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Abstract 

Obesity and type 2 diabetes (T2D) are on the rise globally. As obesity is one of the major risk 

factors for T2D, the two diseases are irrevocably connected with each other. Two organs that play 

a central role in the disease etiology of obesity and T2D are the adipose tissue and the gut. Both 

are essential in orchestrating metabolic processes throughout our body. The adipose tissue is the 

safe storage place in our body for excess energy, but once we exceed its capacity a deteriorating 

process of metabolic complications starts. Through ectopic lipid accumulation as well as fibrotic, 

inflammatory adipose tissue expansion, the development of T2D is promoted. A promising target 

to combat metabolic diseases is a special sub-set of adipocytes, the brown adipocytes. They have 

the capability of uncoupling the mitochondrial membrane via Uncoupling protein 1 (Ucp1). 

Through this they burn glucose and lipids for heat production. The gut is the entry point of all the 

nutrients into the body. However, the gut does not solely digest and absorb nutrients; via 

enteroendocrine hormones and the gut-brain axis the gut is also in close contact with further 

distant metabolic organs. Through these connections, the gut plays a central role in the regulation 

of blood glucose levels, food intake, and satiety. 

The first project of this thesis focused on the quantification of adipocytes. Transgenic mouse lines 

allowed us to trace and quantify Adiponectin+ and Ucp1+ cells in a manner unbiased by size or 

spatial location. Along with obesity, changes in the ambient temperature can remodel the adipose 

tissue tremendously. We used our mouse models to observe the kinetics of remodeling in 

response to thermoneutral and cold housing temperatures. In a thermoneutral environment, the 

number of Ucp1+ cells in the brown adipose tissue (BAT) decreased and the tissue developed a 

white adipose tissue-like morphology. However, physiologically it remained fully responsive and 

beta3-adrenergic stimulation could completely recover all Ucp1+ cells back to levels observed at 

room temperature. In response to cold housing, the number of Ucp1+ cells in the interscapular 

BAT (iBAT) peaked after one week. This peak was primarily derived from pre-existing adipocytes. 

In the inguinal white adipose tissue (ingWAT), the presence of Ucp1+ cells, named brite/beige 

adipocytes, plateaued only after three weeks of cold housing. Lastly, we determined the 

regenerative potential of the iBAT. By utilizing an Ucp1-DTR construct we could ablate all Ucp1+ 

cells with diphtheria toxin and study the kinetics of regeneration. One week of cold exposure 

could fully recover all Ucp1+ cells in the iBAT, and we were able to show that the recovery was 

driven mainly by precursor cells. The quantification of the adipose tissue remodeling gave us a 

measureable insight into its remodeling potential and the underlying processes. This knowledge 
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will hopefully help us to be able to use the remodeling of the adipose tissue to our advantage for 

the treatment of metabolic diseases.  

The second project of the presented thesis centered around the gut secreted protein FAM3D and 

its metabolic function in the context of T2D. It is now widely recognized that gut-secreted proteins 

are powerful in regulating the metabolism in our body. Today, two classes of approved T2D drugs, 

namely GLP-1 receptor agonist and DPP4 inhibitors, are based on the function of gut-secreted 

proteins. FAM3D is another promising drug candidate. Upon adeno-associated virus (AAV) 

mediated overexpression of FAM3D in diet-induced obese mice an improvement in 

glucometabolic parameters, namely fasting blood glucose levels or glucose and insulin tolerance, 

could be observed. We identified FAM3D as insulin sensitizer, which increased glucose uptake 

into various tissues. Further, reduced hepatic lipid deposition and an amelioration of hepatic 

steatosis markers were detected, suggesting additional potential of FAM3D for the treatment of 

non-alcoholic fatty liver disease (NAFLD). We have first indications, that the positive metabolic 

phenotype of FAM3D is mediated by receptor tyrosine kinase signaling. However, the exact 

underlying molecular mechanism remains elusive.  

In summary, this thesis provided insight into the vast remodeling potential of the adipose tissue 

and characterized the potential of a novel gut secreted protein for the treatment of T2D and 

NAFLD. This combination allowed us to examine metabolic processes from different perspectives 

and thus find new solution approaches to resolve obesity and T2D.   
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Zusammenfassung 

Übergewicht und Typ 2 Diabetes (T2D) sind weltweit auf dem Vormarsch. Übergewicht ist einer 

der grössten Risikofaktoren für T2D und folglich sind diese zwei Krankheiten eng miteinander 

verbunden. In der Krankheitsätiologie von Übergewicht und T2D spielen zwei Organe eine 

zentrale Rolle, das Fettgewebe und der Darm. Beide Organe koordinieren metabolische Prozesse 

in unserem Körper. Das Fettgewebe ist ein sicherer Speicherplatz für Energie, wenn wir allerdings 

seine Kapazitäten überschreiten, dann startet eine Abwärtsspirale von metabolischen 

Komplikationen. Durch ektopische Lipidakkumulation und eine fibrotische entzündliche 

Expansion des Fettgewebes wird die Entstehung von T2D unterstützt. Ein vielversprechendes Ziel 

im Kampf gegen metabolische Krankheiten ist eine spezielle Untergruppe von Adipozyten, die 

braunen Adipozyten. Diese habe die Eigenschaft die Mitochondrien Membran über das 

Uncoupling protein 1 (Ucp1) kurzzuschliessen und so Zucker und Fett zur Generation von Wärme 

zu verbrennen. Der Darm ist nicht nur dafür zuständig Nahrung zu verdauen und zu absorbieren. 

Er steht über die enteroendokrinen Hormone und die Darm-Gehirn Achse in engem Kontakt mit 

weiteren metabolischen Organen. Mittels diesen Verbindungen spielt der Darm eine zentrale Rolle 

in der Regulation des Blutzuckers, der Nahrungsaufnahme und der Sättigung. 

Der erste Teil dieser Arbeit fokussierte sich auf die Quantifizierung von Fettzellen. Dank transgener 

Mäuse konnten Adiponectin+ und Ucp1+ Zellen, unabhängig von ihrer räumlichen Position oder 

ihrer Grösse, verfolgt und quantifiziert werden. Neben Übergewicht kann vor allem die 

Umgebungstemperatur das Fettgewebe nachhaltig verändern. Mit den Mausmodellen haben wir 

die kinetische Antwort auf thermoneutrale oder kalte Umgebungstemperaturen verfolgt. In 

thermoneutraler Umgebung reduzierte sich die Anzahl von Ucp1+ Zellen im braunen Fettgewebe 

der Tiere und die Morphologie des Gewebes ähnelte der des klassischen weissen Fettgewebes. 

Dennoch, blieb das braune Fettgewebe auf physiologischer Ebene voll reaktionsfähig. Durch eine 

beta3-adrenergische Stimulation konnte das Level der Ucp1+ Zellen wieder, auf das bei 

Raumtemperatur beobachtete Niveau, zurückgeführt werden. Wenn die Tiere in die Kälte 

transferiert wurden, zeigte sich nach einer Woche der maximale Höchstwert von Ucp1+ Zellen im 

interscapularen Braunen Fettgewebe (iBAT). Wir konnten zeigen, dass das gefundene Maximum 

von Ucp1+ Zellen mehrheitlich von schon bei Raumtemperatur existierenden Adipozyten 

generiert wurde. Die im weissen Fettgewebe entstehenden Ucp1+ Zellen, auch genannt beige 

Adipozyten, benötigten im Gegensatz dazu drei Wochen in der Kälte bis sie ein Plateau erreichten. 

Abschliessend wurde das regernative Potenzial des iBATs bestimmt. Dank einem Ucp1-DTR 

Konstrukts konnten alle Ucp1+ Zellen durch Diphtherietoxin eliminiert und so die Kinetik des 
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Regenerationsprozesses untersucht werden. Es zeigte sich, dass bereits nach einer Woche in der 

Kälte, das iBAT wieder komplett hergestellt war und darüber hinaus, dass die Regeneration primär 

durch Vorläuferzellen geschehen ist. Die Quantifizierung des Umbaus von Fettgewebe hat uns 

nicht nur einen messbaren Einblick in das Umbaupotenzial des Gewebes gegeben, sondern auch 

in die zugrundeliegenden Prozesse. Dieses Wissen hilft den Umbau von Fettgewebe besser zu 

verstehen und so zu unserem Vorteil zur Behandlung von metabolischen Krankheiten zu nutzen. 

Der zweite Teil dieser Arbeit drehte sich rund um das darmsekretierte Protein FAM3D und seine 

metabolische Funktion im Zusammenhang mit T2D. Es ist allgemein anerkannt, dass 

darmsekretierte Proteine sehr wirksam sind metabolische Funktionen in unserem Körper zu 

regulieren. Entsprechend basieren die heutzutage zugelassenen T2D Medikamente aus der Klasse 

der GLP-1 Rezeptor Agonisten und der Klasse der DPP4 Inhibitoren, auf der Funktion von 

darmsekretierten Proteinen. FAM3D ist ein neuer vielversprechender Medikamenten Kandidat. 

Wir konnten zeigen, dass FAM3D überexprimiert über einen adeno- assoziierten Virus (AAV), den 

Glukosemetabolismus in übergewichtigen Mäusen positiv beeinfluss. Speziell die Glukose Werte 

im nüchternen Zustand, sowie die Glukose- und Insulin-Toleranz waren deutlich verbessert. Des 

Weiteren, konnten wir zeigen, dass FAM3D die Insulinsensitivität verbessert und so die Aufnahme 

von Glukose in unterschiedlichen Geweben stimuliert. Zudem nahmen hepatische Fett 

Einlagerungen ab und die Steatosis Marker der Leber waren ebenfalls verbessert. Das suggeriert 

für FAM3D ein zusätzliches Potenzial zur Behandlung von nicht-alkoholischer Fettleber (NAFLD). 

Erste Anhaltspunkte aus dieser Arbeit zeigten, dass FAM3D seinen positiven metabolischen 

Phänotyp über Rezeptor Tyrosine Kinase Signaling ausübt. Der exakte molekulare 

Wirkungsmechanismus ist allerdings noch nicht erforscht.  

Am Ende bietet diese Arbeit zum einen, einen quantitativen Einblick in die Fähigkeit des 

Fettgewebes sich umzubauen und an klimatische Veränderungen anzupassen. Zum anderen, 

charakterisiert die Arbeit FAM3D, ein neuartiges darmsekretiertes Protein, mit Potential zur 

Behandlung von T2D und NAFLD. Die beiden Themen erlaubten es metabolische Prozesse aus 

unterschiedlichen Perspektiven zu betrachten und so neue Lösungsansätze für zur Behandlung 

von Übergewicht und T2D zu finden. 
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CHAPTER 1  

General Introduction 

1.1 The adipose tissue 

For a very long time, the adipose tissue was solely seen as an organ for energy storage and 

insulation. This constricted view has widened over the last decade, and has resulted in people 

starting to appreciate the manifold physiological function as well as the variety of cell types 

present in adipose tissue. Besides white, brown, and brite/beige adipocytes, also immune cells, 

endothelial cells, fibroblasts, neurons, and stem cells are present in the adipose tissue. In terms of 

volume, most of the adipose organ is made up of white adipocytes, which store energy in the 

form of triglycerides. Triglycerides cannot cross the cell membrane and are thus hydrolyzed by 

circulating very low-density lipoprotein (VLDL) particles or chylomicrons through the lipoprotein 

lipase (LPL). The resulting free fatty acids (FFA) are absorbed by the underlying tissue and re-

esterified into triglycerides inside the adipocytes. Additionally, FFA can be generated from glucose 

through the process of lipogenesis. If energy is needed, triglycerides are hydrolyzed by a set of 

lipases (adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), monoacylglycerol 

lipase (MGL)) to FFA and glycerol, which are subsequently released and can be metabolized either 

in the adipose tissue itself or in other organs. The morphology of white adipocytes, attributable 

to their function as a location for energy storage, is characterized by a large lipid droplet that 

pushes the nucleus and the other cell organelles to the site and brings them into close contact 

with the plasma membrane, giving the cell a unilocular shape. In mice and men, adipose tissue is 

scattered throughout the whole body, but for simplicity it is often classified into just two main 

depots: The visceral adipose tissue, which surrounds the inner organs, and the subcutaneous 

adipose tissue, which is located beneath the skin [1]. In contrast to white adipocytes, brown 

adipocytes dissipate energy by generating heat from free fatty acids and glucose. Key for this 

process is the Uncoupling protein 1 (Ucp1). Ucp1 leaks the inner mitochondrial membrane, thus 

uncoupling the inner mitochondrial respiration from adenosine triphosphate (ATP) synthesis. The 

generated energy is dissipated as heat instead, therefore the process is called non-shivering 

thermogenesis. One of the strongest stimuli that activates this highly energy-demanding process 

is norephinephrine released from the sympathetic nerves in response to cold. However, other 
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activators are also known. For example, synthetic adrenergic agonists, cardiac natriuretic peptides, 

exercise, or a meal can all induce brown fat activity [2–4]. Upon the activation of brown adipose 

tissue, the transcription of thermogenic genes is induced, FFA are released from lipid droplets, 

and Ucp1 is activated [5]. Again, the highly specialized task defines the morphology. Brown 

adipose tissue is highly vascularized to ease the transport of substrates and heat. The high 

abundance of mitochondria gives the brown adipocytes a brownish appearance. Furthermore, 

brown adipocytes have many small multilocular lipid droplets which allow for the process of 

thermogenesis to be rapidly fueled [1]. In mice, the biggest depot of brown adipose tissue is found 

in the intarscapular region. However, smaller depots can be also found in the cervical, axillary, or 

perirenal regions [6] The presence of brown adipose tissue in adult humans was not discovered 

until 2009. Only after, brown adipose tissue was localized in the supraclavicular, neck, and 

perirenal regions [7–9]. If animals are either cold exposed or exposed to beta3-adrenergic receptor 

agonists, a subset of Ucp1 positive cells arises, especially within the subcutaneous white adipose 

tissue depot. These are called brite or beige adipocytes. Brite/beige adipocytes have a similar 

morphology to brown adipocytes; they are also rich in mitochondria that express Ucp1 and have 

many multilocular lipid droplets [1]. A unique feature of brite/beige adipocytes is their inducible 

and reversible thermogenic capacity in response to environmental stimuli. Upon stimulation, 

brite/beige adipocytes can either differentiate de novo from precursors [10,11] or 

transdifferentiate from existing white adipocytes [12,13]. Nonetheless, when the cold stimulus is 

removed, the brite/beige adipocytes gradually change their morphology back into unilocular, lipid 

droplet filled white-like adipocytes, only to become brite/beige again if exposed to a second cold 

stimulus [14]. Besides the three types of adipocytes, the majority of cells in the adipose tissue are 

other cell types, such as fibroblasts, endothelial, or immune cells. They can be found in the so-

called stromal vascular fraction (SVF) of adipose tissue. They are all in close contact with the 

adipocytes, and together they are orchestrating the role of adipose tissue as one of the key 

metabolic organs in the body. 
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Figure 1: Characteristics and morphology of brown, brite and white adipocytes, adapted from Sanchez-

Gurmaches et al., 2016 [15] 

1.2 The gut 

The Gastrointestinal (GI) tract plays a tremendous role in our daily life, seeing as the absorption 

of nutrients is a key vital function of our body. When we eat, our food travels from the pharynx 

into the stomach via the esophagus. From there, the journey continues through the small and 

large intestine before everything not yet absorbed by the body is excreted from the rectum. In 

the focus of this thesis are the small and large intestine, which are jointly referred to as the gut. 

The gut is where the majority of nutrient absorption takes place. In order to maximize absorption, 

the surface of the gut is characterized by a villus structure.  

 

Figure 2: Cellular structure of the gut adapted from Leushacke and Barker, 2014 [16] 
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The villi are covered by an epithelial layer comprised of multiple different cell types. The stem 

cells, which give rise to new cells, are localized in the crypts, from where the cells differentiate on 

their way up to the villus. Also found in the crypts are the paneth cells, which, on the one hand, 

secrete factors that help to maintain the cellular fate of the stem cells. On the other hand, they 

also secrete multiple antimicrobial peptides that protect the host from pathogens [17]. Goblet 

cells secrete a thick mucus which not only facilitates the journey of the digested food through the 

gut, but also serves as the first line of defense against microbial, chemical, or physical hazards 

coming from digested food. Furthermore, the mucus traps the microbiome in the gut and 

prevents its excretion through the peristaltic [18]. The majority of the gut epithelium is made up 

of enterocytes. These are firmly connected by tight junctions and form an epithelial barrier which 

separates our body from the external environment. Enterocytes are further specialized for the 

absorption of nutrients. In order to fulfill this task they are highly polarized. The apical site is 

characterized by a brush of microvilli, which further maximizes the absorption surface of the gut. 

Small molecules can enter the enterocytes via transporters, while bigger macromolecules get 

absorbed via endocytosis. Inside of the enterocytes, the nutrients are either metabolized or further 

transported to the basal site of the enterocytes, where they are delivered into the systemic 

circulation either with or without prior absorption by the lymphatic system. Enterocytes are also 

antigen-presenting cells. They internalize and process antigens to present them via MHC class II 

molecules to CD4+ T-cells at the basolateral membrane of the enterocyte [19]. Lastly, we have the 

enteroendocrine cells (EEC), which are scattered throughout the epithelium and function as the 

chemosensors of the gut. EECs also have the apical site covered with microvilli to increase the 

surface for nutrient sensing by nutrient transporters and G-protein coupled receptors (GPCRs). In 

response to the luminal content, enteroendocrine hormones are released from the basolateral 

membrane of the EECs. From there, the enteroendocrine hormones can either enter the systemic 

bloodstream to act on distant organs or act in a paracrine manner on the neighboring cells. 

Alongside with the enteroendocrine hormones, EECs also release other small molecules (e.g. 

glutamate, ATP) at their basolateral membrane. They can activate the local endings of the afferent 

vagal neurons, thereby mediating information from the gut to the brain [20,21]. Thus, the 

enteroendocrine hormones and small molecules can act within the GI tract as well as outside of it 

to regulate many physiological and metabolic functions throughout the body. The bidirectional 

cross talk between the brain and the gut is essential in regulating homeostasis of the body. The 

gut sends information to the brain via vagal and spinal afferent neurons, gut hormones, immune 

mediators and microbiota-related signaling molecules. The reverse informative flow from the 

brain to the gut occurs via autonomic neurons and neuroendocrine factors [22]. As mentioned 

before, a last key part of the gut is the microbiome. The human gut hosts a complex assembly of 
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microorganisms that have a sustaining impact on nutrient uptake, metabolism, immune defense, 

and behavior [23]. 

In conclusion, the gut is not only the entry point of food into the body; it also plays a significant 

role in the regulation of many metabolic processes, through the EECs, through its central role in 

the immune system, and through its very close connection to the brain.  

1.3 The metabolic syndrome 

The adipose tissue and the gut are two organs that have a big impact on the metabolism of the 

body. Both are key in managing energy uptake, storage, and expenditure. If the tightly controlled 

metabolic system of the body becomes misbalanced, several diseases start to manifest. The 

association between obesity, type 2 diabetes (T2D) and cardio vascular diseases (CVD) has been 

accepted for a long time. However, the first definition of the metabolic syndrome was not made 

until 1998 [24]. Today, the metabolic syndrome is defined by the International Diabetes Federation 

as the following [25]: 

Central obesity (waist circumference ≥ ethnic specific values or BMI ≥ 30 kg/m2) 

 along with two of the following 

Raised triglycerides (≥ 50 mg/dl or specific treatment for this lipid abnormality) 

Reduced HDL cholesterol (< 40 mg/dl in males; < 50 mg/dl in females or specific treatment 

for this lipid abnormality 

Raised blood pressure (systolic ≥ 130 mmHg or diastolic: ≥ 85 mmHg or treatment of 

previously diagnosed hypertension) 

Raised fasting plasma glucose (≥ 100 mg/dl or previously diagnosed type 2 diabetes) 

Table 1: Definition of the Metabolic Syndrome; adapted from Zimmet, 2005 [25] 

The metabolic syndrome has various facets and many underlying interactions. In the context of 

this thesis, obesity and increased fasting plasma glucose/T2D in relation to adipose tissue and the 

gut will be discussed in more detail.  

1.4 Obesity 

What are we talking about when we talk about obesity? Obesity is defined as abnormal or 

excessive fat accumulation that presents a risk to health [26]. Obesity is generally measured by 

the body mass index (BMI), defined as BMI = weight (kg) / (height (m))2. According to the World 

Health Organization (WHO), people with a BMI ≥ 25 are overweight, and people with a BMI ≥ 30 

are obese [26]. Alongside the BMI, many other measurements are available, ranging from very 
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simple hip-to-waist ratio measurement to very sophisticated Dual Energy X-ray Absorptiometry 

(DEXA) [27]. None of the measurements can deny that obesity has reached the dimension of a 

global epidemic. In the year 2016, ~ 2 billion adults worldwide were overweight, and among them 

650 million were obese. In the same year, 340 million children aged 5-19 were overweight or 

obese [26]. Currently, more people die globally from obesity than from undernutrition [26]. 

Starting off as a disease of affluence in the United States of America (USA) and Europe, many low- 

and middle-income countries underwent a drastic shift from undernutrition to overnutrition 

during the last few years. In the USA and Europe, where the global epidemic started, the 

continuous rise seems to have flattened a bit at a prevalence of ca. 35% [28,29]. However, in 

regions like Central/Latin America or China, the curves are still on the rise [30]. Thus, it is not 

surprising that trends are predicting that 38% of the global adult population will be overweight 

and 20% will be obese by 2030 [31]. This begs the question: Why are so many people gaining too 

much weight? At first glance, it seems to be a simple misbalance between too much energy 

income and too little energy expenditure, resulting in an excessive storage of energy in the body 

in the form of fat. However, this simple equation has many underlying traits; bodyweight 

regulation is a complex interaction between genetic, environmental, and socioeconomic factors.  

The idea that obesity is heritable was suggested by twin studies. According to these studies, 40%-

70% of the bodyweight is determined by genetic factors [32,33]. In very rare cases, monogenic 

mutations in central parts of the energy metabolism pathway are responsible for the development 

of obesity. However, a polygenic predisposition to become obese is far more common. If we look 

back at our ancestors, food was not always readily available, and populations tended to experience 

periods of feast and famine. Based on this, Neel proposed the “thrifty” gene hypothesis in 1962. 

Natural selection would favor carriers of the “thrifty” genes that would be able to store more 

energy during periods of feast and thus have better survival rates during periods of famine. Over 

the decades, humans subsequently acquired a set of genes which is detrimental to the modern 

setting, where food is constantly available [34]. Through evolving techniques, more sophisticated 

studies of the human genome became possible. Many groups tried to identify positively selected 

loci or SNPs which would favor fat accumulation; however, limited empirical evidence for the 

“thrifty” gene hypothesis was found [35,36]. Further, genome-wide association studies (GWAS) 

could identify 97 BMI-associated loci. However, they only account for roughly 20% of the BMI 

variation [37]. Thus, no polygenetic score can so far entirely and satisfactorily predict the risk of 

obesity. In conclusion, a strong gene-lifestyle interaction is proposed by the scientific society. It is 

hypothesized that certain sets of genes make an individual more susceptible to gain weight when 

exposed to an obesogenic environment [38,39]. 
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Key factors of an obesogenic environment are eating and drinking behaviors as well as the activity 

profile. The first question is, do people simply eat too much or do they eat the wrong things? Both 

answers are actually correct, with the start of the industrialization food processing evolved, 

resulting in easy to access highly processed, and highly caloric meals. Fast food and highly sugary 

drinks became staples of many people’s daily meal plan, with the portion sizes being drastically 

increased [40]. Additionally, industrialization changed our daily life by drastically promoting a 

more sedentary lifestyle where many physically demanding tasks and jobs are now performed by 

machines instead of humans. Due to the global popularity of televisions and computers, many 

people have also become less active during their leisure time [41,42]. Further, socioeconomic 

factors can influence obesity. It was demonstrated that, especially in developed countries, paternal 

education inversely correlates with childhood obesity [43]. In households with lower 

socioeconomic standing, both knowledge and financial constraints exacerbate the access to 

healthy food and physical activity [39]. Many more environmental and socioeconomic factors 

could be listed here. However, the next question I would like to answer is how can we get rid of 

the excess kilograms if we are overweight or obese? 

Losing weight requires a multidisciplinary approach including strict caloric restriction, increasing 

energy expenditure through exercise, and modification of the patient’s behavior. The diet and the 

exercise plan need to be adjusted to the patient’s preconditions and preferences. Otherwise, the 

patient’s compliance will be limited [44]. A lot of effort was made to find the ideal macro- and 

micronutrient composition for maximizing weight loss. Various dietary programs are available 

nowadays. However, the key to success for all of these programs is caloric restriction and not a 

special combination of macronutrients [45]. In obese patients, exercise without accompanied 

caloric restriction has only limited effects on weight loss. Even though, exercise plays a 

tremendous role in preventing weight regain after weight loss [46,47] and the positive effects of 

exercise in preventing the loss of lean body mass and improving cardiovascular fitness are 

undeniable [48]. Behavioral intervention aims to improve self-monitoring and stimulus control, it 

should give the patient clear goals, and accompany the patient on the way to reach his goals [49]. 

However, in many cases, lifestyle interventions are not sufficient and need support from other 

adjuvant therapies, such as pharmaceuticals or even surgical interventions. Currently, six anti-

obesity drugs are approved by the FDA, namely Orlistat, Lorcarserin, Phentermine/Topiramate, 

Naltrexone/Bupropion, and Liraglutide. Most of them act on the serotonergic, dopaminergic, or 

noradrenergic pathways, where they regulate appetite. The exception is Orlistat, which inhibits the 

absorption of fat by inhibiting lipase, the key enzyme for breaking down triglycerides into FFA. All 

drugs often have significant side effects and many contraindications, thus the matching drug for 
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each patient should to be chosen wisely [50,51]. The ultimate but most effective treatment against 

obesity is bariatric surgery, which will be discussed later in detail.  

In conclusion, the global obesity pandemic is not only challenging patients throughout the world 

but is also challenging our economies and health care systems. Thus, it is of great interest to 

understand the disease of obesity with its multiple facets more deeply in order to combat 

excessive weight gain and the associated comorbidities.  

1.5 Type 2 diabetes 

In a healthy human being, glucose is cleared from the systemic blood flow through insulin-

stimulated uptake in the muscle, liver, and adipose tissue, where it is stored in the form of 

glycogen or triglycerides. However, if there is a constant nutritional overload, which is commonly 

seen during obesity, it is hypothesized that the storage cells become exhausted and start to 

protect themselves by becoming insulin resistant. In the first phase, the pancreatic beta cells try 

to counteract by expanding and producing more insulin until they can also no longer cope with 

the detrimentally high levels of glucose and FFA in the blood. If the beta cell function is impaired, 

insulin secretion is reduced, blood glucose levels rise, and the disease T2D is manifested [52]. The 

WHO defines the diagnosis criteria for diabetes as the following: Fasting blood glucose levels ≥ 

7.0 mmol/L or a plasma glucose of ≥ 11.1 mmol/L in an oral glucose tolerance test or glycated 

hemoglobin (HbA1c) ≥ 6.5% [53].  

 

 

Figure 3: Development of type 2 diabetes, taken from Moini, 2019 [52] 
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T2D is a very silent disease and often remains undiagnosed for many years. Until then, irreversible 

damage resulting from the consistently high blood glucose levels might have already occurred. 

Primary symptoms hinting at T2D can be frequent urination and/or sweet-smelling urine, which 

occurs when the kidney is no longer capable of completely reabsorbing the excess glucose. The 

frequent urination might also cause the patients to feel thirstier. Despite the fact that there is a 

lot of glucose in the blood, the insulin-resistant cells might not be able to take it up. Thus, they 

enter into an energy deficit, which can cause fatigue or hunger [52]. However, T2D is most 

frequently diagnosed by secondary symptoms. Excessively high blood glucose levels are closely 

associated with microvascular complications, namely, retinopathy, which impairs the vision of the 

patient, neuropathy, which causes numbness especially in the extremities, nephropathy, or 

dramatically impaired wound healing. Moreover, T2D causes macrovascular complications that 

drastically increase the risk of cardiovascular disease or stroke [54]. Thus, it is extremely important 

that people who are at high risk of developing T2D are examined frequently in order to treat the 

disease before it is too late. The disease is still completely reversible through lifestyle 

modifications and pharmacological treatment, especially in the early stage of insulin 

resistance/pre-diabetes. However, untreated up to 70% of prediabetic patients will eventually 

become diabetic [55]. Overweight and obesity are the most important modifiable risk factors; a 

weight loss of just 7% sustainably reduces the risk of developing T2D and CVD [45]. Further risk 

factors for T2D are age, family history, and ethnicity. According to the American Diabetes 

Association (ADA) and the American Association of Clinical Endocrinologists (AACE), people above 

45 years of age should be regularly screened for diabetes [56]. Having a first degree relative with 

T2D is associated with a ca. 2.5-fold higher risk of developing T2D. However, various studies 

demonstrated that the increased risk is only partly mediated through the genes, with part of the 

risk also stemming from non-genetic familial behaviors and norms [57,58]. Lastly, being Asian, 

African-American, Hispanic, Native American, or Pacific Islander increases an individual’s risk of 

developing T2D. Again, the presence of genetic risk alleles was found to be similar across 

ethnicities, so it is rather an environmental and cultural component which is increasing the T2D 

risk for these ethnicities. All of them show a higher prevalence of obesity, a major risk factor for 

T2D [59]. Additionally, they often live with inferior or no health insurance, meaning that glucose 

monitoring and glucose control are more difficult to achieve [60]. 

From a global perspective, alongside the global pandemic of obesity, the numbers of T2D are also 

on the rise. In the year 2019, 463 million people were diabetic, or one out of every eleven people 

on the planet. The majority of diabetics (79%) live in low- and middle-income countries. 

Approximately 4.2 million adult deaths worldwide were credited to T2D and its complications in 
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the year 2019. In the same year, the cost of health care attributed to T2D and the concomitant 

complications were estimated to be 760 billion US dollars [61].  

What treatment options are available to combat this disease? The most effective method is 

prevention. Prevent obesity and monitor people at high risk closely. Alongside with lifestyle 

interventions focusing on nutrition and exercise, the ADA and the AACE recommend 

pharmacological therapeutics to support blood glucose control. They suggest to follow a stepwise 

therapy plan which combines lifestyle management and up to three different pharmaceutic 

therapeutics based on the measured Hb1Ac levels [62]. The recommended first line of therapy is 

Metformin, which is the most prescribed T2D drug worldwide. Despite this fact, Metformin’s 

mechanism of action is still not fully understood. It is suggested that it acts in a pleiotropic manner 

resulting in various underlying mechanisms depending on the organ of action. In the liver, 

Metformin inhibits the mitochondrial respiratory chain complex 1, which leads to a decrease in 

ATP production. This decrease in cellular energy production is sensed by the AMP-activated 

protein kinase (AMPK), which conversely inhibits gluconeogenesis. Additionally, independent of 

AMPK, Metfomin also decreases hepatic glucose production via the modulation of the intracellular 

redox status or the inhibition of adenylate cyclase and fructose 1,6-bisphosphatase (FBP1) [63]. 

Besides the inhibition of hepatic glucose production, Metformin performs multiple actions in the 

gut. It increases the glucose utilization in enterocytes, it increases the secretion of the gut incretin 

hormone glucagon-like peptide 1 (GLP-1), and it modulates the composition of the gut microbiota 

[63]. Furthermore, Metformin was shown to ameliorate the chronic low-grade inflammation 

associated with obesity [63]. If Metformin and lifestyle modifications alone do not sufficiently 

lower Hb1Ac levels below 9%, dual or triple therapy with a second or even a third drug is endorsed. 

The mechanism of action and the physiological response of the most prevalent T2D drug types is 

summarized in the following table.  
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Drug class 

(Examples) 

Mechanism of action  Physiological effects 

Biguanides 

(Metformin) 

Activate AMPK 

Improve cellular insulin 

signaling 

Reduce respiratory chain 

activity 

Alter gut glucose–lactate 

metabolism 

Reduce hepatic glucose output 

Improve insulin sensitivity 

Increase GLP-1 levels 

Sulfonylureas 

(Glipizide 

Glimepiride 

Glyburide) 

 

Bind to SUR1 on β cells, 

resulting in closure of KATP 

channels, depolarization, and 

calcium influx 

Increase insulin secretion 

Thiazolidinediones 

(Pioglitazone 

Rosiglitazone) 

 

PPAR-γ agonists Increase insulin sensitivity 

Reduce free fatty acid release 

DPP4 inhibitors 

(Sitagliptin 

Saxagliptin 

Linagliptin 

Alogliptin) 

 

Inhibit DPP-4 activity, increase 

endogenous incretin levels 

Glucose-dependent increase in 

insulin secretion and inhibition of 

glucagon secretion 

SGLT2 inhibitors 

(Canagliflozin 

Dapagliflozin 

Empagliflozin) 

 

Inhibit SGLT2 transporters in 

proximal renal tubules 

Increase urinary glucose excretion 

GLP-1 Receptor 

Agonist 

(Exenatide 

Liraglutide 

Lixisenatide 

Albiglutide 

Dulaglutide) 

 

Activate the GLP-1 receptor Glucose-dependent increase in 

insulin secretion and inhibition of 

glucagon secretion 

Reduce postprandial glucose 

excretion 

Increase satiety 

Insulin 

Rapid, short, 

intermediate, and long 

acting  

Directly activate the insulin 

receptor 

Increase glucose disposal 

Reduce hepatic glucose output 

Decrease lipolysis 

Table 2: Summary of T2D drugs. Adapted from Tahrani et al; 2016 [64] AMPK=AMP-activated protein 

kinase; DPP-4=dipeptidyl peptidase 4; GLP-1=glucagon-like peptide 1;PPAR-γ=peroxisome proliferator-

activated receptor γ; SGLT2=sodium/glucose cotransporter 2; SUR1=sulfonylurea receptor 1  
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Figure 4: Stepwise therapy plan of ADA, taken from Thrasher; 2017 [62] DPP-4i = dipeptidyl peptidase-4 

inhibitor; fxs = fractures; GI = gastrointestinal; GLP-1 RA = glucagon-like peptide-1 receptor agonist; GU 

= genitourinary; HbA1c = glycated hemoglobin; HF = heart failure; HYPO = hypoglycemia; NPH = neutral 

protamine Hagedorn; SGLT2i = sodium glucose cotransporter 2 inhibitor; SU = sulfonylurea; T2DM = type 

2 diabetes mellitus; TZD = thiazolidinedione. 

In addition to lifestyle interventions and pharmacological treatments, bariatric surgery is a 

powerful treatment that resolves T2D in 78 % of all patients [65]. The details of bariatric surgery 

will be discussed later.  

In summary, insulin resistance and the concomitant failure of insulin-secreting beta cells drives 

the development of T2D. As the disease develops in silence, people at high risk should be screened 

regularly in order to treat T2D before accompanying micro- and macrovascular complications 

emerge. Only if blood glucose levels are monitored and regulated tightly the dwindling spiral of 

the disease can be stopped and global rise of the disease is stemmed. 

1.6 The adipose tissue in the context of metabolic disorders 

In the context of metabolic disorders, white adipose tissue is often seen as the bad guy. It is true 

that the adipose tissue is a starting point for obesity and the associated diseases, but only if we 



 

1.6 The adipose tissue in the context of metabolic disorders 

13 

overstrain the safe storage space in our body. The adipose tissue is the warehouse of our body 

and protects us from detrimentally high levels of glucose and fat in the blood and other organs. 

However, if we exceed the storage space, the declining path of metabolic disorders starts. Animals 

or people who have no adipose tissue or are unable to maintain adipose tissue start to ectopically 

accumulate lipids, especially in the liver or the muscle. This leads to insulin resistance, 

hypertriglyceridemia, and non-alcoholic fatty liver disease (NAFLD), resulting in an early onset 

death mostly due to liver failure [66]. This nicely demonstrates the importance of the adipose 

tissue as a safe storage space of which we should neither have too little nor too much. Upon 

overnutrition, the adipose tissue can drastically remodel and expand its storage capacity through 

either hypertrophy or hyperplasia. During hypertrophy, the size of the adipocytes increases, while 

during hyperplasia the number of adipocytes increases. In earlier times, it was thought that the 

adipocytes first expand until they reach a threshold of ca. 0.7–0.8 µg/cell and start to proliferate 

after this point [67]. More recently, it was suggested that the mechanism of expansion and the 

temporal order is rather depot specific. In male and female mice, the visceral adipose tissue depot 

first undergoes hypertrophy, while in parallel precursors starts to proliferate. Upon prolonged 

high fat diet (HFD) feeding the precursors, mature and the visceral adipose tissues also expands 

through hyperplasia. In the subcutaneous adipose tissue of males, predominantly hypertrophy 

and only very minimal precursor proliferation was observed. In contrast, hypertrophy and de novo 

adipogenesis was observed in the subcutaneous depots of females [10,68,69]. This is in accordance 

with the sex-dependent distribution of fat. Males tend to accumulate fat predominantly in the 

visceral region, resulting in a rather apple shaped silhouette, in contrast to females, where the 

deposition of fat in the subcutaneous lower body region results in a rather pear shaped contour. 

This is not only due to hormonal differences; the neuronal input and genetic make-up also differ 

between the sexes [70]. Epidemiological and clinical studies could clearly demonstrate that the 

accumulation of fat in the visceral region is associated with a higher risk of metabolic diseases 

[71,72]. Various not mutual exclusive pathways have been proposed for this, with the first being 

the differential nerval innervation and venous drainage. The visceral depot drains directly into the 

portal vein, thus sending a lot of FFA and other signaling molecules directly to the liver. Second, 

cell-autonomous mechanisms create depot-specific metabolic differences [73]. In general, it is 

thought that having many small adipocytes is metabolically healthier than having a few 

overstuffed large adipocytes.  

If the adipose tissue expands during obesity and the adipocytes become hypertrophic, the blood 

supply of the tissue must also expand. The adipose tissue can promote blood vessel outgrowth 

by secreting pro-angiogenic factors. It was demonstrated by several groups that increased 
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angiogenesis can protect against pathologic adipose tissue expansion and fellow insulin 

resistance [74–76]. Nonetheless, hypoxia is often found in obese adipose tissue. This in turn 

activates the master regulator of oxygen homeostasis HIF-1. The transcription factor HIF-1 directly 

regulates hypoxia-associated genes like vascular endothelial growth factor A (VEGF-A), but it also 

initiates adipose tissue fibrosis [77]. During the expansion of adipose tissue, several adipocytes 

undergo necrosis or apoptosis, increasing together with the hypoxia-induced fibrosis, the 

infiltration of immune cells into the adipose tissue, thus generating an inflammatory response.  

 

Figure 5: Pathological adipose tissue expansion, adapted from Sun et al. 2011 [78] 

Around the dying adipocytes, a cluster of macrophages can be observed building so-called crown-

like structures [79]. These macrophages are from the activated type M1, which is known to be pro-

inflammatory and can be distinguished from the residing adipose tissue macrophages type M2, 

which are characterized by their anti-inflammatory and homeostatic functions. M1 macrophages 

express CD11c as a surface marker and secrete pro-inflammatory cytokines like TNF-α, IL-6, and 

IL-1β [73]. These cytokines can either directly interfere with the insulin signaling through 

phosphorylation of the inhibitory serine residue of the insulin receptor substrate (IRS) or they 

activate other signaling pathways (c-Jun N-terminal kinase (JNK) pathway and I-kappa B kinase β 

(IKKβ)/NFκB pathway) that disrupt the insulin signaling [80]. Additionally, pro-inflammatory 

cytokines can stimulate lipolysis, thus increasing the levels of FFA in the blood, another hallmark 

of the metabolic syndrome [81]. Furthermore, inflammatory signals can inhibit the nuclear 

receptor peroxisome proliferator-activated receptor γ (PPARγ), the master regulator of 

adipogenesis and adipocyte maintenance. Through this, adipocyte function is further 

compromised, resulting in less storage capacity [82]. Thus, the viscous cycle is established. The 

aforementioned residing M2 macrophages are characterized through their surface receptors 

CD206 and CD301 [73]. They support the adipose tissue homeostasis through the secretion of 

anti-inflammatory factors like IL‐10, which potentiates insulin signaling [83], or arginase, which 
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blocks iNOS activity and the associated the profibrogenic response [84]. Upon diet induced 

obesity, macrophages infiltrate and residing adipose tissue macrophages undergo phenotypic 

switch from M2 to M1. However, not only the macrophages are involved; other immune cells like 

neutrophils or B- and T-lymphocytes are also attracted by the pro-inflammatory cytokines and 

contribute to the inflammatory response [85]. In summary, the inflammation and the affiliated 

pro-inflammatory cytokines significantly impair the insulin sensitivity of the adipose tissue. 

Unfortunately, this low-grade adipose tissue inflammation also affects further distant tissues such 

as the liver or muscle, establishing one major link of how obesity is associated with insulin 

resistance and T2D. 

As illustrated in the previous section, adipocytes are not alone in the adipose tissue. Therefore, 

the adipocytes secrete a wide range of factors, generally named adipokines. They allow the 

adipocytes to communicate with other cell types present in the adipose tissue, but also allow for 

crosstalk with further distant organs. With the discovery of leptin in 1994 [86] and adiponectin in 

1995 [87], the adipose tissue started to be appreciated as an endocrine organ and more than 600 

different secretory proteins have been identified until today [88,89]. Thus, lots of hope regarding 

the combat against obesity and T2D lies within the adipokines. Leptin is secreted by adipocytes 

in proportion to the size of their triglyceride stores [90]. Its main function was initially described 

as regulating appetite via the leptin receptors, being expressed mainly in brain regions regulating 

energy metabolism. Patients with mutations in the leptin gene or the leptin receptor suffer from 

severe hyperphagia and decreased energy expenditure, resulting in serious obesity and metabolic 

disease [91]. In the context of obesity, leptin levels rise. It was demonstrated that patients become 

leptin resistant, probably due to fact that leptin can no longer cross the blood-brain barrier [92]. 

Hence, people who are already lack their satiety signal and continue eating. Albeit that the 

majority of leptin’s function is mediated centrally, it also has various effects on the periphery. 

Through its pro-inflammatory properties on innate and adaptive immune cells, leptin promotes 

the chronic low-grade inflammation associated with T2D. In the adipose tissue, leptin is 

stimulating lipolysis in an autocrine manner as well as in a centrally mediated manner [93,94]. The 

other probably most described adipokine is adiponectin. Adiponectin receptors are expressed 

throughout the body, and therefore have a variety of functions. In the context of the metabolic 

syndrome, adiponectin can be described as insulin-sensitizing, anti-inflammatory, and 

antioxidant. It is abundantly but exclusively secreted by adipocytes. The positive effect of 

adiponectin on glucose metabolism is mostly mediated by the liver and skeletal muscle. 

Adiponectin sends signals via AMPK to reduce hepatic gluconeogenesis, and increase glucose 

uptake into the muscle. Additionally, it stimulates fatty acid oxidation in both tissues, resulting in 
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lower ectopic fat deposition, which in turn increases insulin sensitivity [95]. Furthermore, 

adiponectin promotes adipogenesis, which allows for a healthy expansion of the adipose tissue 

and prevents ectopic lipid accumulation [96]. Finally, adiponectin is also widely anti-inflammatory, 

e.g. through the inhibition of TNF-α secretion by adipocytes or through the upregulation of anti-

inflammatory IL-10 from macrophages. Adiponectin expression is increased by the T2D drug class 

of Thiazolidinediones and it is suggested that the insulin-sensitizing effect of these drugs is 

mediated by the anti-inflammatory effect of adiponectin rather than by the direct insulin-

sensitizing effect [97]. Many other adipokines have been identified and described. However, 

discussing all of them would go beyond the constraints of this thesis [98].  

This leads us to the question, are the brown and brite/beige adipocytes the solution to the entire 

metabolic problem? Can we utilize them to cure obesity and T2D? Since the discovery of active 

brown fat in humans in the year 2009, more and more attention has been drawn towards the 

therapeutic potential of brown adipose tissue (BAT). As human brown adipose tissue is still a very 

recent research field, the majority of studies designed to understand brown adipose tissue 

function are performed in rodents. In the beginning, the main function of BAT was described as 

producing heat by burning glucose and fat, hence increasing energy expenditure. This was the 

starting point of the idea of using BAT activation to cure obesity. With the time and a better 

understanding of BAT function, it became more and more clear that the role of BAT goes beyond 

heat generation and that it plays a significant role as a “metabolic sink” for glucose and lipids in 

the body [99,100]. Thus, it has great potential to combat obesity and T2D, especially since it was 

shown that the amount of brown adipose tissue in humans inversely correlates with BMI and body 

fat mass [7,101]. Furthermore, the activation of human BAT improves insulin sensitivity and 

accelerates lipid metabolism [102,103]. However, until today, the hunt for a BAT activating drug is 

still ongoing, with one highly promising candidate being Mirabegron. It was shown that acute as 

well as chronic treatment of humans with Mirabegron stimulates BAT activity and increases BAT 

glucose uptake while having only minimal effects on the cardiovascular system [104,105]. Until 

now, Mirabegron was only tested chronically in a small group. However, based on the initial 

promising results, larger trials are expected. In parallel, research in the human BAT field is ongoing. 

The fact that BAT activity in humans is negatively regulated by age opens an evolutionary point 

of view from which one could try to find new treatment strategies to potentially reactivate BAT. 

The cross talk with other organs via BAT specific adipokines, named BATokines, might also open 

up new therapeutic potentials [106].  

In conclusion, it is not about the amount of adipose tissue; it is about the healthiness of the 

adipose tissue. As soon as the white adipose tissue expands in a pathological manner, things take 
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their course. Fibrosis, Inflammation, and dysregulated adipokine release accelerate the 

progression of metabolic diseases. In rodents, the activation of brown and brite/beige adipose 

tissue can tackle a lot of the harmful metabolic processes. Translating this knowledge into humans 

is an ongoing process which will hopefully enable us to stop the pandemics of obesity and T2D 

in the near future.  

1.7 The gut in the context of metabolic disorders 

In research to combat obesity and T2D, many have focused on the effector organs like the adipose 

tissue, skeletal muscle, or pancreas. However, one should perhaps tackle the problem at its root. 

The gut is the entry point for food into the body. Gut cells sense and absorb nutrients and then 

they communicate and dissipate the information about the nutrients, as well as the nutrients 

themselves, to the body, thereby integrating them into the metabolic network.  

Currently, the most effective treatment against obesity and T2D is bariatric surgery. Presently, the 

four most popular bariatric surgery techniques are Roux-en-Y gastric bypass (RYGB), vertical 

sleeve gastrectomy (VSG), adjustable gastric banding (AGB), and biliopancreatic diversion with or 

without duodenal switch (BPD and BPD-DS) [107]. RYGB and VSG are the most commonly 

performed procedures, thus they are also studied most extensively. Originally, bariatric surgery 

aimed to restrict food intake by reducing the stomach volume and promoting the malabsorption 

of nutrients by rearranging the intestines. Over the years, it became clear that bariatric surgery 

achieves more than this; it changes the metabolism of the gut and the signaling to many other 

organs. Complex changes in gut hormones, gut microbiota, afferent and efferent signaling of the 

enteric nervous system, and bile acid secretion mediate the positive metabolic effects of the 

bariatric surgery. As a result, it is also called metabolic surgery nowadays.  

 

Figure 6: Bariatric surgery techniques, adapted from Neff et al., 2013 [107], continued on the following 

page  
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published under the creative commons licence, images are the property of Johnson and Johnson and 

Ethicon Endo-Surgery (Europe). (A) RYGB: a gastric pouch out of the upper part of the stomach is created 

and anastomosed to the distal part of the jejunum. The excluded biliary limb is connected back to the 

jejunum distal to the gastrojejunostomy. (B) VSG: the majority of the stomach is excised leaving a ca. 150 

ml stomach pouch behind. (C) AGB: an inflatable band is placed around the very proximal part of the 

stomach. The tightness of the band can be adjusted accordingly. (D) BPD: a sleeve gastrectomy is 

performed and a biliopancreatic limb is created and anastomosed to the distal ileum. 

Manipulating the gut’s structure through bariatric surgery is highly efficient; patients lose 20 - 

30% of their body weight and, more importantly, maintain this weight loss over the years [108,109]. 

Moreover, other metabolic diseases like dyslipidemia or hypertension can be improved or 

resolved with bariatric surgery [109]. In 87% of the patients, T2D is improved or resolved. The most 

effective resolution of T2D is observed in patients undergoing BPD-DS, followed by patients 

undergoing RYGB [65]. Interestingly, the remission of T2D can already be observed a few days 

after the surgery, which is before the patients even begin to lose weight. This suggests that there 

is also a weight-independent component of T2D remission [110]. The improvement in glucose 

levels immediately after the surgery is most likely due to the caloric restriction caused by the 

surgery itself. This stimulates the loss of ectopic fat in the liver, which dramatically improves 

hepatic insulin resistance [111]. Further on, the improvements in T2D are suggested to be 

mediated by changes in glucose absorption, gut hormones, microbiota, and ultimately weight 

loss. However, until today, the exact underlying mechanisms mediating the T2D resolution are not 

completely understood [112].  

The gut-secreted hormones are another reason why the gut has great power over our metabolism. 

As mentioned before, they are secreted by the EECs in response to nutritional stimuli. Depending 

on the location and the type of EECs, different hormones are secreted. They have various 

physiological roles in relation to obesity and T2D. Glucagon-like peptide 1 (GLP-1) and gastric 

inhibitory polypeptide (GIP) mediate the incretin effect. This describes the phenomenon where, if 

a glucose bolus is administered orally, more insulin is secreted than if the same amount of glucose 

is administered intravenously [113]. They provide a gut-derived signal which augments glucose-

dependent insulin secretion. GLP-1 and GIP endorse insulin secretion, islet beta cell survival, and 

insulin biosynthesis. Moreover, GLP-1 inhibits glucagon secretion directly and indirectly via the 

promotion of somatostatin. Both GLP-1 and GIP are inactivated by dipeptidyl peptidase-4 (DPP4) 

[114]. Besides GLP-1 and GIP, cholecystokinin (CCK) acts on the pancreas and induces the secretion 

of pancreatic enzymes for lipid digestion when a fat-rich meal is eaten [20]. Further gut secreted 

hormones play an important role in food intake control. GLP-1, GIP, CCK, and GLP1-

oxyntomodulin–peptide YY (PYY) all function as anorexigenic hormones and induce postprandial 

satiety. However, their exact mechanism of action is still under investigation. Receptors for all of 

them are located on the afferent vagus but also in in the appetite-regulating regions of the central 
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nervous system, the hypothalamus, and the brainstem [20]. On the other side, there are also 

orexigenic hormones, namely Ghrelin and insulin-like peptide 5 (INSL5). Ghrelin is secreted from 

the EECs located in the stomach in anticipation of a meal, although Ghrelin secretion is suppressed 

as soon as food is ingested [20]. INSL5 is produced by colonic and rectal L-Cells and, surprisingly, 

is co-released with the anorexigenic hormones PYY and GLP-1 [115]. Nonetheless, the 

administration of INSL5 significantly increased food intake in mice, although the underlying 

physiological roles are still poorly understood [116]. Regulation of the gastric emptying is another 

factor that greatly influences the digestion and absorption of food. Thus, this process is tightly 

regulated by a set of hormones. CCK, GLP-1, GIP, and PYY regulate the food passage through the 

gut. Thus, they can determine the amount and frequency of nutrients getting absorbed [20].  

 

Figure 7: Gut hormones in the context of T2D and obesity, based on Gribble and Reimann, 2019 [20]. 

Glucagon-like peptide 1 (GLP-1); gastric inhibitory polypeptide (GIP); cholecystokinin (CCK); GLP1-

oxyntomodulin–peptide YY (PYY); insulin-like peptide 5 (INSL5) 

The powerful action of gut hormones regarding metabolism was also recognized by the 

pharmaceutical companies. GLP-1 receptor agonists and DPP4 inhibitors successfully made it to 

the market and are becoming more and more popular for the treatment of T2D and obesity. GLP-

1 receptor agonists improve blood glucose levels, induce weight loss, and further display cardio 

protective effects. However, dose dependent side effects like nausea, diarrhea, or vomiting limit 

the use of higher doses of GLP-1 receptor agonist, which would drive a greater weight loss 

[117,118]. DPP4 inhibitors also display great effects in the glycemic control with limited side 

effects. However, no effect on bodyweight was observed [119]. GIP receptor agonists alone turned 

out to be almost ineffective in T2D patients [120]. However, GLP-1-GIP dual agonists 

demonstrated great potential to treat obesity, hyperglycemia, and dyslipidemia. Thus, several 

companies are in phase I or phase II of clinical trials with this agonist combination [117,121,122]. 

Several other peptides or combinations of gut peptides are currently being investigated, but they 

still require further investigation [123,124]. 
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Another aspect that needs to be highlighted in the context of the gut and metabolic diseases is 

the gut-brain axis. Here, the nervous vagus, which is the bidirectional communication route 

eliciting gut feelings, stands in the center. As aforementioned, the chemosensors in the EECs 

stimulate gut hormone secretion, which can signal to the afferent endings of the vagus in a 

paracrine manner to govern satiation and food preferences. Furthermore, tension and 

mechanoreceptors sense the gut luminal content. Hence, the brain can direct gastric volume and 

gastric motility [125]. Additionally, one must also consider the hedonic component of food. Taste 

sensors on the tongue as well as in the gut can sense palatable food, which results in more “food 

reward” than eating plain food. After bariatric surgery, a change in “food reward” can be observed 

in many patients. The patients spend less time thinking about food and start to prefer fruits and 

low-calorie foods. However, these are only observations, and a study directly testing the changes 

in the reward centers of the brain following bariatric surgery is missing yet [126]. At the moment, 

we are still far away from fully understanding the complex bidirectional interaction of the gut and 

the brain. Studies in this area are ongoing and will hopefully further elucidate the gut-brain axis 

in the future [125].  

Lastly, the microbiota of the gut must be mentioned. The gut is the host for trillions of 

microorganisms. It was demonstrated that the microbiome of the gut can significantly influence 

obesity and T2D. Bäckhed et al., showed that germfree mice do not develop obesity and insulin 

resistance when placed on HFD. However, if these mice were reconstituted with gut microbiota 

from lean mice, they rapidly started to gain weight and became glucose intolerant within two 

weeks [127]. Similarly, when germ-free mice received gut microbiota from mice or humans that 

underwent RYGB, a loss in bodyweight and an increase in energy expenditure was observed 

[128,129]. This demonstrates the power of the gut microbiota, although the underlying 

mechanisms are difficult to understand and have not been completely dissected yet. Lean people 

and mice show an equal balance of Firmicutes to Bacteroidetes, but in obesity the balance shifts 

towards Firmicutes [130]. The gut microbiota of obese individuals increase the energy harvest 

from the digesting food, thus linking the bacteria to the development of obesity. The bacteria 

produce short chain fatty acids (SCFA) through the hydrolyzation and fermentation of 

polysaccharides. SCFAs modulate the lipid metabolism of the host by promoting lipogenesis and 

inhibiting the fasting-induced adipocyte factor (FIAF), which suppresses LPL. Hence, fat 

accumulation in adipocytes is favored [131]. Furthermore, SCFAs stimulate the expression of the 

Na+/glucose cotransporter (SGLT-1), which favors the absorption of monosaccharides [132]. 

Another very important consequence of an altered microbiota composition is the so-called “leaky 

gut” syndrome. The gut microbiota, modulated upon HFD, stimulate the intestinal epithelial cells. 
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As a response, they secrete pro-inflammatory cytokines. In turn, these increase the intestinal 

permeability, and bacterial lipopolysaccharide (LPS) can cross the intestinal barrier, resulting in 

low-grade intestinal inflammation. Through this, the permeability of the gut is further perturbed 

and the local inflammation progresses into a systemic inflammatory response, which can 

consequently promote the adipose tissue inflammation and concomitant insulin resistance [133].  

In summary, our digestive tract offers a wide range of options to treat the metabolic syndrome. 

However, as the example of the bariatric surgery nicely demonstrates, there is not one single 

factor alone in the gut that needs to be changed in order to achieve ultimate success over the 

metabolic syndrome. The metabolic power of the gut is the result of a strong interplay between 

the gut cells, the secreted gut hormones, the crosstalk with other organs, and the hosted 

microbiota. All factors are tightly connected to each other. The manifold interactions and functions 

of the gut are still not fully elucidated; thus, the research will go on, and hopefully new powerful 

treatment options against the metabolic syndrome will emerge.  
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Abstract 

To analyze the capacity of white and brown adipose tissue remodeling, we developed two novel 

mouse lines, to label, quantitatively trace and ablate white, brown and brite/beige adipocytes, at 

different ambient temperatures. We show here that the brown adipocytes are recruited first and 

reach and a peak after one week of cold stimulation followed by a decline during prolonged cold 

exposure. Contrary brite/beige cell numbers plateau after three weeks of cold exposure. At 

thermoneutrality, brown adipose tissue in spite of being masked by a white-like morphology, 

retains its brown-like physiology, as Ucp1+ cells can be recovered immediately upon beta3-

adrenergic stimulation. We further demonstrate that the recruitment of Ucp1+ cells in response 

to cold is driven by existing adipocytes. In contrast, the regeneration of the interscapular brown 

adipose tissue following ablation of Ucp1+ cells is driven by de novo differentiation.  
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2.1 Introduction 

White adipocytes are the storage cells of neutral lipids [134], while brown adipocytes utilize energy 

from glucose and fat to produce heat. Under cold stimulation, brown-like adipocyte cells, named 

brite or beige adipocytes, arise within the predominantly white adipose tissue depots [135,136]. 

Several features distinguish these cell types, including but not limited to lipid droplet morphology, 

mitochondrial content and the expression of Uncoupling protein 1 (Ucp1) [134]. In mice and 

humans, the adipose organ consists of various depots which can be distinguished by their ratio 

of white, brown and beige adipocytes [37,137,138]. In addition to the functional mature 

adipocytes, other cell types such as pre-adipocytes, fibroblasts, immune cells or endothelial cells 

can be found in the stromal vascular fraction of adipose tissue [10].  

Upon cold stimulation, the thermogenic capacity and number of brown adipocytes is increased 

[139–141], while within the inguinal white adipose tissue depot (ingWAT), Ucp1 expressing 

multilocular brite/beige adipocytes arise from precursor cells [10,142] or interconvert from white 

adipocytes [12,14,143]. In contrast, under thermoneutral housing conditions, the brown 

adipocytes obtain a morphologically white-like appearance, while their transcriptome maintains 

a brown-like pattern [144,145]. Adaptation and remodeling of the adipose tissue in response to 

various external stimuli has been studied by different methods, such as transcriptomic and 

proteomic profiling, epigenomics, histology, and other imaging methods [14,137,144,146]. 

However, the change in the numbers of white, brown, and brite/beige adipocytes during adipose 

tissue remodeling remain elusive, due to the lack of quantitative methods. We report here detailed 

kinetics of adipose tissue remodeling, which provides new insight into the adaptive processes that 

take place within adipose tissue to maintain thermogenesis. 

2.2 Results 

2.2.1 Establishment of a  quantitative recombination assay to determine 

adipocyte numbers 

Given the heterogeneity of the adipose organ we aimed to establish an assay to quantify 

adipocyte numbers in whole adipose tissue depots. The Adipoq-tracer-depleter mouse line 

(Adipoq-CreERT2 x ROSA26-tdRFP x Ucp1-DTR-GFP) and the Ucp1-tracer-depleter mouse line 

(Ucp1-CreERT2 x ROSA26-tdRFP x Ucp1-DTR-GFP) were generated to genetically label all 

Adiponectin+ (Adipoq+) or Ucp1+ cells with an RFP label upon administration of tamoxifen. In 

addition, due to the Ucp1-DTR-GFP allele, all Ucp1+ cells are constitutively labeled by GFP and 
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the diphtheria toxin receptor (DTR), which is transiently expressed under the control of the Ucp1 

promotor, can be used to deplete all Ucp1+ cells by administration of diphtheria toxin (DT) [Fig. 

1A, Suppl. Fig. 1A]. Initially, we observed that one to five days of oral tamoxifen administration (2 

mg/mouse/day) resulted in a constant number of recombined Adipoq+ cells, both in the 

interscapular brown adipose tissue depot (iBAT) (25.0M Adipoq+ cells; M = 106) and in inguinal 

white adipose tissue (ingWAT) (18.1M  Adipoq+ cells) [Fig. 1B; C]. No significant difference in the 

number of either the total, or the recombined Adipoq+ cells was observed between males and 

females [Fig. 1B; C]. The recombination of Adipoq+ cells was found exclusively in the adipose 

tissue [Fig. 1I] and no signal was observed in the iBAT and the ingWAT of wild-type mice [Fig. 1E; 

G], while in mice heterozygous for the Adipoq-CreERT2 allele, all adipocytes were labelled RFP 

positive [Fig. 1F; H]. The method works equally efficient in the epididymal white adipose tissue 

(eWAT), without any effects on bodyweight, while lower tamoxifen doses were not sufficient to 

label all adipocytes [Suppl. Fig. 1B; D; E]. The same labeling efficiency was observed in the Ucp1-

tracer-depleter mouse line [Suppl. Fig. 1F-M]. Taken together, we developed a system, which can 

be used to accurately quantify Adipoq+ cells and Ucp1+ cells in complete adipose depots.  
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Figure 1: (A) Schematic description of the mouse models. (B-C) Effect of tamoxifen dosing on 

recombination: Adipoq-tracer-depleter animals received 1 to 5 treatments with tamoxifen (2mg/per 

animal/day, administered orally) on consecutive days. All tissues were taken on day 6 after the first 

tamoxifen treatment. The total as well as the Adipoq+ recombined cell number, was analyzed in (B) iBAT, 

(C) ingWAT, male and females were analyzed and shown individually, n=2-7. (D) Tissue specificity of the 

Adipoq-tracer-depleter line: Animals received tamoxifen (2x 2 mg/per animal/day). Multiple tissues were 

taken 7 days later and analyzed for percentage continued on the following page 
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of recombined Adipoq+ cells, n=8. Data are presented as mean ± SEM, M = 106, rec. = recombined (E-H) 

Histological analysis of recombination efficiency: Samples of (E) iBAT wt x loxPRedfl/fl (F) iBAT 

AdipoqCreERT2 x loxPRedfl/fl (G) ingWAT wt x loxPRedfl/fl (H) ingWAT AdipoqCreERT2 x loxPRedfl/fl were 

harvested 2 days after tamoxifen treatments. DNA was stained with Hoechst 3342 (blue), and recombined 

cells were stained with Anti-RFP (red). Scale bar = 50 µm.  

2.2.2 Brown adipocytes maintain responsiveness to ADRB3 under 

thermoneutrality 

Standard animal housing conditions range from 22°C – 25°C, which is below the thermoneutral 

zone and thus elicits a constant cold stress in mice [147]. To mimic the thermogenic state of a 

human more closely, many groups have investigated the brown adipose tissue of animals housed 

at thermoneutrality (30°C). Most observed a white-like tissue morphology and reduced Ucp1 

protein and mRNA content under these conditions [148,149]. However, there is an ongoing 

debate in the field, whether brown adipocytes maintain their inducibility even after acquiring a 

white-like cellular morphology.  

When we administered tamoxifen (2x 2 mg/per animal) after five weeks of thermoneutral housing, 

significantly less Ucp1+ cells were recombined in iBAT, axillary BAT (aBAT) and cervical BAT (cBAT) 

compared to room temperature [Fig. 2A]. As expected, the cellular morphology in iBAT at 

thermoneutrality changed from multilocular to unilocular [Fig. 2H; I]. Albeit these changes, the 

amount of recombined Ucp1+ cells remained at 30-45% of those observed at room temperature, 

suggesting that the Ucp1 promotor retains partial activity, even after prolonged thermoneutral 

housing.  

To further characterize the functionality of these cells, we analyzed their responsiveness to beta-

adrenergic stimulation [Fig. 2B]. Upon activation by cold or by administration of the beta3-

adrenergic receptor (ADRB3) agonist CL316,243 (CL), brown adipocytes react by upregulating 

thermogenic genes, lipolysis and energy expenditure [1]. At room temperature, ADRB3 

stimulation reduced lipid droplet size in iBAT indicating an increased lipolysis and thermogenic 

activity [Fig. 2J], while the numbers of Ucp1+ cells in iBAT and aBAT remained unchanged [Fig. 

2D]. In ingWAT the number of Ucp1+ cells increased from non-detectable levels to 1.3 ± 0.7M 

Ucp1+ cells after CL injection [Fig. 2D]. In thermoneutral conditions, ADRB3 stimulation increased 

the number of Ucp1+ cells in the iBAT, aBAT, cBAT and ingWAT to similar levels observed at room 

temperature [Fig. 2D; E]. Nevertheless, at thermoneutrality, brown adipocytes displayed a more 

paucilocular phenotype following ADRB3 stimulation [Fig. 2K]. Based on these data, we conclude 

that, despite their unilocular appearance at thermoneutrality, brown adipocytes maintain their 

responsiveness to ADBR3 stimulation and the Ucp1+ cell numbers can be recovered completely 
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within two days of ADRB3 stimulation. This supports the notion that brown adipocytes do not 

convert into white adipocytes at thermoneutrality, but rather acquire a “masked” state.  

To further confirm that at thermoneutrality no brown-to-white adipocyte conversion is taking 

place, we took advantage of the depleter properties of our mouse models. Therefore, we first 

labeled all Ucp1+ cells by tamoxifen at room temperature, before transferring the mice to 

thermoneutrality for five weeks [Fig. 2C]. If brown adipocytes would convert into white adipocytes, 

it would not be possible to ablate these cells with DT, as the DTR is expressed transiently under 

the control of the Ucp1 promotor. In accordance with our previous results, we observed also an 

almost complete ablation of all Ucp1+ cells in all depots even at thermoneutral housing [Fig. 2F; 

G], which was confirmed by histological analysis [Fig. 2L; M]. Of note is the observation that Ucp1+ 

cell numbers in the saline treated group at room temperature were reduced five weeks post 

tamoxifen administration in all three brown adipose tissue depots [Fig. 2F], compared to room 

temperature conditions after acute labeling [Fig. 2A]. This indicates that a certain level of cell-

turnover took place. As we did not observe any difference in the remaining Ucp1+ cell numbers 

at either room temperature or thermoneutrality [Fig. 2F; G], we conclude that the cell turnover is 

similar under both housing conditions.  

In summary, we show here that at thermoneutrality, brown adipocytes remain fully responsive to 

ADRB3 stimulation, despite being masked by a white-like adipocyte morphology.  

 

 



 

2.2 Results 

29 

 

Figure 2: (A) Thermoneutrality induced plasticity of adipose tissue: continued on the following page 
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Animals of the Ucp1-tracer-depleter line were housed at thermoneutrality or at room temperature for 5 

weeks. Tamoxifen was applied at the end. The number of Ucp1+ cells was analyzed in iBAT, aBAT and 

cBAT, n=8. (B) Schematic description of ADRB3 stimulation: Animals of the Ucp1-tracer-depleter line 

were housed at 22°C or 30°C for five weeks. At the end, they received tamoxifen followed by a second 

treatment with tamoxifen and ip. injection of CL the next day. A second CL injection was given the 

following day. Tissue samples were taken at day 2 after the last CL injection. (C) Schematic description 

of ablation efficiency: Tamoxifen was administered before start of the experiment. After 5 weeks at room 

temperature or thermoneutrality, DT or saline was injected. Tissues were harvested 2 days post DT 

injection. (D-E) Quantification of ADRB3 stimulation: The Ucp1-tracer-depleter animals received 

thermoneutrality and tamoxifen, CL/saline as depicted in the scheme under (B). The total number of Ucp1+ 

cells in the iBAT, aBAT and cBAT was quantified at (D) room temperature and (E) thermoneutrality, n=8-

11. (F-G) Quantification of ablation efficiency: The Ucp1-tracer-depleter animals received tamoxifen, 

thermoneutrality and DT/saline as depicted in the scheme under (C). The total number of Ucp1+ cells in 

the iBAT, aBAT and cBAT was quantified at (F) room temperature and (G) thermoneutrality, n=6-12. (H-

M) Histological analysis of thermoneutrality induced plasticity of iBAT: Animals were housed and 

treated as indicated. DNA was stained with Hoechst 3342 (blue), and recombined cells were stained with 

Anti-RFP (red). Scale bar = 50 µm. (H) room temperature; saline (I) thermoneutrality; saline (J) room 

temperature; CL (K) thermoneutrality; CL (L) room temperature; DT (M) thermoneutrality; DT. Data 

presented are mean ± SEM, M = 106, rec. = recombined. 

2.2.3 Different kinetics of thermogenic cell recruitment in response to chronic 

cold exposure 

It is widely known that, upon cold stimulation, brown adipose tissue mass, as well as Ucp1 mRNA 

and protein levels increase [149,150], while white adipose tissue “browning” can be observed in 

certain depots [151]. However, the capacity and kinetics to form Ucp1+ cells in response to cold 

is unknown.  

By employing the Ucp1-tracer-depleter line, we were able to quantify the number of Ucp1+ cells 

in different adipose tissue depots following short- and long-term cold exposure. In the iBAT, the 

number of Ucp1+ cells almost doubled within the first week of cold exposure from 28.9 ± 7.5M 

to 53.2 ± 5.2M Ucp1+ cells [Fig. 3A]. Similarly, the total number of cells increased within the first 

week (128.6 ± 27.6M vs. 167.2 ± 12.4M total cells), thus the relative number of Ucp1+ cells within 

the depot increased only by 50% from 21.2 ± 2.5 % to 32.6 ± 3.8 % [Fig. 3B]. In contrast, chronic 

cold exposure for eight weeks resulted in a decrease in Ucp1+ cells in iBAT (26.3 ± 4.7M Ucp1+ 

cells; 25.7 ± 1.7 % Ucp1+ cells) to levels observed at room temperature [Fig. 3A; B]. While in the 

eWAT no browning was observed [Fig. 3E; F], in ingWAT the kinetics of browning were slower than 

in iBAT and saturated at around 4.2 ± 0.5M Ucp1+ cells only after three weeks of cold exposure 

[Fig. 3C]. The total cell numbers in the ingWAT reached a maximum after one week of cold 

exposure (136.8 ± 24.5M to 276.2 ± 32.0M total cells) and after 3 weeks of cold exposure 

plateaued at approximately 234M cells. It should be noted that brite/beige fat cells constitute only 

2% of all cells present within the ingWAT depot [Fig. 3D].  

Altogether the number of Ucp1+ cells from iBAT and ingWAT amounted to 55.5M cells after one 

week of cold exposure, while after eight weeks numbers were reduced to 30.5M, which is similar 
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to the numbers observed at room temperature (29.3M Ucp1+ cells). Thus, the increase in the 

number of brite/beige fat cells is not compensating for the reduction in Ucp1+ cells in iBAT upon 

prolonged cold exposure.  

To determine the browning capacity of the ingWAT, the ratio of Ucp1+ and Ucp1- adipocytes is 

important. To quantify these numbers, we stimulated brown and brite/beige adipocyte formation 

by CL administration and then depleted Ucp1+ cells from the adipose tissue by DT injection. In 

the ingWAT a 16% reduction of Adipoq+ cells was observed upon DT mediated ablation of Ucp1+ 

cells (20.2 ± 1.0M vs. 17.0 ± 2.0M Adipoq+ cells) which equals 3.2M brite/beige fat cells [Fig. 3G].  

In summary, we provide here kinetics of adipose tissue plasticity upon cold exposure. Our data 

suggest that iBAT is the early responder to cold, while in the ingWAT maximal browning is 

observed after three weeks of stimulation. Interestingly, our data suggest that the total numbers 

of Ucp1+ cells in iBAT and ingWAT upon long term cold exposure are similar to numbers observed 

at room temperature. This suggests that either the individual Ucp1+ cells increase their 

thermogenic activity or the presence of alternate strategies to maintain thermogenesis.  
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Figure 3: (A-F) Cold induced plasticity of adipose tissue: continued on the following page  
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Animals of the Ucp1-tracer-depleter line were cold exposed at 8°C. Tissue samples were taken before cold 

exposure and after 1 day, 2 days, 1 week, 2 weeks, 3 weeks, and 8 weeks of cold exposure. Tamoxifen was 

administered every week. The number of Ucp1+ cells and the total cell number as well as the % of Ucp1+ 

cells with respect to total cell number was analyzed in (A)&(B) iBAT; (C)&(D) ingWAT; (E)&(F) eWAT, 

n=5-9. (G) Number of Ucp1+ cells ablated from the pool of Adipoq+ cells: The animals of the Adipoq-

tracer-depleter line received 2 tamoxifen treatments. 1 week later the animals were injected with DT or 

saline. The consecutive 3 days all animals received CL & DT/saline. Tissues were harvested one day after 

the last injection. The number of Adipoq+ cells was quantified in (G) ingWAT, n=8. Data presented are 

mean ± SEM, M = 106, rec. = recombined.  

2.2.4 The iBAT depot has a high remodelling capacity 

In humans the presence and activity of brown adipose tissue reduces with age [7–9,101] 

suggesting that, the mechanism of regeneration and recruitment of brown adipose tissue is 

important to maintain organ function.  

To study the regeneration of brown adipose tissue, all Ucp1+ cells were depleted by DT 

administration. Subsequently, animals were cold exposed for one week to stimulate re-growth 

and treated with tamoxifen at the end of the cold exposure to quantify the full regrowth potential 

of iBAT [Fig. 4A]. From baseline (1.7 ± 0.6M Ucp1+ cells), the iBAT showed the capacity to regrow 

22.4 ± 2.8M Ucp1+ cells [Fig 4B], which constitutes approximately 92% of the Ucp1+ cells 

observed at room temperature (28.9 ± 7.5M Ucp1+ cells) [Fig 3A]. In absolute numbers this 

amounts to an increase of 20.7M Ucp1+ cells [Fig 4B], which is comparable to the increase in 

Ucp1+ cells in iBAT after one week of cold exposure (24.3M Ucp1+ cells) [Fig 3A].  

The increase in Ucp1+ cells after cold exposure (recruitment) or after ablation (regeneration) can 

be due to differentiation or proliferation of adipogenic precursors, or due to interconversion of 

Ucp1- adipocytes into Ucp1+ adipocytes [12,152]. We used the Adipoq-tracer-depleter mice to 

first determine the origin of regenerating cells in the iBAT after ablation. Therefore, we initially 

labeled all Adipoq+ cells by administration of tamoxifen, followed by a three-week washout 

period [Suppl. Fig. 2A–C]. Subsequently, all Ucp1+ cells were ablated by DT and afterwards, the 

animals were transferred into cold for one week to stimulate the re-growth [Fig. 4C]. Adipocytes 

positive for the recombined Adiponectin label would under these conditions be derived from pre-

existing Ucp1- adipocytes, while cells negative for the Adiponectin label would have originated 

from precursor cells. Only a very small amount of 2.1 ± 0.5M Adipoq+ cells were detected [Fig. 

4E] in our experimental paradigm, suggesting that during the regeneration of iBAT, only a minority 

of adipocytes originated from pre-existing adipocytes, and that the majority was derived from 

precursor cells. By administering tamoxifen at the end of the cold exposure we could calculate a 

re-growth of 21.4 ± 3.7M Adipoq+ cells [Fig. 4E], which is equal to the numbers detected upon 

iBAT ablation [Fig. 4B], confirming the observed regeneration potential. 
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To determine the origin of the cold recruited cells in the iBAT, we labeled all Adipoq+ cells by 

tamoxifen, followed by a three-week washout period [Suppl. Fig. 2A–C], before we stimulated the 

recruitment of brown adipocytes by one week of cold exposure [Fig. 4D]. If the numbers of 

Adipoq+ cells with and without tamoxifen re-administration would be similar, the cold induced 

recruitment of brown adipocytes would be driven by pre-existing adipocytes, while if there was a 

difference, the recruitment would be driven by the differentiation of precursors, which were not 

labeled at room temperature. When comparing the amount of Adipoq+ cells in the iBAT of both 

groups, we did not observe any significant difference in cell numbers (53.7 ± 5.2M Adipoq+ cells 

vs. 58.1 ± 3.2M Adipoq+ cells) [Fig. 4F]. Thus, we conclude that contrary to the regeneration, the 

recruitment of brown adipocytes in cold is driven by conversion of pre-existing adipocytes. We 

observe an increase of 20M-30M Adipoq+ in both the regeneration and the recruitment 

paradigm, which suggests that both the interconversion and the de novo formation are equally 

potent mechanisms to increase the number of brown adipocytes.  

In conclusion, we show that the iBAT displays a high capacity of remodeling upon cold exposure. 

Interestingly, the origin of recruited vs. regenerated brown adipocytes differs. During BAT 

regeneration, the increase in cells is mainly due to the differentiation from precursors cells, while 

newly recruited brown adipocytes in BAT are formed mainly from pre-existing adipocytes. 

 

Figure 4: (A) Schematic description of the re-growth experiment: In the baseline group first all Ucp1+ 

cells were ablated by DT, followed by the administration of tamoxifen 2- and 3-days post DT injection. 

Tissues were harvested 4 days post DT injection. In the re-growth group, all Ucp1+ cells were ablated by 

DT, followed by 2 administrations of tamoxifen and 1 week of cold exposure with a re-administration of 

tamoxifen at the end. (B) Ablation and re-growth quantification: The Ucp1-tracer-depleter animals 

received DT, tamoxifen, and cold exposure, as depicted in the scheme under (A). The total number of 

Ucp1+ cells in the iBAT was analyzed, n=6-9. (C) Schematic description origin of the re-growing brown 

adipocytes: The Adipoq-tracer-depleter line received tamoxifen followed by a 3-week washout period. 

At the end of the washout period, DT was applied, continued on the following page 
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and the animals were cold exposed for 1 week. Part of the animals received a tamoxifen re-administration 

at the end of the cold exposure. (D) Schematic description origin of the recruited brown adipocytes: 

The Adipoq-tracer-depleter line received tamoxifen followed by a 3-week washout period. At the end of 

the washout period, the animals were cold exposed for 1 week. Part of the animals received a tamoxifen 

re-administration at the end of the cold exposure. (E) Re-growth quantification: The Adipoq-tracer-

depleter animals received tamoxifen, DT/saline, and cold exposure, as depicted in the scheme under (F). 

The total number of Adipoq+ cells in the iBAT was quantified, n=8-9. (F). Recruitment quantification: 

The Adipoq-tracer-depleter animals received tamoxifen and cold exposure as depicted in the scheme 

under (G). The total number of Adipoq+ cells in the iBAT was quantified, n=8-9. Data presented are mean 

± SEM, M = 106, rec. = recombined. 

2.3 Discussion 

The plasticity of the adipose tissue is extensive, it can adapt to environmental and metabolic cues 

with a wide dynamic range. Most commonly, the adaptions are investigated by analysis of the 

cellular morphology [137], protein and gene expression profiles [149], by epigenomic approaches 

[153] or even single cell transcriptomics [154]. However, none of these methods allow for the 

quantification of all adipocytes within a complete adipose depot in an unbiased manner. Here, we 

describe such a method and utilize this assay to answer several important questions in the field 

of adipose tissue biology.  

When thermal stress is absent, brown adipocytes downregulate their thermogenic program and 

develop a morphology similar to that of white adipocytes [148]. However, it is not clear whether 

acquisition of a white adipocyte-like phenotype affects the inducibility of these cells. Brown 

adipose tissue in rodents was shown to maintain its epigenetic signature on a chromatin level 

after prolonged exposure to thermoneutrality [145] while on a transcriptional level, the “whitened” 

brown adipose tissue resembles classical white and mildly activated brown adipose tissue [144]. 

We were able to show here that, despite being masked, brown adipocytes maintain 

responsiveness to ADRB3 stimulation, and that they also remain fully responsive to DT mediated 

depletion, even under thermoneutral conditions.  

In contrast, cold exposure promotes the formation of new thermogenic fat cells in both brown 

and white fat depots. Within the first week of cold exposure, we observed a burst of proliferation 

and a peak in the number of Ucp1+ cells and total cell numbers in the iBAT [12,140], which 

occurred most likely due to extensive angiogenesis to secure sufficient nutrient supply and heat 

distribution [12,155]. Accordingly, other groups observed an increase in iBAT mass and in total 

iBAT protein content upon cold exposure [149,156]. Upon prolonged cold exposure, the number 

of Ucp1+ cells in the iBAT returned to numbers which were observed at room temperature. In 

contrast, in ingWAT Ucp1+ cell numbers continuously increased during cold exposure until they 

ranged between 1.3 – 4.2M Ucp1+ cells. This means that 16% of all adipocytes were brite/beige 

cells, which is in accordance with the thermogenic capacity of the ingWAT determined by others 
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[144,149,156]. Others determined the number of brite/beige cells based on histology 

[12,137,157,158]. Their numbers are however difficult to compare due to differences in methods, 

classification of the depots and mouse strains. Our quantitative insight into the kinetics of Ucp1+ 

cells upon cold exposure demonstrated that, despite the continuous increase in brite/beige cells 

in ingWAT, this could not compensate the reduction in Ucp1+ cells in the iBAT [159]. This suggests 

that upon prolonged cold exposure the animals gradually adapt by adjusting other metabolic 

pathways [160] and/or their behavior and physiology [161,162]. As demonstrated previously, Ucp1 

per se is not vital for the adaption to long-term cold exposure [163,164], seeing as muscle 

shivering or Ucp1 independent thermogenic futile cycles are alternative strategies to generate 

heat [165–167].  

Short term cold exposure could also stimulate the complete re-growth of an ablated depot within 

one week. In other models, studying the regeneration of the adipose tissue, the re-growth of 

brown adipose tissue took substantially longer. However, in those models the whole adipose 

tissue was ablated, which induces a prominent metabolic phenotype [168,169].  

We could demonstrate that, during the regeneration of the iBAT, the newly formed cells are 

derived from precursor cells. In contrast, newly formed brown adipocytes in iBAT upon acute cold 

exposure originate primarily from pre-existing adipocytes. Song and colleagues observed the 

same phenomenon, despite differences in the labeling of Adipoq+ cells [170]. Others also 

observed the contribution of precursor cell proliferation to the increase in the iBAT mass upon 

cold exposure [12,150]. One possible explanation could be the use of different tracer lines, which 

are not 100% specific for adipocyte precursors. Surprisingly, the increase in Ucp1+ cells upon cold 

exposure with and without previous ablation was very similar (20M-30M Ucp1+ cells), indicating 

that this process occurs naturally in response to a cold environment in order to maintain 

temperature homeostasis. Furthermore, our data suggests that two pools exist within the iBAT 

which can be utilized to expand the tissue, namely precursor cells, which are capable to fully 

regenerate iBAT after tissue ablation, as well as cold inducible adipocytes, which are recruited 

upon cold exposure. With the emerging advances in single cell sequencing, it has become evident 

that different adipocyte subpopulations exist within the adipose tissue, which are involved in 

regulation of proliferation, differentiation as well as paracrine crosstalk [154,171,172]. Future 

studies will be needed to characterize the properties of the two proposed brown adipocyte pools. 
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2.4 STAR Methods 

LEAD CONTACT 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Christian Wolfrum (christian-wolfrum@ethz.ch) 

MATERIALS AVAILABLITY 

Plasmids and animal lines are available from the corresponding author upon request.  

DATA AND CODE AVAILABILITY 

This study did not generate/analyze datasets or codes 

2.4.1 Experimental model and subject details 

Transgenic Mouse Strains 

The Ucp1-tracer-depleter mouse line is a crossing of the three mouse strains which were 

previously described: Ucp1–CreERT2 [14], ROSA26–tdRFP [173] and Ucp1-RTR-GFP [14,174]. The 

Adipoq-CreERT2 strain, was created using bacterial artificial chromosome (BAC) cloning as 

described previously [175]. We used the Adiponectin gene containing BAC RP24-69M4 (BACPAC 

Resources Center). Cloning primer sequences are provided upon request. Transgenic mice were 

generated by pronuclear injection into C57BL/6N oocytes according to standard procedures [176]. 



CHAPTER 2  

Quantification of adipocyte numbers following adipose tissue remodeling 

38 

The Adipoq-tracer-depleter mouse line was generated by crossing the Adipoq-CreERT2 strain 

with ROSA26–tdRFP strains [173] and the Ucp1-DTR-GFP line [14]. All mice were kept on a 

C57BL/6N background. Unless otherwise indicated, adult male and female mice at the age of 13 

weeks were housed at room temperature (20-22°C) on an inverted light-cycle (7 pm - 7 am light 

on). Standard chow (Kliba-Nafag purified diet #2222; 18% protein, 7% fat, 58% carbohydrate by 

mass) and water were provided ad libitum. All animal experiments were approved by the Cantonal 

Veterinary Office of Zurich. All animal experiments complied with the ARRIVE guidelines and were 

carried out in accordance with local guidelines. 

Experimental Animal Procedures 

CreERT2 activity was induced by oral gavage with 2 mg (80 mg/kg) of tamoxifen (Sigma-Aldrich) 

in 100 µl sunflower oil per day for two consecutive days (total dose 160 mg/kg). Diphtheria toxin 

(Sigma-Aldrich) was injected subcutaneously in the neck region of the animal, 3x each 100 ng in 

saline, every six hours to ablate Ucp1+ cells. Beta3-adrenergic agonist CL316,243 (CL) (Sigma-

Aldrich) was injected intraperitoneally (0.1mg in saline/kg/day). For cold exposure, the animals 

were housed at 8°C. For thermoneutral housing, animals were kept at 30°C. 

2.4.2 Method details 

Sample Harvest 

Animals were euthanized by carbon dioxide asphyxiation. The fat depot nomenclature ascribed 

by de Jong et al [6] was utilized. One lobe of each depot was used for the quantification of 

recombination, while the other lobe was used for histological analysis. Popliteal lymph nodes were 

carefully removed from the ingWAT depot. 

Quantification of Cre recombination in tissues 

Genomic DNA (gDNA) was prepared by lysing the tissue in 1 ml of 50 mM NaOH (Sigma-Aldrich) 

with one to two metal beads at 50 s-1 for 6-12 minutes with the TissueLyser LT (Qiagen). 

Subsequently, the tissues were shaken (1000 rpm) at 92 °C for 1 h. Thereafter, 250 µl of 1 M TrisHCl 

(Sigma-Aldrich) was added to neutralize the pH. The samples were centrifuged two times at 12000 

rpm for 5 minutes and the aqueous phase was carefully transferred to a fresh tube. The fat free 

aqueous DNA solution was diluted 1:30 in pure H2O.  

In order to assess the number of labeled adipocytes, primers [Tab. 1] were designed to identify 

the number of recombined loxP site loci in genomic DNA, reflecting the amount of Ucp1+ (for 

the Ucp1-tracer-depleter) or Adipoq+ (for Adipoq-tracer-depleter) cells. The apolipoprotein B 

http://www.nc3rs.org.uk/page.asp?id=1357
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gene (ApoB) was used as an internal control, indicating total cell numbers [Tab. 1]. Schematic 

description of the quantitative recombination analysis is depicted in [Suppl. Fig. 1A]. Absolute 

quantification of the number of recombined ROSA26-tdRFP transgene and ApoB genomic loci was 

performed by Fast SYBER green (Life Science Technology) quantitative real-time polymerase chain 

reaction (qPCR) of genomic DNA. The number or molecules of recombined LoxPRed sites or ApoB 

can be quantified using a standard curve generated from a synthesized plasmid 

pUC57recloxPRed-ApoB [Tab. 1]. The dilution curve of the plasmid can be found in Table 2 [Tab. 

2]. The concentration was calculated based on the molar weight of the plasmid. On the plasmid 

only one recombined loxPRed site is present, thus the cycle threshold (Ct) values of each sample 

needed to be adjusted according to the animal’s genotype (divide by two if the animal is 

homozygous). Similarly, ApoB Ct values had to be reduced by factor two in order to calculate the 

number of non-recombined cells.  

Table 1: Primer for recombination analysis and sequence of the pUC57recloxPRed-ApoB plasmid 

Concen 

tration 

(ug/ul) 

1x 

106 

5x 

107 

2.5x 

107 

1x 

107 

5x 

108 

2.5x 

108 

1x 

108 

5x 

109 

2.5x 

109 

1x 

109 

5x 

1010 

Table 2: Dilution curve of the pUC57recloxPRed-ApoB plasmid 

Histological Analysis 

Adipose tissue depots were incubated in phosphate-buffered saline (PBS) (Thermo Scientific) 

containing 4% paraformaldehyde (PFA) (Sigma-Aldrich) for 24 hours. After a wash in PBS, the 

tissue was dehydrated for five days in 30 % sucrose (Sigma-Aldrich). Subsequently, they were 

Recombined flstopfltdRFP, or rec13 (product length: 197 bp) 

FW GCGCATGAACTCTTTGATGAC 

RV TCGCGGTTGAGGACAAACTC 

ApoB (product length: 85 bp) 

FW GTCCAGGTTGAATCACGGGT 

RV AGGATCCTGCAAGGTCAAGC 

Plasmid (485 bp) 

CTTGAAGCGCATGAACTCTTTGATGACGTCCTCGGAGGAGGCCAGCATGGATCCAGCGCTAGCTTG

GCTGGACGTAAACTCCTCTTCAGACCTAATAACTTCGTATAGCATACATTATACGAAGTTATGCGGC

CGACCGGTAAGCTTATCGATACCGTCGATCCCCACTGGAAAGACCGCGAAGAGTTTGTCCTCAACC

GCGAGCTGTGGAGGTGGGGTCCAGGTTGAATCACGGGTTCTTCAGCACAATGCACAGTTCTCCAAT

GACCAAGAAGAAATACGGCTTGACCTTGCAGGATCCTTAGACGGAGCCGGAGAACCTGCGTGCAA

TCCATCTTGTTCAATGGCCGATCCCATGGCGGCACAGATGAATTCTTAATAACTTCGTATAGCATAC

ATTATACGAAGTTATGCGGCCGACCGGTAAGCTTATCGATACCGTCGATCCCCACTGGAAAGACCG

CGAAGAGTTTGTCCTCAACCGC 
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embedded in Shandon Cryomatrix (Thermo Scientific™) flash frozen on dry ice, and stored at -

20°C. Tissues were cut at -30°C on Cryostar NX70 (Thermo Scientific) at 25-50 µm thickness and 

mounted to Superfrost slides (Thermo Scientific). For RFP staining, the sections were washed with 

PBS containing 0.05% TweenTM (PBS-T) (Sigma-Aldrich) and incubated with 10% donkey serum 

(Sigma-Aldrich) for 1h, followed by overnight incubation at 4 °C with primary antibody against 

RFP (Rockland, 1:100 in 10% donkey serum). As secondary antibody, anti-rabbit Alexa Fluor® 568 

antibody (Thermo Scientific™, 1:200 in 10% donkey serum) was used. Nuclei were stained with 

Hoechst 33342 (Invitrogen, 1:10’000 in PBS). Slides were mounted with ProLong™ Diamond 

Antifade Mountant (Invitrogen) and visualized by confocal microscope Leica SP8-AOBS. If no 

antibody for RFP was used, the tissues were only fixed for 1h in 4% PFA. Continuously, only the 

nuclei were stained with Hoechst 33342 (Invitrogen, 1:10’000 in PBS) and the Slides were mounted 

with ProLong™ Diamond Antifade Mountant (Invitrogen).  

2.4.3 Quantification and statistical analysis 

Unless otherwise indicated, all results are expressed as mean ± standard error of the mean (SEM). 

All graphs and statistical analyses were performed using Graphpad Prism (Version 9) We used a 

two-tailored, unpaired student’s t-test (significance cut off: p<0.05) to assess statistical 

significance. * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 

2.5 Supplementary Material 
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Supplementary Figure 1: Establishment of the Quantification Method (A) Quantitative 

recombination analysis: Schematic description of the quantitative recombination analysis. The first 

primer pair (upper part) is specific for the ApoB locus, an internal control to quantify total number of cells 

in a depot. The second primer pair (lower part) is specific for the recombined transgene at the ROSA26 

locus. The primer pair only produces a PCR product, when flstopfl-casette is genetically deleted by the Cre 

recombinase. (B) Effect of tamoxifen dosing on recombination: Adipoq-tracer-depleter animals 

received 1 to 5 treatments with tamoxifen (2mg/per animal/day, administered orally) on consecutive days. 

The tissues were taken on day 6 after the first tamoxifen treatment. The total as well as the Adipoq+ 

recombined cell number, was analyzed in the eWAT n=2-7. (C) Secondary Antibody control: iBAT 

AdipoqCreERT2 x loxPRedfl/fl were harvested 2 days after tamoxifen administration (2 mg/per animal). 25 

µm cryosections were prepared, DNA was stained with Hoechst 3342 (blue) and secondary anti-rabbit 

Alexa Fluor® 568 antibody. Scale bar = 50 µm (D) Bodyweight: Adiponectin-tracer-depleter animals 

received 1 to 5 treatments with tamoxifen (2 mg/ per animal/day) on consecutive days. Bodyweight was 

measured on day 6 after the final treatment. (E) Dose dependency of recombination: Animals received 

0.1 mg or 2 mg tamoxifen as indicated. Tissues were taken 2 days later. The number of Adipoq+ 

recombined cells was analyzed in iBAT and ingWAT, n=14. (F) Comparison of the Ucp1-tracer-depleter 

vs. the Adipoq-tracer-depleter line: Animals of the Ucp1-tracer-depleter line and the Adipoq-tracer-

depleter line received tamoxifen (2x 2 mg/per animal/day) continued on the following page 
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on 2 consecutive days. 2 days later the tissues were taken. The percentage of recombined Ucp1+ cells and 

Adipoq+ cells, respectively, were analyzed with respect to total cell numbers, n=6-8. (G) Number of 

Ucp1+ cells ablated from the pool of Adipoq+ cells: The animals of the Adipoq-tracer-depleter line 

received 2 tamoxifen treatments. 1 week later the animals were injected with DT or saline. The consecutive 

3 days all animals received CL & DT/saline. Tissues were harvested one day after the last injection. The 

number of Adipoq+ cells was quantified in iBAT, n=8. (H-M) Overlay of Adipoq+ and Ucp1+ cells in 

iBAT: Adipoq-tracer-depleter animals and wt animals received 2x 2mg of tamoxifen. The tdRFP and GFP 

signal was visualized without antibody staining; DNA was stained with Hoechst 3342 (blue). Scale bar = 

50 µm. Data presented are mean ± SEM, M = 106, rec = recombined 

To quantify the number of Adipoq+ or Ucp1+ cells, genomic DNA from a whole adipose tissue 

depot was isolated and the number of recombined ROSA26-tdRFP alleles (loxPRed) and non-

recombined ApoB alleles was quantified by qPCR [Suppl. Fig. 1A]. The number of recombined 

Adipoq+ or Ucp1+ cells was calculated based on a standard curve, generated from a plasmid 

harboring the recombined loxPRed and the ApoB sequence. Further details can be found in the 

methods section.  

Working with the tamoxifen inducible CreERT2-loxP system allows tissue specific and temporal 

controlled recombination of DNA. If multiple tamoxifen treatments were applied, then the number 

of Adipoq+ cells remained constant in the epididymal white adipose tissue (eWAT) from one to 

two tamoxifen treatments (7.2 ± 1.2M  Adipoq+ cells). Further administration increased the 

Adipoq+ cell number (13.3 ± 1.1M Adipoq+ cells) [Suppl. Fig. 1B]. This might be explained by the 

use of oil as a solvent for tamoxifen which increases adipocyte formation in the eWAT, as reported 

previously [10,68,177]. However, in accordance with the Adipoq+ cell numbers observed in the 

iBAT and ingWAT [Fig. 1A; B] we decided to continue with a tamoxifen treatment regimen of 2 

mg/animal on two consecutive days.  

Toxic effects of tamoxifen at higher doses on the adipose tissue [178] have been reported due to 

the lipophilic nature of the compound. With a dose of 2 mg/animal on two consecutive days, we 

administer 30% - 80% tamoxifen compared to others, and the constant numbers of recombined 

Adipoq+ cells suggest that there is no induced cell death due to tamoxifen [Fig 1B, C; Suppl. Fig. 

1B] [12,178,179]. Additionally, we did not observe any effects of tamoxifen administration on 

bodyweight, which was reported for higher doses [Suppl. Fig. 1D]. We found that 2 mg of 

tamoxifen per mouse were sufficient to label all adipocytes, while a dose of 0.1 mg per mouse led 

to incomplete labeling [Suppl. Fig. 1E]. Next, we compared the number of recombined Adipoq+ 

cells to the number of Ucp1+ cells in the iBAT under standard housing conditions. The same 

percentage of recombined cells was found [Suppl. Fig. 1F], demonstrating that both the Adipoq- 

and the Ucp1-tracer-depleter line are equally efficient in labeling brown adipocytes. This was 

supported by the finding that the vast majority of the Adipoq+ cells in the iBAT were depleted 

following DT mediated ablation of all Ucp1+ cells (22.8 ± 1.7M  vs. 1.3 ± 0.3M Adipoq+ cells) 

[Suppl. Fig. 1G]. Further, in the iBAT of the Adipoq-tracer-depleter mice, RFP expression 
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overlapped entirely with GFP expressed under the control of the Ucp1 promotor [Suppl. Fig. 1 H-

M]. In general, the observed cell numbers in either mouse line were consistent between the 

experiments, supporting the quantitative strength of the method employed. 

 

Supplementary Figure 2: Washout of Tamoxifen (A) Schematic description washout experiment: In 

order to study the washout period of tamoxifen all Ucp1+ cells were ablated with DT to create an even 

baseline. On day 2 and day 3 after ablation, tamoxifen was applied. Different time periods for tamoxifen 

washout periods were given, before the animals were cold exposed for 1 week to initiate re-growth of the 

brown adipose tissue. Half of the animals, which served as a control group, received a tamoxifen re-

administration at the end of the cold exposure. (B) Washout quantification: The Ucp1-tracer-depleter 

animals received DT, tamoxifen and cold exposure as depicted in (A). The total number of Ucp1+ cells in 

the iBAT was quantified n=3-9. (C) Washout of higher tamoxifen doses: The Ucp1-tracer-depleter 

animals received DT and cold exposure as depicted in the scheme under (A). While two groups received 

2x 2 mg of tamoxifen, a third group received 3x 2 mg of tamoxifen. Following 3 weeks of washout, the 

total number of Ucp1+ cells in the iBAT was quantified. When the initial dose of tamoxifen was increased 

to 6 mg/mouse, a washout period of 3 weeks was not sufficient, seeing as no difference was observed 

between the re-administration group and the washout group n=3-8. Data presented are mean ± SEM, M 

= 106, rec. = recombined. 

As Tamoxifen accumulates in adipose tissues due to its lipophilicity [178], we aimed to determine 

the washout period of tamoxifen. After the ablation of all Ucp1+ cells through DT and 

administration of tamoxifen, one to four weeks of washout were allowed before stimulating the 

re-growth via cold exposure [Suppl. Fig. 2A]. The total number of Ucp1+ cells that re-grew after 

depletion was quantified in a control group of mice, which were re-administered with tamoxifen 

at the end of cold exposure [Suppl. Fig. 2A]. Already after one week of washout, a significant 

difference in Ucp1+ cells could be observed between the non-re-administered washout group 

and the re-administered group [Suppl. Fig. 2B]. A significant difference between the washout 

group and the re-administered group was also observed for two, respectively three weeks of 
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washout. After four weeks of washout, the strongest difference was observed (4.9 ± 0.7M vs. 36.8 

± 5.7M Ucp1+ cells) [Suppl. Fig. 2B]. Furthermore, when the animals were not cold exposed at the 

end of the washout period the iBAT did not regrow [Suppl. Fig. 2B], and when the initial dose of 

tamoxifen was increased to 6 mg/mouse, a washout period of three weeks was not sufficient, 

seeing as no difference was observed between the re-administration group and the washout 

group [Suppl. Fig. 2C]. Taken together, we show here that, at the lowest effective dose (2x 

2mg/animal/day), the tamoxifen washout period in brown adipose tissue is three to four weeks. 

A drawback of this method is the minor proportion of Ucp1+ cells (5M – 8M Ucp1+ cells, equals 

3-6%) which was detected in the washout groups, and could be due to an incomplete tamoxifen 

washout. However, it is similarly possible that this small proportion is due to de novo formed 

adipocytes at room temperature within the first week after the ablation, when tamoxifen is still 

present. In line with this hypothesis is the fact that the number of labeled cells in the washout 

group remains constant, independent of the duration of the washout period, and that the cell 

number after four weeks at room temperature is the same as in the cold-stimulated washout 

group.  
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Abstract 

Objective: The numbers of diabetic patients are rising globally and concomitantly so do the 

diabetes associated complications. A substantial number of diabetes medications are based gut 

secreted peptides. However, as for most pharmaceuticals there are downsides regarding side 

effects or efficacy. The gut is secreting a variety of proteins to control blood glucose levels and/or 

food intake, thus other peptides which have yet been unexplored might be better tolerated or 

have better activities. Our aim was to characterize the potential of a novel gut secreted protein, 

FAM3D, for the treatment of type 2 diabetes. 

Methods: FAM3D was overexpressed in diet induced obese mice via an adeno-associated virus 

(AAV). Glucose metabolism was assessed by glucose and insulin tolerance tests, as well as 

hyperinsulinemic euglycemic clamps. Liver lipid deposition and morphology was investigated to 

determine the hepatic metabolic phenotype. For the investigation of the underlying molecular 

mechanism of FAM3D a kinase activity screen was performed in vivo and signaling patterns were 

analyzed in vitro in immortalized adipocytes.  

Results: The AAV-mediated overexpression of FAM3D resulted in a significant improvement 

fasting blood glucose levels, glucose tolerance and insulin sensitivity. The hyperinsulinemic clamp 

data indicated that FAM3D is a global insulin sensitizer, which is increasing the glucose uptake 
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into various tissues. First indications propose that the positive metabolic phenotype of FAM3D is 

mediated by receptor tyrosine kinase signaling however, to identify to exact signaling mechanism 

further ligand-receptor interaction studies are needed  

Conclusions: The current study demonstrated great potential for the novel gut secreted protein 

FAM3D as an insulin sensitizing peptide for blood glucose control. 

3.1 Introduction 

The global burden of diabetes is tremendous, currently being one of the leading causes of death 

in the world. According to the latest estimation of the International Diabetes Federation from 

2019, approximately 463 million adults were living with diabetes and 374 million people are at 

increased risk of developing type 2 diabetes (T2D) [61]. The diabetes-associated aberrant high 

blood glucose levels can lead to severe complications, including cardiovascular complications, 

stroke, vision loss, nerve damage or kidney failure [180]. These complications pose a significant 

burden to the patients, but also to our health care system. Thus, it is essential to lower and control 

the blood glucose levels in diabetic patients before the concomitant complications of diabetes 

manifest. In the case of T2D, from which the majority of diabetic patients suffer, various treatment 

options are available. As lifestyle interventions are often not sufficient, pharmaceutical therapies 

with different classes of drugs are commonly prescribed. Besides, biguanides, sulfonylureas, 

thiazolidinediones, sodium–glucose co-transporter-2 (SGLT2) inhibitors and insulin, stable 

analogues of the gut secreted protein glucagon-like peptide 1 (GLP-1) or Dipeptidyl peptidase-4 

(DPP4) inhibitors to prevent the rapid degradation of gut peptides are currently very successful 

diabetes medications [117,181]. Even though several treatment options exist, there is nevertheless 

an unmet need for the development of alternative treatments. The gut is secreting a wide variety 

of proteins which are able to control gastric motility, satiety and blood glucose levels [21]. Hence, 

based on the previous success of GLP-1 analogues and DPP4-inhibitors, other novel gut secreted 

peptides might be equally or even more potent in the treatment of diabetes. 

The FAM3 family is a cytokine like family containing four members. FAM3A, FAM3B (PANDER), 

FAM3C and FAM3D. The first three members of the family are fairly well characterized and 

described to be involved in pathophysiology of diabetes [182–185]. While the physiological role 

of the fourth member, FAM3D remains mostly unknown. FAM3D is primarily expressed in the 

digestive system [186]. The intestinal expression of FAM3D is induced by ingestion of fats and 

reduced by fasting in mice [187]. In humans FAM3D plasma levels are increased following a high 

fat meal [187]. FAM3D is discussed as chemotactic agonist for the G-protein coupled receptors, 
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formyl peptide receptors 1 & 2 (FRP1 & FRP2), which are primarily expressed on neutrophils and 

monocytes, suggesting rather pro-inflammatory properties of FAM3D [188]. In contrast, the data 

of the FAM3D knock out mouse model, rather suggest its essential role in the maintenance of the 

colon homeostasis. It protects against inflammation associated cancer and supports a normal 

microbiota composition [186]. Despite all these findings, the role of FAM3D in regulation of 

metabolism and pathophysiology of diabetes remains unknown. 

In the presented study we identified FAM3D as a gut secreted protein, of which circulating levels 

increase in patients after bariatric surgery. By using an adeno associated virus (AAV) approach to 

overexpress FAM3D in diet induced obese mice, we investigated the role of FAM3D in glucose 

metabolism and elucidated its potential as a novel gut secreted protein for T2D treatment. FAM3D 

not only displayed great insulin sensitizing potential, it also ameliorated symptoms of non-

alcoholic fatty liver disease (NAFLD). We could identify receptor tyrosine kinase signaling as a 

potential molecular mechanism mediating the positive metabolic phenotype.  

3.2 Results 

3.2.1 FAM3D is a gut secreted protein associated with the beneficial metabolic 

effects of bariatric surgery 

As we were interested in the identification of novel gut secreted proteins for diabetic treatment, 

the targets identified in our previous study, in which we characterized the transcriptome of mouse 

ileal and colonic L- and epithelial cells following high fat diet (HFD) and bariatric surgery were 

further analyzed [189]. The identified targets were filtered for secreted proteins and ranked base 

on their differential expression upon HFD or vertical sleeve gastrectomy (VSG). Following, the 

targets were filtered for novelty and screened for first evidence to be involved in metabolic 

functions. Based on this analysis, we identified several candidates and selected FAM3D for further 

analysis.  

The expression of FAM3D is significantly higher in the colon compared to the small intestine (SI) 

in both, the L-Cells and the enterocytes. Given the expression profile, FAM3D is not a classical gut 

peptide per se, as it is expressed in the enteroendocrine L-cells, as well as in the surrounding 

enterocytes [Fig. 1A]. After bariatric surgery an increased secretion of well described gut hormones 

eg. GLP-1 or GLP1-oxyntomodulin–peptide YY (PYY) can be observed. They are being discussed 

to mediate at least partly the positive metabolic effects of the surgery [110,190]. Thus, we 

investigated FAM3D serum levels in human patients before and after bariatric surgery and 
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detected a significant increase 12 months post-surgery compared to pre-surgery baseline levels 

[Fig. 1B]. This led us to the hypothesis that FAM3D is a gut secreted protein which might be 

involved in the regulation of energy metabolism and eventually contributing to the beneficial 

effects of bariatric surgery.  

3.2.2 The overexpression of FAM3D evokes a positive glucometabolic phenotype 

Based on our findings, we decided to further assess the anti-diabetic potential of FAM3D in an 

obese and diabetic mouse model. For the overexpression of FAM3D, an adeno-associated virus 

(AAV) expressing FAM3D under the LP1 promotor was injected intravenously. This resulted in a 

distinct and long-lasting hepatic overexpression and increase of FAM3D in the plasma, while no 

endogenous FAM3D could be detected [Suppl. Fig. 1A; B]. The overexpression of FAM3D resulted 

in a significant improvement of the glucometabolic phenotype in HFD fed mice. Fasting and 

random fed blood glucose levels [Fig. 1C; F], as well as glucose and insulin tolerance [Fig. 1D; E] 

were significantly improved upon FAM3D overexpression. The analysis of plasma from fasted 

animals demonstrated a significant reduction of triglycerides [Fig. 1G], while free fatty acids, 

insulin and glucagon levels were unchanged [Fig 1H - J]. Other hormones which are known to 

improve blood glucose levels, such as Leptin, Adiponectin, Thyroxine (T4) were unchanged in both 

fasted and fed state [Suppl. Fig. 1C - E]. Also, random fed vascular endothelial growth factor A 

(VEGF-A) and free fatty acids did not differ between the groups [Suppl. Fig. 1F; G]. Additionally, 

no increased glucose excretion via the urine could be observed [Suppl. Fig 1H]. The fact that that 

FAM3D is a very potent peptide to improve the glucometabolic phenotype is further supported 

by the fact that reduced fasting blood glucose levels [Suppl. Fig. 1J] and improved glucose 

tolerance [Suppl. Fig. 1I] upon FAM3D overexpression were observed in lean chow fed mice. All 

these effects were independent of bodyweight [Fig. 1K], lean or fat mass [Fig. 1L]. Accordingly, in 

response to FAM3D overexpression energy expenditure, as well as respiratory quotient, 

food/water intake and activity were unchanged [Suppl. Fig. 1K – O]. Since FAM3D was reported 

to be a chemotactic agonist for neutrophils and monocytes [188], we investigated liver and 

peritoneum after FAM3D overexpression for the presence of inflammatory markers. No increased 

infiltration of macrophages or neutrophils was observed upon overexpression of FAM3D [Suppl. 

Fig. 2A; B]. Further, the alanine transferase (ALT) activity in plasma did not differ between the two 

groups suggesting, that the AAV mediated overexpression is not eliciting liver damage [Suppl. 

Fig. 2C]. In contrast to the FAM3D overexpression model, the inducible global FAM3D knockout 

mouse (Rosa26-creERT2 x FAM3D fl/fl) [Suppl. Fig. 2D] did not displayed any metabolic phenotype 

following tamoxifen induced knockout of FAM3D under obesogenic conditions. Neither, the 
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fasting blood glucose levels, nor the glucose tolerance (ip. and oral), nor the body weight was 

changed upon FAM3D knockout [Suppl. Fig. 2E - H].  

In summary, we identified FAM3D as a secreted peptide which when expressed at 

supraphysiological levels leads to improved glucose metabolism in obese/diabetic mice. The 

presented overexpression model suggests, that FAM3D improves the insulin sensitivity, without 

eliciting any adverse inflammatory effects. 

 

Figure 1: (A) Transcriptomics of L-cells and enterocytes from colon and small intestine (SI). Fragments 

per kilobase of transcript per million mapped reads (fpkm) of are presented (n = 7). continued on the 

following page 
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(B) FAM3D levels in human plasma samples sampled pre- and 12 months post-surgery. (n = 30). (C) 

Fasting blood glucose was measured two weeks post virus injection (n = 8-9). (D) Intraperitoneal glucose 

tolerance test (ipGTT) was performed three weeks post virus injection (n = 8-9). (E) Insulin tolerance test 

(ITT) was performed five weeks post virus injection (n = 8-9). (F) Random fed blood glucose was measured 

three weeks post virus injection (n = 8). (G) Fasting triglycerides and (H) Fasting free fatty acids were 

measured in plasma sampled two weeks post virus injection (n = 10). (I) Fasting insulin levels were 

measured in plasma sampled two weeks post virus injection (n = 12). (J) Fasting glucagon levels were 

measured in plasma sampled two weeks post virus injection (n = 10). (K) Bodyweight was monitored 

weekly after virus injection (n = 7). (L) Lean and fat mass was determined 16 weeks post virus injection (n 

= 7). All data presented are mean ± SEM, Statistical analysis was performed by ordinary one-way ANOVA 

and multiple comparison testing (A), by paired Student’s t-test (B) and by unpaired Student´s t test (C-L), 

Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001. 

3.2.3 FAM3D ameliorates hepatic lipid deposition and steatosis 

Since the FAM3 family is discussed as target for the treatment of NAFLD and T2D [182], we next 

studied the effect of FAM3D on liver steatosis. We observed a significant reduction in the 

deposition of liver triglycerides following AAV-mediated overexpression of FAM3D [Fig. 2A], which 

can be also observed at the histological level [Fig 2D; E]. In line, a trend towards a reduction in 

liver steatosis area (p = 0.0597) and a significant reduction of the liver micro steatosis area was 

observed upon FAM3D overexpression in mice on HFD [Fig. 2B; C]. Similar to the ipGTT and the 

ITT [Fig 1E; F], FAM3D overexpressing animals performed significantly better [Fig 2F] in a sodium 

pyruvate tolerance test, suggesting reduced gluconeogenesis in liver, possibly due to improved 

insulin sensitivity. Contrary, liver glycogen levels, which are primarily regulated by insulin, were 

unchanged [Fig. 2G] In contrast to FAM3A and FAM3C, which are both activating the AKT signaling 

pathway in liver, FAM3D did not increase AKT and pAKTSer437 levels in liver [Fig 2H - J] [183,184].  

In conclusion FAM3D overexpression leads to reduced hepatic lipid deposition and steatosis. 

Unlike the other family members FAM3A and FAM3C, FAM3D does not affect the AKT signaling 

cascade in the liver. 
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Figure 2: (A) Liver triglycerides isolated from random fed animals 10 weeks post virus injection (n = 6-7) 

(B) Liver steatosis area and (C) Liver micro steatosis area analyzed from random fed animals 10 weeks 

post virus injection (n = 7). Representative picture of (D) AAV-Stuffer HFD animal liver and (E) AAV-FAM3D 

HFD animal liver, Scale bar = 100 µm (F) Pyruvate tolerance test three weeks post virus injection with a 

dose of 2.0 g/kg sodium pyruvate (n = 7-8) (G) Liver glycogen isolated from random fed animals 10 weeks 

post virus injection (n = 7) (H) Westernblots of liver lysates from animals euthanized 8 weeks post virus 

injection in fasted state. Quantification of (I) AKT levels and (J) pAKTSer437 normalized to HSP90 of the 

westernblot displayed in (H), (n = 7). All data presented are mean ± SEM, possible outliers were removed 

if they differed more than the standard deviation multiplied times two from the mean. Statistical analysis 

was performed by unpaired Student´s t test. Significance is indicated as * p < 0.05, ** p < 0.01 and *** p 

< 0.001. 

3.2.4 FAM3D acts as a systemic insulin sensitizer 

Hyperinsulinemic euglycemic clamps are widely considered as the gold standard to assess the 

action of insulin in vivo [191,192]. Therefore, we performed hyperinsulinemic euglycemic clamps 

[Fig. 3A] to investigate the improvement in systemic insulin sensitivity, following FAM3D 

overexpression and to determine which organs contribute to the improved glucose uptake. In 

agreement with the metabolic data, FAM3D overexpressing mice required a significantly higher 

glucose infusion rate (GIR) to maintain euglycemia [Fig. 3B]. While the glucose turnover at basal 

conditions was unchanged, it was significantly improved in AAV-FAM3D HFD animals under 

insulin stimulated conditions [Fig. 3C]. The endogenous glucose production (EGP) was unchanged 
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at basal and at insulin stimulated conditions [Fig. 3D]. When determining the glucose uptake into 

the individual organs, a significant increase in glucose uptake was observed in the interscapular 

brown adipose tissue (iBAT), inguinal white adipose tissue (ingWAT), liver, heart, soleus muscle 

and in the tibialis anterior muscle [Fig 3E – J]. Only in the gastrocnemius muscle and the extensor 

digitorum longus (EDL) muscle did not show any increase in glucose uptake [Fig 3K; L].  

In summary, the hyperinsulinemic euglycemic clamp confirmed that FAM3D is a systemic insulin 

sensitizer. The increased glucose uptake into various tissues supports this notion and 

demonstrates that FAM3D has a global effect and the positive metabolic phenotype is not 

mediated by a single organ.  
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Figure 3: (A) Schematic description of the experimental set-up for the hyperinsulinemic euglycemic 

clamps (B) Glucose infusion rate (GIR) at the steady state at a level of 6 mmol/l blood glucose, data of the 

two clamp studies were pooled (n = 12 – 16) (C) Glucose turnover at basal and insulin stimulated levels 

(n = 8) (D) Endogenous glucose production (EGP) at basal and insulin stimulated levels (n = 8). Tissue 

specific glucose uptake in (E) Brown adipose tissue (BAT), data of the two clamp studies were pooled (n 

= 12), (F) inguinal white adipose tissue (ingWAT), data of the two clamp studies were pooled (n = 11-

14),(G) Liver, data of the two clamp studies were pooled (n = 12-15),(H) Heart, (n = 7-8), (I) Soleus muscle, 

data of the two clamp studies were pooled (n = 11-14), (J) Tibialis anterior muscle (n = 7-8), (K) Extensor 

digitorum longous muscle (EDL), (n = 7-8). (L) Gastrocnemius muscle, (n = 7-8). Two rounds on 

hyperinsulinemic clamps were performed and where possible the data were pooled. All data presented 

are mean ± SEM, possible outliers were removed if they differed more than the standard deviation 

multiplied times two from the mean. Statistical analysis was performed by unpaired Student´s t test. 

Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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3.2.5 Effects of FAM3D are mediated by receptor tyrosine kinase signaling 

Despite the global insulin sensitizing effect, for the further analysis of the molecular mechanism 

we aimed to determine the main target tissue of FAM3D. To do so, we investigated the 

accumulation of recombinant Fc-tagged FAM3D protein in various tissues. A single intravenous 

injection of recombinant FAM3D in HFD fed animals, resulted in a significant improvement in 

glucose tolerance four hours post injection, suggesting that the recombinant protein is functional 

[Fig. 4A; B]. For the determination of the target tissue/s, recombinant FAM3D was injected 

intravenously, four hours later the animals were perfused thoroughly and the accumulation of 

FAM3D was determined by high throughput western blotting. An accumulation of FAM3D was 

observed especially in the inguinal and epididymal white adipose tissue (ingWAT and epiWAT) 

[Fig. 4C]. As the FAM3D protein does not displays, besides a small transmembrane region, any 

lipophilic structures, it is very likely that this accumulation of FAM3D in the white adipose tissue 

is protein function specific [193]. Further, accumulation of FAM3D could be also observed in the 

heart [Fig. 4C]. Since white adipose tissue was identified as the major target tissue of FAM3D, this 

allowed us to proceed with the investigation of the molecular mechanism.  

To elucidate the molecular mode of action a kinase activity screen of the inguinal white adipose 

tissue was performed. An overall reduction in peptide phosphorylation was observed upon long-

term AAV mediated overexpression of FAM3D [Suppl. Fig. 3B; C]. A majority of the top kinases, 

which were identified based on the peptide phosphorylation at the tyrosine residue (PTK) belong 

to the group of receptor tyrosine kinases [Fig. 4D] [194]. Whereas, variety of kinases predicted 

based on the changes in phosphorylation of peptides at serine and threonine residues (STK) in 

response to FAM3D were involved in cell cycle regulation [Fig. 4E] [195,196]. The data of the kinase 

screen were validated for ERK 1/2 [Fig. 4F; G] and Janus kinase 1 (JAK1) (p = 0.0959) [Fig. 4F; H], 

targets which were amongst the top five regulated kinases predicted by the PTK or STK chip.  

In summary, we could identify the white adipose tissue as the main target of FAM3D. Moreover, 

we identified changes in receptor tyrosine kinase signaling upon chronic overexpression of 

FAM3D. 
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Figure 4: (A) Intraperitoneal glucose tolerance test (ipGTT) 4h after the injection of recombinant FAM3D 

protein (0.4 mg/kg), (n = 9) (B) Area under the curve (AUC) of the ipGTT displayed under (A),(n = 9) (C) 

Accumulation of recombinant FAM3D in tissues, 0.4 mg/kg recombinant FAM3D was injected iv. 4h later 

the animals were perfused. Various tissues analyzed by the automated Westernblotsystem Sally Sue, the 

area under the curve (AUC) was calculated (n = 6) (D) List of the top ranked regulated Kinases predicted 

by the phosphorylation pattern on the phosphor-tyrosine kinases chip (PTK), scored by the mean kinase 

score and the mean specificity score (n = 10) (E) List of the top ranked regulated Kinases predicted by the 

phosphorylation pattern on the serine-threonine kinases chip (STK), scored by the mean kinase score and 

the mean specificity score (n = 10) (F) Westernblots of ingWAT lysates of the kinase activity screen, animals 

were euthanized fasted two weeks post virus injections. Quantification of (G) ERK1/2 and (H) JAK1 levels 

normalized to HSP90 of the westernblots displayed in (F), (n = 6-7). All data presented are mean ± SEM. 

Statistical analysis was performed by unpaired Student´s t test (A; B; G; H). Significance is indicated as * p 

< 0.05, ** p < 0.01 and *** p < 0.001. 

3.2.6 In vitro signaling data support the notion that FAM3D is involved in 

receptor tyrosine kinase signaling 

For the further investigation of the molecular mechanism mediating the action of FAM3D, we 

utilized in vitro systems, which allowed us to study the acute signaling of FAM3D without any 

compensatory effects resulting from long-term overexpression of the protein.  

First, we investigated the signaling in ingWAT derived explants upon the treatment with FAM3D 

and observed a significant increase in pAKTSer437 and pERK1/2Thr202/Tyr204 after 10 min [Fig. 5A-C]. 

AKT and ERK1/2 are both central hubs downstream of many receptor tyrosine kinases [194,197], 

hence this observation further confirms the results of the kinase activity screen.  
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In accordance with the data obtained on ingWAT explants, in immortalized white adipocytes we 

could also observe a significant increase in phosphorylation of pAKTSer437 and pERK1/2Thr202/Tyr204 

following an acute treatment with FAM3D [Fig. 5D; E; G]. Additionally, AKT was also more 

phosphorylated at the Thr308 phosphosite [Fig. 5D; F]. SHP2, which is involved in downstream 

signaling of many receptor tyrosine kinases [194], was significantly more phosphorylated at Tyr 

580 phosphosite and a strong trend was observed at the Tyr543 phosphosite (p = 0.0518) [Fig. 

5D; H; I]. P38 MAPK and P70S6, which are also both downstream signal integrators of receptor 

tyrosine kinase signaling [198,199], displayed an increased phosphorylation as well [Fig. 5D; J-L]. 

This further strengthens our hypothesis, that FAM3D is involved in receptor tyrosine kinase 

signaling. His-tagged recombinant FAM3D protein dose dependently increased the 

phosphorylation of AKT and ERK1/2, excluding that the previously observed effects were elicited 

by the Fc-tag of the recombinant protein [Fig. 5M - O]. Lastly, also immortalized brown adipocytes 

demonstrated an increase in pAKTSer437 and pERK1/2Thr202/Tyr204 upon treatment with recombinant 

FAM3D [Fig. 5P - R], underlining further the effect of FAM3D on the phosphorylation of AKT and 

ERK1/2.  

In conclusion the acute signaling data of the explants and the immortalized white and brown 

adipocytes supports the notion that an acute short-term treatment with FAM3D is stimulating 

receptor tyrosine kinase signaling.  
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Figure 5: (A) Westernblots of explants from ingWAT treated with recombinant Fc tagged FAM3D (500 

ng/ml) for the indicated times Quantification of (B) pAKTS437 (C) pERK1/2Thr202/Tyr204 normalized to HSP90 

of the westernblots displayed in (A) (n = 3-5). (D) Westernblots of immortalized white adipocytes treated 

with recombinant Fc tagged FAM3D (500 ng/ml) for the indicated times. Quantification of (E) pAKTS437 (F) 

pAKTThr308 (G) pERK1/2Thr202/Tyr204 (H) pSHP2Tyr534 (I) pSHP2Tyr580 (J) pP38 MAPKThr108 (K) pP70S6Thr389 (L) 

pP70S6Thr421/Ser424 normalized to HSP90 of the westernblots displayed in (D) (n = 3) (M) Westernblots of 

immortalized white adipocytes treated with recombinant His tagged FAM3D for 10 min at indicated 

concentrations. continued on the following page  
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Quantification of (N) pAKTS437 (O) pERK1/2Thr202/Tyr204 normalized to HSP90 of the westernblots displayed 

in (M) (n = 3). Quantification of (P) pAKTS437 (Q) pERK1/2Thr202/Tyr204 normalized to HSP90 of the 

westernblots displayed in (R) (n = 3) (R) Westernblots of immortalized brown adipocytes treated with 

recombinant Fc tagged FAM3D (500 ng/ml) for the indicated times. All data presented are mean ± SEM. 

Statistical analysis was performed by ordinary one-way ANOVA and multiple comparison testing. 

Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001. 

3.3 Discussion 

The potential of gut secreted peptides for diabetic treatment is well known. GLP-1 synthetic 

peptide agonists which pose a longer-half live compared to the naïve protein or DPP4-inhibitors 

which stop the rapid degradation of peptides aim for the increase of gut peptide levels in the 

blood and thus, take advantage of their positive metabolic actions [117]. Hence, they are part of 

the standard care for many diabetic patients [200]. However, they often only have a very narrow 

therapeutic window and can cause severe side effects. Thus, there is an unmet need to develop 

novel anti-diabetic agents. Here, we identified FAM3D as a novel gut secreted protein with great 

potential for diabetic treatment. The AAV-mediated overexpression of FAM3D significantly 

improved the glucose tolerance and insulin sensitivity in diet induced obese mice. The global 

insulin sensitizing effect of FAM3D caused a significant increase in glucose uptake into various 

organs and ameliorated hepatic lipid deposition and steatosis. In addition, we provide evidence 

that the effects of FAM3D are mediated by the action of receptor tyrosine kinases.  

The potential of the FAM3 family as a powerful target for the treatment NAFLD and T2D was 

previously reported [182]. While FAM3A and FAM3C levels are decreased in livers of diabetic mice 

and humans, levels of FAM3B (PANDER) in serum, pancreatic islets and liver are increased. This 

differential regulation of the individual FAM3 family members in a diabetic state is discussed to 

result in a reduction of AKT- and AMPK-activity, which leads to increased hepatic gluconeogenesis 

and lipogenesis and ultimately to NAFLD [182]. If FAM3A or FAM3C are overexpressed in obese 

and diabetic mice an attenuation of hepatic lipid deposition and an improvement of global insulin 

sensitivity can be observed [183,184]. Both peptides, activate the AKT-pathway in the liver 

independent of insulin and contribute via this to a healthier metabolic phenotype [183,184]. Based 

on our data, we can conclude that FAM3D induces a very similar positive metabolic phenotype as 

the other two family members FAM3A and FAM3C, despite the fact that no effect on AKT-signaling 

in the liver could be observed upon FAM3D overexpression.  

We did not observe any bodyweight or glucose phenotype upon FAM3D knockout. However, in 

light of the existing data on other gut peptides, this finding is not surprising as the knockout of 

gut peptides rarely shows any effects on glucose metabolism. For instance, the disruption of the 

glucagon or the GIP gene (GcgGfp/Gfp and GIPGfp/Gfp) led in both cases to reduced bodyweight gain 
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on HFD, improved insulin tolerance, as well as increased glucose stimulated insulin release. 

However, both models displayed only a mild a mild phenotype on glucose tolerance [201–203]. 

Further, with the technical progress in omics techniques [204], it has become clearer that there is 

a wide variety of gut secreted hormones hence, it is well possible that the ablation of a single gut 

peptide can be compensated by others and therefore the ablation of FAM3D is not causing any 

distortion of the systemic metabolism. Similarly, the knockout of a single incretin receptor, eg. 

GLP-1R -/- or GIPR -/-, leads to only a mild phenotype, while a double incretin receptor knockout 

(DIRKO) displays a much stronger phenotype [205]. Genetic ablation of the corresponding 

receptor is an often-applied strategy to study the role of a peptide. Thus, it would be very 

interesting to identify the receptor of FAM3D and study the role of the ligand-receptor pair in 

regulation of energy metabolism. Peng et al., identified FAM3D as a chemotactic agonist for the 

formyl peptide receptors FPR1 and FPR2, primarily expressed on monocytes and neutrophils [188]. 

However, based on our data we could not observe any attraction of immune cells upon FAM3D 

overexpression. Further, as T2D is characterized by a low grad inflammation, a pro-inflammatory 

protein would rather worsen the diabetic phenotype, which contradicts the improved glucose 

metabolism we observed [206]. Additionally, FPR1 and FPR2 were not expressed in immortalized 

white adipocytes, where we could observe a clear signaling response upon FAM3D treatment. 

Hence, we propose the existence of an alternative receptor mediating the positive metabolic 

phenotype of FAM3D. However, future studies are needed to identify novel FAM3D receptor/s.  

We identified receptor tyrosine kinase signaling as a possible molecular mode of action for 

FAM3D. Receptor tyrosine kinases are a family of transmembrane receptors containing 19 

different subfamilies. All display a classical structure of an N-terminal extracellular domain, a single 

transmembrane domain and an intracellular kinase domain. While the kinase domain is highly 

conserved among most receptor tyrosine kinases, the extracellular domain differs greatly between 

the different receptor subfamilies. Receptor tyrosine kinases play an essential role in the regulation 

of cell survival and metabolism, proliferation and differentiation, as well as cell migration and cell 

cycle control [207]. Thus, the observed reduction in receptor tyrosine kinase signaling is in 

accordance with the observed reduction in activity of cell cycle regulating kinases. That the general 

kinase activity was downregulated can be explained by our model. Upon ligand binding many 

receptor tyrosine kinases undergo endocytosis. From the endosomes the receptors are then either 

recycled to the cell surface or they are degraded by lysosomes [208]. With our long-term chronic 

overexpression model, it is likely, that we did established a constantly active negative feedback 

loop resulting in a downregulation of kinase activity. In contrast, a short and acute treatment with 

FAM3D in vitro resulted in an increase in phosphorylation of known downstream targets of 
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receptor tyrosine kinases further supporting the notion that FAM3D is involved in receptor 

tyrosine kinase signaling. Receptor tyrosine kinases are involved in several cancer types and 

various receptor tyrosine kinase inhibitors are approved for malignant therapy. In the context of 

these therapies, it became evident that tyrosine kinase inhibitors likewise have a positive effect on 

T2D and even type 1 diabetes (T1D). Several patient reports, in vivo, and in vitro experiments, 

which are reviewed here [209–211] displayed great potential of tyrosine kinase inhibitors in the 

improvement of glucose metabolism. This is in accordance with the observed downregulation of 

receptor tyrosine kinase signaling upon chronic FAM3D overexpression and the observed positive 

glucometabolic phenotype. As potential underlying molecular mediators are discussed amongst 

others the platelet derived growth factor receptor (PDGFR) family and vascular endothelial growth 

factor receptor (VEGFR) family. Both appeared within the top regulated kinases after FAM3D 

overexpression. Upon the inhibition of PDGFR an increase in insulin sensitizing adiponectin can 

be observed [212] while, through the inhibition of VEGFR the reduced vascular remodeling is 

causing an amelioration of the with T2D associated inflammation [213]. However, neither 

adiponectin, nor VEGF-A levels were changed upon FAM3D overexpression, suggesting a different 

mechanism of action for FAM3D. Another possible mediator of the glucometabolic phenotype 

might be the MAPK/ERK pathway. ERK1/2 , was significantly regulated upon chronic and acute 

FAM3D treatment and MEK inhibitors greatly improve insulin sensitivity in diet induced obese 

mice [214,215]. As possible molecular mechanisms mediating this effect are discussed, beside 

others, a reduction in the ERK-mediated negative feedback loop to the insulin receptor substrate 

1 (IRS1) [216]. Alternatively, the inhibition of MAPK/ERK was described to reduce lipolysis in the 

adipose tissue, ameliorating the release of insulin resistance driving free fatty acids [217]. Though, 

no evidence for either of the options could be observed upon FAM3D overexpression. 

Nonetheless, various other options are discussed as underlying mechanism for the anti-diabetic 

effects of tyrosine kinase inhibitors, but further studies are needed to further elucidate the 

molecular mechanism of them. Also further studies about the potential receptor and the 

underlying signaling mechanism of FAM3D are needed. Once these are identified the positive 

metabolic phenotype of FAM3D will be hopefully explained better. 

3.4 Conclusion 

In summary FAM3D was identified as novel gut secreted protein which improves glucose 

metabolism in diet induced obese mice. Upon the overexpression of FAM3D a global insulin 

sensitizing effect could be observed. This resulted not only in improved fasting blood glucose 

levels, glucose tolerance and insulin tolerance, but also in an increased glucose uptake into various 
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tissues during hyperinsulinemic euglycemic clamps. Further, an amelioration of hepatic lipid 

deposition and steatosis was observed. Thus, FAM3D is a potential candidate for the treatment of 

T2D and NAFLD. While we could identify a downregulation of RTK-signaling as a possible 

underlying molecular mechanism, further studies are needed to fully elucidate the pathway and 

receptor mediating the positive metabolic effects of FAM3D. 
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3.5 Materials and Methods 

3.5.1 Materials 

All chemicals were purchased from Sigma Aldrich unless otherwise specified. 

3.5.2 Human FAM3D plasma levels 

FAM3D levels were measured in serum of patients who underwent open abdominal surgery for 

Roux‐en‐Y bypass or sleeve gastrectomy All investigations have been approved by the ethics 

committee of the University of Leipzig (363‐10‐13122010 and 017‐12‐230112) and were carried 

out in accordance with the Declaration of Helsinki, and all study participants provided witnessed 

written informed consent before entering the study. The human FAM3D levels were analyzed by 

the Ab-Match ASSEMBLY Human FAM3D kit (Labforce).  
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3.5.3 In vivo experimental procedures 

All animal experiment were approved by the Veterinary office of the Canton Zürich. Animals were 

housed in individually ventilated cages at standard housing conditions (22°C, 12 h reversed 

light/dark cycle, dark phase starting at 7am). The animals had access to food and water ad libitum. 

Chow diet contained 18 % proteins, 4.5 % fibers, 4.5 % fat, 6.3 % ashes (Provimi Kliba SA). Dietary 

intervention with HFD was started in eight week old animals (23.9 % proteins, 4.9 % fibers, 35 % 

fat, 5.0 % ashes (Provimi Kliba SA)).  

3.5.4 Global inducible FAM3D knockout mouse 

The FAM3D fl/fl mice were generated by ETH Phenomics Center Zurich (epic.ethz.ch). LoxP sites 

flanking the exon six of FAM3D were introduced using the newly developed technique of EASI-

CRISPR. Here, specific CRISPR/Cas9 complexes for the insertion sites of the loxP sites were injected 

directly into mouse oocytes together with a single-stranded template for homologous 

recombination that contains 150 base long homology arms and the two loxP-sites flanking exon 

6. Following the embryos were transferred into foster mothers. The offspring’s where the insertion 

of the loxP sites was successful, were once backcrossed to C57BL6/N mice. Following the animals 

were mated to Rosa26-creERT2 animals (Taconic). At eight weeks of age recombination of the 

floxed allele was induced by oral tamoxifen gavage (2x 2mg/mouse in sunflower oil) and the 

animals were changed to HFD. To sustain the knock-out tamoxifen was reapplied every four 

weeks. Following eight weeks of HFD the metabolic phenotyping was started. Male and female 

mice were carefully phenotyped.  

3.5.5 Injection of AAV 

Male C57BL/6 animals received HFD for 10 weeks before AAV injection and were maintained on 

HFD throughout the experiment. Animals were assignment to the experimental groups based on 

bodyweight and fasting blood glucose levels. 1 x 1011 Virus genomes per mouse were diluted in 

PBS (Gibco) to a volume of 50 ul and injected intravenously. Two weeks post virus injection the 

metabolic phenotyping was started. 

3.5.6 Assessment of metabolic parameters 

Fasting blood glucose:  
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For the measurement of fasting blood glucose food was withdrawn for six hours during the dark 

phase. Blood was collected from a little incision at the tail vein. Blood glucose levels were 

determined using a standard glucometer (ACCU-CHEK Aviva, Roche). 

Intraperitoneal glucose tolerance test (ipGTT): 

The bodyweight of the animals was determined before fasting the animals for six hours during 

the dark phase. Following, fasting blood glucose levels were determined and D-glucose in saline 

(Braun) was injected intraperitoneal at dose 1 g/kg body weight. Blood glucose levels were 

measured 15 min, 30 min, 60 min, 90 min and 120 min post glucose injection using a standard 

glucometer (ACCU-CHEK Aviva, Roche). 

Insulin tolerance test (ITT): 

For the ITT the same procedure as for the ipGTT was applied. Insulin (Actrapid, Novo Nordisk) was 

injected at a dose of 0.75 U/kg bodyweight. 

Pyruvate tolerance test: 

For the Pyruvate tolerance test the same procedure as for the ipGTT and the ITT was applied. 

Pyruvate was dissolved in saline (Braun) and injected at a dose of 2.0 g/kg.   

Blood collection for the determination of plasma parameters: 

Blood was collected submandibular in EDTA coated tubes from either random fed or fasted 

animals. Immediately after blood collection 3 ul of Aprotinin (25000 KIU/ml) (Roth) were added. 

To obtain the plasma the whole blood was centrifuged at 2000 g for 20 min at 4°. 

Urine collection: 

The animals were placed over a collection tube and urination as facilitated by light strokes over 

the abdomen of the animals.  

Body composition: 

The body composition was determined by magnetic resonance imaging (EchoMRI 130, Echo 

Medical Systems). Fat and lean mass were analyzed using Echo MRI 14 software. 

Indirect calorimetry: 

Indirect calorimetry measurements were performed in the Phenomaster (TSE Systems) according 

to the manufacturer’s guidelines. O2 and CO2 levels were measured for 60s every 13 minutes 
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continuously. Energy expenditure was determined according to the manufacturer’s guidelines. 

The respiratory quotient was calculated by the ratio of CO2 production to O2 consumption. 

Activity, food and water intake were monitored continuously.  

Tissue harvest: 

For tissue harvest the animals were euthanized by carbon dioxide asphyxiation. The tissues were 

carefully dissected and snap frozen in liquid Nitrogen. From the ingWAT the popliteal lymph node 

was removed.  

3.5.7 Hyperinsulinemic euglycemic clamps 

Two weeks post virus injection the animals underwent surgery and a catheter was implanted into 

the vena jugularis. After 5-7 days of recovery, hyperinsulinemic euglycemic clamps were 

performed only on animals which regained more than 90% of their preoperative weight. For the 

clamps the animal were fasted for 6h, in the last 80 min of the fasting period Glucose-D-[3-3H] 

(0.05 µCi/min) (Perkin Elmer) was infused to determine the basal glucose uptake and glucose 

production. Blood was sampled at the end of the 80 min basal Glucose-D-[3-3H] infusion. 

Following Glucose-D-[3-3H] (0.1 µCi/ml), Insulin (12 mU/kg/min) (Actrapid, Novo Nordisk) and 

20% glucose (Braun) as needed was infused until the animal reached a steady state at 6 mmol/l 

blood glucose. When in steady state a bolus of Deoxy-D-glucose 2-[14C(U)] (10 µCi) (Perkin Elmer) 

was administered to determine the glucose uptake into the individual organs. Blood was sampled 

at steady state and 2 min, 15 min, 25 min, 35 min after the Deoxy-D-glucose 2-[14C] bolus. 

Subsequently, the animals were euthanized and tissues were harvested. For the analysis the 

plasma samples were deproteinized with Ba(OH)2 and ZnSO4 as described in Kim et al, 2009 [192]. 

Tissues were homogenized, boiled and the phosphorylated Deoxy-D-glucose 2-[14C] was 

separated from the non-phosphorylated Deoxy-D-glucose 2-[14C] by ion exchange columns 

(chloride form) (BioRad). The glucose turnover is calculated through the division of the rate of 

Glucose-D-[3-3H] infusion by the Glucose-D-[3-3H] specific activity in the plasma [192]. The 

endogenous glucose production was determined through the subtraction of the glucose infusion 

rate from the glucose disposal rate [192]. The insulin stimulated glucose disposal rate is 

determined by subtracting the basal glucose disposal rate from the glucose disposal rate during 

the clamp [192]. The organ specific glucose uptake was calculated by determining the organ 

specific accumulation of phosphorylated Deoxy-D-glucose 2-[14C] and the decay of Deoxy-D-

glucose 2-[14C] in the plasma. Two rounds on hyperinsulinemic clamps were performed and 

where possible the data were pooled. 
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3.5.8 Recombinant protein injection 

Recombinant protein was diluted in saline (Braun) and injected intravenously into the tail vein at 

a dose of 0.4 mg/kg bodyweight. Thereafter the animals were fasted and 4,5 h later they either 

underwent a glucose tolerance test or they were thoroughly perfused with ice cold PBS (Gibco) 

and tissues for further analysis were harvested.  

3.5.9 In vitro experimental procedures 

Adipose tissue explants 

The animals were starved for 4h during the dark phase before euthanization. Adipose tissue 

depots were excised and cut in ca. 20-25 mg pieces. The explants were starved in glucose free 

DMEM (Gibco), 0.5% BSA for 2h and subsequently treated with 500 ng/ml recombinant FAM3D-

Fc. At the end of the incubation time the explants were washed in ice cold PBS (Gibco), briefly 

dried and snap frozen.  

Cell culture 

All cells were cultured in a cell culture incubator (humidified, 5% CO2, 37°C). Standard culture 

medium was DMEM high glucose media (4,5 mg/ml D-Glucose) containing 10% FBS and 1% 

PenStrep (all Gibco), media was changed every other day.  

Immortalized white adipocytes: 

Immortalized white adipocytes were plated on collagen-coated plates. One day post confluence 

they were induced for 48h with Insulin (650 nM), IBMX (500 µM), rosiglitazone (1 µM) and 

dexamethasone (1 µM). Afterwards, the cells were cultured in maintenance media with Insulin (650 

nM). At day four post induction the differentiating adipocytes were trypsinized and replated on 

collagen-coated multi-well plates in a density of 145 000 cells/cm2. All assays were performed on 

day eight post induction. 

Immortalized brown adipocytes:  

Immortalized brown adipocytes were plated on collagen-coated plates. Upon confluence they 

were induced for 48h with Insulin (20 nM), IBMX (500 µM), rosiglitazone (1 µM), dexamethasone 

(1 µM) and T3 (1 nM). Afterwards, the cells were cultured in maintenance media with Insulin (20 

nM) and T3 (1 nM). At day four post induction the differentiating adipocytes were trypsinized and 

replated on collagen-coated multi-well plates in a density of 145 000 cells/cm2. All assays were 

performed on day eight post induction. 
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Recombinant FAM3D treatment:  

For the treatment with recombinant FAM3D protein the cells were starved for 3h in low glucose 

DMEM (1 mg/ml D-Glucose), before recombinant protein was added at a dose of 500 ng/ml.  

3.5.10 Transcriptomics of L-cells and enterocytes 

Preparation and processing of the samples is described in Rollins et al, 2019 [189]. The sequencing 

data are available under: 

https://www.sciencedirect.com/science/article/pii/S0196978119300014?via%3Dihub#sec0125 

3.5.11 Immune cell characterization in liver and peritoneum 

Cell suspension preparation: 

For the collection of peritoneal immune cells the animals were euthanized and the abdomen was 

washed twice with with PBS (Gibco) containing 2 mM EDTA through a syringe inserted into the 

peritoneal space. Cells were collected by centrifugation. The livers were minced and digested in 

IMDM (Gibco) with 3% FBS (Gibco), 2 mg/ml of type IV collagenase and 0.125 mg/ml Dnase and 

passed to a 40 µ filter. The liver cells were first centrifuged for 5 min at 20g and following 

separated by density centrifugation with 30% Percoll at 2000 rpm, 20 min, low acceleration and 

no brake. The pellet in the bottom was collected for further analysis. Erythrocytes were lysed by 

ACK buffer. 

Flow cytometry analysis: 

Cell suspensions were incubated with fluorochrome-conjugated or biotinylated monoclonal 

antibodies specific to mouse in FACS buffer (PBS containing 2% FBS and 2 mM EDTA) and then 

washed twice before detection. Unless otherwise stated antibodies were purchase from 

BioLegend: CD45 (30‐F11), CD11b (M1/70), CD11c (N418), CD64 (X54-5/7.1), F4/80 (BM8), MHCII 

(M5/114.15.2, eBioscience), Ly6C (HK1.4), Ly6G (1A8, BD Biosciences). eFluor780 (eBioscience) was 

used as live/dead marker for dead cell exclusion. LSR Fortessa (BD) was used for multiparameter 

analysis and the data were analyzed with FlowJo software (TreeStar).  

3.5.12 Analysis of metabolic parameters in plasma and urine 

Triglycerides in plasma were determined COBAS TRIGB kit (Roche/Hitachi). Free fatty acids were 

determined by NEFA-HR(2) assay (Wako Chemicals). Glucose in urine was determined by using 
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colorimetric glucose-assay-kit. Insulin, Glucagon, Leptin and Adiponectin levels were all measured 

by mouse ELISA kits (Crystal Chem). VEGF A levels were determined by Mouse VEGF Quantikine 

ELISA Kit (R&D). ALT activity was determined by kinetic colorimetric assay and T4 was determined 

by Thyroxine (T4) competitive ELISA kit (Invitrogen). All assays were performed according to 

manufacturer’s instructions.  

3.5.13 Liver histology and liver triglycerides and glycogen 

One lobe of the liver was fixed for 24h in 4% PFA and then processed by STP120 Spin Tissue 

Processor (ThermoScientific) according to standard protocol. Subsequently, the samples were 

paraffin embedded and cut to 5 µm sections. Staining with hematoxylin eosin was performed. The 

tissues sections were imaged by light microscopy using AxioPhot microscope equipped with 

AxioCam MR (Zeiss). Liver steatosis was analyzed as described in [218], for the analysis of liver 

micro steatosis the pipeline presented in [218] was modified and trained for micro steatosis 

recognition. The other lobes of the liver were snap frozen in liquid nitrogen for further analysis. 

Liver triglycerides were extracted using chloroform: methanol (2:1) mixture and normalized to 

tissue weight. Liver glycogen was extracted by homogenization of the tissue in ice cold water. For 

enzyme inactivation the samples were boiled for 10 min and cleared by centrifugation. The 

supernatant was analyzed by colorimetric based Glycogen Assay kit (Biovision) according to the 

manufacturer’s instructions. 

3.5.14 FAM3D tissue accumulation 

To determine the accumulation of FAM3D in tissues, tissues were lysed in RIPA buffer 

(Cellsignaling) supplemented with protease inhibitor cocktail (Complete, Roche). Protein 

concentration was determined by Pierce™ BCA Protein Assay Kit (ThermoFisher) and the lysate 

was diluted to 0.04 mg/ml total protein. The presence of FAM3D in the tissues was analyzed using 

the high throughput western blot system Sally Sue (ProteinSimple) according to the 

manufacturer’s instructions. Mouse FAM3D primary antibody (RD systems) was used 1:50 diluted. 

3.5.15 Kinase activity screen 

To determine the kinase activity profile in white adipose tissue, the frozen tissues were grinded 

by a handheld mortar and lysed in MPER buffer (ThermoFisher) supplemented with Halt protease 

and phosphatase inhibitor cocktail (ThermoFisher) for 20 min at 4°C on a rotor. Then lysates were 

cleared by two to three centrifugation steps (12 000 rpm, 4°C) and aliquots were prepared and 
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snap frozen for further analysis. For the whole process all tubes were always pre-chilled on ice. 

The protein concentration was determined by Pierce™ BCA Protein Assay Kit (ThermoFisher).  

With the PAMGene technology the kinase activity profile in the lysates was analyzed. Therefore, 

1ug of protein was loaded onto phosphotyrosine kinase (PTK) and phosphoserine/threonine 

kinase (STK) chip arrays. Each array contained peptides (196 PTK and 144 STK) with tyrosine or 

serine/threonine phosphorylation sites. Upon phosphorylation FITC-labelled anti-

phosphotyrosine or antiphosphoserine/threonine antibodies were used to monitor peptide 

phosphorylation. The kinetics of phosphorylation were recorded by a charge coupled device (CCD) 

camera in combination with the Evolve software v1.2 (PamGene). The PAMGene experiments were 

performed by the Functional Genomics Center Zürich. For the analysis AAV-FAM3D animals were 

compared with AAV-Stuffer animals. The Bionavigator software v. 6.2 (PamGene) was used for 

data analysis und upstream kinase activity prediction. The Analysis was performed by PamGene.  

3.5.16 Protein extraction and western blot 

Tissues, explants and in vitro cultured cells were lysed in RIPA buffer (50mM Tris-HCl pH 7.4, 

150mM NaCl, 2mM EDTA, 0.5% sodium deoxycholate, 1.0% Triton X100, 10% glycerol) 

supplemented with protease inhibitor cocktail (Complete, Roche) and Halt phosphatase inhibitor 

cocktail (ThermoFisher). Tissues and explants were homogenized in RIPA buffer by metal beads in 

the TissueLyser LT (Qiagen). The lysates were centrifuged for 5-10 min at 12 000 rpm and the 

cleared supernatant was collected. Protein concentration was determined by Pierce™ BCA Protein 

Assay Kit (Thermo Fisher) and equal amounts of protein (10µg – 30µ) were loaded onto SDS-

Polyacrylamide gels for size separation. The proteins were transferred to nitrocellulose 

membranes, which were blocked for 1h at RT in 5% BSA or 5% milk before incubation with primary 

antibody at 4°C overnight. Unless otherwise stated antibodies were purchase from Cellsignaling 

and diluted 1:1000: AKT (9272S), pAKTSer437 (4060S), pAKTThr308 (13038S), ERK 1/2 (4695S), 

pERKThr202/Tyr204 (4370S), SHP2 (3397S), pSHP2Tyr542 (3751S), pSHP2Tyr580 (3703S), P38 MAPK (8690S), 

pP38 MAPKThr108/Tyr 182 (9211S), P70S6 (9202), pP70S6Thr389 (9205S), pP70S6Thr421/Ser424 (9204S), 

HSP90 (4877S), FAM3D (AF3027, RD systems). Rabbit secondary HRP-conjugated antibody (1:10 

000, Merck) and goat secondary HRP-conjugated antibody were used to detect the signal with 

the Image Quant system (GE Healthcare Life Sciences).  
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3.5.17 Virus production 

Murine FAM3D/Oit1 (UniProt P97805) was codon optimized for the expression in mice and cloned 

into a pFB vector under a LP1 promotor58 to allow liver-specific protein expression. A pFB-Stuffer 

vector59 was used as control. AAV8 was produced by transfection of human embryonic kidney 

(HEK)-293T cells with the expression plamids (pFB_LP1-mFAM3D or pFB_Stuffer) plus the plasmids 

pDP8 (Plasmid Factory) and the pHelper plasmid (ThermoFisher). The purification and titration 

was performed as described previously [219].  

3.5.18 Recombinant mouse FAM3D-Fc production 

Recombinant FAM3D was produced in HEK 293-E6 suspension cells cultured in F17 + 0,1% 

Pluronic F68 + L-Glutamin/Glutamax + 25µg/mL G418 (all ThermoFisher). For transfection 

plasmids harboring mFAM3D-Fc under the CMV promotor were diluted in Opti MEM I mixed 1:1 

with in Opti MEM I diluted 293fectin (both ThermoFisher). 24h after transfection Tryptone N1 at 

an end concentration of 0,5% were added. At day five post transfection the cell suspension was 

cleared by centrifugation. The supernatant was mixed with Mab-Select beads (GE Healthcare) and 

incubated overnight. Protein purification was performed in Econo-Pac® Chromatography 

Columns (Biorad) where the beads were collected, washed and ultimately the protein was eluted. 

3.5.19 Quantification and statistical analysis 

For in vivo studies, littermates were used for all experiments. All in vitro studies were performed 

with 3 technical replicates and the experiments were reproduced 2-3 times independently. Unless 

otherwise indicated, all results are expressed as mean ± standard error of the mean (SEM). Outliers 

were identified by ROUT with a Q = 1%. When two groups were compared a two-tailored, 

unpaired student’s t-test (significance cut off: p<0.05) was used to asses statistical significance. If 

more than two groups were compared a two-way ANOVA with Turkey multiple comparison 

testing was applied to test for statistical significance. Paired Student’s t test was used to analyze 

the differences in paired samples. Possible outlier were removed if they differed more than the 

standard deviation multiplied times two from the mean. All graphs and statistical analyses were 

performed using Graphpad Prism (Version 8). Statistical significance is indicated as following: * = 

p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
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3.6 Supplementary Figures 

 

Supplementary Figure 1: (A) Westernblot of FAM3D in liver lysates from animals euthanized 2 weeks 

post virus injection, HSP90 is displayed as loading control (B) Westernblots of FAM3D in plasma taken 

from animals 2 weeks post virus injection, only every second lane was loaded. (C) Leptin levels (D) 

Adiponectin levels and (E) Thyroxin (T4) levels sampled in fasted state 3 weeks post virus injection and 

sampled in fed state 4 weeks post virus injection (n = 7). (F) VEGF A in plasma sampled 3 weeks post virus 

injection in random fed mice (n = 7). continued on the following page  
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(G) Free fatty acids in plasma sampled 3 weeks post virus injection in random fed mice (n = 8). (H) Glucose 

levels in the urine, sampled 3 weeks post virus injection in fed state and sampled 4 weeks post virus 

injection in fasted state (n = 5-7). (I) Intraperitoneal glucose tolerance test in chow was performed two 

weeks post virus injection (n = 9). (J) Fasting blood glucose levels in chow mice, two weeks post virus 

injection (n = 9). (K) Energy expenditure (EE) (L) Respiratory exchange ratio (RER) (M) Food intake (N) 

Water intake (O) Activity measured during two days in the Phenomaster system (TSE) two weeks post 

virus injection (n = 12). All data presented are mean ± SEM. Statistical analysis was performed by unpaired 

Student´s t test (B-N). Significance is indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001. 

 

Supplementary Figure 2: (A) % of CD45+ cell, macrophages and neutrophils of total live cells in the liver 

of chow mice two weeks post virus injection (n=2-3). (B) % neutrophils, dendritic cells (DC’s), small 

peritoneal macrophages (SPM) and large peritoneal macrophages (LPM) of total live cells in the 

peritoneum of chow mice two weeks post virus injection (n=3). (C) Alanine transferase (ALT) activity in the 

serum 10 weeks post virus injection (n=7-8). (D) FAM3D protein levels in colon from wild type (wt x FAM3D 

fl/fl) animals and global inducible FAM3D KO animals (Rosa26-creERT x FAM3D fl/fl) one week after 

tamoxifen treatment. HSP90 is shown as loading control (E) Fasting blood glucose levels and (F) 

Intraperitoneal glucose tolerance test in wild type and global inducible FAM3D KO male animals after 

eight weeks of HFD and eight weeks post induction of the KO (n = 8) (G) Oral glucose tolerance test in 

wild type and global inducible FAM3D KO male animals after 10 weeks of HFD and 10 weeks post 

induction of the KO (n = 8) (H) Bodyweight of wild type and global inducible FAM3D KO male animals 

following the induction of the KO and HFD treatment (n = 8). All data presented are mean ± SEM. 

Statistical analysis was performed by unpaired Student´s t test (B-N). Significance is indicated as * p < 

0.05, ** p < 0.01 and *** p < 0.001. 
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Suppl. Figure 3 (A) Gene expression analysis in differentiated immortalized white adipocytes. TBP was 

used as a reference gene, 2-ΔCT is presented. Data presented are SEM ± mean, (n = 4)  (B) Vulcano Blot 

PTK chip. Log-fold-change (x-axis, TTest_delta) versus significance (y-axis, -log10(pvalue)). Red spots are 

peptides that show significant difference compared to control (p<0.05) (C) Vulcano Blot PTK chip. Log-

fold-change (x-axis, TTest_delta) versus significance (y-axis, -log10(pvalue)). Red spots are peptides that 

show significant difference compared to control (p<0.05) 
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CHAPTER 4  

General Discussion  

4.1 Remodelling of adipose tissue 

“Love handles: fat on the sides of a man or woman held onto during copulation” -  

Richard Spears: Slang and Euphemism (1981) 

Obesity is possibly the most commonly occurring cause of adipose tissue remodeling, in the best 

case generating only “love handles”, but far more often manifesting in morbid obesity. In addition 

to the expansion of adipose tissue in response to an excess of nutrients, the adipose tissue 

displays great remodeling capacity in response to changes in ambient temperature. 

Understanding the underlying mechanisms of the remodeling processes can be helpful to block, 

activate, or, reverse them. Finding a way to expand the adipose tissue in a healthy manner without 

concomitant tissue fibrosis and inflammatory responses as well as activating the brown adipose 

tissue as a metabolic sink for glucose and lipids can be useful strategies to prevent the global rise 

of obesity and metabolic diseases.  

In chapter 1 of this thesis, an introduction to the adipose tissue in the context of metabolic 

disorders was given. Chapter 2 of this thesis focuses on adipose tissue remodeling in response to 

thermoneutrality and cold exposure. With the help of the Adiponectin- and Ucp1-tracer-depleter 

mouse lines, we could quantify the remodeling potential of adipose tissue and study the kinetics 

of the remodeling process. This part of the thesis will return to the discussion of chapter 2 to bring 

the results into a wider scientific context and deepen the discussion beyond the scope covered 

chapter 2.  

Thermoneutral housing of animal’s plays an important role, seeing as us humans live either at or 

close to a state of thermoneutrality. We usually comfort ourselves with heating and warm clothes 

so that we do not feel cold [220]. Thus, to improve the translation potential of brown adipose 

tissue research from mice to humans, it is getting more relevant to perform the experiments in 

the thermoneutral zone of the animals. The general tenor is that thermoneutral zone for mice is 

somewhere between 28°C – 32°C. However, the exact thermoneutral point remains highly 

discussed in the field [221–223]. When animals are transferred into thermoneutrality, the brown 



 

4.1 Remodelling of adipose tissue 

75 

adipose tissue obtains a white-like morphology characterized by adipocytes filled with larger lipid 

droplets, with classical multilocular brown adipocytes being only sporadically observed [148,224]. 

One reason for this morphological change is the reduction in lipolysis due to a reduced 

sympathetic innervation, resulting in more filled lipid droplets. Secondly, a recent study identified 

de novo lipogenesis controlled by the carbohydrate response element-binding protein (ChREBP) 

as the mediating mechanism in thermoneutrality that fills the adipocytes with lipids [148,225]. In 

addition, the color of the tissue becomes more whitish as the number of mitochondria responsible 

for the brownish appearance of brown adipose tissue is reduced [226]. The loss of the 

mitochondria upon thermoneutral housing is mediated by the transcription factor EB (TFEB), 

which controls the autophagosomal and lysosomal processes for the clearance of the 

mitochondria from the tissue [226,227]. The remarkably different morphology of brown adipose 

tissue at thermoneutrality becomes even more pronounced when the animals are fed a high fat 

and/or energy rich diet [144,148]. This led to the question regarding the existence of a brown-to-

white interconversion. This discussion is especially important in the context of the humans living 

at thermoneutrality subsisting on a rather energy rich diet. 

In chapter 2, we could demonstrate with our Ucp1-tracer-ablater mouse model that the “classical” 

brown adipocyte characteristics were maintained despite a morphological whitening. We could 

fully recover Ucp1+ cell numbers following a beta3-adrenergic stimulus and fully ablated all 

Ucp1+ cells with diphtheria toxin in thermoneutrality. This observation is in accordance with the 

publication from Roh et al., 2018, which was briefly mentioned in the discussion of chapter 2. 

However, I would like to discuss it a little further at this time. Roh and colleagues housed mice in 

a cold for one week to induce beigeing in the ingWAT, followed by four weeks of thermoneutral 

housing. With their mouse model of the NuTRAP mouse, they were able to mark and isolate nuclei 

for epigenomic and ribosomes for transcriptomic profiling in parallel [228]. On both epigenomic 

and transcriptomic levels, they could demonstrate that the brown adipocytes undergo only a 

minor change in their epigenomic and transcriptomic identity upon thermoneutral housing. In 

contrast, the brite/ beige adipocytes undergo a profound change in their cellular identity, 

indicating a real transdifferentiation of cells [145]. One very plausible reason explaining the 

maintenance of the cellular identity of brown adipose tissue is the sympathetic innervation, which 

is much higher in the interscapular region when compared to the inguinal fat depot. However, 

even when denervated, the brown adipose tissue maintained its identity upon thermoneutral 

housing [145]. This suggests that the classical brown adipocyte identity is profoundly anchored, 

meaning that no brown-to-white interconversion takes place upon thermoneutral housing, even 

when the morphology displays a rather white-like phenotype [145]. In distinction, the brite/beige 
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adipocytes are much more versatile. They are capable of transforming back and forth between 

white and brite/beige on morphological, transcriptional, and epigenomic levels [14,145].  

This poses the question: is the main brown adipose tissue depot in humans, which lays under the 

clavicular, most accurately resembled by rodents “classical brown” or by rodents “brite/beige” 

adipocytes? When immortalized brown or brite/beige adipocytes are cultured in vitro, the gene 

expression signature of brite/beige cells closely resembles the signature of human brown adipose 

tissue [136,229]. However, culturing adipocytes in vitro drastically changes their transcriptomic 

profile [171]. Hence, in vivo data pose a higher relevance to the question raised above. Various 

studies aimed to compare human brown adipose tissue with murine classical brown or brite/beige 

adipose tissue [230,231]. The challenge here is the heterogeneity of the adipose tissue. A human 

biopsy is never purely made up of adipocytes and will always contain various other cell types. Two 

important factors in determining the classification of the biopsy are the location from where the 

biopsy was taken and the chosen reference genes [230,231]. In addition, the mouse model to 

which we compare the human biopsy is highly relevant. De Jong et al., 2019 proposed the use of 

humanized mice [144]. They reason that we cannot compare a juvenile, chow diet-eating mouse 

housed at a temperature below thermoneutrality to a middle-aged human eating a western diet, 

wearing clothes, and living in heated rooms. Thus, they suggest that mice should be housed at 

thermoneutrality for six to eight months while being fed an energy rich diet [144]. Indeed, the 

interscapular brown adipose tissue (iBAT) depot of these humanized mice accurately resembled 

human supraclavicular brown adipose tissue on a morphological level as well as in the 

transcriptomic signature [144,232]. In contrast, when the mice were not humanized, then the 

human brown adipose tissue clustered much closer to the brite/beige adipocytes of mice on a 

transcriptomic level [232]. Thus, concluding if the human brown adipose tissue is either brown or 

brite/beige heavily depends on what is used as a reference for comparison. The answer is not 

necessarily mutually exclusive; we might not even be able to compare it at all. Further, with the 

emergence of evolving tools and techniques in the field of bioinformatics and single cell 

sequencing, the current classical definitions of white, brown, and brite/beige adipocytes are 

already being challenged. Currently, new populations of adipocytes are identified, posing new 

thermoregulatory properties [154,233].  

Arguably, the most important question in this field is: How can we expand and activate the brown 

adipose tissue? In general, there are two construction sites available; either the brown adipose 

tissue can be made browner or the white adipose tissue can be made more brite/beige. In chapter 

2, we could quantify the number of brown cells in the iBAT and the number of brite/beige in the 

ingWAT arising upon cold exposure. In the iBAT, we observed a peak of Ucp1+ cells within the 
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first week of cold exposure, followed by a continuous decline in Ucp1+ cells upon prolonged cold 

exposure until they were back at levels observed at room temperature. In the ingWAT, the Ucp1+ 

cells only reached a plateau after three weeks of cold exposure. This plateau was maintained upon 

prolonged cold housing.  

From a functional perspective, both brown and brite/beige adipocytes pose the same function: 

the production of heat through Ucp1. Both cell types respond to the same activators, especially 

norepinephrine released from the sympathetic nerve ends in response to cold or synthetic beta-

agonists [234]. Few other mutually exclusive activators are available (listed in Figure 1) [5]. Both 

cell types rely on a common transcriptional cascade for adipogenesis, involving the peroxisome 

proliferator-activated receptor γ (PPARγ) and CCAAT/enhancer-binding proteins (C/EBPs) [235]. 

Several other key transcription factors are shared between the two types of thermogenic active 

adipocytes, namely the PR domain–containing protein-16 (PRDM16) [236,237] or the peroxisome 

proliferator–activated receptor-coactivator-1α (PGC-1α) [238,239]. Despite sharing many 

similarities, brown and brite cells develop from two different lineages. Originally, the majority of 

brown adipocytes were described to be derived from the Myf5+/Pax3+ lineage, originating from 

the central dermomyotom, whereas the brite/beige adipocytes are primarily derived from the 

Myf5- lineage [240]. However, with the development in mice models for tracing, it became clear 

that nearly all brown adipocytes in the iBAT were derived from the Myf5 lineage. In contrast, only 

half of the cells in the cervical BAT (cBAT) were found to be from the Myf5 lineage. Other markers, 

like Pax3 or Pax7, were subsequently tested for tracing. All these markers suggest that the different 

lineages are not mutually exclusive to just one adipose tissue depot. Rather, the origin of the 

brown/brite/beige adipocytes depends on their location along the dorsoventral axis of the 

dermomyotome [241]. In conclusion, there is great heterogeneity in adipocyte development, and 

the adipocytes in the different adipose tissue depots are most likely derived from different 

embryonic origins [242]. Tracing the developmental origin of human brown and brite/beige 

adipocytes is difficult due to technical and ethical limitations. In order to overcome these 

limitations, a recent report successfully differentiated human pluripotent stem cells (hPSCs) into 

brown adipocytes in vitro by mimicking the developmental steps of murine iBAT in vivo. This gives 

first indications of some similarity in the developmental process of human- and mouse-derived 

brown adipose tissue [243].  



CHAPTER 4  

General Discussion 

78 

 

Figure 1: Similarities and differences between brown and brite/beige adipocytes. Taken from Harms and 

Seale, 2013 [5] 

When we look at the kinetics of recruitment of Ucp1+ cells, the iBAT was clearly recognized to be 

the first responder to cold, with the brite/beige only following afterwards. As the classical brown 

adipocytes are specialized for their heat generating task, this was not too surprising. At room 

temperature, they already display high Ucp1 protein levels, high sympathetic innervation, and a 

high vascularization to supply the tissue with energy substrates and dissipate the heat [244]. 

However, we were a bit surprised by the fact that the majority of Ucp1+ cells arising upon cold 

exposure were derived from pre-existing adipocytes and not from precursors. Although, we did 

not go further into the underlying mechanism during chapter 2, I would like to take the chance to 

briefly speculate about possible scenarios. One option that would enable the rapid transformation 

of pre-existing adipocytes into Ucp1+ adipocytes cells could be epigenetics. Epigenetics include 

DNA methylation, histone modifications, and noncoding RNAs [245]. The silencing and enhancing 

of promotor regions through epigenetic modifications allow the cells to respond on a 

transcriptional level to environmental challenges [246]. One could imagine that there are several 

pre-brown adipocytes in the iBAT where the Ucp1 promotor region is silenced by an epigenetic 

modification to save energy. Upon a cold stimulus, these pre-brown adipocytes can be quickly 

“switched-on” through the removal of the epigenetic break at the promotor. Most epigenetic 

studies in adipocytes to date have been performed in vitro [247–249]. Shore and colleagues 

demonstrated that the Ucp1 expression is regulated via the demethylation of CpG dinucleotides 

of cyclic AMP response elements in the Ucp1 promotor region [250]. Roh et al. have demonstrated 

profound changes in vivo in the epigenom in response to changes in housing temperature [145]. 

A recent publication from our laboratory could show on a single cell level that there are several 

cells in the iBAT which are Adipoq+ but Ucp1- at room temperature. They could potentially 

represent these pre-brown adipocytes, which can be switched on if needed [154]. However, the 

fact that we label the same amount of Adipoq+ cells and Ucp1+ cells at room temperature as well 

as upon cold exposure, does not support this hypothesis. Thus, the scenario, where the pre-
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existing adipocytes at room temperature proliferate upon cold exposure, is more likely [170]. To 

ultimately prove this hypothesis with our method, we would require two independent genomic 

labels, driven by either the Adipoq- or the Ucp1-promotor. Alternatively, 5-Bromo-2′-deoxy-

uridine (BrdU) could be applied to label the proliferative cells. However, this would require analysis 

by histology or flow cytometry. Both methods require tissue processing and thus do not allow for 

the unbiased quantification of the adipocytes regarding localization and size. The brite/beige cells 

arising within the inguinal white adipose tissue depot responded to the cold stimulus much more 

slowly when compared to the brown adipocytes. In the literature, both the transdifferentiation 

from white to brite/beige [12,14,251] and the proliferation of precursors [10,142] are described as 

the driving mechanisms behind this process.  

Nonetheless, I would like to return to our initial question on the activation of brown and 

brite/beige cells. When translated into the human setting, it has already been pointed out that 

activating either brown or brite/beige cells is most likely impossible. Furthermore, it is currently 

unknown if the thermogenic adipose tissue in humans is brown or brite/beige. However, what is 

known is that it is no longer necessary to search for a beta3-adrenergic receptor agonist. Mature 

brown and brite/beige adipocytes in rodents express beta3-adrenergic receptors. Hence, a lot of 

effort was put into identifying beta3-receptor agonists, which pose only minimal off-target effects 

in humans [104,105]. However, the recent discovery that brown adipocytes in humans primarily 

express beta2-adrenergic receptors caused the birth of a new perspective in the field [252]. I am 

persuaded that, through this observation, the search for activating agents in the 

brown/brite/beige adipose tissue of humans will be massively accelerated and novel treatment 

options will be found soon. 

Lastly, I would like to briefly mention the astonishing regeneration potential of the iBAT. We 

observed that, upon a complete ablation of all Ucp1+ cells by diphtheria toxin, the iBAT 

completely recovered within one week of cold exposure. This regeneration was driven by 

precursor differentiation, suggesting that, at least in rodents, the precursors are potent enough 

to recover the entire adipose tissue depot. One experiment not yet performed, but which would 

be highly interesting, would consist of ablating the regenerated Ucp1+ cells again and seeing if 

the precursors are capable to recover the adipose tissue a second time. In the visceral adipose 

tissue, we have a pool of precursors that differentiate upon a short term HFD stimulus of three 

days. This pool is finite and a second short-term HFD stimulus does not elicit a second burst of 

proliferation [177]. It would be interesting to see if the pool of precursors replenishing the iBAT 

following a complete ablation is finite or infinite. When translated into the human setting, this 

pool of precursors capable of regenerating a whole adipose tissue depot would serve as a 
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powerful tool to increase the brown adipose tissue in humans. It is currently unclear if such a pool 

exists in humans, as is the existence of a suitable stimulus. One other approach to increase brown 

adipose tissue currently being tested in rodent models is the transplantation of brown adipose 

tissue or brown differentiated mesenchymal stem cells [253,254]. While both approaches display 

great potential in mice, with significant improvements of metabolic parameters, the potential for 

translation into humans should be approached with caution.  

In conclusion, we investigated the capacity of the adipose tissue to remodel and to regenerate. 

The versatility of the adipose tissue is astonishing. By characterizing the remodeling potential in 

rodents, we could deepen our understanding about the kinetics and the underlying mechanisms. 

In the future, these insights will hopefully help us to better understand the remodeling in human 

adipose tissue. 

4.2 Gut secreted proteins and their potential for type 2 diabetic 

treatment 

“Gut feeling - An instinct or intuition; an immediate or basic feeling or reaction without a logical 

rationale” – Wiktionary.com 

Gut secreted hormones are powerful messengers which can elicit feelings in humans that go 

beyond our logical or rational intellect. This powerful connection between the gut and our brain 

was recognized early on. It is not for nothing that we have sayings in many languages along the 

lines of: “having butterflies in the stomach” or “the way to a man’s heart is through his stomach.” 

Our feelings are not the only thing that is heavily influenced by the gut; it also regulates many 

other essential functions in our body. The role of the gut in the context of metabolic diseases was 

described in detail in chapter 1, the introduction of this thesis. Chapter 3 of this thesis focused on 

FAM3D, a novel gut secreted protein, and its potential for diabetic treatment. In this part of the 

discussion, I would like to give an outlook about what necessary next steps are needed in the 

FAM3D project in order to bring FAM3D from the bench to the bedside.  

We discovered that FAM3D metabolically acts as an insulin sensitizer. The rout of T2D is insulin 

resistance. Thus, the restoration of insulin sensitivity poses an effective strategy for the prevention 

or treatment of T2D. Hence, a lot of effort was put into finding insulin sensitizing agents early on. 

Today, the biguanide Metformin, and the two thiazolidinediones (TZDs) Rosiglitazone and 

Pioglitazone, are successfully used in patients as insulin sensitizing agents. While Metformin 

primarily acts via the activation of AMPK, Rosiglitazone and Pioglitazone elicit their metabolic 

function over PPARγ agonism. We have primary indications that FAM3D acts via receptor tyrosine 
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kinase signaling. However, the exact molecular mechanism via which FAM3D provokes its insulin 

sensitizing effects remains elusive to us. 

One approach to dissect the molecular mechanism of FAM3D would be to identify the receptor 

mediating the positive metabolic phenotype. The formyl peptide receptors 1&2 (FRP1 & FRP2), 

which are primarily expressed on monocytes and neutrophils, were proposed as possible 

receptors for FAM3D [188]. As already outlined in chapter 3, we suggest an alternative receptor-

ligand interaction, since, we did not observe any immune cell infiltration in either the liver or the 

peritoneum upon overexpression of FAM3D. Possible methods for receptor identification are the 

TriCEPS method or an APEX2 construct. The centerpiece of the TriCEPS method is a 

chemoproteomic reagent containing three moieties. One part binds to the amino groups of the 

ligand, one part binds to the glycosylated parts of receptors, and a third part contains a biotin tag 

for the purification of the receptor peptides for later investigation by mass spectrometry [255,256]. 

One significant advantage of this method is that the labeling can be performed in live cells that 

are fully attached to the plate, under physiological conditions, ensuring that the expression 

pattern of the surface receptors is not changed [255,256]. This method was successfully applied 

for the identification of various ligand-receptor pairs, including insulin and the insulin receptor, 

as well as Erb2 and the epidermal growth factor receptor, both of which belong to the class of 

receptor tyrosine kinases. Especially promising is the fact that the insulin and insulin receptor-

ligand pair were identified in differentiated immortalized white adipocytes (similarly to our study), 

suggesting that the lipids of the differentiated adipocytes are not interfering with the assay [255]. 

Further, with the development of this method towards flow-TriCEPS, where the biotin at the third 

moiety of the TriCEPS linker was replaced by a fluorophore, the validation of the identified 

receptors became significantly faster. Using flow-TriCEPS in combination with a siRNA mediated 

knockdown of one or multiple identified receptors results in a clearly distinguishable shift of the 

fluorescent signal [257]. Another possible method to identify the receptor of FAM3D would be an 

APEX2 construct. APEX2 is the second generation of an engineered ascorbate peroxidase. APEX2 

can generate a very short-lived biotin-phenoxyl radical by catalyzing the oxidation of biotin-

phenol. This reaction tags proteins in close proximity to APEX2 [258,259]. Thus, by linking APEX2 

to FAM3D, binding partners can be tagged and identified with mass spectrometry. Again, similarly 

to the TriCEPS method, the labeling can be performed under physiological conditions [259]. Zhen 

et al., 2018 successfully identified interaction partners for the secreted protein FGF1 via this 

method [260]. Compared to the TriCEPS method, the APEX2 method is more unspecific, seeing as 

everything in ca. 20 nm radius gets biotinylated. Thus, the validation of the identified receptors 

should not only include the validation of interaction (for example, via immunoprecipitation or co-
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localization) but should also perform the validation for functional relevance, for example via the 

investigation of the downstream signaling responses [261]. In conclusion, both methods pose 

great potential. Thus, we are currently working on the setting up both methods to hopefully 

identify the receptor mediating the metabolic phenotype of FAM3D.  

In parallel to the receptor hunting, we should also investigate more pharmacologically relevant 

administration routes of FAM3D to examine whether FAM3D is still a potent insulin sensitizer, 

even when not supraphysiologically overexpressed by an AAV. To achieve this, one could inject 

mice with a daily dose of recombinant FAM3D protein. The fact that we observed an improvement 

in glucose tolerance following a single injection with 0.4 mg/kg recombinant FAM3D is already 

very promising. However, further studies to determine the pharmacokinetics, including the 

estimation of the half-life, as well as the bioavailability of FAM3D in vivo, are needed. Additionally, 

the minimal effective dose of FAM3D should be analyzed. Limiting factors, which have hindered 

us from performing these experiments to date, were the limited availability of the recombinant 

protein as well as the lack of a working mouse FAM3D ELISA. Nevertheless, based on the 

demonstrated potential of FAM3D, these are two hurdles which are possible to overcome, and 

which will be tackled in future. Once the half-life and the effective dose of FAM3D in vivo are 

determined, one could also implant an osmotic mini pump constantly releasing FAM3D at a low 

dose. This would allow for the investigation of the metabolic effects of chronic FAM3D 

administration with a defined dose. Osmotic minipumps have been used in rodent research for 

many years, and many metabolic active peptides have been successfully applied [262–265]. For 

GLP-1 receptor agonists, even an osmotic mimipump for humans is now in the process of phase 

III clinical trials [266]. Nonetheless, during the aforementioned experiments, we must maintain our 

hypothesis that the chronic overexpression of FAM3D reduces the RTK activity and thereby elicits 

the positive metabolic phenotype in mind. It might well be that we do not need a receptor agonist; 

perhaps we should rather look for a receptor antagonist. However, if the pharmacologically 

relevant administration of FAM3D successfully improves glucose metabolism another important 

step towards the use of FAM3D as an insulin sensitizer in T2D patients will have been made.  

Additionally, we should characterize A) the endogenous secretion pattern and B) the endogenous 

degradation pattern of FAM3D. By knowing the endogenous secretory pattern, the medication 

can be tailored more effectively to physiologically relevant needs. Elevated FAM3D levels were 

described to increase in human serum upon the ingestion of a high-fat milk shake [187]. Therefore, 

we have a first indication that a high fat meal could stimulate the secretion of FAM3D. To 

determine the secretory pattern of FAM3D in mice, we currently lack the tool of a commercially 

available mouse FAM3D ELISA. However, as mentioned before, this is a technical hurdle which can 
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be overcome, especially now that the FAM3D knockout mouse is available, which allows for a solid 

validation of an in-house developed ELISA. However, the identification of the degradation of the 

FAM3D pattern is probably more important for the road from the bench to the bedside. This was 

a reason why early injections of GLP-1 were disappointingly unsuccessful [267]. Only with the 

development of DPP4 resistant GLP-1 analogues the successful journey of GLP-1 as an antidiabetic 

drug started [268]. Therefore, it is likely that, to bring FAM3D to the market, stable analogues or 

small peptides mimicking the effect of the full length FAM3D must be developed.  

Another hurdle for new medications is that they must be superior to what is already on the market 

in order to get approved. Thus, a substance purely treating T2D will probably have difficulties 

becoming permitted. FAM3D displayed ameliorating effects on NAFLD. Even though we currently 

are far away from understanding the underlying mechanisms responsible for the observed 

positive liver phenotype, this massively improves the chances of FAM3D making it to the market. 

The fact that the other family members of the FAM3 family display great potential to treat both 

T2D and NAFLD supports the potential of FAM3D [182]. Even though direct effects on the AKT 

signaling cascade in the liver, as observed with FAM3A or FAM3C, this was not detected upon 

FAM3D overexpression [183,184]. Based on our current knowledge, we hypothesize that the 

reduced lipid deposition and the ameliorated steatosis were instead secondary effects resulting 

from the insulin sensitization that occurs upon FAM3D overexpression. Obesity, T2D, and the 

development of NAFLD are tightly connected. When there is an excess of nutrients, the lipid 

metabolism of the liver is overwhelmed and the liver starts to accumulate triglycerides instead of 

secreting them via very low-density lipoproteins (VLDL) [269]. Further, in cases of insulin resistance, 

the lipolysis in the adipose tissue is no longer restricted and an increased flux of FFA from the 

adipose tissue to the liver can be observed [269,270]. Additionally, the de novo lipogenesis 

machinery of the liver can contribute to the increased lipid deposition in the liver. This causes 

lipotoxicity and inflammation, and may ultimately lead to fibrosis in the liver [271]. This 

inflammation is further boosted by low-grade inflammation present in insulin resistant adipose 

tissue [272]. Conversely, the insulin resistance in the liver drives the development of T2D due to 

increased gluconeogenesis [273]. Thus, once the metabolic balance is lost, the dwindling spiral of 

metabolic disease is very difficult to stop.  
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Figure 2: The progression of NAFLD to NASH and cirrhosis. Taken from Lv et al., 2020 [274] 

So far, no pharmacological treatment for NAFLD is licensed, and the current standard therapy 

focuses mainly on weight loss and lifestyle modifications. Due to the tight connection between 

T2D and NAFLD, many T2D medications are currently evaluated for their potential to treat NAFLD 

[275,276]. Multiple clinical trials provide evidence that the GLP-1 receptor agonist does improve 

NAFLD. However, to evaluate the effect on NASH, fibrosis, or even cirrhosis, further randomized 

control trails are needed [274]. Similarly, DPP4 inhibitors, TZDs, and SGLT2 inhibitors are currently 

under evaluation for the treatment of NAFLD, all displaying promising results [277–279]. In the 

case of Metformin, the standard first line T2D therapy, results from rodent studies proved 

encouraging. However, the human data regarding the effect of Metformin on NAFLD are not 

completely convincing [280]. Nonetheless, the rising numbers of NAFLD patients calls for the 

development of a pharmaceutical treatment. Thus, it will be a mere matter of time until existing 

T2D drugs will also be approved for NAFLD therapy. In summary, the treatment of NAFLD is an 

urgent topic. Hence, the amelioration of hepatic steatosis upon FAM3D overexpression may 

increase the interest of pharmaceutical companies to further investigate the function of FAM3D.  

In conclusion, the road from FAM3D to the patient is still a very long one. Many more aspects 

about the molecular function, the receptor, the physiological secretion, and the degradation 

pattern need to be investigated to enhance the understanding of the entire function of FAM3D. 

Translating these investigations from rodent models into humans will eventually pose another 

hurdle down the road. Nevertheless, the initial characterization of the metabolic function of 

FAM3D was highly promising, and we believe therefore that it will be worth the effort to continue 

the studies on FAM3D.  
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4.3 Summary 

-Gut Feelings and Love Handles- 

The adipose tissue and the gut as well as their different perspectives on our body’s metabolism 

were covered in the context of this thesis. Chapter 1 gave an introduction to the adipose tissue 

and the gut in the context of the metabolic diseases obesity and T2D. In chapter 2, the astonishing 

versatility of the adipose tissue was investigated with the use of a novel approach where 

adipocytes were unbiasedly quantified based on a genomic label. Through this, the number of 

adipocytes was determined in response to various environmental influences. This quantification 

shed light on the numbers as well as the kinetics of brown and brite/beige adipose tissue. This 

special subset of adipocytes poses promising features for the fight against globally rising 

metabolic diseases. Therefore, we could contribute to the characterization of this subset of 

adipocytes by proving a quantitative insight into the brown/brite/beige adipose tissue remodeling 

dynamics. Chapter 3 of this thesis focused on the metabolic function of the gut-secreted protein 

FAM3D. The overexpression of FAM3D resulted in an improvement of the glucose metabolism as 

well as of the amelioration hepatic symptoms associated with NAFLD. On a physiological level, 

FAM3D displayed great potential for the treatment of the metabolic diseases T2D or NAFLD. While 

the mediating molecular mechanism currently remains elusive to us, further studies will hopefully 

elucidate this part. This thesis demonstrates that the metabolism in our body is manifold and that 

metabolic diseases can be tackled by various organs and mechanisms. The adipose tissue and the 

gut are two major players in the game of metabolic diseases, but we should appreciate that one 

player alone cannot win the game. Only if the whole team works together, hand in hand, we can 

win the fight against the deteriorating spiral of unhealthy metabolism. 
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