 

 

Altogether, endothelial-specific knockout of CD36 was not detected on gene expression on 

whole organ level, but could be seen on protein level. Based on the immunofluorescence data, 

we conclude that CD36 is knocked out specifically in endothelial cells in Cd36fl/fl-Cdh5Cre+ mice. 

Figure 2 8. Localization of CD36 in iBAT of Cd36
fl/fl

-Cdh5
Cre- 

and Cd36
fl/fl

-Cdh5
Cre+

 mice.  

(A-D) 12-14 week old male Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were housed at RT or 24h at 

4 C. Mice were fasted 2h before sacrifice. Paraffin sections were stained with PLIN1 (adipocyte marker), 

GPIHBP1 (endothelial marker) and CD36. Scale bar is 50 ɛm. 

 

(A-B) Cd36
fl/fl

-Ucp1
Cre-

 mice (A) housed at RT (B) cold-exposed 

(C-D) Cd36
fl/fl

-Ucp1
Cre+

 mice (C) housed at RT (D) cold-exposed 
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Are Cd36fl/fl-Cdh5Cre+ mice able to maintain their body temperature when exposed to 

cold in a fed and fasted state? 

To test whether Cd36fl/fl-Cdh5Cre+ mice were able to maintain their body temperature when 

exposed to cold, 13-19 week old female Cd36fl/fl-Cdh5Cre- and Cd36fl/fl-Cdh5Cre+ mice were put 

in metabolic cages. Temperature was kept at 30°C for 2 days, then decreased to 22°C for 2 

days and lastly decreased to 6°C for 2 days. To test whether Cd36fl/fl-Cdh5Cre+ mice were able 

to maintain their body temperature during different nutritional states, mice were fasted each 

day from 6 am ï 12 pm.  

Cd36fl/fl-Cdh5Cre+ mice had lower blood glucose levels compared to their control littermates 

(Figure 29A ). No differences in body weight were observed (Figure 29B). Cd36fl/fl-Cdh5Cre+ 

mice had increased heart weight and decreased iBAT weight compared to control littermates. 

Regarding plasma parameters in plasma cholesterol and TGs no differences were observed 

(Figure 29D-E) but Cd36fl/fl-Cdh5Cre+ mice had increased plasma NEFA levels compared to 

Cd36fl/fl-Cdh5Cre- mice (Figure 29F). 

 

 

 

  

Figure 29 . Body characteristics of Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice .  

(A-F) 13-19 week old female Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were put in metabolic cages. 

After acclimatization, temperature was kept for 2 days at 30 C, then decreased to 22 C for 2 days and 

the last 2 days were 6 C. Mice were fasted every day from 6 am to 12 pm. 

(A) Blood glucose (B) Body weight (C) Organ weights (D) Plasma cholesterol (E) Plasma TGs (F) Plasma 

NEFAs  
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Both genotypes were able to maintain their body temperature at all temperatures and in all 

nutritional conditions (Figure 30A ). Energy expenditure and RER showed no major differences 

between the genotypes (Figure 30B-C). Total distance in cage (Figure 30D) and water intake 

(as a proxy for food intake) (Figure 30E) showed no differences.  

 

 

 

 

 

 

 

 

 

 

 

Thus, Cd36fl/fl-Cdh5Cre+ mice are able to maintain their body temperature when exposed to cold 

regardless of the nutritional state. 

  

Figure 30 . Cd36
fl/fl

-Cdh5
Cre+

 mice are able to maintain their body temperature when exposed to 

cold in a fed and fasted state.  

(A-E) 13-19 week old female Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were put in metabolic cages. 

After acclimatization, temperature was kept for 2 days at 30 C, then decreased to 22 C for 2 days and 

the last 2 days were 6 C. Mice were fasted every day from 6 am to 12 pm. 

(A) Body temperature (B) Energy expenditure (C) RER (D) Total distance in cage (E) Water intake 
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Do Cd36fl/fl-Cdh5Cre+ mice have altered lipid uptake compared to control littermates at 

different housing temperatures? 

To investigate whether Cd36fl/fl-Cdh5Cre+ mice have altered lipid uptake, 13-17 week old male 

Cd36fl/fl-Cdh5Cre- and Cd36fl/fl-Cdh5Cre+ mice were kept at RT or at 4°C for 24h and received an 

oral fat gavage with radioactively labelled 3H-Triolein and a tracer of radioactively labelled 14C-

DOG. No differences in body characteristics were observed (Figure 31A-C). Regarding plasma 

parameters, cold-exposed Cd36fl/fl-Cdh5Cre+ mice had lower plasma cholesterol levels 

compared to Cd36fl/fl-Cdh5Cre+ mice housed at RT (Figure 31D). Plasma TG levels were 

decreased upon cold-exposure in both genotypes (Figure 31E) while plasma NEFA levels were 

increased in Cd36fl/fl-Cdh5Cre+ mice housed at RT and normalized upon cold-exposure (Figure 

31F). 

 

 

 

  

Figure 31 . Body characteristics of Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice . 

(A-F) 13-17 week old male Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were kept at RT and exposed to 

cold (4 C) for 24h. Mice were fasted 4h in the morning and 2h before sacrifice they received an oral 

gavage with radio-labelled 
3
H-Triolein and a tracer of 

14
C-DOG. 

  

(A) Blood glucose (B) Body weight (C) Organ weights (D) Plasma cholesterol (E) Plasma TGs (F) Plasma 

NEFAs  
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3H-Triolein uptake was increased in cold-exposed mice regardless of the genotypes, whereas 

cold-exposed Cd36fl/fl-Cdh5Cre+ mice show a tendency to have decreased 3H-Triolein uptake in 

RT compared to their cold-exposed control littermates. In line with this, cold-exposed livers of 

Cd36fl/fl-Cdh5Cre+ mice show an increase in 3H-Triolein uptake which is not observed in cold-

exposed Cd36fl/fl-Cdh5Cre- mice (Figure 32A).  

Regarding 14C-DOG uptake, Cd36fl/fl-Cdh5Cre+ mice have increased uptake in the heart when 

housed at RT and increases even further when Cd36fl/fl-Cdh5Cre+ mice are cold-exposed. Aside 

from the cold-induced increase of 14C-DOG in iBAT no further differences were observed 

(Figure 32B ).  

 

 

 

 

 

 

We conclude that Cd36fl/fl-Cdh5Cre+ mice do not have altered lipid uptake compared to control 

littermates regardless of housing conditions. However, Cd36fl/fl-Cdh5Cre+ mice do have 

increased 14C-DOG uptake in heart compared to control littermates regardless of housing 

conditions. 

 

 

Figure 32 . Cd36
fl/fl

-Cdh5
Cre+

 mice have increased DOG uptake in heart.  

(A-B) 13-17 week old male Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were kept at RT and exposed to 

cold (4 C) for 24h. Mice were fasted 4h in the morning and 2h before sacrifice they received an oral 

gavage with radio-labelled 
3
H-Triolein and a tracer of 

14
C-DOG. 

  

(A) 
3
H-Triolein counts per organ (B) 

14
C-DOG counts per organ 
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Do Cd36fl/fl-Cdh5Cre+ mice have altered gene expression in BAT and WAT compared to 

control littermates at different housing temperatures? 

To check whether an endothelial-specific knockout of Cd36 affects gene expression in BAT 

and WAT, we quantified expression of thermogenic markers, receptor as well as glucose and 

lipid handling genes in iBAT and iWAT of Cd36fl/fl-Cdh5Cre- and Cd36fl/fl-Cdh5Cre+ mice kept at 

RT or at 4°C for 24h. 

No differences were observed in Ppary and Prdm16 expression in BAT and WAT. Thermogenic 

markers Dio2, Cdh5 and Elovl3 were increased in BAT upon cold exposure and showed no 

differences between the genotypes (Figure 33A). In WAT, cold-exposure did increase Ucp1 

and Dio2 expression but in cold-exposed Cd36fl/fl-Cdh5Cre+ mice this increase was blunted 

compared to cold-exposed littermates (Figure 33B). No major differences in Ppary, Prdm16 

and Elovl3 expression were seen between the genotypes and housing temperatures in WAT 

(Figure 33B ). 

In BAT, Cd36 expression was increased upon cold-exposure regardless of the genotype, but 

no knockout could be observed (Figure 33C). Expression of LDL receptorïrelated proteinï1 

(Lrp1), which interacts with VLDL particles and chylomicrons and is expressed by adipocytes  

(Hofmann et al., 2007), was highest in Cd36fl/fl-Cdh5Cre+ mice housed at RT. Cold-exposure 

decreased the expression of Lrp1 to a similar level as cold-exposed Cd36fl/fl-Cdh5Cre- mice. 

Regarding expression of other receptors, aside from cold-induced effects no major differences 

were observed in BAT and WAT between the genotypes and housing temperatures (Figure 

33C-D). 

Regarding glucose handling genes, cold-exposed Cd36fl/fl-Cdh5Cre+ mice had increased Glut1 

expression compared to cold-exposed control littermates in BAT and WAT. Aside from cold-

induced increase in Glut4 expression in BAT (Figure 33E), no major differences in gene 

expression of glucose handling were observed in BAT and WAT (Figure 33E-F).  

Regarding lipid handling genes, mainly cold-induced increases or decreases were observed in 

BAT and WAT. Overall, cold-exposed Cd36fl/fl-Cdh5Cre+ mice have decreased expression of 

thermogenic markers in WAT. 
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Figure 33 . Cold -exposed  Cd36
fl/fl

-Cdh5
Cre+

 mice have decreased expression of thermogenic 

markers in WAT.  

(A-F) 12-15 week old male Cd36
fl/fl

-Cdh5
Cre+

 and Cd36
fl/fl

-Cdh5
Cre-

 mice were housed at RT or 24h at 

4 C. Mice were fasted 2h before sacrifice. Gene expression was normalized for Tbp and RT Cre- group 

was set to 1. 

(A, C, E) Gene expression in iBAT, (B, D, F) Gene expression in iWAT 

 (A-B) Adipocyte and thermogenic marker gene expression 

(C-D) Receptor gene expression 

(E-F) Glucose and lipid handling gene expression 
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Endothelial -specific SR -B1ko mice  

Validating endothelial-specific knockout of SR-B1 in Scarb1fl/fl-Cdh5Cre+ mice 

To validate the knockout model, we used MACS to separate the CD31+ endothelial cells 

(CD31), CD11b+ macrophages (CD11b) and mature adipocyte (mA) fraction isolated from iBAT 

of chow-fed Scarb1fl/fl-Cdh5Cre+ and Scarb1fl/fl-Cdh5Cre- mice kept at RT.  

The endothelial fraction of Scarb1fl/fl-Cdh5Cre+ mice had decreased Scarb1 expression 

compared to Scarb1fl/fl-Cdh5Cre- mice while the other fractions did not (Figure 34A). To confirm 

the specificity of the sorting, we measured genes specific for mature adipocytes (Ucp1, Figure 

34B), endothelium (Gpihbp1, Figure 34C) and macrophages (adhesion G protein-coupled 

receptor E (Adgre), Figure 34D). Adgre and Ucp1 expression were only expressed by the 

macrophage fraction and mA fraction, respectively, with no differences between Scarb1fl/fl-

Cdh5Cre+ and Scarb1fl/fl-Cdh5Cre- mice. Gpihbp1 was expressed by the endothelial fraction as 

well as the mA fraction. This is probably explained by a contaminating association of endothelial 

cells in the brown adipocyte fraction. This could also explain the alleged decrease in Scarb1 

expression of Scarb1fl/fl-Cdh5Cre+ mice (Figure 34A).  

 

 

 

 

 

 

 

 

 

Figure 34 . SR-B1 knockout is endothelial cell -specific.  

(A-D) 15-18 week old female Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were housed at 22°C and 

fed a chow diet (n=3; 4 BATs per pool). Gene expression in CD31+ endothelial cells, CD11b+ 

macrophages and mature adipocyte fraction isolated from BAT. 

Gene expression was normalized for Tbp. 

(A) Scarb1 expression (B) Ucp1 expression (C) Gpihbp1 expression (D) Adgre expression 
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Overall, the decrease in Scarb1 expression was only observed in the endothelial fraction of 

Scarb1fl/fl-Cdh5Cre+ mice, therefore we conclude that the knockout of SR-B1 is specific for 

endothelial cells. 
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Can an endothelial knockout of SR-B1 be detected on gene expression on whole 

organ level in Scarb1fl/fl-Cdh5Cre+ mice?  

To characterize the Scarb1fl/fl-Cdh5Cre+ mice further, gene expression analysis was done in 

different organs of chow-fed Scarb1fl/fl-Cdh5Cre+ and Scarb1fl/fl-Cdh5Cre- mice kept at RT.  

 

Regarding body characteristics, no differences were observed between the genotypes except 

for Scarb1fl/fl-Cdh5Cre+ had increased liver weight compared to control littermates (Figure 35 A-

G).  

 

 

 

 

 

 

  

Figure 35 . Body characteristics of Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice .  

(A-G) 17-18 week old female and Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were housed at 22°C 

and fed a chow diet. Only data from males are shown  

(A) Blood glucose (B) Body weight (C) Organ weight (D) Lean weight (E) Fat weight (F) Plasma TGs  

(G) Plasma cholesterol 
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Interestingly, an endothelial-specific knockout of SR-B1 led to a decrease in Scarb1 gene and 

SR-B1 protein expression on whole organ level for heart, iBAT, iWAT, gonadal WAT (gWAT) 

and quadriceps in Scarb1fl/fl-Cdh5Cre+ mice compared to Scarb1fl/fl-Cdh5Cre- mice (Figure 36A-

C). Underlining the contribution of the endothelial cells to whole organ expression. No 

differences in Scarb1 and SR-B1 expression were observed in liver and adrenal glands of 

Scarb1fl/fl-Cdh5Cre+ mice compared to Scarb1fl/fl-Cdh5Cre- mice (Figure 36 A-C), as the main cells 

expressing SR-B1 in these organs are liver sinusoidal endothelial cells (Ganesan et al., 2016) 

which are not affected by the Cdh5 knockout as there is little Cdh5 expression in these cells 

(Medina et al., 2003, 2005) and the adrenal cells, respectively (Rigotti et al., 1996).  

 

 

 

 

  

Figure 36 . SR-B1 expressed by endothelial cells contributes majorly to whole organ SR -B1 

expression.  

(A-C) 17-18 week old female and Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were housed at 22°C 

and fed a chow diet.  

(A) Organ panel of Scarb1 expression. Scarb1 expression was normalized for Tbp. 

 

(B-C) Organ panel of relative SR-B1 expression.  Protein expression was normalized for AKT and the 

Scarb1
fl/fl

-Cdh5
Cre- 

group was set to 1. 
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Next, we wanted to metabolically characterize the Scarb1fl/fl-Cdh5Cre+ mice by housing them in 

metabolic cages at RT when fed a chow diet. No major differences between Scarb1fl/fl-Cdh5Cre+ 

mice and Scarb1fl/fl-Cdh5Cre- mice were observed at RT regarding body temperature (Figure 

37A), energy expenditure (Figure 37B), RER (Figure 37C), total distance (Figure 37D) and 

food intake (Figure 37E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

So far, we conclude that SR-B1 expressed by endothelial cells contributes majorly to whole 

organ expression of heart, iBAT, iWAT, gWAT and quadriceps. Scarb1fl/fl-Cdh5Cre+ mice not 

differ metabolically from Scarb1fl/fl-Cdh5Cre- mice at RT when fed a chow diet. 

 

Figure 37 . No differences in metabolic parameters at 22°C between Scarb1
fl/fl

-Cdh5
Cre+

 and 

Scarb1
fl/fl

-Cdh5
Cre-

 mice.  

(A-E) 17-18 week old female and Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were housed at 22°C 

in metabolic cages and fed a chow diet. Only data from males are shown. 

(A) Body temperature (B) Energy expenditure (C) RER (D) Total distance in cage (E) Food intake  
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Are Scarb1fl/fl-Cdh5Cre+ mice able to maintain their body temperature when the 

temperature is gradually decreased and is this influenced by diet? 

To see whether endothelial-expressed SR-B1 affects cold adaptation, we housed Scarb1fl/fl-

Cdh5Cre+ mice and Scarb1fl/fl-Cdh5Cre- mice in metabolic cages and decreased the temperature 

from 30°C to 6°C, by decreasing the temperature each day with 6°C. The temperature was 

then increased to 28°C for 1.5 more day and 3h before sacrifice the mice received a CL 

injection, to measure the maximum oxygen consumption of the BAT. This experiment was done 

in chow-fed mice (Figure 38 A-E) and mice fed a HFD for 4 weeks (Figure 3 8F-J). 

Regarding body characteristics, chow-fed Scarb1fl/fl-Cdh5Cre+ mice had increased blood 

glucose levels and plasma cholesterol levels compared to Scarb1fl/fl-Cdh5Cre- mice (Figure 38 A, 

E). However, the increase in blood glucose levels and plasma cholesterol levels was not 

observed in Scarb1fl/fl-Cdh5Cre+ mice after a HFD of 4 weeks (Figure 38 F, J). No other 

differences in body characteristics were observed (Figure 38 B-D, F-J).  
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Figure 38 . Body characteristics of Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice .  

(A-E) 13 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice on a chow diet were used for 

indirect calorimetry measurements.  

(F-J) 9 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were fed a HFD for 4 weeks and 

afterwards used for indirect calorimetry measurements. 

(A-J) Temperature was decreased from 30°C to 6°C by decreasing the temperature with 6°C every day 

over a course of 5 days. The temperature was then increased to 28°C for 1.5 more day and 3h before 

sacrifice the mice received a CL injection.  

(A, F) Blood glucose (B, G) Body weight (C, H) Organ weights (D, I) Plasma TGs (E, J) Plasma 

cholesterol 
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Scarb1fl/fl-Cdh5Cre+ mice were able to maintain their body temperature at all temperatures 

regardless of the diet (Figure 39A, E ). The decreasing temperature resulted in an increase in 

energy expenditure in Scarb1fl/fl-Cdh5Cre+ mice and Scarb1fl/fl-Cdh5Cre- mice (Figure 39B, F ), as 

expected (Scholander et al., 1950). RER differed between the diets as HFD contains little 

glucose and therefore the RER stayed around 0.7 and did not alternate between 0.7-1.0 as 

seen in the chow diet, as expected (Simonson and DeFronzo, 1990) (Figure 39C, G ). No 

differences between Scarb1fl/fl-Cdh5Cre+ mice and Scarb1fl/fl-Cdh5Cre- mice were observed 

regarding activity regardless of diet (Figure 39D, H ). 
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Figure 39 . No differences in metabolic parameters at between Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-

Cdh5
Cre-

 mice on chow and HFD during cold adaptation.  

(A-D) 13 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice on a chow diet were used for 

indirect calorimetry measurements.  

(E-H) 9 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were fed a HFD for 4 weeks and 

afterwards used for indirect calorimetry measurements. 

(A-H) Temperature was decreased from 30°C to 6°C by decreasing the temperature with 6°C every day 

over a course of 5 days. The temperature was then increased to 28°C for 1.5 more day and 3h before 

sacrifice the mice received a CL injection (arrow).  

(A, E) Body temperature (B, F) Energy expenditure (C, G) RER (D, H) Total distance in cage 
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In summary, Scarb1fl/fl-Cdh5Cre+ mice were able to maintain their body temperature at all 

temperatures regardless of the diet. SR-B1 expressed by endothelial cells therefore is 

dispensable for adaptive thermogenesis. 
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Do Scarb1fl/fl-Cdh5Cre+ mice have altered lipid uptake compared to control littermates 

at different housing temperatures and diet regiments? 

To test whether endothelial expressed SR-B1 affects lipid and glucose uptake, we exposed 

Scarb1fl/fl-Cdh5Cre+ mice and Scarb1fl/fl-Cdh5Cre- mice to 4°C for 24h or kept them at RT and 2h 

before sacrifice the mice received an OGFT with radioactive-labeled 3H-Triolein and 14C-DOG 

(2 g/kg). Then we measured the uptake of radioactive particles in the different organs. This 

experiment was done in chow-fed mice and mice fed a HFD for 4 weeks. 

Regarding body characteristics, cold-exposed chow-fed Scarb1fl/fl-Cdh5Cre+ mice had 

decreased liver weight compared to Scarb1fl/fl-Cdh5Cre- mice  which was not observed in mice 

receiving a HFD for 4 weeks (Figure 40C, H). Aside from the cold-induced decrease in plasma 

TG levels (Figure 40D, I) no other differences in body characteristics were observed (Figure 

40A-B, E-H, J).  
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Figure 40. Body characteristics of Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice . 

(A-E) 16-22 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice on a chow diet were housed 

at 22°C or 6°C for 24h. 2h before sacrifice the mice received an OGFT with radioactive-labeled 
3
H-

Triolein and 
14

C-DOG (2g/kg). 

(F-J) 11-15 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were fed a HFD for 4 weeks 

and afterwards housed at 22°C or 6°C for 24h. 2h before sacrifice the mice received an OGFT with 

radioactive-labeled 
3
H-Triolein and 

14
C-DOG (2g/kg). 

 (A, F) Blood glucose (B, G) Body weight (C, H) Organ weight (D, I) Plasma TGs (E, J) Plasma cholesterol 
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Cold exposure increased uptake of 3H-Triolein and 14C-DOG in heart and iBAT regardless of 

the genotype and diet (Figure 41A , C). Cold exposure also increased 3H-Triolein uptake in 

quadriceps of Scarb1fl/fl-Cdh5Cre- mice and slightly in cold-exposed Scarb1fl/fl-Cdh5Cre+ mice fed 

a HFD for 4 weeks (Figure 41C ), this was not observed in chow-fed mice (Figure 41A ). HFD-

fed cold-exposed Scarb1fl/fl-Cdh5Cre- mice showed a decrease in 3H-Triolein uptake in gWAT, 

while this was not observed in HFD-fed cold-exposed Scarb1fl/fl-Cdh5Cre+ mice (Figure 41C ). 

Regarding 14C-DOG uptake, the liver of chow-fed Scarb1fl/fl-Cdh5Cre- mice kept at RT had 

increased uptake of 14C-DOG compared to cold-exposed mice and Scarb1fl/fl-Cdh5Cre+ mice 

kept at RT (Figure 41 B). Aside from cold-induced increases in 14C-DOG uptake in heart and 

iBAT, no major differences were observed between Scarb1fl/fl-Cdh5Cre+ mice and control 

littermates (Figure 41B, D ). 

 

  

Figure 41. No differences in lipid and glucose uptake between Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-

Cdh5
Cre-

 mice on chow and HFD at different housing conditions.  

(A-B) 16-22 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice on a chow diet were housed 

at 22°C or 6°C for 24h. 2h before sacrifice the mice received an OGFT with radioactive-labeled 
3
H-

Triolein and 
14

C-DOG (2g/kg). 

(C-D) 11-15 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were fed a HFD for 4 weeks 
and afterwards housed at 22°C or 6°C for 24h. 2h before sacrifice the mice received an OGFT with 

radioactive-labeled 
3
H-Triolein and 

14
C-DOG (2g/kg). 

(A, C) 
3
H-Triolein counts per organ (B, D) 

14
C-DOG counts per organ 
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In summary, no major differences were observed in lipid and glucose uptake between 

Scarb1fl/fl-Cdh5Cre- and Scarb1fl/fl-Cdh5Cre+ mice regardless of diet and housing conditions. 

Therefore, we conclude that SR-B1 expressed by endothelial cells is dispensable for lipid and 

glucose uptake. 
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Do Scarb1fl/fl-Cdh5Cre+ mice have altered gene expression in BAT and WAT compared 

to control littermates at different housing temperatures and diet regiments? 

To test whether the lack of differences in metabolic parameters is due to an alteration of 

thermogenic marker expression, we exposed chow-fed Scarb1fl/fl-Cdh5Cre+ mice and Scarb1fl/fl-

Cdh5Cre- mice to 4°C for 24h or kept them at RT and checked then the gene expression of iBAT 

and iWAT.  

In iBAT, Ucp1, Elovl3, Dio2, Ppargc1a and Lpl expression increased upon cold exposure 

regardless of the genotype. Scarb1fl/fl-Cdh5Cre+ mice have increased expression of Dio2 and 

Ppargc1a upon cold compared to mice kept at RT or cold-exposed Scarb1fl/fl-Cdh5Cre- mice 

while no other differences were observed (Figure 42A). In iWAT, despite a high standard 

variation, we did observe an increase or trend to increase in Ucp1, fatty acid synthase (Fasn), 

Elovl3, Ppargc1a expression upon cold exposure regardless of the genotype (Figure 42B).  

To test whether the lack of differences is due to a compensatory mechanism, we checked 

receptor gene expression in iBAT and iWAT. In iBAT, Scarb1 expression was decreased in 

Scarb1fl/fl-Cdh5Cre+ mice irrespective of housing conditions compared to Scarb1fl/fl-Cdh5Cre- mice 

(Figure 42C). Aside from the cold triggered increase in Ldlr and Glut4 expression and decrease 

in Lrp1 expression, no differences were observed between Scarb1fl/fl-Cdh5Cre+ mice and 

Scarb1fl/fl-Cdh5Cre- mice regardless of the housing temperature (Figure 42C). In iWAT, Scarb1 

expression was decreased in Scarb1fl/fl-Cdh5Cre+ mice kept at RT, but not in cold-exposed 

Scarb1fl/fl-Cdh5Cre+ mice compared to Scarb1fl/fl-Cdh5Cre- mice regardless of housing 

temperature (Figure 42D). Ldlr expression showed a cold-induced increase in cold-exposed 

Scarb1fl/fl-Cdh5Cre- mice compared to Scarb1fl/fl-Cdh5Cre- mice kept at RT, the same trend was 

seen in Scarb1fl/fl-Cdh5Cre+ mice. Cd36 expression was increased in cold-exposed Scarb1fl/fl-

Cdh5Cre+ mice compared to cold-exposed Scarb1fl/fl-Cdh5Cre- mice. Glut1 expression was 

increased in cold-exposed Scarb1fl/fl-Cdh5Cre+ mice compared to Scarb1fl/fl-Cdh5Cre+ mice kept 

at RT and Scarb1fl/fl-Cdh5Cre- mice. (Figure 42D). 
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To check whether HFD would affect thermogenic marker and receptor expression in iBAT and 

iWAT of Scarb1fl/fl-Cdh5Cre+ mice and Scarb1fl/fl-Cdh5Cre- mice, we fed mice a HFD for 4 weeks 

before we repeated the experiment and 2h before sacrifice the mice received an OGFT with 

radioactive-labeled 3H-Triolein and 14C-DOG. Other than the cold triggered increase in several 

marker genes and a cold-induced decrease in the case of Fasn, no genotype differences 

between Scarb1fl/fl-Cdh5Cre+ mice and Scarb1fl/fl-Cdh5Cre- mice in iBAT were observed (Figure 

42E). In iWAT, due to the high variance in expression levels, we only observed a tendency that 

Ucp1, Dio2, Elovl3, and Ppargc1a increased upon cold exposure regardless of the genotype 

(Figure 42F), no other differences were observed.  

Besides decreased Scarb1 expression in iBAT  and iWAT of Scarb1fl/fl-Cdh5Cre+ mice compared 

to Scarb1fl/fl-Cdh5Cre- mice regardless of housing temperature (Figure 42G-H), Ldlr expression 

was also decreased in iBAT of cold-exposed Scarb1fl/fl-Cdh5Cre+ mice and the same trend was 

observed in Scarb1fl/fl-Cdh5Cre+ mice kept at RT compared to Scarb1fl/fl-Cdh5Cre- mice regardless 

of housing temperature (Figure 42G). In iWAT, cold-exposed Scarb1fl/fl-Cdh5Cre+ mice had 

lower Ldlr expression compared to Scarb1fl/fl-Cdh5Cre- mice kept at RT, no other differences 

were observed Figure 42H). In iBAT, other than the tendency of cold-triggered increased 

expression of Cd36, Vldlr, Scarb2 and Glut4, or decrease of Lrp1 (Figure 42G), no increase in 

a receptor was observed that could act as a compensatory mechanism for the loss of 

endothelial expressed SR-B1.  
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Figure 42 . No differences in thermogenic marker and receptor expression in iBAT and iWAT 

between Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice on chow and HFD at different housing 
conditions.  

(A-D) 10-13 week old female Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice were housed at 22°C or 

4°C for 24h and fed a chow diet. (E-H) 11-15 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 
mice were fed a HFD for 4 weeks and afterwards housed at 22°C or 4°C for 24h. 2h before sacrifice the 

mice received an OGFT with radioactive-labeled 
3
H-Triolein and 

14
C-DOG (2g/kg).  

(A-B, E-F) Relative thermogenic marker expression in (A, E) iBAT (B, F) iWAT (C-D, G-H). 
Relative receptor expression in (C, G) iBAT (D, H) iWAT.  

Gene expression was normalized for Tbp and RT Scarb1
fl/fl

-Cdh5
Cre-  

group was set to 1. 
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Overall, although chow-fed cold-exposed Scarb1fl/fl-Cdh5Cre+ mice have slightly increased 

thermogenic marker gene expression compared to cold-exposed littermates, no compensatory 

mechanisms could be detected that could explain the lack of differences regarding their 

capacity to do thermogenesis. Furthermore, knockout of SR-B1 in endothelial cells is not 

compensated by altered receptor gene expression.  
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Do Scarb1fl/fl-Cdh5Cre+ mice have altered uptake of cholesteryl ethers and selective 

cholesterol uptake compared to Scarb1fl/fl-Cdh5Cre- mice? 

As SR-B1 expressed by endothelial cells does not seem to play a role in adaptive 

thermogenesis or glucose and lipid uptake and since SR-B1 plays an important role in HDL 

metabolism, we were wondering if endothelial SR-B1 played a specific role in HDL metabolism. 

To test this, we performed a HDL turnover experiment where we injected radioactively-labeled 

HDL particles with radioactively-labeled 125I HDL-apolipoprotein and 3H-cholesteryl ether in 

chow-fed Scarb1fl/fl-Cdh5Cre- and Scarb1fl/fl-Cdh5Cre+ mice kept at RT.  

No differences were observed in plasma FCR between Scarb1fl/fl-Cdh5Cre- and Scarb1fl/fl-

Cdh5Cre+ mice (Figure 43A-C). Liver and kidney are used as controls, as they take up high 

amounts of CEs and the apolipoprotein respectively (Pittman and Steinberg, 1984; Glass et al., 

1985), here we did not observe any differences between Scarb1fl/fl-Cdh5Cre- and Scarb1fl/fl-

Cdh5Cre+ mice (Figure 43D-E). Interestingly, in heart and iBAT, we observed a decrease in 

selective cholesteryl ether uptake in Scarb1fl/fl-Cdh5Cre+ mice compared to Scarb1fl/fl-Cdh5Cre- 

mice (Figure 43F-G). No differences in uptake in other organs were observed (Figure 43H-I).  

In summary, SR-B1 expressed by endothelial cells seems to be important for selective 

cholesterol uptake in iBAT and heart.  
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Figure 43 . Scarb1
fl/fl

-Cdh5
Cre+ 

mice have strongly reduced uptake of 
3
H-labelled cholesteryl ether  

in heart and iBAT.  

(A-I) 24-30 week old male Scarb1
fl/fl

-Cdh5
Cre+

 and Scarb1
fl/fl

-Cdh5
Cre-

 mice on a chow diet were housed 

at 22°C and used for a HDL turnover experiment. Mice were given HDL with a 
125

I radioactive-labelled 

core and 
3
H labelled cholesteryl ether intravenously and sacrificed 24h later.  

(A) FCR rates of 
125

I and 
3
H in plasma of Scarb1

fl/fl
-Cdh5

Cre-
 mice over a course of 24h. 

(B) FCR rates of 
125

I and 
3
H in plasma of Scarb1

fl/fl
-Cdh5

Cre+
 mice over a course of 24h. 

(C) 
125

I HDL core and 
3
H cholesteryl ether in plasma 

(D-I) The uptake of 
125

I HDL core and 
3
H cholesteryl ether in different organs 

(D) Liver (E) Kidney (F) Heart (G) iBAT (H) Intestine (I) Carcass 
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Part G: Discussion  

The interest to study BAT was regained in 2009, when BAT was rediscovered in human adults 

by several independent groups by the use of 18F-fluoro-2-deoxy-D-glucose (18F-FDG) positron 

emission tomographyïcomputed tomography (PET-CT) (Cypess et al., 2009; Saito et al., 2009; 

van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). Before 2009, it was known that 

infants possessed functional BAT but thought that adults lost their functional BAT throughout 

their lifetime (Cannon and Nedergaard, 2004). The groups found that BAT mass is inversely 

correlated with age and BMI (Cypess et al., 2009; Saito et al., 2009; van Marken Lichtenbelt et 

al., 2009). However, what sparked interest is that when BAT is activated, it takes up high 

amounts of lipids and glucose (Ouellet et al., 2012; Chondronikola et al., 2014; Alexander Iwen 

et al., 2017). Therefore, activation of BAT in humans, might help counteract obesity by 

increasing the energy expenditure and in turn decrease the risk of cardiovascular disease. For 

example, in mice it was shown that activation of BAT could correct hyperlipidemia (Bartelt et 

al., 2011), however the appearance of BAT in obese humans is low and BAT activity is impaired 

(Vijgen et al., 2011; Carey et al., 2013; Orava et al., 2013).  

Interestingly, a study by Becher and colleagues showed that individuals that have detectable 

BAT, have lower plasma glucose levels and TG levels regardless of BMI compared to 

individuals that have no detectable BAT. Moreover, the prevalence of type 2 diabetes, coronary 

heart disease and hypertension was lower in individuals with detectable BAT regardless of BMI 

compared to individuals that have no detectable BAT (Becher et al., 2021). 

All the above combined, makes BAT an interesting target to study also in relation to humans. 

For BAT to be functioning properly FFAs are needed to be imported into the mitochondria and 

heat is generated via UCP1 (Cannon and Nedergaard, 2004). The FFAs can be endogenously 

obtained via lipolysis of the intracellular lipid droplets or imported exogenously (Cannon and 

Nedergaard, 2004). In order for exogenous lipids to reach the brown adipocytes, they first need 

to cross the endothelial barrier and secondly need to be imported into the brown adipocytes. 

Therefore for efficient lipid uptake, receptors and transporters expressed on endothelial cells 

and brown adipocytes are indispensable (Abumrad et al., 2021; Wade et al., 2021). 
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CD36 

CD36 is a LCFA transporter and is involved in numerous processes in the body (Silverstein 

and Febbraio, 2009). It is highly expressed in metabolic organs like heart (Koonen et al., 2005), 

muscle (Bonen et al., 2000) and BAT (Bartelt et al., 2011). Moreover CD36 can be found in 

different cell-types, including immune cells (Cifarelli et al., 2017), endothelial cells and 

adipocytes (Fischer et al., 2021). In the scope of this thesis, we are specifically interested in 

expression of CD36 in endothelial cells and brown adipocytes. 

The importance of CD36 for thermogenesis was shown years ago by our group, that CD36ko 

mice were just like UCP1 knockout (UCP1ko) mice unable to maintain their body temperature 

when exposed to cold (Enerback et al., 1997; Bartelt et al., 2011), in particular when the mice 

were fasted (Bartelt et al., 2011; Putri et al., 2015). Uptake studies showed that CD36ko mice 

had decreased uptake of lipids in heart, muscle and different BAT depots (Coburn et al., 2000; 

Bartelt et al., 2011). In order for brown adipocytes to fulfill their thermogenic function, lipids 

need to be combusted and a defect in lipid uptake could lead therefore to an impairment in 

thermogenic function as observed in the CD36ko mice (Bartelt et al., 2011).  

In order to be able to combust the exogenous lipids, lipids first need to cross the endothelial 

barrier and subsequently be internalized by the brown adipocytes (Cannon and Nedergaard, 

2004). In BAT, CD36 is highly expressed in brown adipocytes and endothelial cells (Fischer et 

al., 2021). Therefore, knocking CD36 out in one of these cell-types might greatly affect lipid 

uptake and therefore thermogenic capacity. Studies in EC-CD36ko mice showed that EC-

CD36ko mice had decreased lipid uptake in heart, quadriceps and BAT, increased circulating 

NEFAs, decreased plasma blood glucose and enhanced glucose clearance (Son et al., 2018; 

Daquinag et al., 2021; Rekhi et al., 2021; Dada et al., 2024). To our knowledge, no mouse 

model has been generated with a CD36 knockout specific for brown adipocytes. Although Ad-

CD36ko mice showed also decreased uptake of lipids in BAT and WAT and increased 

circulating NEFAs (Daquinag et al., 2021).  

How CD36 takes up lipids is not completely understood. CD36 is known to take up TRL 

particles (Bartelt et al., 2011; Schlein et al., 2016; Heine et al., 2018). Fischer and colleagues 

showed that endothelial CD36 takes up TRL particles which then are subsequently processed 

by lysosomal acid lipase (LAL) (Fischer et al., 2021). Besides TRL particle uptake, CD36 is 

mainly known for the uptake of LCFAs (Abumrad et al., 1993). Work by Neculai and colleagues 

that elucidated the crystal structure of LIMP-2 suggests that CD36 also has a large cavity that 

spans the whole protein which allows for the uptake of lipids (Neculai et al., 2013).  



108 

 

Currently, it is thought that FFAs are bound to FABPpm which helps it stabilize for CD36. CD36 

then inserts the FAs into the plasma membrane, through flip-flop mechanism the FA is bound 

on the cytosolic side by FABPc and processed further (Glatz and Luiken, 2017). On the other 

hand, several studies show that in adipocytes, upon binding with LCFAs CD36 is internalized 

in an endocytic manner with caveolin-1 (CAV-1), is also found at lipid droplets and recycled 

back to the plasma membrane when FAs are taken out of the medium (Hao et al., 2020; 

Daquinag et al., 2021). Previously it was shown that endothelial cells could package protein 

and lipids in extracellular vesicles and deliver them to underlying adipocytes (Crewe et al., 

2018). Peche and colleagues showed that in endothelial cells, binding of FA to CD36 led to 

phosphorylation of CAV-1 and internal vesicles containing FAs, CD36, CAV-1 and ceramides 

were formed. These vesicles were then transported to the basolateral membrane and released 

the FFAs there (Peche et al., 2023). This thesis aimed to elucidate the different roles of CD36 

expressed by brown adipocytes and endothelial cells in adaptive thermogenesis and lipid 

uptake. 

CD36 in brown adipocytes 

To our knowledge, we are the first to generate brown adipocyte-specific CD36 knockout mice. 

Knockout of CD36 resulted in a 25% decrease of CD36 expression in Cd36fl/fl-Ucp1Cre+ mice 

and was already visible on whole organ level, which underlines the contribution of brown 

adipocytes to total CD36 expression. Interestingly, cold exposure did increase CD36 

expression in Cd36fl/fl-Ucp1Cre+ mice but not to the same extent as in Cd36fl/fl-Ucp1Cre- mice. 

This is probably due to the other cell-types expressing CD36 (Fischer et al., 2021). The 

contribution of CD36 expressed by brown adipocytes for adaptive thermogenesis was evident 

when the Cd36fl/fl-Ucp1Cre+ mice were exposed to cold while fasted and could not maintain their 

body temperature. This is also in line with previous reports when CD36ko mice fasted in the 

cold and could not maintain their body temperature (Bartelt et al., 2011; Putri et al., 2015). 

Interestingly, the ability of Cd36fl/fl-Ucp1Cre+ mice to maintain their body temperature in the cold 

when fasted varied between the mice. Other mechanisms to generate heat are increasing 

shivering thermogenesis or increasing browning of WAT and enhancing futile cycling in beige 

adipocytes (Pant, Bal and Periasamy, 2016; Ikeda and Yamada, 2020). We did not observe 

notable shivering of Cd36fl/fl-Ucp1Cre+ mice by eye. Overall, Cd36fl/fl-Ucp1Cre+ mice have blunted 

increase in thermogenic markers after cold exposure, suggesting impaired browning of WAT. 

However, the variance in gene expression was quite high which could also explain the variance 

in the ability to maintain their body temperature. More analyses will have to be performed to 

elucidate the variance of ability of Cd36fl/fl-Ucp1Cre+ mice to maintain their body temperature.  
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In order for BAT to be able to generate heat, it needs to combust FFAs in mitochondria (Cannon 

and Nedergaard, 2004). Therefore, endogenous lipids and exogenous lipids are crucial for 

thermogenesis (Schreiber et al., 2017; Shin et al., 2017). Our group showed that cold-exposed 

CD36ko mice have decreased uptake in heart, muscle and different depots of BAT (Bartelt et 

al., 2011). We showed that at RT Cd36fl/fl-Ucp1Cre+ mice also have lower 3H-Triolein uptake in 

BAT and upon cold exposure uptake increases but not to the same extent as in Cd36fl/fl-Ucp1Cre- 

mice. This also corresponds with gene expression data where lipid handling genes show a 

blunted cold-induced increase in BAT of Cd36fl/fl-Ucp1Cre+ compared to Cd36fl/fl-Ucp1Cre- mice. 

Moreover, gene expression data also showed no increase in other lipid receptors to 

compensate for the loss of CD36. Therefore, knockout of CD36 in brown adipocytes impairs 

lipid handling in BAT. To compensate, lipids can also be generated by converting glucose to 

lipids via DNL (Sanchez-Gurmaches et al., 2018). It is known that CD36ko mice have enhanced 

glucose clearance after an OGTT and that heart and muscle take up more glucose (Hajri et al., 

2002, 2007; Goudriaan et al., 2003; McFarlan et al., 2012). However, the BAT of cold-exposed 

Cd36fl/fl-Ucp1Cre+ mice did not increase the uptake of DOG. Moreover, glucose handling genes 

were also not affected in of cold-exposed Cd36fl/fl-Ucp1Cre+ mice. Therefore, knockout of CD36 

in brown adipocytes does not impact glucose handling in BAT. 

Overall, we show that CD36 expressed by brown adipocytes is indispensable for 

thermogenesis and lipid uptake in BAT. Other cell-types expressing CD36 and other receptors 

in general are not able to compensate for the loss of CD36 in brown adipocytes.  

CD36 in endothelial cells 

Interestingly, in our endothelial-specific CD36 knockout mouse model, the depletion of CD36 

on whole organ expression could only be detected on protein level in BAT of Cd36fl/fl-Cdh5Cre+ 

mice. This is in contrast to another report showing a 50% decrease in BAT of EC-CD36ko mice 

on gene and protein expression (Son et al., 2018). It has to be noted that they created an EC-

CD36ko mouse model using the Tie2 promoter, while in our experiments endothelial-specific 

CD36 mice Cre is expressed under the Cdh5 promoter. These differences might be explained 

by the expression of CD36 by other cell-types, as Cre expression driven by the Tie2 promoter 

results also in recombination in hematopoietic cells. Although, the cold-induced Cd36 

expression does seem to be slightly impaired in Cd36fl/fl-Cdh5Cre+ mice similar to Cd36fl/fl-

Ucp1Cre+ mice. Notably, immunofluorescence data indicate that endothelial cells do not express 

CD36 in Cd36fl/fl-Cdh5Cre+ mice, therefore we conclude that Cd36fl/fl-Cdh5Cre+ mice do not 

express CD36 in endothelial cells. 
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CD36 is highly expressed in endothelial cells of BAT (Fischer et al., 2021) and lipids have to 

be transported over the endothelial cells to get to the brown adipocytes (Cannon and 

Nedergaard, 2004; Peche et al., 2023). Surprisingly, knockout of CD36 in endothelial cells did 

not affect adaptive thermogenesis in Cd36fl/fl-Cdh5Cre+ mice. Even when Cd36fl/fl-Cdh5Cre+ mice 

were fasted under cold exposure conditions, they were able to maintain their body temperature, 

which is different compared to either CD36ko mice (Bartelt et al., 2011; Putri et al., 2015) or, 

as described in the current study, Cd36fl/fl-Ucp1Cre+ mice. In line with this, thermogenic marker 

expression in BAT was not altered in Cd36fl/fl-Cdh5Cre+ mice. Although, in WAT cold-exposed 

Cd36fl/fl-Cdh5Cre+ mice had decreased thermogenic marker expression just like Cd36fl/fl-Ucp1Cre+ 

mice, suggesting impaired browning of WAT.  

It was reported that EC-CD36ko mice have decreased uptake of lipids in heart, muscle and 

BAT (Son et al., 2018). However, in our experiments we did not observe a decrease in lipid 

uptake in any organ of Cd36fl/fl-Cdh5Cre+ mice. This also corresponds with the gene expression 

data where lipid handling genes in BAT and WAT were not affected in Cd36fl/fl-Cdh5Cre+ mice. 

Interestingly, gene expression data also showed no increase in other lipid receptors to 

compensate for the loss of CD36. Moreover, Cd36fl/fl-Cdh5Cre+ mice have increased uptake of 

14C-DOG in heart, but not in other organs. This is in line with the gene expression data of BAT 

and WAT as glucose handling genes were not affected in Cd36fl/fl-Cdh5Cre+ mice. On the other 

hand, for EC-CD36ko mice it was reported that besides heart, WAT and muscle also had 

increased uptake of glucose (Son et al., 2018).  

It is puzzling that an endothelial knockout of CD36 did not affect lipid handling. Especially, 

considering that lipids need to be transported over endothelial cells before reaching the 

parenchymal cells (Peche et al., 2023) and EC-CD36ko have decreased lipid uptake (Son et 

al., 2018). Moreover, it is interesting that an endothelial knockout of CD36 does not affect 

adaptive thermogenesis considering that CD36 is highly expressed in endothelial cells of BAT 

(Fischer et al., 2021). Based on our data, as none of the usual receptors are compensating for 

the loss of CD36 in Cd36fl/fl-Cdh5Cre+ mice, alternative uptake mechanisms need to take place 

in Cd36fl/fl-Cdh5Cre+ mice. In a recent study it was reported that EC-CD36ko mice have 

increased gut permeability, increased inflammation and decreased levels of tight junction 

proteins (Cifarelli et al., 2017). In case the endothelial barrier integrity is also impaired in BAT 

of Cd36fl/fl-Cdh5Cre+ mice, this could explain the lack of differences in lipid and glucose uptake 

and that thermogenic capacity of BAT is not impaired. In that case, instead of transendothelial 

lipid transport which requires receptors/transporters, paracellular lipid transport could be 

enhanced and compensate endothelial lipid uptake (Von Eckardstein and Rohrer, 2009).  
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Altogether, as summarized in Figure 44 we conclude that CD36 expressed by brown 

adipocytes is essential for thermogenesis and lipid uptake in BAT while CD36 by endothelial 

cells is not. However, endothelial cells differ per organ as they take on characteristics of the 

tissue and display therefore a huge variety (Festa, AlZaim and Kalucka, 2023). Thus, it could 

be that deletion of CD36 affects the different endothelial cell populations in a different manner 

(Festa, AlZaim and Kalucka, 2023). Moreover, it is unknown how CD36 interacts with 

components of endothelial cells, how this affects endothelial cell behavior and could affect 

signal transduction. Therefore, it would be interesting to look deeper into BAT endothelial cells 

and compare the different CD36 knockout models, for example by quantitative electron 

microscopic studies. Moreover, it would be interesting to investigate the permeability of the 

vascular endothelium and to study TRL processing with fluorescently labeled TRLs. Lastly, to 

confirm the IF data, cell-type sorted approach like MACS to validate the knockout in endothelial 

cells.  

 

 

Figure 44. Graphical summary of brown adipocyte -specific and endothelial -specific CD36 

knockout on lipid handling and thermogenesis.  
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SR-B1 

SR-B1 is a multifunctional receptor that is known to bind a variety of lipoproteins (Calvo et al., 

1997), but mainly known as the HDL receptor (Acton et al., 1996). The role of SR-B1 in RCT 

and cholesterol metabolism was evident when SR-B1ko mice were generated. SR-B1ko mice 

had enlarged HDL particles, had reduced cholesterol stores and total plasma cholesterol levels 

were dramatically increased (Rigotti, B. Trigatti, et al., 1997). The function of SR-B1 depends 

in which cell it is expressed. For example, in hepatocytes and adrenal cells, SR-B1 extracts 

CEs from HDL particles without internalization of the particle (Acton et al., 1996; Rigotti, B. L. 

Trigatti, et al., 1997), while in the periphery SR-B1 is involved in cholesterol efflux from 

macrophages (De La Llera-Moya et al., 1999). The bidirectional flux of cholesterol is thought 

to be possible due to the large cavity that spans the whole protein of SR-B1 like a LIMP-2 

(Neculai et al., 2013).  

RCT is important as cells in the periphery do not have the ability to get rid of excess cholesterol 

and an excess of cholesterol can be toxic. Therefore, cholesterol efflux to lipid-poor HDL 

particles via ABCA1 and mature HDL particles via ABCG1 and SR-B1 is essential (De La Llera-

Moya et al., 1999; Thuahnai et al., 2004; Phillips, 2014). HDL particles are then transported 

back to the liver where SR-B1 extracts the CEs and HDL can be recycled back into the 

bloodstream (Shen, Azhar and Kraemer, 2018).  

In order for HDL particles to reach the parenchymal cells, they need to cross the endothelial 

barrier. It was shown that SR-B1 and ABCG1 in endothelial cells are involved in the transcytosis 

of HDL particles, therefore allowing cholesterol efflux of the parenchymal cells (Rohrer et al., 

2009). Besides the role of HDL in RCT, it is also atheroprotective via signaling via nitric oxide 

(NO). It was shown that endothelial NO synthase (eNOS) activation was induced by HDL 

binding SR-B1 (Yuhanna et al., 2001). Moreover, HDL promotes endothelial cell migration and 

reendothelization via SR-B1 in endothelial cells (Seetharam et al., 2006). For the protective 

effects of cell migration and reendothelization the adapter protein PDZK1 is needed in 

endothelial cells (Zhu et al., 2008). Besides its role in HDL transcytosis, endothelial SR-B1 is 

also involved in transcytosis of LDL (Armstrong et al., 2015; Huang et al., 2019). Due to the 

affinity for HDL and LDL, SR-B1 expressed by arterial endothelial cells has been suggested to 

be atheroprotective (Vaisman et al., 2015) and atherogenic (Huang et al., 2019). 

Overall, SR-B1 is a key player in cholesterol metabolism and its function is depending on the 

cell-type it is expressed in. 
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The role of SR-B1 expressed by endothelial cells in BAT and WAT has to our knowledge, not 

been studied. SR-B1 is an interesting target as our group found that SR-B1 is highly expressed 

in endothelial cells of BAT and WAT in mice and different WAT depots in humans. In 

combination with the fact that SR-B1 is from the same receptor family as CD36 and it can bind 

different TRL particles (Calvo et al., 1997; Out et al., 2004; Van Eck et al., 2008; Wiersma et 

al., 2010), we wanted to investigate the role of SR-B1 expressed by endothelial cells in relation 

to adaptive thermogenesis and lipid uptake. As our group had already showed that during CL 

administration, that pharmacologically mimics cold exposure, mice had enhanced HDL particle 

clearance via SR-B1 in the liver and enhanced RCT (Bartelt et al., 2017). 

SR-B1 in endothelial cells 

In this study, we showed that SR-B1 expressed by endothelial cells, contributes majorly to 

whole organ SR-B1 expression of BAT, WAT and other organs, but SR-B1 expressed by 

endothelial cells is dispensable for adaptive thermogenesis and lipid and glucose uptake 

regardless of diet. Aside from cold-exposed Scarb1fl/fl-Cdh5Cre+ mice having increased 

expression in some thermogenic genes in iBAT, we did not observe any differences in BAT and 

WAT regarding thermogenic markers. We also did not observe increased expression of other 

receptors which could compensate for the loss of endothelial SR-B1. The lack in differences 

between Scarb1fl/fl-Cdh5Cre+ mice and control littermates is probably due to the fact that CD36 

is still present and contributes majorly to the amount of lipid being able to be taken up by 

(endothelial cells of) BAT (Bartelt et al., 2011). 

Notably, we did observe a decrease in the selective uptake of cholesteryl ether in BAT, heart 

and lungs of Scarb1fl/fl-Cdh5Cre+ mice compared to Scarb1fl/fl-Cdh5Cre- mice which to our best 

knowledge was not reported before. Most of the studies regarding SR-B1 in the periphery are 

focused on the efflux of cholesterol from macrophages to HDL particles (De La Llera-Moya et 

al., 1999; Thuahnai et al., 2004; Phillips, 2014). SR-B1 is known to mediate selective 

cholesterol uptake not just in liver but also in steroidogenic organs (Rigotti, Miettinen and 

Krieger, 2003; Hu et al., 2010). Currently it is thought that the main role of SR-B1 expressed 

by endothelial cells is involved in the transcytosis of HDL and LDL particles (Rohrer et al., 2009; 

Armstrong et al., 2015; Fung et al., 2017; Huang et al., 2019). Although, almost 50 years ago, 

it was already shown that endothelial cells take up cholesterol from HDL particles (Collet et al., 

1988). More recently, a study investigating the role of SR-B1 in arterial and venous endothelial 

cells of the placenta showed an increased selective uptake of cholesterol in arterial endothelial 

cells of the placenta compared to the venous endothelial cells (Strahlhofer-Augsten et al., 

2022).  
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Therefore, it seems that besides transcytosis of HDL by SR-B1, SR-B1 expressed by 

endothelial cells also extract CE from HDL in a bidirectional manner (Stangl, Hyatt and Hobbs, 

1999). Interestingly, it was shown that HDL transcytosis was SR-B1-dependent but cholesterol 

transfer to endothelial cells was independent of SR-B1 (Muñoz-Vega et al., 2018). Why we 

observe a difference in BAT, heart and lungs probably has to do with high expression of SR-

B1 in these organs. It is very likely that the same results would be observed when studying 

iWAT, gWAT and quadriceps. Moreover, the type of endothelium in these organs also plays a 

role. These organs have a continuous endothelium, which means that the endothelium is tightly 

linked together via tight junctions and transport of cargos need to be transported via receptors. 

While in organs with a fenestrated endothelium or discontinuous endothelium, there are 

openings in the endothelium allowing for passages of cargos (Urbanczyk, Zbinden and 

Schenke-Layland, 2022). In addition, most experiments studying selective uptake of CE are 

done in vitro, not accounting for organ cross talk and organ dynamics. Therefore, results 

between our data might also differ from the in vitro data. 

Overall, SR-B1 expressed by endothelial cells is dispensable for thermogenesis and lipid and 

glucose uptake in BAT. Notably, as presented in Figure 45, SR-B1 expressed by endothelial 

cells is involved in cholesterol influx in iBAT and the heart. The importance of selective uptake 

of cholesterol from HDL particles for cellular cholesterol metabolism and the biology of 

endothelial cells, however, remains to be elucidated.  

  

 

 

 

 

  

Figure 45. Graphical summary of endothelial -specific SR -B1 knockout on lipid handling and 

thermogenesis.  
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Part I : Attachments  

Table 11. Buffers and solutions 

Buffer/Solution  Composition  

1.5M Tris-HCl  Å 181.7 g Tris-Base  

Å Adjust pH 8.8 with HCl 25%  

in final volume of 1 L of H2O dest.  

1M Tris-HCl  Å 121.1 g Tris-Base  

Å Adjust pH 6.8 with HCl 25%  

in final volume of 1 L of H2O dest.  

3% BSA in PBS Å 1.5 g BSA  

in final volume of 50 mL of TBST 

Anesthesia  ketamine (100 mg/ml)/xylazin (2 %)/NaCl 

(0.9 %); 2.3/1.0/6.7, v/v/v; 15 ɛL/g 

bodyweight  

Blocking buffer BSA 5% Å 2.5 g BSA  

in final volume of 50 mL of TBST 

Blocking buffer milk 5%  Å 2.5 g Milk Skim Powder  

in final volume of 50 mL of TBST 

Blotting buffer Å 56.2 g Glycine  

Å 12.1 g Tris-base  

Å 1 L Methanol  

in final volume of 5 L of H2O dest.  

Citric acid buffer pH 6.0 Å 1.92 g Citric acid 

Å Adjust pH with 2M NaOH 

Å 0.5 mL Tween20 

in final volume of 1 L of H2O dest. 

Formaldehyde solution 3.7%  Å 100 mL Formaldehyde solution 37%  

in final volume of 1 L of PBS  

NaCl 5M  Å 14.61 g NaCl  

in final volume of 50 mL of H2O dest.  

MACS buffer 

2mM EDTA 

0.5% BSA 

Å 744 mg EDTA 

Å 5 g BSA 

in final volume of 1 L of PBS 
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MACS digestion solution (prepare fresh) Å 1.5 U/mL Collagenase D 

Å 2.4 U/mL Dispase 

Å 1 mM CaCl2 

in final volume of 10 mL PBS 

Primary antibody solution  

5% BSA with NaAzid 0.02%  

Å 2.5 g BSA 

Å 50 ɛL Sodium azide 20%  

in final volume of 50 mL of TBST (filtered) 

RIPA buffer stock solution Å 20 mL Tris-HCL pH 7.4 1M 

Å 1.862 g EDTA 

Å 2.92 g NaCl 

Å 2.22 g Sodium pyrophosphate 

Å 2.1 g Sodiumfluoride 

Å 10 mL NP-40%  

in final volume of 1 L of H2O dest. (filtered) 

RIPA Å 50 µL Na3VO4 

Å 100 µL Phosphatase inhibitors A 

(Sigma) 

Å 100 µL Phosphatase inhibitors B 

(Sigma) 

Å 100 µL 10% SDS 

Å 1 cOmplete Mini Protease Inhibitor 

Cocktail Tablets (Roche) 

in final volume of 10 mL of RIPA stock 

solution 

Running buffer (10X)  

 

Å 54 g Tris-Base  

Å 144 g Glycine  

Å 10 g SDS  

in final volume of 1 Lof H2O dest.  

SDS 10 %  Å 10 g SDS  

in final volume of 100 mL of H2O dest. 

Sodium azide 20% (w/v)  Å 10 g Sodium Azide  

in final volume of 50 mL of H2O dest.  

  




















