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1. Introduction 

1.1. Obesity - status quo 

Overweight and obesity are now the fifth leading risk for global death. Since 1980 

worldwide obesity has nearly doubled (WHO 2016) (see figure 1 below). 

In 2014 more than 1.9 bilions of the world´s adult (18 years and older) population 

were overweight. Of these over 600 millions were obese. Strikingly, 41 million 

children under the age of five were overweight or obese in 2014 (WHO 2016). 

This is a dramatic progress because obese patients have a higher risk of 

developing type 2 diabetes mellitus, hypertension, cardiovascular diseases (mainly 

heart diseases and stroke), fatty liver disease, osteoarthritis, premature puberty, 

polycystic ovary syndrome, obstructive sleep apnea and several types of cancer 

(endometrial, breast and colon carcinoma) (Barness et al. 2007; Bluher 2009). 

Overweight and obesity are defined as excessive fat accumulation (WHO 2016). 

The body mass index (BMI), as the weight-for-height index, serves to classify 

overweight and obesity. It is defined as a patients’ weight in kilograms divided by 

Figure 1: Prevalence of obesity in 2011. Reprinted from WHO 2016, Copyright (2016). Map 

visualizes the prevalence of obesity (BMI ≥ 30 kg/m2) worldwide for persons over 20 years 

and for both sexes (WHO 2016). 
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the square of height in meters (kg/m2). A BMI ≥ 25 kg/m2 is considered overweight 

and a BMI ≥ 30 kg/m2 is considered obesity (WHO 2016). 

Obesity results from an imbalance between energy intake and energy expenditure. 

Nowadays dietary behaviour has changed towards an increased uptake of food 

high in fat and calories in combination with a decrease of physical inactivity due to 

rise of sedentary pursuits and an increase in the use of motorised transport (WHO 

2016). Overall, this leads to an elevated storage of energy in form of triglycerides 

within the white adipose tissue. 

Today’s therapy against obesity uses life style changing and/or medication, but 

without long-term success. (Chaput et al. 2006). Therefore it is important to 

develop new and successful therapeutical strategies against obesity. 

 

1.2. White adipose tissue - an obese persons biggest organ 

Classically, there are two types of adipose tissue in humans: white adipose tissue 

(WAT) and brown adipose tissue (BAT). 

In humans, WAT is mainly found in subcutaneous and visceral fat depots and 

contains lipid-laden, unilocular and adipocytes with few mitochondria, 

preadipocytes, nerves, blood vessels and immune cells such as macrophages 

(Fischer-Posovszky et al. 2007). 

The main function of WAT is the storage of energy in form of triglycerides and 

when needed the release of energy of fatty acids (Fischer-Posovszky et al. 2007). 

Moreover, WAT functions include mechanical protection and thermal insulation 

(Tews et al. 2011). It has an important role in maintaining energy metabolism and 

homeostasis and it is now well recognised as an endocrine organ. The secreted 

factors play a central role in insulin sensitivity, immunology and vascular disease 

(Gregoire 2001). 

So far over 100 hormones and factors secreted, stored or converted by white 

adipose tissue have been described and ranging from fatty acids, prostaglandins 

and steroids to complex proteins. Some of these factors act only locally by auto- or 
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paracrine effects, while others have specific target organs or act systemically. 

Amongst others white adipocytes secrete for example leptin, which is involved in 

regulation of body weight, puberty and reproduction. Many of these factors 

contribute to diseases associated with obesity (Fischer-Posovszky et al. 2007). 

 

1.3. Brown adipose tissue 

The second type of adipose tissue found in humans is brown adipose tissue 

(BAT), on which this study wants to concentrate on. 

1.3.1. Characteristics and functions 

Brown adipose tissue is especially abundant in hibernating mammals and in 

newborns (Gesta et al. 2007). The tissue is highly innervated and vascularised. 

Brown adipocytes contain multiple lipid droplets and many mitochondria, the 

reason for the brownish colour. Major depots are interscapular, supraclavicular, 

suprarenal, paravertebral and in the neck region. The main function is to maintain 

body temperature, by non-shivering thermogenesis, which is production of heat 

without induction of skeletal shivering (Cannon et al. 2004).  

The functional protein of non-shivering thermogenesis is UCP1 (uncoupling protein 

1), which is uniquely expressed in brown adipocytes and is located in the inner 

mitochondrial membrane. It belongs to a family of mitochondrial transport proteins 

including UCP2 and UCP3, which are also expressed in human tissue, but have 

no thermogenic effect (Crisan et al. 2008). 

The physiological activator of non-shivering thermogenesis in BAT is cold 

exposure, which leads to lipolysis. During cold exposure noradrenalin is released 

from the sympathetic nerve endings and binds to the β3-adrenergic receptors on 

the brown adipocyte surface. This activates adenylate cyclase, causing the 

intracellular amount of cAMP and subsequently the activation of protein kinase A 

(PKA). This enzyme phosphorylates both the hormone sensitive lipase (HSL) and 

perilipin. This leads to a dissociation of perilipin from the lipid vesicles. Now HSL 

can degrade the triglycerides to free fatty acids, which then induce a 

conformational change in UCP1 and therefore activate it. Activation of UCP1 leads 
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to a proton leakage, meaning that protons are transported with the gradient 

through the inner mitochondria membrane to the mitochondrial matrix. The 

electrochemical gradient, which was built up by the respiratory chain disappears. 

Therefore ATP synthesis is not possible any more, allowing the energy to be 

dissipated as heat to the blood vessels. Normally UCP1 is inhibited by purine 

nucleotides and gets activated by free fatty acids. This means that the activity of 

BAT is linked to lipolysis (Cannon et al. 2004). The thermogenic effect of BAT 

strongly depends on sympathetic nerve system activity. Chronic stimulation (days 

to weeks) regulates the volume of BAT, whereas the activity is dependent on the 

acute stimulation (minute to hours) (Cannon et al. 2004). 

1.3.2. History 

BAT has a long and interesting history. The first human BAT was discovered by 

Hatai in the neck of embryos in the beginning of the twentieth century (Hatai 

1902). For almost 100 years it was assumed that active brown adipose tissue 

does not exist in adults or that it has no impact on thermogenesis. However there 

were hints in the 1970s that adults have some brown adipose tissue depots 

(Heaton 1972). Furthermore, it has been shown that brown adipose tissue can 

appear in patients with rare tumours or endocrinological diseases, namely in 

hibernoma, in the perirenal fat of pheochromocytoma and in patients with Conn-

Syndrome (Garruti et al. 1992; Zancanaro et al. 1994). Nevertheless, BAT was 

mistaken as unimportant. 

The first discovery of active brown adipose tissue in adults was in the last ten 

years by 18F-FDG PET-CT (18F-Fluorodesoxy-Glucose Positron-Emission X-ray 

computed tomography) studies. 18F-FDG PET-CT is a diagnostic toll, routinely 

used in cancer diagnostics and progress. 18F-FDG is a glucose analogue 

substituted with the radioactive isotope fluorine 18. It is taken up by high-glucose-

using organs such as brain and kidneys as well as cancer cells. As a result, the 

distribution of 18F-FDG is a good reflection of glucose uptake. Therefore, brown 

adipose tissue can be visualised as an active tissue with the density of fat, which 

is estimated by CT. By now, visualisation with MRI technology is also available 

(Hu et al. 2013). 



Introduction 

5 

In 2009, three seminal studies published in the New England Journal of Medicine 

found symmetric areas of high glucose uptake in the neck detected by PET/CT 

scans in adults and were identified as metabolically active BAT. This was the 

discovery and proof of the existence of functionally active brown adipose tissue in 

adults (Cypess et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 

2009). Later this was confirmed by two other groups (Saito et al. 2009; Zingaretti 

et al. 2009). Additionally the appearance and activity correlated with BMI indicating 

a potential role of BAT in the regulation of body weight (Saito et al. 2009; Zingaretti 

et al. 2009). Virtanen et al. examined five healthy volunteers between 20 and 50 

years. First FDG PET-CT scans were made at room temperature, then subjects 

were exposed to cold and the FDG PET-CT were repeated. Here, a 15-fold higher 

FDG uptake was seen the in deep neck region compared to PET-CT scans at 

room temperature. It was possible to obtain adipose tissue biopsies from three of 

these five volunteers of this region for gene expression analysis and histology. In 

comparison to the subcutaneous fat they found a 1000-fold higher mRNA 

expression of the brown adipose tissue marker UCP1 (uncoupling protein 1) in the 

biopsies of the PET-positive regions as well as UCP1 positive brown adipocytes in 

immunohistochemistry (Virtanen et al. 2009). 

Lichtenbelt et al. examined the impact of body weight on the activity of brown 

adipose tissue. 24 men (10 lean and 14 overweight) were analysed by PET-CT at 

room temperature and after shortly being exposed to cold. At room temperature no 

signal could be found for active brown adipose tissue, whereas 23 of the 24 

subjects showed BAT activity after cold exposure. Interestingly, activity was 

significantly reduced in obese subjects compared to lean subjects. Moreover, they 

found an inverse correlation between BMI and body fat percentage with BAT 

activity, while the basal metabolic rate (BMR) had a positive correlation with BAT 

activity. These results suggest that BAT may have a role in regulation of body 

weight. Lichtenbelt et al. estimated that 11.8% of BMR could be influenced by BAT 

activity (van Marken Lichtenbelt et al. 2009). 

In a study from Saito et al. including 56 men and women, age 23 to 65 years, have 

showed the dependency of BAT activity and age (Saito et al. 2009). They found a 
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higher activity of BAT when 18FDG PET-CT was made in winter. Also they found a 

correlation between BAT activity and age. 16 of the 32 young subjects (23 to 35 

years) showed a BAT activity in FDG PET-CT after cold exposure. Only 2 of the 

24 older subjects (38 - 65 years) showed BAT activity (Saito et al. 2009). 

In a retrospective study, FDG PET-CT scans of 1972 patients were examined for 

BAT activity in a region from the anterior neck to the thorax. Appearance of active 

BAT was highest in young, lean, non-smoking women without beta-blocker 

medication. In their study, 7.5% of women and 3.1% of men showed BAT activity. 

By knowing the density of fat and the uptake of FDG per milliliter, Cypess et al. 

quantified the signals and calculated that the examined women had 12.3 g and the 

examined men 11.6 g brown adipose tissue. However, the FDG PET-CT scans 

were made at room temperature without previous cold exposure, therefore the 

calculated BAT mass is probably underestimated (Cypess et al. 2009). 

The last study examined the histological appearance of BAT in adults. Adipose 

tissue samples from the neck were taken from 35 patients undergoing surgery. 

These were examined histologically. One-third of the patients showed UCP1 

positive BAT. Brown adipocytes were always found interspersed within white 

adipocytes and they were highly innervated (Zingaretti et al. 2009). 

These studies showed, that BAT is an important and interesting field of science for 

the future therapy against obesity. 

 

1.3.3. Relevance of BAT on body weight regulation 

The development of BAT and its functional protein UCP1 was probably one reason 

for the evolutionary success of mammalians by decreasing neonate mortality 

(improved maintaining of body temperature) and by facilitating life in a colder 

environment (Cannon et al. 2004). Nowadays, brown adipose tissue gives hope to 

develop new therapeutical strategies and therapies against obesity because of its 

energy combusting function. 

So far studies in rodents and humans suggest a significant role of BAT in energy 

homeostasis. Miller et al. found a positive correlation between food intake and 
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heat production. They performed studies on humans with excessive caloric intake. 

The excess caloric intake of the subjects was disposed of by an increased heat 

production (Miller et al. 1967). In another study, rats were fed with a cafeteria diet. 

The food was given in addition to their normal pelleted diet and the animals were 

allowed to choose by themselves from several palatable food items of varied 

composition, appearance and texture (Rothwell et al. 1988). This led to an 

increase of the metabolic rate by 100%. Interestingly, the brown adipose tissue 

mass was increased three fold and BAT activation could be stronger induced by 

epinephrine (compared to a control group) (Rothwell et al. 1983).  

Furthermore it has been shown that UCP1-deficient mice gain more weight than 

wild type mice when kept at thermoneutrality and when fed a normal chow diet. 

When UCP1-ablated mice and wild type mice were fed with high-fat diet both 

increased their body weight, but UCP1-ablated mice gained more weight faster 

compared to wild type mice. Also when wild type mice were fed with high-fat diet 

an increased thermogenesis was observed (diet-induced thermogenesis). 

However, no such affect is seen in UCP1-ablated mice. This shows that diet-

induced thermogenesis is dependent and mediated by UCP1 (Feldmann et al. 

2009). The importance of BAT on body weight regulation is mainly claimed in 

rodents, but also newer studies prove a similar effect in humans: Ouellet et al. 

performed PET-CT scans with several different tracers in six healthy subjects. 

They examined oxidative, glucose and free fatty acid metabolism in BAT during 

cold exposure. A higher oxidative metabolism was found in BAT compared to 

close muscles and that this was associated with an increased basal metabolic rate 

(Ouellet et al. 2012). 

Summarised it has been shown from different workgroups that BAT with UCP1 

plays an important role in the regulation of body weight. 

 

1.4. Beige adipocytes  

The origin of BAT found in human adults is currently under debate. Because of the 

possible therapeutic potential of BAT it is important to know where brown 
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adipocytes in adults derive from on a cellular level. But the origin and development 

of thermogenic capable cells in human adults remain unclear.  

It has been shown in rodents kept in the cold, that the acclimatisation induces 

noradrenergic fibre branching into the adipose tissue organ. Such changes may be 

a precondition for plastic transformation from white adipocytes to adipocytes with a 

brown phenotype (Murano et al. 2009). Furthermore, cold acclimatisation and β-

adrenergic stimulation not only activates the brown adipocytes, but also induces 

the appearance of novel brown adipocytes in WAT, without affecting the overall 

number of adipocytes. This led to the suggestion that white adipocytes can 

transform to adipocytes with a brown phenotype (Barbatelli et al. 2010). 

Lineage tracing studies showed that white adipocytes derive from progenitors of 

the lateral mesoderm, whereas brown adipocytes and myoblasts derive from 

progenitors of the paraxial mesoderm and express the myoblast marker Myf5 

(myogenic factor 5). However, brown adipocytes can also arise in WAT from Myf5 

negative progenitors (Atit et al. 2006; Tang et al. 2008). Furthermore forced 

expression of PRDM16 (PR domain containing 16), a transcription factor, in 

myoblasts resulted in a conversion of these cells to brown adipocytes. Also the 

knockdown of PRDM16 in brown preadipocytes induced a myogenesis (Seale et 

al. 2008). Nevertheless, it is possible that myocytes and brown adipocytes derive 

from different lines of Myf5 positive cell lines. 

Wu et al. postulate that human adult BAT is made of beige adipocytes. These cells 

are called beige because of having an intermediate phenotype between white and 

brown adipocytes (Koppen et al. 2010). Wu et al. found beige adipocytes to be 

capable of expressing UCP1 and a gene profile that is distinct from either white or 

classical brown adipocytes. Beige adipocytes resemble normal white adipocytes in 

the ´unstimulated´ state, but once stimulated these cells activate UCP1 expression 

resembling brown adipocytes. Therefore Wu et al. postulated that beige cells have 

the capability to switch between an energy storing and an energy dissipating 

phenotype (Wu et al. 2012). 

These beige adipocytes typically appear within the white WAT and respond to cold 

or 3-adrenergic stimulation (Guerra et al. 1998). Furthermore studies suggested 
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that these cells develop from bipotential adipocyte progenitor cells residing in the 

perivascular region of WAT (Lee et al. 2012a).  

So far and to my knowledge the progenitors of thermogenic capable adipocytes in 

human adults are poorly understood and characterised. 

 

1.5. Aim of the study 

Obesity is a leading health problem without effective therapy so far. It is known 

that BAT is present in new born infants and that they function to maintain normal 

body heat (Cannon et al. 2004). Nevertheless BAT was mistaken as unimportant 

in adult humans. During the past eight years this changed because of several 

studies that found functional thermogenic adipocytes in adult humans. So since 

then the question remained unclear concerning the origin of these cells in adult 

humans. 

 

This study aimed to further characterise brown adipose tissue in humans. Based 

on findings from rodents the hypothesis was that specific types of progenitor cells 

exist in white and brown adipose tissue. 

 

To corroborate this, paired white and brown adipose tissue samples were 

collected from patients undergoing neck surgery. White adipose tissue was taken 

from the subcutaneous depot located at the surgical incision site. Another sample 

was removed from the deep neck region, where brown adipose tissue is present. 

Progenitors cells were isolated from the tissue samples, characterized and gene 

expression patterns were analysed using gene array analysis. 



Materials 

10 

2. Materials and Methods 

2.1. Materials 

2.1.1. Reagents 

Agarose NEEO ultra quality Carl Roth, Karlsruhe 

Aqua ad injectabile B. Braun, Melsungen 

Ampuwa sterile water Fresenius Kabi, Bad Homburg 

Biotin Sigma-Aldrich, St. Louis 

Bovine Serum Albumine (BSA) Sigma-Aldrich, St. Louis 

cOmplete protease inhibitor cocktail 
tablets 

Roche, Basel 

Diothiothreitol Invitrogen, Carlsbad 

DNA ladder 1kb Plus Fermentas, Burlington 

DMEM:F12 (1:1) with 2.5 mMl-

glutamine, 15.02 mM HEPES and 

phenol red 

Life Technologies, Carlsbad 

dNTP mix Life Technologies, Carlsbad 

D-pantothenic acid hemicalcium salt Sigma-Aldrich, St. Louis 

DPBS with Ca2+ with Mg2+ Biochrom, Berlin 

Ethanol absolute VWR, Darmstadt 

Fetal calf serum (FCS) Life Technologies, Carlsbad 

Formaldehyde solution J. T. Baker, Phillipsburg 

Glycerol Sigma-Aldrich, St. Louis 
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3-Isobutyl-1-Methylxanthine (IBMX) Sigma-Aldrich, St. Louis 

Lipofectamine 2000 transfection 

reagent 

Life Technologies, Carlsbad 

OPTI-MEM reduced serum medium Life Technologies, Carlsbad 

Pathothenat Sigma-Aldrich, St. Louis 

Penicillin-Streptomycin solution Life Technologies, Carlsbad 

Random Primer Life Technologies, Carlsbad 

Reaction buffer A Thermo Scientific, Waltham 

RNALater® Solution Ambion, Carlsbad 

Trichlomethane, Chloroform Carl Roth, Karlsruhe 

Transferrin, human Sigma-Aldrich, St. Louis 

Triton X-100 Serva, Heidelberg 

Trypsin/EDTA solution Biochrome, Berlin 

 

2.1.2. Molecular biology reagents 

2.1.2.1. Enzymes and Kits 

Collagenase type I Sigma-Aldrich, St. Louis 

LighCycler Fast Start DNA Master Roche, Basel 

peqGOLD total RNA kit Peqlab, Erlangen 

Superscript II reverse transcriptase Invitrogen, Carlsbad 

SYBR Green I Roche, Basel 
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2.1.2.2. Cytokines, Growth factors and hormones 

Cortisol Sigma-Aldrich, St. Louis 

Dexamethasone Sigma-Aldrich, St. Louis 

Insulin, human Sigma-Aldrich, St. Louis 

Triiodothyronine (T3) Sigma-Aldrich, St. Louis 

Rosiglitazone (BRL 49563) Cayman, Ann Arbor 

 

2.1.2.3. Antibodies 

Rabbit Anti-UCP1 polyclonal (1:500) Abcam, Cambridge 

 

2.1.3. PCR Primer and siRNA 

2.1.3.1. PCR Primer 

All primer were synthesised at Thermo Fischer Science GmbH, Ulm. 

name  length sequence 

ADH1B 

forward 28 
5´-GCAGAGAAGACAGAAACGACATGAG 

CAC-3´ 

reverse 28 
5´-GATTCCTACAGCCACCATCTTAATG 

CGA-3´ 

BMP4 

forward 22 5´-ATGATTCCTGGTAACCGAATGC-3´ 

reverse 21 5´-CCCCGTCTCAGGTATCAAACT-3´ 

CD34 forward 28 
5´-GCCACAACAAACATCACAGAAACGA 

CAG-3´ 
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name  length sequence 

reverse 32 
5´-GCTAGTGGTTGAAAGGTCTGAAACATT 

TCCAG-3´ 

FGF16 

forward 30 
5´-GGAATCCTGGAGTTTATCAGCCTGGCT 

GTG-3´ 

reverse 32 
5´-CATTCACGTGTGAGTTTCTTCGACCCA 

TAGAG-3´ 

ODZ2 

forward 28 
5´-CTCCCTGGTTCCAATGTGAAACTTC 

GCT-3´ 

reverse 32 
5´-TCTCATATTCAAACCCGACAGACACAA 

CAGCA-3´ 

PGC1α 

forward 30 
5´-GTTGTTGGTTTGGCTTGTAAGTGTTGT 

GAC-3´ 

reverse 31 
5´-CTCAAATATCTGACCACAAACGATGACC 

CTC-3´ 

PPARγ 

forward 23 5’-GATCCAGTGGTTGCAGATTACAA-3’ 

reverse 21 5’-GAGGGAGTTGGAAGGCTCTTC-3’ 

PRDM16 

forward 29 
5´-TCTACATTCCTGAAGACATTCCGATC 

CCA-3´ 

reverse 28 
5´-CCGTCAGTATTTGCTCCCATCCGAA 

GTC-3´ 

SDHA 

forward 23 5’-CATGCTGCCGTGTTCCGTGTGGG-3’ 

reverse 28 
5’-GGACAGGGTGTGCTTCTTCCAGTGC 

TCC-3’ 
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name  length sequence 

TMEM26 

forward 28 
5´-ACCATGAGACCCAGTATTGCAGTAT 

CCA-3´ 

reverse 31 
5´-ATCAGCTCTACTGGTTTGTTCATTGGAT 

GTC-3´ 

UCP1 

forward 30 
5´-GGAAAGAAACAGCACCTAGTTTAGGA 

AGCA-3´ 

reverse 31 
5´-CGTCAAGCCTTCGGTTGTTGCTATTAT 

TCTG-3´ 

ZNF423 

forward 30 
5´-CACATGATTGAGGAAGGCATCAACCA 

CGAG-3´ 

reverse 28 
5´-CTGTGAGCAGTCGTAGATCTTGTCC 

TCC-3´ 

 

2.1.3.2. siRNA 

ODZ2 siRNA was provided by Riboxx, Radebeul. 

construct  sequence 

negative control 

sense 5´-UUGUACUACACAAAAGUACCCCC 

antisense 5´-GGGGGUACUUUUGUGUAGUACAA 

#1 

sense 5´-UAUAUACUGACGUUGGCUCCCCC 

antisense 5´-GGGGGAGCCAACGUCAGUAUAUA 

#2 sense 5´-UAAAUUAUCUUUGCCUGUCCCCC 
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construct  sequence 

antisense 5´-GGGGGACAGGCAAAGAUAAUUUA 

#3 

sense 5´-UGUAAUUGAAGUCACCCACCCCC 

antisense 5´-GGGGGUGGGUGACUUCAAUUACA 

#4 

sense 5´-UAUUGUCCAUUCCCACUGCCCCC 

antisense 5´-GGGGGCAGUGGGAAUGGACAAUA 

 

2.1.4. Equipment 

Cell scraper Sarstedt, Nümbrecht 

Chamberslides 4 Well BD, Franklin Lakes 

Histosette II with lid Simport, Beloeil 

Lysing Matrix D 2ml tubes MP Biomedicals, Fountain 

Parkway 

Multipipette Plus Eppendorf, Hamburg 

Multiwell plate 12 well Greiner Bio-One, Frickenhausen 

Multiwell plate 6 Wel Greiner Bio-One, Frickenhausen 

Multiwell plate, flat bottom 96 well Greiner Bio-One, Frickenhausen 

Neubauer hemocytometer Hecht Assistant, Sondheim 

Nunc cryogenic tube 1.8 ml Thermo Scientific, Waltham 

Pasteur pipette glass 15 cm VWR, Darmstadt 
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Pipette tip 1.250 µl Sarstedt, Nümbrecht 

Pipette tip 20 µl Sarstedt, Nümbrecht 

Pipette tip 200 µl Sarstedt, Nümbrecht 

SafeSeal microtube 0.5 ml Sarstedt, Nümbrecht 

SafeSeal microtube 1.5 ml Sarstedt, Nümbrecht 

SafeSeal microtube 2 ml Sarstedt, Nümbrecht 

Serological pipette 1 ml BD, Franklin Lakes 

Serological pipette 2 ml BD, Franklin Lakes 

Serological pipette 5 ml Sarstedt, Nümbrecht 

Serological pipette 10 ml Sarstedt, Nümbrecht 

Serological pipette 25 ml Sarstedt, Nümbrecht 

Surgical disposable scalpel no. 11 B. Braun, Melsungen 

Surgical disposable scalpel no. 21 B. Braun, Melsungen 

Tissue culture dish 10 cm Sarstedt, Nümbrecht 

Tissue culture flask ventilated 175 cm2 Sarstedt, Nümbrecht 

Tissue culture flask ventilated 75 cm2 Sarstedt, nümbrecht 

Tissue culture flask ventilated 25 cm2 Sarstedt, Nümbrecht 

Tube with conical base 15 ml Sarstedt, Nümbrecht 

Tube with conical base 50 ml Sarstedt, Nümbrecht 

 

2.1.5. Instruments 

19 water bath tank Julabo, Seelbach 
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Accu-jet pro pipette controller Brand, Wertheim 

Analytic balance A120S Sartorius analytic, Göttingen 

Biofuge fresco Heraeus, Hanau 

Biofuge pico Heraeus, Hanau 

BSB 3A laminar flow cabinet Gelaire, Sydney 

BSB 4A laminar flow cabinet Gelaire, Sydney 

BX300 microscope Will Wetzlar, Wetzlar-Nauborn 

BX 9000 microscope Keyence, Osaka 

CC-12 Camera Olympus Soft Imaging, Münster 

CD series 210 CO2 cell culture 

incubator 

BINDER, Fügen 

CK2 microscope Olympus, Münster 

Diavert microscope Leitz Wetzlar, Wetzlar 

ED-19 water bath temperature control Julabo, Seelbach 

FP 120 FastPrep Homogenizer Thermo Scientific, Waltham 

Heraeus heraCell 150 CO2 cell culture 

incubator 

Thermo Scientific, Waltham 

Heraeus HS12 laminar flow cabinet Thermo Scientific, Waltham 

Heraeus HS18 laminar flow cabinet Thermo Scientific, Waltham 

IKAMAG RCT magnetic stirrer IKA, Staufen 

LightCycler 2.0 real-time PCR system Roche, Basel 

Mastercycler gradient thermal cycler Eppendorf, Hamburg 
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Microwave oven Bosch, Gerlingen 

Model 1083 shaking water bath GFL, Großburgwedel 

NanoDrop 2000 spectrophotometer Thermo Scientific, Waltham 

PIPETBOY acu pipette controler Integra Biosciences, Fernwald 

Pipette 0.5 - 10 µl VWR, Darmstadt 

Pipette 2 - 20 µl VWR, Darmstadt 

Pipette 10 - 100 µl VWR, Darmstadt 

Pipette 50 - 200 µl VWR, Darmstadt 

Pipette 100 - 1000 µl VWR, Darmstadt 

Rotating shaker NeoLab, Heidelberg 

Sakura RH-126 Sakura, Alphen aan den Rijn 

Vortex Genie 2 vortexer Bender&Hobein, Bruchsal 

Whirlmix vortexer Genco, Pittsburgh 

 

2.1.6. Software 

BX 9000 view software Keyence, Osaka 

Cell^F software version 3.4 Olympus, Münster 

GraphPad Prism version 5.01 GraphPad software, La Jolla 

LightCycler software version 4.1.1.21 Roche, Basel 

Microsoft Office 2013 software Microsoft, Redmond 

Nanodrop 2000/2000c software 1.4.2 Thermo Scientific, Waltham 

Pages Apple, Cupertino 



Materials 

19 

PerlPrimer software version 1.4.2 
http://perlprimer.sourceforge.net

/ 

 

http://perlprimer.sourceforge.net/
http://perlprimer.sourceforge.net/
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2.2. Methods 

2.2.1. Patient materials 

Paired samples of deep neck and subcutaneous neck adipose tissue were 

obtained from n=71 patients undergoing neck surgeries for various indications. 

Samples were obtained with the Department of Otorhinolaryngology (Head:  Prof. 

Dr. med. Hoffmann) in collaboration with Prof. Dr. Scheithauer and the visceral 

surgery department (Head: Prof. Dr. Henne-Bruns) in collaboration with Prof. Dr. 

Weber. The main surgery indication was nodular goitre (44%) followed by 

otorhinolaryngological carcinoma (29%), thyroid carcinoma (15%), 

hyperparathyreoidism and Grave´s disease (each 6%) (see figure 3 on page 30).  

Subcutaneous adipose tissue and deep neck adipose tissue were taken at the 

same surgical incision site, transferred to sterile, cold basal medium and directly 

transported to the laboratory. After removing blood vessels and connective tissue, 

each tissue sample was divided into three pieces: a small amount was preserved 

in 3.7% formaldehyde solution for later immunohistochemistry, another part was 

taken for the isolation of tissue RNA and the biggest amount was taken for 

isolation of progenitor cells. Overall from 52 patients it was possible to obtain data. 

The ethic committee of Ulm University approved the study (Number 35/12) and all 

patients gave written informed consent .  

 

2.2.2. Cell biological methods 

Experiments were either performed in human primary cells or in the human SGBS 

cell strain (Simpson-Golabi-Behmel-Syndrome). 

All cells were generally incubated in culture medium at a temperature of 37°C and 

5% concentration of carbon dioxide in a water vapour saturated atmosphere. 
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2.2.2.1. Cell culture media 

0F Medium 
DMEM:F12 

+ 33 µM biotin 

+ 17 µM pantothenate 

+ 1% penicillin/streptomycin 

Growth Medium 
0F-Medium 

+ 10%FCS 

Quick differentiation medium 
0F-Medium 

+ 0.01 mg/ml transferrin 

+ 20 nM insulin 

+ 100 nM cortisol 

+ 0.2 nM T3 

+ 25 nM dexamethasone 

+ 250 µM IBMX 

+ 2 µM rosiglitazone 

3FC Medium OF-Medium 

+ 0.01 mg/ml transferrin 

+ 20 nM insulin 

+ 100 nM cortisol 

+ 0.2 nM T3 

 

2.2.2.2. Primary cell isolation 

To liberate the stromal-vascular cells from the tissues, 100-500 mg adipose tissue 

was incubated in digestion buffer (see below) for 90 minutes in a shaking water 

bath at 37°C. After centrifugation of the samples, the stromal-vascular fraction was 

gained and seeded in cell culture flasks with growth medium (see 2.2.2.1. on page 

21). Medium change was performed every three to four days. When cells grew 
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subconfluently, they were trypsinized (five minutes; 37°C; 0.05% trypsin/ 0.02% 

EDTA) and reseeded with fresh medium for adipogenic differentiation (see 2.2.2.4. 

on page 22). The stromal-vascular cell fraction contains a vareity of cells for 

example endothelial cells, immune cells and progentior cells. Adipose stromal cells 

is a cell fraction derived from stromal-vascular cells by selevting for plastic 

adherence. Hereinafter the term preadipocytes is apllied for adipose stromal cells 

when adipogenic differentiation is induced, and the term adipocytes is applied for 

cells at day 14 od adipogenic differentiation.  

 

2.2.2.3. SGBS cell culture 

SGBS cells were obtained from the subcutaneous white adipose tissue from a 

patient with the Simpson-Golabi-Behmel-Syndrome (Wabitsch et al. 2001). They 

represent a model system of adipogenic differentiation and adipocyte biology 

(Fischer-Posovszky et al. 2008). SGBS cells were used for the siRNA transfection 

experiments.  

Cells were maintained in growth medium (see 2.2.2.1. on page 21). Medium 

change was performed every three to four days. When cells grew subconfluently, 

they were trypsinized (five minutes; 37°C; 0.05% trypsin/ 0.02% EDTA) and 

reseeded with fresh medium for adipogenic differentiation (see 2.2.2.4. on page 

22). 

 

2.2.2.4. Adipogenic differentiation 

Adipogenic differentiation was induced under serum-free conditions using a 

hormonal cocktail as described before (see 2.2.2.1. on page 21) (Hauner et al. 

1989).  

In detail, SGBS and primary preadipocytes were seeded in 12 well plates. After 

three days, when confluency was reached, cells were washed twice with 2 ml PBS 

(phosphate buffered saline) and then cultured in 1 ml Quick differentiation medium 

per well (see 2.2.2.1. on page 21) (resembles d0, preadipocytes) for the next four 
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days. At day four (d4), a medium change was made to 3FC medium (see 3.2.1. on 

page 21). Cells were incubated for the next ten days in 3FC. Differentiation status 

was documented using a digital camera and counting of the differentiation rate. 

 

2.2.2.5. Determination of differentiation rate 

Differentiation rate was determined at day fourteen (d14) as the ratio of 

preadipocytes to adipocytes by microscopically counting of the number of 

adherent SGBS cells using a net micrometer (size of counting area 1 mm2). Cells 

with at least five lipid vacuoles were defined as adipocytes. For that purpose three 

randomly chosen visual fields were counted per well, three wells were analysed. 

Means were calculated. 

 

2.2.2.6. Determination of cell area 

Determination of cell area was performed blindly. Cell area of deep neck adipose 

tissue and subcutaneous adipose tissue was measured using the BX9000 

Keyence microscope. Visual fields were photographically captured in 40x 

magnification. From each sample 100 cells were measured for their area using the 

area measure tool of the Keyence BX9000 microscope. The total area of one 

sample was then divided by 100 to get an average cell area for this sample. 

 

2.2.3. Histological methods 

From 19 patients out of the 52 patients ist was possible to obtain samples for 

histological processing. Human primary fat samples were chemically fixed in 3.7% 

formaldehyde in PBS (phosphate buffered saline) at room temperature, after 

removing blood vessels and connective tissue, as described above (see 2.2.2.2. 

on page 21). Samples were then dehydrated by incubation in 70,80,90 and 100% 

ethanol for two hours each. Afterwards, they were put in xylol overnight and then 

transferred to paraffin for embedding. Further processing, i.e. sectioning and 

immunohistochemistry staining, was performed in collaboration with Prof. Dr. Barth 
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at the Institute of Pathology, University Ulm (Head: Prof. Dr. Möller). Staining on 

paraffin sections was performed with rabbit anti-UCP1 antibody (1:500 dilution, 

Abcam, Cambridge, UK) and sections were counterstained with hematoxylin using 

established histochemical methods. Brown adipose tissue was defined by the 

presence of multivacuolar adipocytes staining positive for UCP1. 

 

2.2.4. Methods of molecular biology 

2.2.4.1. Preparation of RNA 

It was possible to obtain cell-culture RNA from 34 patients out of 71 patients. RNA 

was harvested from at least 60000 cultured cells using pegGOLD Trifast reagent. 

The lysates were suspended and transferred to a sterile 1.5 ml RNAse free 

reaction tube. Afterwards, all samples were incubated for five minutes at room 

temperature. To each sample 0.2 ml chloroform per 1 ml lysate were added and 

then shaken for 15 seconds. Again, incubation at room temperature for five 

minutes followed. Subsequently, the samples were separated into an organic and 

an aqueous, RNA containing phase, by centrifugation for five minutes at 13000 

rpm. The aqueous phase was then transferred into a new RNAse free reaction 

tube and 0.6 ml 70% ethanol was added per sample. This solution was transferred 

into RNA-binding columns and centrifuged for 15 seconds at 1000 rpm. The 

supernatant was discarded. Subsequently, 0.5 ml washing buffer I were added per 

sample and then centrifuged for 15 seconds at 1000 rpm. The RNA-binding 

columns were put on new collection columns and the old ones were discarded. 

Then washing buffer II were added to each sample and centrifuged for 15 seconds 

at 100 rpm. The supernatant was discarded. Afterwards, the columns were dried 

by centrifugation at 13000 rpm for one minute. After transfer to fresh, 1.5 ml 

eppendorf tubes, bound RNA was eluted with 30 μl of RNAse free water and a 

final centrifugation step for one minute at 1000 rpm followed. Elution was repeated 

with the flow-through to increase RNA concentration. 
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RNA concentration was measured with the NanoDrop 2000 spectrophotometer. 2 

μl of RNA solutions were used. The instrument determined absorptions at 260 nm, 

280nm and the ratio of 260/280 for RNA purity. 

 

2.2.4.2. Preparation of tissue RNA 

It was possible to obtain tissue RNA from 30 patients out of 71 patients. Until 

further preparation, adipose tissue samples were stored at -20°C in 0.6 ml 

RNALater® solution (Qiagen). Samples were transferred to lysing matrix tubes 

(MP Biomedicals) containing 1 ml TriFast and put on ice. Tissues were then 

disrupted and homogenised using the FP 120 FastPrep Homogenizer (Thermo 

Scientific). Afterwards, samples were kept on ice. RNA was obtained using the 

method as described above (see 2.2.4.1. on page 24). 

 

2.2.4.3. Reverse transcription 

Complementary DNA (cDNA) was synthesised from mature (fully spliced) mRNA 

using the Superscript reverse transcriptase II kit (Invitrogen). 1 μg RNA was 

diluted with RNAse free water up to a final volume of 11 μl. Subsequently, 1 μl of 

random primers (Invitrogen) was added and samples were denatured for three 

minutes at 85°C to dissolve secondary structures. Afterwards, 11 μl of Master-mix 

(see below) were added to each sample. Reverse transcription was performed in a 

thermocycler under a specific schedule (see below). Afterwards, samples were 

diluted to a final concentration of 5 ng/μl and stored at -20°C. 

Master mix 

(for 1 sample) 
5 µl 5xStrand buffer 

+ 2.5 µl DTT (0.1M) 

+ 1.5 µl RNAse-free water 

+ 1 µl dNTP (10mM) 

+ 1 µl Superscript reverse 

transcriptase II 
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Reverse transcription schedule 15 minutes 37°C 

30 minutes 45°C 

15 minutes 50°C 

 2 minutes 95°C 

holding temperature at 4°C 

 

2.2.4.4. Quantitative Real-time Polymerase chain reaction (qPCR) 

Real-time PCR was performed using LightCycler fast Start DNA Master SYBR 

Green I from Roche. LightCycler Mix was prepared according to the manufacturers 

instructions. A Master-mix was prepared for all samples (see below). Out of this 

solution 9 μl were added to 1 μl of cDNA for each sample in a reaction glass 

capillary. Real-time PCR was performed using a specific run protocol (see below). 

The fluorescence was measured at the last step of each cycle. A melting curve 

was acquired by heating the product to 95°C, cooling it to 60°C and slowly heating 

it at 0.2 °C/s to 95°C with continuous fluorescence acquisition. Cycle of threshold 

(Ct) is determined as the number of cycles required for the fluorescent signal to 

cross a given value threshold. All expression data from patients was then related 

to the reference gene succinate dehydrogenase subunit A (SDHA) using the ∆Ct 

method: Ct test gene – Ct reference gene. Expression data from SGBS cells were related 

to the reference gene SDHA and then to the negative control using the ddCt 

method: Ct test gene - Ct negative control. 

LightCycler Master-mix 

(for one sample) 
2.23 µl LightCycler Mix 

+ 6.67 µl water 

+ 1.1 µl Primer (forward and 

reverse, 5 µM) 

qPCR run protocol 
10 minutes pre-incubation at 

95°C, followed by 40 cycles for:  

- 10 seconds at 95°C 

- 5 seconds at 60°C 
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- 15 seconds at 72°C 

 

2.2.4.5. Gene array analysis and specific statistics 

Gene array analysis was performed at the Core Facility Genomics of the 

University Ulm in collaboration with Dr. Karlheinz Holzmann. Three patients were 

chosen for analysis (see table 2 on page 39). Of each patient a paired mRNA 

sample of subcutaneous and deep neck preadipocyte was sent for investigation. 

Microarray analyses were performed using 200 ng total RNA as starting material 

and 5.5 ug ssDNA per hybridisation (GeneChip Fluidics Station 450; Affymetrix). 

The total RNAs were amplified and labeled following the Whole Transcript Sense 

Target Labeling Assay. Labeled ssDNA was hybridised to Human Gene 1.0 ST 

Affymetrix GeneChip arrays (Affymetrix). The chips were scanned with Affymetrix 

Expression Console Software (Affymetrix). A transcriptome analysis was 

performed using BRB-ArrayTools developed by Dr. Richard Simon and BRB-

ArrayTools Development Team. Raw feature data were normalised and log2 

intensity expression summary values for each probe set were calculated using 

robust multiarray average (Irizarry et al. 2003). Genes showing minimal variation 

across the set of arrays were excluded from the analysis. Genes whose 

expression differed by at least 1.5 fold from the median in at least 20% of the 

arrays were retained. Genes were identified that were differentially expressed 

among the two classes using a two sample t-test. Genes were considered 

satistically significant if their p value was less than 0.05 and displayed a fold 

change between the two groups of at least 1.5 fold. Multivariate permutation test 

was used to provide 90% confidence that the false discovery rate was less than 

10%. The false discovery rate is the proportion of the list of genes claimed to be 

differentially expressed that are false positives. The test statistics used are random 

variance t-statistics for each gene (Wright et al. 2003). Although t-statistics were 
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used, the multivariate püermutation test is non-parametric and does not require 

the assumption of Gaussian distribution. 

Expression of selected genes was validated in the complete patient cohort via 

qRT-PCR. 

 

2.2.4.6. siRNA Transfection 

To transiently inhibit ODZ2 expression in SGBS cells siRNA transfection was 

chosen. SGBS cells were seeded in 12-well plates (three wells per condition). 

After 24 hours, the cells were transfected by lipofection (Lipofectamine 2000) with 

four different ODZ2 siRNA constructs and a negative control (50 nM per well), 

respectively. Cells were washed twice with 2 ml PBS (phosphate buffered saline) 

at the next day and then cultured again in growth medium (see 2.2.2.1. on page 

21). 48 hours after transfection, adipogenic differentiation was induced as 

described above. To achieve a final concentration of 20 nm si/miRNA and 0.66 

µl/cm2 Lipofectamine 2000, both were diluted in OPTI-MEM reduced serum 

medium. First the desired amount of Lipofectamine was incubated for five minutes 

at room temperature in the diluent and then the diluted si/miRNA was added. The 

complexes of si/miRNA and Lipofectamine were added drop wise to the cells after 

20 minutes of incubation at room temperature.  

 

2.2.5. Statistics 

+ 20 mg collagenase type I 
+ 0.5 g bovine serum albumin 

Mean and standard deviation (SD) of patient characteristics and array-patient 

characteristics was performed by Microsoft excel 2013. 

Statistical significance was assessed by one-way ANOVA and Bonferroni´s 

multiple comparison test as posttest, using GaphPadPrism. 

Correlation analyses were also performed with GraphPadPrism using linear 

regression and spearman (nonparametric correlation) test. 

p<0.05 was considered statistically significant. 
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3. Results 

Obesity is a leading health problem without effective therapy so far. It is known 

that BAT is present in new born infants and functions to maintain normal body 

heat. Nevertheless BAT was mistaken as unimportant in adult humans. During the 

past years this changed because of several studies that found functional 

thermogenic adipocytes in adult humans. So since then the question remained 

unclear concerning the origin of these cells in adult humans. So the aim of this 

study was to further characterise brown adipose tissue in human adults by 

identifying novel markers of human brown adipocyte progenitors and compare 

these with white adipose tissue progenitors. Thus, progenitor cells from paired 

samples of deep neck and subcutaneous neck adipose tissue were isolated and 

gene expression patterns were analysed using gene array analysis. 

It was hypothesised that brown adipocytes in human adults derive from a specific 

subset of progenitors that differs from white preadipocytes. Human primary cells 

were chosen for investigation.  

Samples from 71 patients undergoing neck surgeries for various indications was 

collected. Subcutaneous adipose tissue and deep neck adipose tissue were taken 

at the same surgical incision site, transferred to sterile, cold basal medium and 

directly transported to the laboratory. After removing blood vessels and connective 

tissue, each tissue sample was divided into three pieces: a small amount was 

preserved in 3.7% formaldehyde solution for later immunohistochemistry, another 

part was taken for the isolation of tissue RNA and the biggest amount was taken 

for isolation of progenitor cells. Overall it was possible to obtain data from 52 

patients out of the 71 collected patient samples. Immunohistochemistry data was 

obtained from 19 patients, tissue RNA data was possible to obtain from 30 

patients and progenitor cell data was obtained from 34 patients.  
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3.1. Patient collective 

3.1.1. Anatomical localisation 

In total 52 samples of subcutanous white adipose tissue, which was located 

directly to the surgical incision, and deep-lying, presumably brown adipose tissue 

could be obtained. Figure 2 shows representative pictures of the tissue specimen. 

Due to small specimen size it was not possible to obtain complete data sets of 

immunhistochemistry, tissue and cells from both depots in every patient (see 

methods 2.2.1. on page 20).  

 

3.1.2. Patient characteristics 

From all 52 patients age, height, weight, fT3 and fT4 levels were documented.  

From 34 patients it was possible to obtain cell culture data, from these patients the 

data is displayed (see table 1 on page 31). Patients were overweight in average, 

however BMI values were in a broad range (22 to 40 kg/m2). Both fT3 and fT4 

values of all patients were within the normal reference range (fT3: 3.4 - 7.2 pmol/l 

and fT4: 10 - 23 pmol/l). Thyroid hormones were investigated because of the 

surgery indications involving the thyroid gland (see below). 

Surgeries were performed due to different indications, mainly nodular goitre (44%) 

followed by otorhinolaryngological carcinoma (29%), thyroid carcinoma (15%), 

hyperparathyreoidism and Grave´s disease (each 6%) (Figure 3 on page 31). 

Deep neck subcutaneous 

Figure 2: Specimen size of representative samples from patients who underwent 

neck surgery. One paired representative patient sample is shown before preparation of 

blood vessels and connective tissue. P1 resembles the deep neck adipose tissue and P2 

the sample from subcutaneous adipose tissue. Tissue culture dishes size is given with 10 

cm for scale and to illustrate small Specimen size. University of Ulm 2012-2013  

10 cm 10 cm 
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n = 34 age (y) 
BMI  

(kg/ m2) 

fT3 

(pmol/l) 

[3.4 – 7.2] 

fT4 

(pmol/l) 

[10 – 23] 

quantity (mg) 

     deep sc 

mean 53.0 27.5 5.2 16.8 449.0 290.0 

SD ± 16.0 ± 5.0 ± 0.8 ± 4.1 ± 476.3 ± 274.7 

 

Table 1: Characteristics of cell-culture-patients (n = 34) who underwent neck surgery. 

The average free triiodothyronine (fT3) and free thyroxine (fT4) levels were in the normal 

clinical range. fT3 and fT4 levels were measured one day or shortly before surgery. The weight 

of the tissue samples was measured after preparation of connective tissue and vessels. 

Results are given as mean and SD (standard deviation). University of Ulm 2012-2013 

Figure 3: Diagram of indications for surgical intervention of the cell-culture-patients-

collective (n = 34). The patient collective received surgery due to different indications. A pie chart 

is displayed, showing the percentage distribution of the indications in the patient collective. 

University of Ulm 2012-2013 
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3.1.3. Immunohistochemistry and cell area determination 

One part of the patient samples were used for histological examination. It was 

possible to obtain immunohistochemistry data from 19 patients. Histological 

samples were analysed after immunostaining for UCP1. Tissue from the 

subcutaneous neck region consisted of univacuolar adipocytes, while in some 

deep neck samples islets of mulitvacuolar adipocytes were visible. The regions of 

deep neck adipose tissue that contained mulitvacuolar adipocytes stained 

positively for UCP1, but no staining was observed in univacuolar adipocytes in 

deep neck and subcutaneous neck tissue. Out of 19 patients three patients 

showed a positive UCP1 staining in the deep neck adipose tissue (Figure 4A on 

page 33). Adipocytes from the deep neck adipose tissue seemed smaller than 

subcutaneous adipocytes upon microscopical observation. Therefore the cell area 

was determined microscopically at 40x magnification (see methods 2.2.2.6. on 

page 23). Adipocytes from the deep neck adipose tissue are significantly smaller 

than subcutaneous adipocytes. The mean area size of deep neck adipocytes was 

7668 ± 3812 µm2 (SD), whereas subcutaneous adipocytes had a mean area size 

of 12152 ± 5940 µm2 (SD) (see figure 4B on page 33). 

 

3.1.4. Tissue mRNA expression 

If the amount of patient samples was large enough tissue mRNA was analysed. 

Tissue mRNA data could be obtained from 30 patients. Overall expression on 

mRNA level was low in tissue samples. But three outliers were found to express 

UCP1 on a higher level. Overall there was only a slightly difference in UCP1 

expression on mRNA level between the two adipose tissue depots (Figure 4C on 

page 33). This is in accordance to the findings in immunohistochemistry staining. 

The patients had mostly deep neck adipose tissue that appears white. 
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C) B) 

deep subcutaneous 

Patient 

representative 2 

A) 

Figure 4: Data of immunohistochemistry, cell area determination and tissue mRNA 

of patients who underwent neck surgery. From 19 patients out of the 52 patients it was 

possible to obtain samples for histological processing. Sectioning and 

immunohistochemistry staining, was performed in collaboration the Institute of Pathology 

at the University of Ulm. Staining on paraffin sections was performed with rabbit anti-

uncoupling protein 1 (UCP1) antibody and sections were counterstained with 

hematoxylin. Brown adipose tissue was defined by the presence of multivacuolar 

adipocytes staining positive for UCP1. A) Representative Immunohistochemistry for 

UCP1 is shown. Patient representative 1 showed no UCP1 positivity whereas patient 

representative 2 showed a positive UCP1 signal in the deep neck adipose tissue (deep) 

but none in the subcutaneous (subcutaneous) adipose depot. Only in three patients a 

positive UCP1 signal was found. Graph is also published in associated paper (Tews et al. 

2014). B) Cell area measurement of immunohistochemistries. p = 0.0074; Graph is also 

published in associated paper (Tews et al. 2014). C) Tissue mRNA data could be 

obtained from 30 patients out of the 52 patients. Tissue mRNA-expression for UCP1 is 

shown: There was no significant difference in expression of UCP1 between both depots 

and the expression level overall was low (except for three outliers). Expression was 

analysed by qRT-PCR and all data are related to the reference gene SDHA (succinate 

dehydrogenase complex unit A) using the ∆Ct method. p < 0.05 was considered 

significant. Results are given as mean and SD (standard deviation). * p < 0.05, University 

of Ulm, 2012-13 

Patient  

representative 1 
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3.1.5. mRNA expression 

It was possible to obtain mRNA expression data from 34 patients. From patient 

samples the stromal vascular cell fraction was obtained after processing and 

seeding for adipogenic differentiation. The stromal-vascular cell fraction contains a 

vareity of cells for example endothelial cells, immune cells and progentior cells. 

Adipose stromal cells is the cell fraction derived from stromal-vascular cells by 

selecting for plastic adherence. Herein, the term preadipocytes is applied for 

adipose stromal cells when adipogenic differentiation is induced at day 0, and the 

term adipocytes is applied for cells at day 14 within adipogenic differentiation. 

Expression patterns of stromal-vascular fraction and in vitro differentiated 

adipocytes were analysed to characterise the phenotype of the corresponding 

cells. Therefore, RNA was isolated from both, stromal-vascular fraction 

(resembling preadipocytes) and in vitro differentiated adipocytes after 14 days of 

adipogenic differentiation.  

UCP1 expression was used as a marker to identify brown adipocytes in cell 

culture. As expected, no UCP1 expression was found in preadipocytes and this 

was independent of the localisation. However a significant difference between the 

in vitro differentiated adipocytes from both depots was found (mean of deep neck 

adipocytes: 1.67 versus mean of subcutaneous adipocytes: 0.36). Adipocytes from 

deep neck adipose tissue expressed UCP1 about 5-fold higher than adipocytes 

from subcutaneous adipose tissue (p<0.001) (see figure 5A on page 35). 

From these data it could be concluded that preadipocytes from the deep neck fat 

tissue are more prone to differentiate into UCP1 expressing adipocytes than 

preadipocytes from the subcutaneous adipose tissue under the same treatment 

conditions. 

Several correlation analyses were performed to investigate if the UCP1 level of the 

deep neck adipocytes is associated with anthropometric data, such as age or BMI. 

No correlation was found between UCP1 expression in in vitro differentiated 

adipocytes from the deep neck adipose tissue and age, as shown in figure 5B on 

page 35. Also no correlation was found between BMI and UCP1 expression (see 

figure 5C on page 35). Furthermore, no correlation was found between the patient 
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serum level of fT3 and fT4 and UCP1 expression in adipocytes from deep neck 

adipose tissue (see figure 5D on page 35). 

B) C) 

D) 

A) 

Figure 5: UCP1 mRNA-Expression of cultured primary cells of patients who 

underwent neck surgery. Progenitors were isolated by collagenase digestion of deep 

neck (dn) and subcutaneous (sc) adipose tissue samples and were taken into cell culture. 

A subset of cells was differentiated into adipocytes (adip). From 34 patients mRNA 

expression data could be obtained. mRNA expression was investigated from 

preadipocytes (pre) and adipocytes. Expression was analysed by qRT-PCR and all data 

are related to the reference gene SDHA (succinate dehydrogenase subunit A) using the 

∆Ct method. A) Uncoupling protein 1 (UCP1) expression was used as a marker to identify 

brown adipocytes in cell culture. B), C) and D) Several correlation analyses were 

performed to investigate if the UCP1 level of the deep neck adipocytes is associated with 

anthropometric data, such as age (B), BMI (C) and patient serum level of fT3 and fT4. No 

correlation was found. UCP1 expression in deep neck adipocytes Data were analysed 

using one-way ANOVA and Bonferroni´s multiple comparison test as post test. 

Correlation was detected by nonparametric correlation spearman analysis and 95% 

confidence interval is given (dotted line). Results are given as mean and SD (standard 

deviation). p < 0.05 was considered significant. *** p <0.001, University of Ulm 2012-13 
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3.1.6. Marker gene expression 

To further characterise differences between deep neck and subcutaneous 

preadipocytes and adipocytes, the expression of different marker genes of 

adipogenesis and brown adipogenesis was analysed. 

The adipogenic differentiation marker PPARγ (peroxisome proliferator-activated 

receptor γ) was examined, which is a key transcription factor responsible for 

adipogenic differentiation and therefore a general indicator for adipogenesis. 

PPARγ is expressed in preadipocytes on a low level compared to the reference 

gene SDHA (succinate dehydrogenase complex unit A). During adipogenesis the 

mRNA expression of PPARγ was significantly upregulated (mean of deep neck 

preadipocytes: 0.15 versus mean of subcutaneous preadipocytes: 0.24 and mean 

of deep neck adipocytes: 0.83 versus mean of subcutaneous adipocytes: 1,2). 

Expression levels did not differ significantly between adipocytes from deep neck 

adipose tissue and subcutaneous adipose tissue (see figure 6A on page 38). This 

indicates that cells from both depots have a comparable capacity for adipogenic 

differentiation. 

Furthermore, the brown adipocyte marker PRDM16 (PR domain containing 16) 

was investigated. It was expressed at very low levels compared to the reference 

gene SDHA (see figure 6B on page 38). Generally PRDM16 was found to be 

slightly higher expressed in the preadipocytes from the deep neck adipose tissue 

compared to preadipocytes from subcutaneous adipose tissue (mean of deep 

neck preadipocytes: 0.032 versus mean of subcutaneous preadipocytes: 0.02). 

The mRNA expression level was comparable in the adipocytes from both depots. 

PGC1α (peroxisome proliferator-activated receptor γ coactivator 1α) is a marker 

for mitochondrial biogenesis and higher expressed in brown adipocytes. In 

preadipocytes of deep neck and subcutaneous adipose tissue the mRNA 

expression was very low and comparable (mean of deep neck preadipocytes: 0.02 

versus mean of subcutaneous preadipocytes: 0.03). A comparable expression of 

PGC1α mRNA in both adipose tissue depots was found (mean of deep neck 
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adipocytes: 0.17 versus mean of subcutaneous adipocytes: 0.19) (see figure 6C 

on page 38). 

Recent studies suggest that adult thermogenic-capable adipose tissue is different 

in origin and activity compared to classical brown adipose tissue from infants. It is 

therefore called beige adipose tissue and stands in between white and brown 

adipose tissue. Many beige marker genes have been described since then, mainly 

established in rodents. TMEM26 (transmembrane protein 26) was chosen as a 

beige adipocyte marker and ZNF423 (zinc finger protein 423) as a transcriptional 

regulator of preadipocyte determination. TMEM26 mRNA expression was the 

highest in preadipocytes from the deep neck adipose tissue, but the difference 

found between the depots showed no significance (mean of deep neck 

preadipocytes: 0.2 versus mean of subcutaneous adipocytes: 0.13) (see figure 6D 

on page 38). The highest mRNA expression of ZNF423 was also found in 

preadipocytes from deep neck adipose tissue. Here a significantly higher 

expression compared to preadipocytes from subcutaneous adipose tissue was 

found (p<0.001) (mean of deep neck preadipocytes: 0.23 versus mean of 

subcutaneous preadipocytes: 0.12) (see figure 6E on page 38). 
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Figure 6: mRNA expression of marker genes in patient collective who underwent neck 

surgery. Progenitors were isolated by collagenase digestion of each primary sample, deep 

neck adipose tissue (deep) and subcutaneous adipose tissue sample (sc), and were taken into 

cell culture. mRNA was harvested from preadipocytes (pre) and adipocytes (adip) of each 

sample. A) For adipocyte differentiation the adipocyte marker peroxisome proliferator-activated 

receptor γ (PPARγ) was investigated. To further characterise the adipose tissues, investigation 

followed for B) brown adipose tissue marker PR domain containing 16 (PRDM16), C) the 

mitochondrial biogenesis marker peroxisome proliferator-activated receptor γ coactivator 1α 

(PGC1α), D) a beige adipocyte marker: transmembrane protein 26 (TMEM26) and the 

preadipocyte marker zinc finger protein 423 (ZNF423). Expression was analysed by qRT-PCR 

and all data are related to reference gene SDHA (succinate dehydrogenase subunit A) using the 

∆Ct method. Data were analysed using one-way ANOVA and Bonferroni´s multiple comparison 

test as post test. Results are given as mean and SD (standard deviation). *** p <0.001, University 

of Ulm 2012-13 

B) C) 

D) 

A) 
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3.2. Gene array analysis 

The aim of this study was to identify novel marker genes of white and brown 

progenitor cells to achieve a better characterisation of these tissues.  

3.2.1. Array patient characteristics 

The mRNA expression data showed clear evidence that two different depots exist 

in this study, therefore the expression profile of subcutaneous and deep neck 

adipose tissue progenitor cells in adults was further investigated. Three patients 

were chosen for gene-array analyses. Selection criteria were existing tissue 

mRNA, a high enough RNA content (>150 ng) and a UCP1 mRNA expression 

difference bigger two-fold between deep neck and subcutaneous adipocytes. 

Characteristics of patients selected for array analysis are shown in table 2 on page 

39. Thus the array patients, chosen because of selection criteria, and the whole 

patient collective did not differ in their characteristics (see table 2 on page 39). 

Furthermore two patients had surgery because of nodular goitre and one because 

of thyroid carcinoma, so the first and the third most surgery indications of the 

whole collective (see figure 3 on page 31). 

 

3.2.2. Array results 

Over 36000 transcripts were examined in the six array-patients samples. Interest 

was focused on the comparison between deep neck-derived preadipocyte versus 

Table 2: Characteristics of patients who underwent neck surgery included in array 

analysis. Material of three patients was chosen for gene-array analysis of preadipocyte 

mRNA. Array patients characteristics did not differ from the characteristics of the whole 

(n=34) mRNA-patient collective. Results are given as mean and SD (standard deviation). 

University of Ulm, 2012-13  

n = 3 age (y) BMI (kg/m2) fT3 (pmol/l) fT4 (pmol/l) 

mean 57.7 24.4 4.9 17.9 

SD ± 7.6 ± 2.6 ± 1.0 ± 3.2 
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subcutaneous preadipocyte expression profile. 92 genes were found to be 

significantly differentially regulated.  

Five genes were selected for further analysis including genes with the highest 

differential expression among deep neck preadipocytes and subcutaneous 

preadipocytes and genes, which had been already implicated in brown adipose 

tissue recruitment: FGF16 (fibroblast growth factor16), BMP4 (bone 

morphogenetic protein 4) CD34 (cluster of differentiation molecule 34), ADH1B 

(alcohol dehydrogenase 1B) were all enriched in progenitor cells from deep neck 

adipose tissue. ODZ2/TENM2 (odd-oz/ten-m homolog 2/ teneurin 2) was enriched 

in progenitor cells from the subcutaneous adipose tissue. These candidate genes 

were then validated by qPCR (see methods 2.2.4.4. on page 26) in the whole 

patient collective to verify the findings of the gene-array analysis. 

FGF16 (fibroblast growth factor 16) was found 4.73 fold higher expressed in deep 

neck preadipocytes versus subcutaneous preadipocytes in the gene-array 

analysis. The validation in the whole patient collective verified that FGF16 is 

predominantly expressed in preadipocytes from the deep neck adipose tissue. 

However a huge inter-individual variation is found (mean of preadipocytes deep: 

0.004 versus mean of preadipocytes subcutaneous: 0.007). Nevertheless the 

difference between the depots and the difference between preadipocytes versus 

adipocytes remained significant  in the qPCR validation analysis (see figure 7A on 

page 42). 

The bone morphogenetic protein 4 (BMP4) was found 6.36 fold higher expressed 

in deep neck preadipocytes versus subcutaneous preadipocytes in the gene-array 

analysis. The validation in the whole patient collective showed that BMP4 was 

significantly (p<0.001) higher expressed in the preadipocytes from deep neck 

adipose tissue than in preadipocytes from subcutaneous adipose tissue (mean of 

deep neck preadipocytes: 0.14 versus mean of subcutaneous preadipocytes: 

0.03). A not significant higher expression of BMP4 was found in subcutaneous 

progenitors (mean of subcutaneous adipocytes: 0.63) (see figure 7B on page 42).  

CD34 (hematopoetic cell antigen 34) was found 9.19 fold higher expressed in 

deep neck preadipocytes versus subcutaneous preadipocytes in the gene array 
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analysis. The validation in the whole patient collective showed that CD34 was 

higher expressed in adipocytes from the deep neck adipose tissue (mean of deep 

neck adipocytes: 1.11 versus mean of subcutaneous adipocytes: 0.44). Moreover, 

deep neck preadipocytes show a higher expression of CD34 than the 

subcutaneous preadipocytes (mean of deep preadipocytes: 0.3 versus mean of 

subcutaneous adipocytes: 0.5) (see figure 7C on page 42). 

The alcohol dehydrogenase 1B was found 16.19 fold higher expressed in deep 

neck preadipocytes versus subcutaneous preadipocytes in the gene-array 

analysis. Interestingly, two other members of this family were found, pointing to a 

relevance of this protein family in brown/beige adipocytes: ADH1C (alcohol 

dehydrogenase 1C) with a fold-change deep neck preadipocytes versus 

subcutaneous preadipocytes of 8.09 and ALDH1A3 (aldehyde dehydrogenase 

1A3) with a fold-change deep neck preadipocytes versus subcutaneous 

preadipocytes of 3.42. In the patient collective the highest expression of ADH1B 

was found in adipocytes from the deep neck adipose tissue (mean of deep neck 

adipocytes: 15.37 versus mean of subcutaneous adipocytes: 11.8). Moreover, 

deep neck preadipocytes expressed it more compared to subcutaneous 

preadipocytes (mean of deep preadipocytes: 2.39 versus mean of subcutaneous 

preadipocytes: 0.65). Additionally, expression of both depots was higher in 

adipocytes after 14 days (see figure 7D on page 42). 

ODZ2 was 21.74 fold-higher expressed in the subcutaneous preadipocytes 

compared to the deep neck preadipocytes in the gene array analysis. The 

validation showed that ODZ2 is significantly higher expressed in subcutaneous 

preadipocytes than in deep neck preadipocytes (p<0.001) (mean of deep neck 

preadipocytes: 0.21 versus mean of subcutaneous preadipocytes: 0.02) and is not 

expressed in adipocytes (see figure 7E on page 42).  
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A)  B) 

C) D) 

E) 

 Figure 7: Validation of candidate genes in whole patient collective who underwent 

neck surgery. From 92 differentially regulated genes that were found in the gene-array-

analysis of the three chosen patients, five candidate genes were selected and expression 

was validated in the whole patient collective by qRT-PCR. The red dots are marking the 

three patients chosen for gene-array analysis. A) – D) show the candidate genes more 

expressed in the preadipocytes (pre) from the deep neck adipose tissue (deep): FGF16 

(fibroblast growth factor 16), BMP4 (bone morphogenetic protein 4), CD34 (cluster of 

differentiation molecule 34) and ADH1B (alcohol dehydrogenase 1B). Whereas figure E) 

shows the candidate gene ODZ2 (or TENM2) (odd-oz/ten-m homolog 2 =TNM2, teneurin 

2) more expressed in preadipocytes (pre) from the subcutaneous adipose tissue (sc). 

Expression was analysed by qRT-PCR and all data are related to reference gene SDHA 

(succinate dehydrogenase subunit A) using the ∆Ct method. Data were analysed using 

one-way ANOVA and Bonferroni´s multiple comparison test as post test. Results are 

given as mean and SD (standard deviation). * p <0.05; ** p <0.01; *** p <0.001. University of 

Ulm 2012-13  
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3.3. ODZ2 knockdown 

It was hypothesised that ODZ2 has an important role in the 

determination/differentiation into the white adipocyte lineage and that a loss-of-

function of ODZ2 would lead to a browning of adipocytes. To investigate the role of 

ODZ2 in adipocyte browning, ODZ2 expression was transiently inhibited by taking 

advantage of a siRNA approach. SGBS (Simpson - Golabi - Behmel -Syndrome) 

cells, which represent a well-established preadipocyte cell strain  were used as a 

model for white adipocytes,  

 

3.3.1. Expression during differentiation 

First, expression profile of ODZ2 during the adipogenic differentiation of SGBS 

cells was investigated. ODZ2 was most highly expressed in preadipocytes, and 

mRNA expression declined upon adipogenic differentiation to almost complete 

absence in adipocytes after fourteen days of differentiation (see figure 8A on page 

44). 

Second, expression profile of UCP1 during differentiation of SGBS cells was 

investigated. First detectable expression was seen at day four and it further 

increased till day fourteen adipocytes (see figure 8B on page 44). So SGBS cells 

expressed UCP1, but only on a very low level. This expression level was 

comparable to ex vivo differentiated adipocytes derived from the subcutaneous 

white adipose tissue (see figure 5A on page 35). 
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3.3.2. siRNA knockdown mRNA results 

ODZ2 knockdown was performed using siRNA oligonucleotids. Four different 

constructs and one negative control (scrambled siRNA) were used. Two of the 

constructs induced significant cell toxicity during differentiation in SGBS cells and 

were therefore not further included in the study. 

 

3.3.2.1. ODZ2 

ODZ2 expression was analysed in preadipocytes at the mRNA level in order to 

verify the siRNA knockdown efficiency. Figure 9B on page 46 shows the 

successful transient knockdown on mRNA level of ODZ2 48 hours after 

transfection. Compared to the negative control a reduction of ODZ2 mRNA 

expression of 60 % with construct number one  and a 50 % reduction with 

construct number two was found (see figure 9B, first panel on page 46). 

 

A) B) 

Figure 8: odd-oz/ten-m homolog 2 (=TNM2, teneurin 2, ODZ2) and uncoupling 

protein 1 (UCP1) mRNA expression during adipogenic differentiation of Simpson-

Golabi-Behmel-Syndrome (SGBS) cells. mRNA from cells of the indicated time points 

was obtained and the expression of A) ODZ2 and B) UCP1 was analysed. Expression 

was analysed by qRT-PCR and all data are related to reference gene SDHA (succinate 

dehydrogenase subunit A) using the ∆Ct method. Results are given as mean and SEM 

(standard error of means) of three independent experiments performed in triplicates. 

University of Ulm, 2012-13 
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3.3.2.2. Differentiation rate 

Differentiation rate was determined at day fourteen as the ratio of preadipocytes to 

adipocytes by counting microscopically the number of adherent SGBS cells of 

three individual visual fields (see methods 2.2.2.5. on page 23). The differentiation 

rate was comparable between the negative control and the two constructs and 

was about 70% (see figure 9A on page 46). 

 

3.3.2.3. UCP1 

UCP1 is the unique marker of brown adipocytes. Therefore the UCP1 expression 

in SGBS adipocytes (day fourteen) with ODZ2 siRNA treatment at day zero in 

comparison to the negative control was investigated. 

In accordance to the hypothesis, an increase of UCP1 expression during 

differentiation in SGBS ODZ2 knockdown cells was found. With construct one a 

three-fold upregulation and with construct two a four-fold upregulation of UCP1 

compared to the negative control was found (see figure 9B, second panel on page 

46). 

 

3.3.2.4. PGC1α 

PGC1α (peroxisome proliferator-activated receptor γ coactivator 1 α) is a marker 

for mitochondrial biogenesis and higher expressed in brown adipocytes. 

Investigation followed to determine if PGC1α is increased due to of the knockdown 

of ODZ2. An almost twelve fold higher expression was determined by construct 

number two and even construct number one increased the mRNA expression of 

PGC1α twice (see figure 9B, third panel on page 46). 
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B) A) 

Figure 9: odd-oz/ten-m homolog 2 (= TNM2, teneurin 2, ODZ2) siRNA knockdown 

in Simpson-Golabi-Behmel syndrome (SGBS) cells. ODZ2 siRNA knockdown was 

performed in SGBS cells using a negative control (scrambled siRNA, neg control) and 

two different constructs. SGBS cells were transfected and 48 hours later adipogenic 

differentiation was started. Moreover mRNA was obtained to investigate for successful 

knockdown. A) shows the expression analysis for ODZ2 mRNA expression in SGBS 

preadipocytes 48 hours after transfection. B) After 14 days, differentiation rate (= ratio of 

preadipocytes to adipocytes) was determined by counting microscopically the number of 

adherent SGBS cells of three visual fields and mRNA was obtained from d14 adipocytes 

(first panel). Second panel shows the mRNA expression of UCP1. peroxisome 

proliferator-activated receptor γ coactivator 1α (PGC1α) expression in d14 adipocytes is 

shown in third panel. Expression was analysed by qRT-PCR and all data are related to 

reference gene SDHA (succinate dehydrogenase subunit A) and negative control using 

the ddCt method. Results are given as mean and SD (Standard deviation) of three 

independent experiments performed in triplicates. Data were analysed using one-way 

ANOVA and Bonferroni´s multiple comparison test as post test. * p <0.05; ** p <0.01. 

University of Ulm 2012-13 
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3.3.3. Conclusion 

In summary it was found that a transient knockdown of ODZ2 in white 

subcutaneous preadipocytes leads to an increased UCP1 and PGC1α expression 

on mRNA level. Overall this led to the conclusion that the loss-of-function of ODZ2 

leads to an induction of a brown-like adipocyte phenotype. 
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4. Discussion 

4.1. Obesity - a severe disease without sufficient treatment? 

Obesity and overweight are now the fifth leading risk for global death worldwide 

and in the last six years obesity has nearly doubled (WHO 2016). Furthermore 

obese persons have a higher risk to develop type 2 diabetes mellitus, 

hypertension, cardiovascular diseases, fatty liver disease, osteoarthrirts, 

premature puberty, polycystic ovary syndrome, obstructive sleep apnea and 

several types of cancer (Barness et al. 2007; Bluher 2009). Today’s therapy 

against obesity uses life style changing and/or medication, but without long-term 

success (Chaput et al. 2006) and vice versa a BMI ≥ 35 equals with an 296% 

increased mortality risk (Katzmarzyk et al. 2001). 

The discovery of active brown adipose tissue in adults (Cypess et al. 2009; Saito 

et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009; Zingaretti et 

al. 2009) was therefore a milestone in endocrinology. Lichtenbelt et al. showed 

that a positive correlation between BMR (basal metabolic rate) and BAT activity 

exists and estimated that 11.8% of BMR could be influenced by BAT activity (van 

Marken Lichtenbelt et al. 2009). It has been shown by several workgroups and 

studies that BAT has a positive correlation with BMI and playing a role in body 

weight regulation. Therefore BAT is now discussed in science as a new therapy 

option against obesity. It inspired ideas to induce a shift from an energy-storing 

cell towards an energy combusting cell, what then hopefully would lead to a loss of 

weight. 

Because of the therapeutical potential of BAT it is important to know where brown 

adipocytes in adults derive from. Lineage tracing studies in mice showed that 

white adipocytes derive from progenitors of the lateral mesoderm, whereas brown 

adipocytes and myoblasts derive from progenitors of the paraxial mesoderm and 

express the myoblast marker Myf5 (myogenic factor 5). However, brown 

adipocytes can also arise in WAT from Myf5 negative progenitors (Atit et al. 2006; 

Tang et al. 2008). Another lineage tracing experiment performed in mice revealed 

that white adipocytes originate from different from different progenitors than brown 

adipocytes in the interscapular brwon fat depot (Cypess et al. 2013; Lidell et al. 
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2013; Saito et al. 2009; Wu et al. 2012). Furthermore, forced expression of 

PRDM16 (PR domain containing 16), a transcription factor, in myoblasts resulted 

in a conversion of these cells to brown adipocytes. Also the knockdown of 

PRDM16 in brown preadipocytes induced myogenesis (Seale et al. 2008). 

Nevertheless it can be possible that myocytes and brown adipocytes derive from 

different lines of Myf5 positive cell lines. The nature of BAT found in human adults 

is currently under debate. Wu et al. postulate that human adult BAT is made of 

beige adipocytes. These cells are called beige because of having an intermediate 

phenotype between white and brown adipocytes (Koppen et al. 2010). Wu et al. 

found beige adipocytes to be capable of expressing UCP1 and a gene profile that 

is distinct from either white or classical brown adipocytes. Beige adipocytes 

resemble normal white adipocytes in the ´unstimulated´ state, but once stimulated, 

these cells activate UCP1 expression and resemble brown adipocytes. Therefore 

Wu et al. postulated that beige cells have the capability to switch between an 

energy storing and an energy dissipating phenotype (Wu et al. 2012). At the 

moment it is of interest in science to characterise this tissue and furthermore 

where beige adipocytes arise. Several markers have been postulated so far to be 

´beige adipoycte markers´, such as TMEM26, CD137, etc (Wu et al. 2012). 

However all these markers have been mainly established in rodents and markers 

or progenitors for beige adipocytes in human adults are not well investigated so 

far.  

Two studies in humans showed that the appearance of brown adipocytes is 

strongly dependent on the adipose tissue depot and that marker expression in 

these mature adipocytes is different from rodent models (Cypess et al. 2013; Lidell 

et al. 2013). Progenitor cells from human brown adipose tissue have been isolated 

from different regions in the neck. Interestingly, differentiating these cells ex vivo 

revealed molecular and functional differences, which strongly depends on the 

location of adipose tissue (Cypess et al. 2013; Jespersen et al. 2013; Lee et al. 

2011). This demonstrates that different pools of precursor cells exist in different 

white and brown adipose tissue depots. The molecular signature of human white 

and brown adipocyte progenitor cells has not been fully determined so far.  
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Therefore, it was hypothesised that brown adipocytes in adults derive from a 

specific subset of progenitors that differs from white preadipocytes. The chosen 

method was to isolate progenitors of the deep neck adipose tissue and progenitors 

of the subcutaneous adipose tissue from human adults. Investigation then 

concentrated on their specific gene signature in order to find new candidate genes, 

which would allow a comprehensive characterisation of these progenitor cells.  

 

4.1.1. Patient collective 

It has been shown in 18FDG PET-CT scans that BAT can appear in the neck 

region of adult humans (Nedergaard et al. 2007; van Marken Lichtenbelt et al. 

2009; Virtanen et al. 2009). Furthermore it has been shown, that tissue near the 

carotid sheath conatins a mixture of brown and white adipocytes (Cypess et al. 

2013). Samples were gathered from the deep neck adipose tissue to compare it 

with white adipose tissue from the subcutaneous adipose tissue. Therefore 

adipose tissue samples from a described BAT location - the neck, was obtained 

and compared to subcutaneous adipose tissue of the same subjects. 

Samples were obtained from 52 patients who suffered from several diseases and 

needed therefore surgery (nodular goitre, otorhinolaryngological carcinoma, 

thyroid carcinoma, hyperparathyreoidism and Grave´s disease). Because of 

surgery indication involving the thyroid gland, the fT3 and fT4 serum levels were 

collected. The patient collective was heterogenous, with variation in age, BMI, fT3 

and fT4 levels and medication. This includes that every patient had of course 

different environmental influences. Nevertheless, it is to mention that all fT3 and 

fT4 levels were within normal clinical reference (fT3: 3.4 - 7.2 pmol/l and fT4: 10 - 

23 pmol/l). If possible each tissue sample was divided into three pieces: a small 

amount was used for later immunohistochemistry, another part was taken for the 

isolation of tissue RNA and the biggest amount was taken for isolation of 

progenitor cells. Overall it was possible to obtain data from 52 patients. Also due 

to small size of the tissue specimen (30-500 mg) it was not possible to obtain 

complete data sets of tissue and cells from both depots of every patient. 

Immunohistochemistry data was obtained from 19 patients, tissue RNA data was 
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possible to obtain from 30 patients and progenitor cell data was obtained from 34 

patients.  

 

4.1.2. Tissue sample characteristics 

There was only a slight difference in UCP1 expression on mRNA level between 

the two depots in tissue samples. Except for three outliers there was no or only 

very low expression at all. Interestingly only three out of 30 patients showed a 

clear UCP1 positive signal in the immunohistochemistry. So as expected the vast 

majority of 27 patients showed deep neck adipose tissue that resembled white 

adipose tissue. 

In accordance to earlier observations (Zingaretti et al. 2009) it was observed that 

adipocytes from the deep neck adipose tissue had about half the size of white 

adipocytes from the subcutaneous adipose tissue. These data suggest, that 

adipocytes in the deep neck adipose tissue have less triglycerides stored than 

adipocytes in the subcutaneous adipose tissue. A possible explanation is, that 

deep neck adipocytes not only function for energy storing, but also for energy 

combustion and are therefore smaller in size. This suggests that these deep neck 

tissues contain adipocytes of classical brown brown origin, in accordance with 

Cypess et al. (Cypess et al. 2013). 

 

4.1.3. mRNA expression 

Though the patient collective was heterogenous and had different environmental 

influences and small sample sizes were received, two clearly different progenitor 

pools were obtained from the deep neck adipose tissue and the subcutaneous 

adipose tissue. Adipocytes derived from the deep neck region significantly 

expressed UCP1 about 6-fold higher than adipocytes from subcutaneous adipose 

tissue. This difference can not be explained by a uncomparable adipogenic 

differentiation. This was tested with the adipogenic differentiation marker PPAR, 

which was equally expressed in adipocytes from both depots. 
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At the tisse expression level, UCP1 mRNA was not different between sc and dn 

adipose tissue. However, in adipocytes, that were differentiated ex vivo after 

isolation from the two different depots, a robust difference was detectable. Cells 

isolated from dn adipose tisse har significantly more UCP1 mRNA (xx_fold) 

compared to cells isolated from the sc region. Importantly, cell culture conditions 

were the same for both cell types. From this one can conclude that dn adipose 

tissue contains progenitor cells with a high capcity to differentiate into brown, 

UCP1-positive adipocytes, whereas sc adipose tissue does not.  

Several correlation analyses were performed to investigate if the UCP1 level of the 

deep neck adipocytes is associated with anthropometric data, such as age or BMI. 

No correlation was found between UCP1 expressions in in vitro differentiated 

adipocytes from the deep neck adipose tissue and age, nor BMI or fT3 or fT4 

levels. These data suggest that progenitors from deep neck adipose tissue that 

are prone to differentiate into UCP1 expressing adipocytes can be obtained, 

independently of age and BMI. 

 

4.1.4. Marker gene expression 

Wu et al. postulated that adult humans do not have brown adipocytes, but beige 

adipocytes which resemble white adipocytes in an ´unstimulated´ state, but once 

stimulated these cells activate UCP1 expression resembling then brown 

adipocytes. (Wu et al. 2012) To further characterise differences between deep 

neck and subcutaneous preadipocytes and adipocytes, expression of a classical 

differentiation marker as well as markers of brown adipogenesis were analysed. 

To proof that possible differences in marker gene expression between the depots 

does not depend on different differentiation rate, expression of the adipogenic 

differentiation marker PPARγ was analysed (peroxisome proliferator-activated 

receptor γ), which is a key transcription factor responsible for adipogenic 

differentiation level (Barak et al. 1999; Kubota et al. 1999; Rosen et al. 1999). It 

was found that expression is up regulated in both depots and that expression 

levels did not differ significantly between adipocytes from deep neck adipose 
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tissue and subcutaneous adipose tissue. This indicates, that expression 

differences between the two depots were not caused by differences in adipogenic 

differentiation. 

PRDM16 has a key role in brown adipocyte fate. PRDM16 functions as a 

transcriptional regulator by controlling the cell fate switch between brown 

adipocytes and skeletal myoblasts. It has been shown in mice fibroblastic cells and 

even in human fibroblastic cells that a forced expression of PRDM16 is sufficient 

to induce a brown fat program. Moreover, loss of PRDM16 in brown fat progenitors 

(from mice) causes a loss of brown fat characteristics and induces muscle 

differentiation (Kajimura et al. 2009; Seale et al. 2008; Seale et al. 2007). In this 

study PRDM16 was generally expressed on very low levels compared to the 

reference gene SDHA (succinate dehydrogenase subunit A). Surprisingly, there 

was no difference in mRNA expression level in adipocytes from both depots. 

Furthermore there was no significant difference in preadipocytes from both depots, 

though PRDM16 was found to be slightly higher expressed in the preadipocytes 

from the deep neck adipose tissue than in the preadipocytes from subcutaneous 

adipose tissue. These data suggest that the in vitro differentiated adipocytes and 

preadipocytes of the deep neck adipose tissue do not completely resemble 

classical brown adipose tissue. Another explanation for the difference to the 

existing literature would be that PRDM16 was mainly established in rodents and its 

role would therefore not be transferable to the human system.  

PGC1α was identified from brown fat cells as a cold–inducible co-activator of 

PPARγ (Puigserver et al. 1998), furthermore PGC1α is known to be a regulator of 

mitochondrial biogenesis and oxidative metabolism in most cell types, including 

brown fat and skeletal muscle. Genetic ablation  resulted in reduced capacity for 

cold-induced thermogenesis in vivo and in a reduced response to cAMP signaling 

in cultured brown fat cells (Puigserver et al. 1998). In preadipocytes of deep and 

subcutaneous adipose tissue the mRNA expression was low and comparable, as 

expected. Furthermore and interestingly, there was an a comparable expression in 

adipocytes from both depots. These data supports the idea that the isolated cells 

from the deep neck adipose tissue do not completely have the same 

characteristics as classical brown adipose tissue. 
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Recent studies suggest that adult thermogenic-capable adipose tissue is different 

in origin and activity compared to classical brown adipose tissue from infants. It is 

therefore called beige adipose tissue and stands in between white and brown 

adipose tissue (Wu et al. 2012). Many beige markers have been described since 

then, mainly established in rodents. TMEM26 (transmembrane protein 26) was 

chosen (Wu et al. 2012) as a beige adipocyte marker and ZNF423 as a 

transcriptional regulator of preadipocyte determination (Gupta et al. 2010). 

TMEM26 mRNA expression was the highest in preadipocytes from the deep neck 

adipose tissue, but the expression level was very low and no significant difference 

was found between the depots. This suggests either that these deep neck adipose 

tissues does not completely consist of adipocytes of classical brown origin or that 

TMEM26, as a marker established in rodents, might not be specific enough for 

humans.  

The highest expression of ZNF423, which has been described to be implicated in 

brown adipocyte differentiation in literature  (Gupta et al. 2010), was also found in 

preadipocytes derived from deep neck adipose tissue. Here a significant higher 

expression compared to preadipocytes from subcutaneous adipose tissue was 

found. This data supports the idea to have two different depots and that ZNF423 

may play a role in preadipocyte determination of brown adipocytes in adults. 

 

4.2. Gene-array analysis 

Progenitor cells from the deep neck adipose tissue differentiated into UCP1 

expressing adipocytes, whereas differentiated adipocytes from subcutaneous 

progenitor cells did express UCP1 at a much lower level. This indicates that the 

progenitor cells from deep neck and subcutaneous adipose tissue are different 

concerning their ability to differentiate into brown-like adipocytes. Thus, gene 

expression pattern of both deep neck and subcutaneous adipocyte progenitor cells 

was investigated by using comparative gene array expression analysis. 
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At the time of this study, gene-array analysis of brown adipose tissue progenitors 

in comparison to white adipose tissue progenitors had only been done in rodents 

(Wu et al. 2012). 

 

4.2.1. Array-patient characteristics and array results 

Three patients were selected for gene-array analysis to investigate mRNA 

expression of preadipocytes from the deep neck adipose tissue and preadipocytes 

from the subcutaneous adipose tissue. Candidate marker genes found, were then 

verified in the whole patient collective. Interestingly 92 genes were found to be 

significantly differentially regulated between the preadipocytes of deep neck and 

subcutaneous adipose tissue. In concordance with Wu et al., who found two 

different depots in their rodent-etsablished gene array, it was also possible in this 

study for humans (Wu et al. 2012). Five genes were selected for further analysis, 

including genes with the highest differentially expression among deep neck 

preadipocytes and subcutaneous preadipocytes and genes which have been 

already implicated in brown adipose tissue recruitment in rodents. Following genes 

were found more expressed in deep neck adipose tissue progenitors: FGF16 

(fibroblast growth factor 16), BMP4 (bone morphogenetic protein 4), CD34 (cluster 

of differentiation molecule 34), ADH1B (alcohol dehydrogenase 1B). ODZ2/TNM2 

(odd-oz/ten-m homolog 2/teneurin 2) is subcutaneous adipose tissue progenitor 

enriched. 

 

4.2.2. Validation of candidate genes 

FGF16 (fibroblast growth factor 16) is a secreted growth factor and belongs to the 

heparin-binding growth factor family. It has been shown that FGF16 mRNA is 

predominantly expressed in rat embryo brown adipose tissue and that this 

expression declines after birth (Miyake et al. 1998). Therefore it is a growth factor 

for embryonic brown adipocytes (Konishi et al. 2000). However till now there has 

been no human data so far. 
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In the gene-array FGF16 was found higher expressed in deep neck preadipocytes 

versus subcutaneous neck preadipocytes. The validation in the whole patient 

collective verified that FGF16 is predominantly expressed in preadipocytes from 

the deep neck adipose tissue and that it declines with differentiation, however with 

a huge inter-individual variation. Nevertheless the differences between the depots 

and the difference between preadipocytes versus adipocytes were significant. 

These data is in accordance to studies showing that FGF16 is implicated in the 

regulation of brown adipogenesis and thermogenic activity of brown fat (Konishi et 

al. 2000). This suggest that FGF16 plays an important role in human brown 

progenitors and their differentiation.  

BMP4 (bone morphogenetic protein 4) is a secreted growth factor and belongs to 

the TGFβ family. Bone morphogentic proteins induce cartilage and bone formation 

(Wozney et al. 1988). Qian et al. found BMP4 expressed in human visceral and 

subcutaneous adipose tissue and that this expression was inversely correlated 

with BMI. Furthermore they found that a forced expression of BMP4 in mice 

adipose tissue is leading to browning of this adipose tissue (Qian et al. 2013).  

Gene array analysis found BMP4 higher expressed in deep neck preadipocytes 

versus subcutaneous preadipocytes. The validation in the whole patient collective 

showed that BMP4 was significantly higher expressed in the preadipocytes from 

deep neck adipose tissue than in preadipocytes from subcutaneous adipose 

tissue. While in the deep neck progenitor cells, expression of BMP4 was not 

affected by differentiation, a not significant tendency towards higher expression of 

BMP4 in subcutaneous adipocytes after differentiation was found. These data 

suggest, that BMP4 plays a role in the differentiation of brown progenitors and has 

an effect on adipocytes of both depots. This data may clarify the role of BMP4 and 

its regulation. Because in contrast to this results BMP4 was shown to promote the 

differentiation of mesenchymal stem cells into white adipocytes, inducing fat 

storage and decreasing energy expenditure in rodents (Contreras et al. 2015; 

Modica et al. 2013). Nevertheless in accordance to our findings it has been shown 

in human primary adipose stem cells that BMP4 (and BMP7) induced a white-to-

brown adipocyte transdifferentiation (Elsen et al. 2014). This again is pointing to 

the difference of human and rodent established markers.  
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CD34 (hematpoietic cell antigen 34) may play a role in early hematopoiesis by 

mediating the attachment of stem cells to the extracellular matrix of the bone 

marrow or directly to stromal cells (Nielsen et al. 2008). Crisan et al. and Russel et 

al. identified brown adipocyte progenitors in the CD34+ cell population of human 

skeletal muscle. Because CD34 is also expressed on endothelial cells, they 

measured also CD31, a marker for endothelial cells. They represented the brown 

progenitor population as the CD34/CD31 ratio. The bigger the ratio, the higher is 

the amount of brown progenitor cells in human skeletal muscle and vice versa. 

The CD34/CD31 mRNA ratio was significantly reduced in obese versus lean 

objects, suggesting a smaller amount of brown adipocytes progenitors in the 

skeletal muscle of obese subjects. Accordingly, they found an inverse correlation 

between the CD34/CD31 mRNA ratio and BMI (Crisan et al. 2008; Russell et al. 

2012). In the gene array CD34 was found higher expressed in deep neck 

preadipocytes versus subcutaneous preadipocytes. The validation in the whole 

patient collective showed that CD34 was higher expressed in adipocytes from the 

deep neck adipose tissue. Moreover, deep neck preadipocytes show a higher 

expression of CD34 than the subcutaneous preadipocytes. These data are in 

concordance with previous studies (as mentioned above) and hint to CD34 as a 

good candidate to be a surface marker for brown adipocytes and therefore maybe 

even a possible target for medication.  

ADH1B (alcohol dehydrogenase 1B) has been described to have a higher activity 

in brown adipose tissue compared to subcutaneous adipose tissue in rats 

(Kortelainen et al. 1991). In accordance with these studies ADH1B was higher 

expressed in deep neck preadipocytes versus subcutaneous preadipocytes in the 

gene-array. Interestingly, two other members of this family were found, pointing to 

a relevance of this protein family in brown/beige adipocytes: ADH1C (alcohol 

dehydrogenase 1C) and ALDH1A3 (aldehyde dehydrogenase 1A3), both with a 

higher expression in deep neck preadipocytes. In the patient collective the highest 

expression of ADH1B was found in adipocytes from the deep neck adipose tissue. 

Moreover, deep neck preadipocytes expressed it more compared to subcutaneous 

preadipocytes. Additionally, expression of both depots rises with differentiation. 

This data suggest that ADH1B, and the alcoholdehydrogenase family, plays a role 
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in adipocytes from both depots but with a higher importance in adipocytes from 

deep neck adipose tissue. So far and to my knowledge there has been no further 

investigation in the role of ADH family and its role in Brown adipose tissue.  

ODZ2 (odd-oz/ten-m homolog 2/teneurin 2) is a membrane glycoprotein and 

belongs to the tenascin family. It is involved in neural development and functions 

as a signal transducer. Upon ligand binding, ODZ2 is proteolytically cleaved into 

two subunits, a soluble form and the intracellular form, which then translocates to 

the nucleus (Bagutti et al. 2003; Kenzelmann et al. 2008; Kenzelmann et al. 2007; 

Silva et al. 2011). The relevance of ODZ2 in adipose tissue biology has not been 

investigated so far. ODZ2 was higher expressed in the subcutaneous 

preadipocytes compared to the deep neck preadipocytes in the gene array. The 

validation showed that ODZ2 was significantly higher expressed in preadipocytes 

from subcutaneous adipose tissue compared to preadipocytes from deep neck 

adipose tissue. With ongoing differentiation ODZ2 expression almost declined 

completely. This suggests that ODZ2 could be used as a novel marker for white 

preadipocytes and has an important role in the development of white adipocytes. 

ODZ2 expression and function has not been investigated in adipose tissue and 

adipocytes so far.  

 

4.3. ODZ2 knockdown 

In a second step, functional characterisation of the gene candidates concerning 

their impact in the regulation of inducible brown adipogenesis was performed. In 

this study, ODZ2 was selected as the first candidate gene to study on a functional 

level. 

It was hypothesised that ODZ2 has an important role in the development of white 

adipocytes and that a loss-of-function of ODZ2 would lead to a browning of 

adipocytes. Although SGBS cells are hard to transfect, a significant reduction of 

ODZ2 mRNA level in the two constructs was observed. To be sure that the results 

do not depend on differences in differentiation rate, differentiation rate at d14 was 
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investigated. The differentiation rate was comparable between the negative control 

and the two constructs and was about 70%. 

It is to mention, that SGBS adipocytes express UCP1, but only on a very low level. 

This expression is comparable to subcutaneous adipocytes. Nevertheless it was 

found that a transient knockdown of ODZ2 in preadipocytes induces a higher 

expression of UCP1 and PGC1α and induces therefore a development of white 

preadipocytes towards brown adipocytes. It is to mention, that construct #1 had 

the higher ODZ2 knockdown rate than construct #2, but construct #2 showed more 

expression of UCP1 and PGC1. Though this data is not significant, it suggests 

that maybe construct #2 could be more effective because of yet unknown 

influences on signal cascades. This data provides evidence that ODZ2 is a 

functional key regulator of determination of preadipocytes towards a white 

adipocyte phenotype. 

 

4.4. Conclusion 

This study demonstrated that human adipocyte progenitor cells that give rise to 

brown adipocytes have a different expression pattern as compared with progenitor 

cells that differentiate into white adipocytes. Furthermore, a panel of novel 

molecular markers potentially involved in human brown adipogenesis were 

identified. Im mice, BAT and WART are usually separated in distinct depots. 

However islets of brown adipocytes can emerge in WAT (Barbatelli et al. 2010) 

that share common characteristics with brown adipocytes and were therefore 

named “beige” adipocytes. Gene array analyses have revealed distinct expression 

patterns between classical brown, beige and white adipose tissue (Walden et al. 

2012) and between progenitor cells of all three types of adipocytes (Timmons et al. 

2007; Wu et al. 2012). Progenitor cells have been isolated from different adipose 

depots of the human neck (Cypess et al. 2013; Jespersen et al. 2013; Lee et al. 

2011; Zingaretti et al. 2009) and have been compared with white adipocyte 

progenitor cells from subcutaneous adipose of the same (Cypess et al. 2013; Lee 

et al. 2011) or control patients (Jespersen et al. 2013). Interestingly, progenitor 

cells from deep neck adipose tissue differentiated into UCP1 positive adipocytes in 
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vitro although some of the tissues were apparently white (Lee et al. 2011), pointing 

to a residing population of brown adipocyte progenitor cells in deep neck adipose 

tissue.  

This study provided evidence that two different progenitor cell pools exist in deep 

neck and subcutaneous neck adipose tissue. While there was a high variability 

between the patient samples, UCP1 and other markers of BAT were highest 

expressed in deep neck adipose tissue. Furthermore, there was no difference in 

expression of beige marker genes in comparison with subcutaneous fat, indicating 

that human deep neck adipose tissue has molecular signatures of classical BAT. 

This study also demonstrated that in areas with white adipocytes, the adipocytes 

size was significant smaller in deep neck adipose tissue compared with 

subcutaneous tissue. This has already been demonstrated earlier for perithyroid 

adipose tissue (Lee et al. 2011; Zingaretti et al. 2009). As expected, progenitor 

cells from the deep neck adipose tissue differentiated into brown adipocytes 

expressing brown adipocyte markers (UCP1) while progenitor cells from the 

subcutaneous neck differentiated into white adipocytes. The beige marker gene 

(TMEM26) was not differentially expressed, also other described brown marker 

genes were noct differentially expressed (PGC1, PRDM16). Whereas the brown 

adipogenic differentiation marker ZNF423 was the highest expressed in progenitor 

cells form the deep neck adipose tissue. However, gene expression data showed 

showed variability between patients. Therefore it is possible that the cell cultures 

consist of a mixture of classical brown and beige adipocytes. A mixture of classical 

brown and beige adipocyte in in vitro differentiated adipocyte from neck adipose 

tissue progenitor cells has been also suggested in an earlier study (Jespersen et 

al. 2013).  

Despite growing molecular information about human brown adipose tissue and in 

vitro differentiated brown adipocytes, little is known about the progenitor cells of 

white and brown adipocytes in humans. Therefore, a gene array analysis 

comparing expression patterns of progenitor cells isolated from human deep neck 

and subcutaneous neck adipose tissue was done. According to the gene array 

data human brown adipocyte progenitor cells could be characterised by high 
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expression of FGF16, BMP4,CD34 and ADH1B. There is not much known about 

the role of these genes in BAT. Interestingly, Pdgfra+/CD34+/Sca+ progenitor cells 

from mice have been suggested to differentiate into brown adipocytes (Lee et al. 

2012b). In humans, CD34+ cells from the skeletal muscle possessed brown 

adipogenic potential (Crisan et al. 2008; Russell et al. 2012). Interestingly, in this 

study a high expression was found in adipocytes and preadipocytes from the deep 

neck adipose tissue. But it is critical to mention that CD34 is also expressed on 

endothelial cells and brown adipose tissue is known to be highly vascularised 

(reviewed in Cannon and Nedergaard 2004), so a mixture of preadipocytes and 

endothelial cells may have cause a flasley high expression. Moreover the growth 

factors BMP4 and FGF16, which have been implicated in brown adipose tissue 

biogenesis and browning of white adipose tissue (Konishi et al. 2000; Qian et al. 

2013) in mice, were higher expressed in deep neck progenitor cells. Another 

hormone of the FGF-family was recently in the center of attention. FGF21 is 

mainly secreted by the liver, but is also expressed in other tissues. FGF21 is 

thought to have many benefical effects on metabolism, like increased glucos 

uptake, increased insulin sensitivity and weigt reduction (Gimeno et al. 2014). Two 

groups found that circulating FGF21 correlates with brown fat activity determined 

by FDG-PET-CT and that FGF21 and Irisin (see below) have additive effects on 

norepinephrin-stimulated thermogenesis in human brown adipocytes (Hanssen et 

al. 2015; Lee et al. 2014). This suggests in concordance with findings in this study, 

that the FGF-familiy may have an important role in brown adipocyte adipogenesis. 

Also, ADH1B was found higher expressed in preadipocytes and adipocytes from 

the deep neck adipose tissue compared to the white adipose tissue. On the other 

hand, subcutaneous adipose progenitor cells, which give rise to white adipocytes 

express higher levels of ODZ2. ODZ2/TENM2 has been shown to repress the 

transcrptional activity of ZIC1 (Bagutti et al. 2003), which is a marker of classical 

brown adipose tissue. Second, this is the first study to show that ODZ2 is a novel 

marker for white preadipocytes to my knowledge, has a possible functional role in 

white adipocyte development. It was possible to confirm this with expression data, 

which yet has to be confirmed on protein level. However this could not be provided 
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yet, due to the big protein size of ODZ2 (~308 kDa) and the lack of capable 

antibodies.  

Thus, the gene array data suggest that progenitor from deep neck adipose tissue 

represent progenitor cells of brown adipocytes. Likewise, subcutaneous progenitor 

cells express markers of white progenitor cells. Another explanation would be that 

progenitors from the deep neck adipose tissue differentiated into beige adipocytes, 

not expressing before TMEM26 as a beige marker, because it was established in 

rodents (Wu et al. 2012). That browing of white adipose tissue can happen under 

certain circumstances was shown in recent study that found browning of WAT in 

intensive care patients. Severe burn injuries led to an increase of UCP1 positive 

cells within the subcutaneous fat after several weeks after the injury. The authors 

linked this phenomen to the severe adrenergic stress and the prolonged elevation 

of norepinephrine levels seen after such burn injuries (Sidossis et al. 2015). 

There are some limitations to this study. Biopsies were collected from patients with 

malignancies or nodular goitre, where surgery offered the ethically justifiable 

access to deep neck and subcutaneous neck adipose tissue. As a consequence 

patients characteristics varied in terms of age, BMI, and there might be alterations 

of gene expression patterns due to clinical indications or anthropometric data. 

However, no effect of these parameters was seen on expression levels in this 

cohort by correlation analysis. A clear advantage of this approach however is the 

direct comparison of deep neck with subcutaneous neck samples, since paired 

biopsies were always obtained from the same donors. Another limitation might be, 

that collecting of patient samples happened throughout different seasons. So a 

patient spample collected in winter might have a higher rate of progenitors capable 

to differentiate to brown adipocytes, because of the positive inducing effect of 

thermogenesis, than a patient sample collected in summer. The cell system is an 

in vitro model, which closely mimics the human BAT situation in vivo. The deep 

neck samles derived from an area where human BAT is commonly found. The 

tissues differed in terms of both UCP1 expression and the appearance of 

multivacuolar adipocytes. It may be that variations in marker expression in both 

progenitors and differentiated adipocytes reflect and probably result from this 

heterogeneity.  
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Nevertheless the findings of this study might provide the basis for possible future 

pharmaceutical therapies. At the moment the study of brown markers in humans 

are in the beginning. However, with ongoing knowledge about these markers and 

their signal cascades a pharmaceutical therapy could be possible, for example by 

„inducing“ white preadipocytes towards a beige/brown phenotype. A new 

endocrine factor currently in the focus of interest is FNDC5/Irisin. Irisin is a 

myokine termed after the Greek messenger goddess Iris. Irisin is the cleavage 

product of the membrane protein fibronectin type III domain-containing protin 5 

(FNDC5). Its expression is increased by exercise in human and rodent skeletel 

muscle. It stimulates the browning of WAT by interacting with the preadipocyte 

population but is also thought to induce thermogenic gene expression in mature 

adipocytes (Bostrom et al. 2012; Zhang et al. 2016). Recently the 3-agonist 

mirabegron, a drug used in the therapy for overactive bladder, has shown to 

activate pre-existing BAT in humans similar to cold exposure (Cypess et al. 2015). 

Despite these promising results, more studies are necessary to examine adipose 

tissue in order to find drugs which might have clinical value in obesity treatment.  

In conclusion this study provides further characterisation of brown adipose tissue 

in human adults and this data provides the base for future possible treatments 

against the hard to treat disease obesity. 
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5. Summary 

Today’s therapy against obesity uses life style changing and/or medication, but is 

little promising so far. Therefore it is important to develop new and successful 

therapeutically strategies against obesity.  

Nowadays brown adipose tissue gives hope to develop new therapeutically 

strategies and therapies against obesity because of its energy combusting 

function. It has been shown from different workgroups that brown adipose tissue 

(BAT) with uncoupling protein 1 (UCP1) plays an important role in the regulation of 

body weight. Because of the therapeutically potential of BAT it is important to 

know where brown adipocytes in adults derive from. The nature of BAT found in 

human adults is currently under debate. So far and to my knowledge the 

progenitors of brown adipocytes in human adults are poorly understood and 

characterised. 

The aim of this study was to further characterise brown adipose tissue in human 

adults, therefore novel markers of human brown adipocyte progenitors were 

identified and these were compared with white adipose tissue progenitors. Thus, 

progenitor cells from paired samples of deep neck (dn) and subcutaneous (sc) 

neck adipose tissue were isolated and gene expression patterns were analysed 

using gene array analysis. It was hypothesised that brown adipocytes in human 

adults derive from a specific subset of progenitors that differs from white 

preadipocytes. Human primary cells were chosen for investigation. 

Tissue samples were obtained from 52 patients. Adipocytes were smaller in dn 

compared to sc adipose tissue, but UCP1 messenger ribonucleic acid (mRNA) 

expression was comparable. Interestingly, progenitor cells isolated from dn 

adipose tissue showed higher expression of UCP1 than cells isolated from sc 

adipose tissue suggesting two different progenitor cell pools. 92 genes were 

differentially regulated in progenitor cells from dn adipose tissue versus sc adipose 

tissue, among them fibroblast growth factor 16 (FGF16), bone morphogenetic 

protein 4 (BMP4), cluster of differentiation 34 (CD34), alcohol dehydrogenase 1B 

(ADH1B) and odd-oz/ten-m homolog 2 (ODZ2). Small interfering ribonucleic acid 

(siRNA)-mediated downregulation of ODZ2 in Simpson-Golabi-Behmel-Syndrome 
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(SGBS) peradipocytes resulted in an upregulation of UCP1 suggesting a role of 

ODZ2 in brown adipogenesis.   

In summary this study provides evidence that two different progenitor cell pools 

exist from deep neck and subcutaneous neck adipose tissue. It was able to 

characterise these different progenitor cells by gene expression, by finding novel 

marker for beige preadipocytes, novel marker for beige adipocytes and already 

described marker in the human system could be verified. Second this study is the 

first to describe ODZ2 has a potential novel marker for white preadipocytes, with a 

possible role in white adipocyte development. 
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