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1. ABBREVIATIONS 

α – MSH: Alpha-Melanocyte-Stimulating Hormone 

ADMSC: Adipose tissue-derived mesenchymal stem cells 

ANOVA: Analysis of variance 

BAT: Brown adipose tissue  

ß-GPA: ß-guanidinipropionic acid 

BMI: Body mass index 

BMP: Bone morphogenetic protein 

BMP7: Bone morphogenic protein 7 

BMP8b: Bone morphogenic protein-8b 

BMR: Basal Metabolic Rate 

cAMP/cGMP: 3’,5’-cyclic adenosine monophosphate/3’,5’-cyclic guanosine monophosphate  

C/EBP/ß: CCAAT/enhancer binding protein beta 

CIDEA: Cell death-inducing DFFA-like effector A 

CITED1: Cnp/P300 Interacting Transactivatior With Glu/Asp Rich Carboxy-Terminal Domain 1 

CKMT1/2: Creatine Kinase, Mitochondrial ½ 

Ct: Threshold cycle 

CREB: cAMP Response Element Binding Protein 

CYC1: Cytochrome C1 

DHAP: Dihydroxyacetone Phosphate  

DKO: Double knock-out 

DMEM/F12: Dulbecco’s Modified  Eagle’s Medium/Nutrient Mixture F-12 Ham 1:1 mixture 

DMSO: Dimethyl sulfoxide 

EBF2: Early B-cell-factor-2 

EDTA: Ethylene Diamine Tetraacetic Acid 

EGF: Epidermal growth factor 

EHMT1: Euchromatic histone lysine methyltransferase 1  

ELISA : Enzyme-Linked Immunosorbent Assay 

ELOVL3: ELOVL Fatty Acid Elongase 3 

EN1: Engrailed-1  

EWS: Ewing sarcoma breakpoint region 1 

FABP4: Fatty acid binding protein 4  

FAD/FADH2: Flavin adenine dinucleotide 

FBS: Fetal Bowine Serum 

FC: Fold change 
18F-FDG: [18F]-2-fluoro-D-2-deoxy-D-glucose 

FGF21: Fibroblast Growth Factor-21  

FNDC5: Fibronectine Type III Domain Containing 5 

FOXC2: Forkhead box protein C2 

FTO: Fat Mass and Obesity Associated 

FXIII: blood coagulation factor XIII A-subunit 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 

GPC-3: Glypican-3 

GPDH: Glycerol-3-phosphate dehydogenase 

IMBX: 3-Isobutyl-1-methylxantin 

hADMSCs: Human adipose-derived mesenchymal stem cells  
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HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HFD: High-fat Diet 

HRP: Horseradish Peroxidase 

IL: Interleukin 

IL-6: Interleukin-6 

IL-8: Interleukin-8 

IMM: Internal mitochondrial matrix 

IRX3/5: Iroqouis Homebox 3/5 

KLB: FGFR1c/ßKlotho complex  

KNCK3: Potassion Two Pore Domain Channel Subfamily K Member 3 

LCFAs: Long-chain fatty acids 

LSC: Laser Scanning Cytometry 

LPGDS: Lipocalin-type Prostaglandin D Synthase 

MAPK: Mitogen-activated protein kinase 

MCP-1: Monocyte chemoattractant protein-1 

MYF5: Myogenic Factor-5 

NAD+/NADH: Nicotinamide adenine dinucleotide 

NE: Norepinephrine 

NGF: Nerve growth factor  

NST: Non-shivering thermogenesis 

NPs: Natriuretic Peptides 

NPRs: Natriuretic Peptide Receptors 

NRG4: Neuruglin 4 (NRG4) 

NST: Non-shivering thermogenesis 

OC: Oxygen consumption 

OCR: Oxygen consumption rate 

PBS: Phosphate Buffered Saline 

PCr: Phospho-creatine 

PCR: Polymerase Chain Reaction 

PDGFα: Platelet-Derived Growth Factor alpha 

PET/CT: Positron emission tomography/computed tomography 

PFA: Paraformaldehyde 

PGC-1α: PPARƔ coactivator 1 alpha 

PPAR Ɣ: Peroxisome Proliferator Activated Receptor Gamma 

PRDM16: PR Domain Containing 16 

Q-PCR: Quantitative polimerase chain reaction 

RNA: Ribonucleic acid 

RYR1: Ryanodine Receptor 1 

SD: Standard deviation 

SDS: Sodium dodecyl-sulfate  

SERCA: Sarco/endoplasmic reticulum Ca2+-ATPase 

SGBS: Simpson-Golabi-Behmel Syndrome 

SLN: Sarcolipin 

SNS: Sympathetic Nervous System 

SV: Sum variance 

SVF: Stromal Vascular Fraction 

T2DM: Type 2 diabetes mellitus 
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T3: 3,3’,5-Triiodo-L-thyronine 

TBX1: T-box transcription factor 1 

TBS: Tris-Buffered Saline 

TBS-T: Tris-Buffered Saline and Tween20 

TNFα: Tumor Necrosis Factor alpha 

TMEM26: Transmembrane Protein 26 

UCP1: Uncoupling Protein-1 

VEGFA: Vascular Endothelial Growth Factor A 

WAT: White adipose tissue 

WHO: World Health Organization 

WT: Wild Type 

ZIC1: Zic Family Member 1 

ZFP516: Zinc Finger Protein 516 
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2.1. Obesity and adipose tissue 
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Obesity and overweight are determined as a systemic disease that displays abnormal and excessive 

accumulation of body fat leading to harmful health effects. In spite of significant attempts to 

increase awareness, the epidemic of obesity persists in at a frightening rate (Arroyo et al., 2016). 

Obesity is connected with higher rates of mortality driven by chronic disorders such as metabolic 

syndrome, type 2 diabetes mellitus (T2DM), certain types of cancers, hypertension, dyslipidemia, 

infertility and gastroesophageal reflux (Haslam et al., 2005). There are three possible measures of 

obesity often used in several studies; however, the most commonly used is body mass index (BMI) 

which equals the ratio of body weight in kilograms divided by height in meters squared (kg/m2). 

The classes are the followings: normal (BMI: 18.5-24.9 kg/m2), overweight (BMI: 25-29.9 kg/m2) 

and obese (BMI: >30 kg/m2) determined by WHO (World Health Organization, 2000).  

In Europe, more than half of the population is overweight and up to 30% is obese; moreover, the 

prevalence of obesity has doubled since 1980 (GBD Obesity Collaborators, 2015). In Hungary, 

these numbers are very similar, 60% of the population is overweight, and half of them are obese. 

Unfortunately it is attributable to the lack of exercise, genetic predisposition, unhealthy diet and 

habits like smoking or alcohol consumption (Barness et al., 2007). The Hungarian National Health 

Insurance spent more than 680 million EUR for the treatment of obesity in 2012. Notwithstanding, 

outlays can be even higher as a result of a higher prevalence rate of overweight and obesity and the 

development of co-morbidities with higher costs (Wilkin et al., 2004). It is a well known fact that 

in many cases obesity is preventable, although the pathogenesis of obesity is an exceedingly 

complex and is far from being revealed. The key modulator of obesity is, however, the long-term 

dysregulation of energy balance, containing reduced energy expenditure and increased energy 

intake. In spite of continuous research and developments in the understanding of the regulators of 

energy balance, there is only limited data and limited number of drugs that can be useful for the 



 
 

9 
 

effective treatment of obesity. Studies, targeting specific components of the neuroendocrine 

regulation, such as leptin or neuropeptides, have been unsuccessful yet. However, new alternatives 

focusing on adipose tissue functions e.g. heat production as a result of thermogenesis, can 

potentially have therapeutic relevance in the future (Poher et al., 2015). Adipose tissue is a complex 

organ with profound effects on the physiology and pathophysiology of the organism, serving as a 

calorie storage after feeding and as the source of circulating free fatty acids during fasting. This is 

the first tissue that is affected by several changes in response to obesity (Rosen et al., 2014). 

Traditionally, two types of adipose tissue have been described: white adipose tissue (WAT) and 

brown adipose tissue (BAT). Both tissues are able to accumulate lipids in intracellular droplets. 

WAT functions as an energy store, mainly in the form of triglycerides and releases fatty acids upon 

fasting. On the other hand, BAT contains highly specialized cells with high number of 

mitochondria which can dissipate energy in the form of heat through activation of Uncoupling 

Protein-1 (UCP1) (Rosen et al., 2014).  

2.1.1. White adipose tissue 

 

WAT is a heterogeneous tissue which contains various cell types in the stromal vascular fraction 

(SVF): endothelial cells, fibroblasts, pre-adipocytes, macrophages and histiocytes. In addition to 

its function as an energy store, WAT has an important role as an active endocrine organ, plays a 

role in the modulation of physiological functions such as energy expenditure, immunity, 

inflammation, appetite or insulin sensitivity (Shoelson et al., 2007). WAT releases the stored 

energy as free fatty acids (FFA) and glycerol (these are the products of major secretory function) 

(Trayhurn et al., 2001). Moreover, several important proteins have been described to be secreted 

by WAT, including: leptin, adiponectin, resistin, tumor necrosis factor-alpha (TNF-α), interleukin-
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6 (IL-6), angiotensinogen as well as others (Trayhun et al., 2001; Federico et al., 2010; Clément et 

al., 2004). 

WAT is widely dispersed in humans and divided into different depots, mainly subcutaneous and 

visceral adipose tissue (Wajchenberg et al., 2000). Subcutaneous WAT is located under the skin 

and plays an important role as a barrier against dermal infection; it also prevents loss of heat and 

protects the body against external mechanical stress (Kwok et al., 2016). Moreover, it is 4-5 times 

larger than the visceral adipose tissue (Wajchenberg et al., 2000; Márin et al., 1992). The 

subcutaneous adipose tissue stores 80-90% of the total body fat (in abdominal, subscapular, gluteal, 

femoral areas) – meanwhile, smaller percentage of the body fat is located viscerally in the abdomen 

(Márin et al., 1992). 

2.1.2. Brown adipose tissue 

 

The number of studies focusing on the therapeutic potential of BAT against obesity has increased 

over the last decade (Lynes et al., 2015). Two types of thermogenic adipocytes exist in mammals: 

the classical brown and beige/brite adipocytes (Ishibashi et al., 2010; Petrovic et al., 2010). 

Evolutionary, brown adipocytes appear only in placental mammals (Hayward et al., 1992). 

Interestingly, ‘protoendothermic’ mammals, like pregnant mammals also have BAT to make them 

able to maintain endothermy during carrying their fetus (Oelkrug et al., 2013). Human infants have 

significant brown fat depots, in order to provide heat in the cold environment in the post-natal 

period. Previously, it was proposed that adult humans are mostly lacking of brown fat, unless they 

are exposed to chronic cold or to state of catecholaminergic excess (Huttunen et al., 1981; English 

et al., 1973). The existence of significant classical brown fat in adult humans was proven by 18F-

FDG radiolabeled metabolic substrates. Such scans for cancer diagnosis, like PET/CT revealed 
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positive depots of BAT mostly in the supraclavicular and spinal regions of patients. As a result of 

the positive PET/CT scans, these regions were tested for immunohistochemical analysis of UCP1 

(Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). Nevertheless, a 

negative association between BMI and the amount of detected 18F-FDG positive BAT was found. 

The glucose-uptake by BAT and its mass also showed a negative correlation with BMI (Ouellet et 

al., 2011; Matsushita et al., 2014; Chondronikola et al., 2014). Energy expenditure in mammals is 

inversely correlated with the body size. The whole body basal metabolic rate (BMR) is 1-2 W/kg 

in humans. Studies focusing on this thermogenic fat depots showed that BAT activity has been 

forecasted for 2,7-5% of BMR in humans, which can result in more than 4 kg of weight loss per 

year (Virtanen et al., 2009; van Marken Lichtenbelt et al., 2011). The benefits of BAT activation 

could potentially be a therapeutic approach to reduce elevated triglyceride concentrations and 

fighting against obesity in humans (Bartelt et al., 2011; Ouellet et al., 2012).  

UCP1-expressing adipocytes also exist in WAT, with thermogenic capacity, in response to 

various stimuli (Vitali et al., 2012), namely the beige adipocytes (brite=brown in white). Beige 

adipocytes can be typified by their multilocular lipid droplets, high mitochondrial content and 

expression of brown and white fat-specific genes. In spite of the common appearance, brown 

and beige adipocytes have many distinguishable characteristics and should be regarded as 

distinct cell types (Figure 1).  
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Figure 1. Differences between Brown and Beige adipocytes. Figure adapted from: Harms et al., 

2013 

The figure shows immunohistochemistry analysis of adipocytes: brown adipocytes express high 

levels of UCP1 under basal conditions, meanwhile beige adipocytes can be recognized interspersed 

within WAT after cold or ß-adrenergic stimuli. Many enriched markers have been identified yet in 

mice, as classical brown: Zic1 (Petrovic et al., 2010), Lhx8 (Petrovic et al., 2010, Jespersen et 

al., 2013), Eva1 (Wu et al., 2012) and Epstil1 (Sharp et al., 2012) or as beige markers: Cd137 

(Wu et al., 2012), Tmem26 (Wu et al., 2012), Tbx1 (Petrovic et al., 2010; Wu et al., 2012), 

Cited1 (Sharp et al., 2012) and Shox2 (Lidell et al., 2013). Several activators have been 

identified as inducers for the development of brown and beige adipocytes, such as cold or 

thiazolidinediones; however, irisin represents a beige, but not a brown inducer. In addition, the 

developmental origin of beige adipocytes is distinct from brown adipocytes (Myf5 +/+)  in 

mouse subcutaneous depots (Seale et al., 2008).   

2.2. The development of brown and beige adipocytes 

 

It was presumed for a long time that brown and white adipocytes have a common precursor 

(Rosen et al., 2000; Gesta et al., 2007), because a large number of similarities exist between the 

two cell types. Nonetheless, data gained from the last decade have shown that classical brown 
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fat is considered to be related to myocytes and originates from a common myogenic factor 5 

(Myf5+) positive precursor (Seale et al., 2008). Meanwhile, inducible beige adiopcytes together 

with white adipocytes are believed to arise from a separate lineage (Myf5-) (Timmons et al., 

2007; Seale et al., 2008; Petrovic et al., 2010). However, tracing studies found some Myf5+ 

presursors also in WAT, which indicates that white and beige cells may be derived from both 

lineages (Sanchez-Gurmaches et al., 2012; Shan et al., 2013). Beige adipocytes can be acivated 

by cold or other inducers, but after the cold challenge is removed, these cells return to the resting 

state and assume the morphology of white adipocytes (Rosen et al., 2014). 

 

2.2.1. The origin of classical brown adipocytes 

 

In spite of the differences in the developmental origins of white and brown adipocytes, both 

differentiation pathways have similar transcriptional cascades. Firstly, Peroxisome Proliferator 

Activated Receptor Gamma (PPARƔ) plays an important role in the differentiation of both white 

and brown adipocytes (Tontonoz et al., 1994; Barak et al., 1999; Rosen et al., 1999; Rosen et 

al., 2001; Nedergaard et al., 2005). Brown adipocyte differentiation requires PPARƔ, but this 

factor alone is not sufficient to regulate the program of mesenchymal cells to brown adipocytes. 

Secondly, members of the C/EBP family of transcription factors also take part in activating and 

maintaining the expression of adipogenic genes (Tontonoz et al., 1994; Freytag et al., 1994). In 

mouse brown adipocytes, myogenin-expressing central dermomyotome gives rise to dorsal 

dermis, skeletal myocytes and BAT but not WAT (Atit et al., 2006). This multipotent precursor 

population is typified by the expression of key transcription factors like Pax7, Myf5 and 

Engrailed-1 (En1) (Seale et al., 2008; Lepper et al., 2010; Sanchez-Gurmaches et al., 2012; 

Wang et al., 2014). In addition, Early B-Cell Factor-2 (Ebf2) was shown as an important marker 
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gene of embryonic brown preadipocytes (Wang et al., 2014). Studies focusing on PRDM16 

revealed that it acts primarily through binding to, then modulating the activity of several 

transcriptional factors like PPARƔ Coactivator-1α (PGC1-α), C/EBPß, PPARα or PPARƔ. 

Additionally, it converts white adipocyte precursor cells and myoblasts into thermogenic, 

UCP1-containing adipocytes (Hondares et al., 2006; Seale et al., 2007; Seale et al., 2008; 

Kajimura et al., 2009). The expression of PRDM16 in white adipocytes not only activates the 

browning program, but also represses the white or muscle-directed gene program (Seale et al., 

2007; Seale et al., 2008; Kajimura et al., 2008). Cold or ß3-adrenergic stimulation (Collins et 

al., 1997; Guerra et al., 1998; Himms-Hagen et al., 2000; Vitali et al., 2012) results in brown 

adipocyte differentiation and vascularization of BAT which is promoted by PRDM16 and 

FOXC2 (Cederberg et al., 2001). Together PRDM16 and FOXC2 drive an increased expression 

of PGC1α (Kim et al., 2005; Seale et al., 2007). PGC1α was originally described as a coactivator 

of PPARγ and it was shown to promote brown adipocyte differentiation and fatty acid oxidation 

(Puigserver et al., 1998; Wu et al., 2007). PGC1α is induced in muscle, as a result of exercise 

and stimulates many of the beneficial events which happen in muscle, e.g. mitochondrial 

biogenesis, angiogenesis (Handschin et al., 2008). As a result of cold or ß3-adrenergic 

stimulation, PGC1α is a key regulator of the browning process, it interacts with IRF4 (Boström 

et al., 2012; Kong et al., 2014). 

2.2.2. The origin of beige adipocytes  

 

Brown-like adipocytes, these so-called beige (Ishibashi et al., 2010) or “brite” adipocytes 

(Petrovic et al., 2010) have multilocular morphology and express UCP1, can be found in depots 

of WAT (Young et al., 1984; 1997; Guerra et al., 1998; Himms-Hagen et al., 2000; Vitali et al., 

2012; Collins et al., 2014; Cinti et al., 2009) as a result of cold or other inducers. Beige 
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adipocytes do not derive from the same precursor cells (Pax7+, Myf5+) like classical brown 

adipocytes, as they do not express Myf5 (Seale et al., 2008; Sanchez-Gurmaches et al., 2012). 

Even though several studies suggest that a large percentage of the thermogenic fat in adult 

humans mostly consist of beige cells, there is only limited data about the origin and regulators 

of beige adipocytes in the literature (Wu et al., 2012; Lee et al., 2014; Shinoda et al., 2015). It 

seems that the mechanism for beige adipocyte induction in inguinal WAT is different from that 

seen in epididymal WAT (Lee et al., 2012) (Figure 2).  

Two major theories exist about the origin of beige cells. Firstly, one group said that these 

adipocytes are derived through a transdifferentiation program of existing mature white 

adipocytes. This idea came from observations in which ß3-adrenergic stimuli or cold exposure 

did not result in cell proliferation in the newly browned cells (Himms-Hagen et al., 2000; Vitali 

et al., 2012). 

Secondly, others state that beige cells derive from unique preusor cells within the white fat depots, 

and these cells can be identified and isolated using sorting or cloning (Vegiopoulos et al., 2010; 

Schutz et al., 2011; Wu et al., 2012; Lee et al., 2012). However, two genetic tracing studies revealed 

the possible development of beige cells. The first study showed that new adipogenesis is required 

for beige adipocyte development upon cold exposure (Wang et al., 2013). The second study used 

specific markers to investigate if beige adipocytes appear as a result of an initial period of cold 

exposure. They examined gene expresion pattern of white adipocyte markers and took pictures to 

investigate the morphology of adipocytes. Moreover, after cold exposure they used warm 

conditions (Rosenwald et al., 2013), then replaced it in the cold for some seconds which resulted 

in the reinducement of the thermogenic program in many of these cells. 
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A number of mouse studies indicate that beige cells have a distinct precursor from classical 

brown adipocytes, and the differentiaition program is induced as a result of several stimuli (e.g. 

cold), which is regulated by ß3-adrenergic pathway (Federico et al., 2010; Petrovic et al., 2010; 

Seale et al., 2011; Lee et al., 2012; Wu et al., 2012; Harms et al., 2013). These inducible cells 

are mostly differentiated from preadipocytes in subcutaneous WAT, during a so-called 

“browning” process (Ishibashi et al., 2010; Petrovic et al.,2010; Seale et al., 2011;  Berry et al., 

2013; Wang et al., 2014; Stine et al., 2016). When the termogenic stimuli stops, “masked” beige 

adipocytes resemble a white adipocyte-like morphology in vivo (Wang et al., 2013; Rosenwald 

et al., 2013). These results indicate that the thermogenic capacity of beige adipocytes is reversible 

and adrenergic stimulus is required for maintaining of the thermogenic profile. Additionally, these 

studies demonstrate that mature adipocyte conversion and de novo differentiation of precursors 

also contribute to beige fat biogenesis and the balance between these mechanisms may depend on 

the environment.  

EBF2, the brown preadipocyte marker is expressed in many adipogenic precursor cells, isolated 

from mouse inguinal WAT (Wang et al., 2014). Cells exposed to cold responded by increasing 

amount of EBF2+ precursor cells in the SVF. However, when EBF2+ and EBF2- cells undergo a 

differentiation process, only the EBF2+ cells are able to activate a thermogenic program as a result 

of rosiglitazone, which suggest that EBF2 is a typical marker of beige-fat specific presursors in 

WAT.  

In epididymal WAT, Platelet-Derived Growth Factor alpha (PDGFRα) + precursor cells undergo 

proliferation as a result of ß3-adrenergic stimuli and are differentiated into UCP1+ beige adipocytes 

(Lee et al., 2012). Moreover, clonal analyses showing that adipogenic cells that are PDGFRα+ have 

a biopotent function, as they are able to differentiate into both white and beige adipocytes (Lee et 

al., 2012).  
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In addition, thiazolidinediones (PPARƔ agonists) are also able to induce a brownig program in 

mouse and human WAT-drived adipogenic precursor cells (Elabd et al., 2009; Petrovic et al., 2010; 

Qiang et al., 2012; Ohno et al., 2012; Bartesaghi et al., 2015). 

 

 

Figure 2. Beige adipocyte development in mouse system. Figure adapted from: Kajimura et al., 

2015 

The balance between the energy-storing white and energy-dissipating beige adipocytes is 

determined during the initial differentiation of mesenchymal precursor cells into adipocyte 

subtypes (Wang et al., 2013; Kajimura et al., 2015; Claussnitzer et al., 2015; Lynes et al., 2015). 

The mechanism regulating this process was described in the recent years and contributes to the 

better understanding of beige adipocyte commitment. 

Genomewide association studies can be used to identify disease-relevant genomic regions; 

Obesity-Associated gene (Fto) was investigated by this method in humans. (Frayling et al., 2007; 

Scuteri et al., 2007). There can be a T-to-C conversion at Rs1421085 position, which has an effect 

on a mesenchymal superenhancer site.  Individuals carrying the risk-allele of the FTO locus 

demonstrate a diminished rate of beige cell differentiation from adipocyte progenitors – therefore, 
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this SNP has a strong genetic association with obesity. When carrying a healthy genotype, a 

repressor binds to a super enchancer in one of the intronic region of Fto gene, resulting in decreased 

Irx5 and Irx3 expression levels during the early differentiation. Meanwhile, a developmental shift 

may occur towards more energy-dissipating beige adipocytes (Figure 3)(Claussnitzer et al., 2015). 

 

 

Figure 3. Mechanistic model of the FTO rs1421085 locus association with obesity. Figure 

adapted from: Claussnitzer et al., 2015 
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2.3. Activators of brown and beige adipocyte development & function 

 

Figure 4. Regulation of non-shivering thermogenesis by muscle and brown or beige adipose 

tissue in rodents. Figure adapted from then modified: Kozak et al., 2012 

 

The sympathetic nervous system (SNS) is involved in regulating both the development and the 

thermogenic functions of brown adipocytes (Bartness et al., 20120; Morrison et al., 2012). It has 

also been documented that the presence of sensory neurons in BAT are likely to participate in 

regulating the functions of brown adipocytes (Vaughan et al., 2012; Ryu et al., 2015) in which heat 

production is under the control of hypothalamus, where the control of temperature and feeding 

status are integrated. Via the SNS, the outgoing signal is transmitted to the direction of BAT 

(Cannon et al., 2004). In response to stimuli (for example cold exposure), norepinephrine (NE) is 
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released from the SNS, which acts primarily on the ß3-adrenergic receptor. ß3- adrenergic 

receptors are coupled to adenylyl cyclase (AC), which induces the production of a secondary 

messenger, cyclic adenosine monophosphate (cAMP). During the last decade it was described that 

cAMP stimulates protein kinase A (PKA) and hormone-sensitive lipase (Shih et al., 1995). ß-

adrenergic signaling cascade is contolled via AC activation, then cAMP and PKA transmit the 

thermogenic signal (Granneman et al., 1988; Bouřová et al., 2000; Chaudhry et al., 1996). PKA 

activation directly stimulates lipolysis and leads to gene expression changes (e.g. UCP1 

upregulation), facilitated by the induced MAP kinase pathways (e.g. p38) or the phosphorylation 

of cAMP response element binding protein (CREB) (Holm et al., 1987; Lindquist et al., 2000; Cao 

et al., 2001; Wang et al., 2001). 

It is a well-known fact that physical exercise has beneficial metabolic effects and protects against 

several pathological conditions, such as metabolic syndrome, cancer or neurodegenerative 

disorders (Brandt et al., 2010; Mathur et al., 2008).  Skeletal and cardiac muscle cells secrete 

various hormones in humans and mice as well, which are named as “myokines”, in response to 

physical activity (Pedersen et al., 2012; Febbraio et al., 2002). These myokines markedly contribute 

to the crosstalk between muscle, brain and adipose tissue, by which “browning” is also regulated 

(Gamas et al., 2015; Contreras et al.., 2015) (Figure 4.) Several rodent studies showed increased 

activity of BAT and browning of WAT during exercise (De Matteis et al., 2013; Peppler et al., 

2017; Aldiss et al., 2018).  An exercise-induced mediator, irisin, has been discovered in mice in 

the last decade. Irisin is a myokine, which is released by skeletal muscles, whose levels increase 

following exercise (Boström et al., 2012). In humans, mass spectrometry-based analysis confirmed 

the presence of irisin in human blood plasma (Jedrychowski et al., 2015). When irisin is released 

by skeletal muscle, it can be a potent inducer of browning.  
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2.4. UCP1 

 

In BAT, brown adipocytes are filled with mitochondria that contain UCP1, which uncouples 

ATP synthesis from the respiratory chain acivity and reduces the proton gradient through the 

inner mitochondrial membrane (IMM) produced by the electron transfer system (Nicholls et al., 

1976; Ricquier et al., 1979, Lin et al., 1980, Jacobsson et al., 1985).  In line with this, 

mitochondria in BAT contain high amounts of the mitochondrial respiratory chain enzymes but 

remarkably low amount of the F1F0-ATPase. The latter is probably caused by the low expression 

level of the nuclear ATP5G1 gene, which encodes the mitochondrial membrane-bound c subunit 

of Fo oligomer (Lindberg et al., 1967; Cannon et al., 1977; Houstek et al., 1995; Kramarova  et 

al., 2008). UCP1 increases IMM conductance for H+ to dissipate the mitochondrial H+ gradient 

and convert the energy of substrate oxidation into heat (Micholls et al., 1984) (Figure 5). 

When thermogenesis is physiologically required, NE is released by surrounding sympathetic 

fibers that activates lipolysis, which in turn increases the level of free fatty acids in brown 

adipocyte mitochondria. Long-chain free fatty acids (LCFAs) are not only substrates for 

oxidation but also activate UCP1, and they are cleaved by the hormone-sensitive lipase from 

triglycerides in the cytoplasmic lipid droplets upon ß3-adrenergic stimulation of BAT (Shih et 

al., 1995; Prusiner et al., 1968; Chaudry et al.,1999; Matthias et al., 2000; Cannon et al., 2004).  
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Figure 5. Thermogenesis by UCP1 in mammalian organisms and fatty acid shuttling model 

of UCP1-dependent thermogenic proton leak. Figures adopted from then modified: Fesüs et 

al., 2014; Federenco et al., 2012 

It has been discovered recently that UCP1 is an LCFA anion/H+ symporter; hence, LCFA cannot 

dissociate from UCP1 due to hydrophobic interactions. LCFA is associated with UCP1, while 

UCP1 effectively operates as an H+ carrier through the IMM, then protons are released in the 

mitochondrial matrix (Fedorenko et al., 2012). This mechanism leads to the dissipation of 

energy generated by ß-oxidation of fatty acids mainly as heat. Acutely activated BAT 

thermogenesis is determined by a relevant increase in mitochondrial reactive oxygen species 

(ROS) levels and the key target is Cys253 of UCP1 which is sulfenylated during the process. 

This study identified BAT mitochondrial ROS in mice as a mechanism that drives UCP1-

dependent thermogenesis (Chouchani et al., 2016).  
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2.5. Browning inducers which directly target adipose tissue 

 

As a result of certain stimuli, e.g. Bone Morphogenic Protein-7 (BMP7), which was shown to 

play a crucial role in BAT development, drives both classical brown adipogenesis and recruit 

beige adipocytes in mice (Tseng et al. 2008; Schulz et al., 2011). In addition, loss of BMP7 

leads to a near-complete absence of BAT development (Tseng et al., 2008; Schulz et al., 2013). 

Additionally, liver also plays a crucial role in the activation of BAT, via the production of bile 

acids. On one hand, it was demonstrated that bile acids are secreted after meal-induced BAT 

thermogenic activity, through the induction of 5’deiodinase. This effect requires a G protein-

coupled bile acid receptor, TGR5 (Watanabe et al., 2006), which is present in high levels in brown 

adipocytes (Thomas et al., 2009). On the other hand, an important hepatic factor, fibroblast growth 

factor-21 (FGF21), was recently identified as one of the regulators of BAT. It induces the 

thermogenic program in brown adipocytes by interacting with FGF receptor/b-Klotho complexes 

(KLB) at the cell surface, then inducing mitochondrial uncoupled respiration (Hondares et al., 

2010). In neonates, FGF21 directly activates  the heat production by BAT, while in adults, FGF21 

promotes the browning of WAT depots (Kleiner et al., 2012).  

The other recognized thermogenic activator is bone morphogenic protein-8b (BMP8b) that acts 

through both central nervous system (CNS) and periphery in mice (Whittle et al., 2012). It 

sensitizes the brown adipocytes to the action of NE.  

Heart also plays a significant role in the activation of BAT, by producing natriuretic peptides (NPs) 

in mouse and human adipocytes (Bordicchia et al., 2012), which induce thermogenesis through the 

interaction with NP receptors (NPRs). On the surface of brown adipocytes, NPRs interact with 

natriuteric peptides and activate cGMP-dependent protein kinase (PKG), which results in the 
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induction of p38 MAP-kinase activity. It is known that the activation of p38 MAP kinase leads to 

induction of thermogenic gene expression program.  

IL-6 is considered to be far from a standard pro-inflammatory cytokine and is known to be released 

by skeletal muscle as a result of exercise in humans (Ikeda et al., 2016). IL-6 as a myokine has 

been shown to activate beige adipocyte development and is also required for exercise-induced 

WAT beige-ing in mice (Knudsen et al., 2014). IL-6 targets several tissues like the liver, pancreas, 

brain, WAT and BAT; moreover, it balances between catabolic pathways to mediate glycemic 

control (Steensberg et al., 2000; Kelly et al., 2009; Ellingsgaard et al., 2011; White et al., 2014). 

Based on the above observations, IL-6 is responsible for several beneficial effects of physical 

exercise and non-shivering thermogenesis. However, the effect of IL-6 on the differentiation of 

human adipocytes is still unclear. 

2.6. UCP1 independent mechanisms of thermogenesis  

 

1. SERCA pump 

2. Futile cycle of creatine-phosphate 

3. Glycerol-3-phosphate shuttle 

UCP1-independent heat-producing mechanisms were described as a beige specific feature 

(Kajimura et al., 2015), besides the UCP1 dependent thermogenesis. 

2.6.1. SERCA pump 

 

During the last decade, several in vivo studies have revealed different nonshivering thermogenic 

(NST) mechanisms. Bal et al. showed that sarcolipin (SLN) is a key regulator of the 

sarcoendoplasmic reticulum Ca2+ ATPase (SERCA) pump (Asahi et al., 2003; Asahi et al., 2004; 
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Babu et al., 2005; Babu et al., 2006; Babu et al., 2007)  which is necessary for muscle-mediated 

thermogenesis in  mice (Bal et al., 2012). When they challenged SLN -/- mice (Babu et al., 2007) 

to acute cold (4°C), it resulted in hypothermia, because mice were not able to maintain their core 

body temperature (37°C). Overexpression of SLN in the SLN-/- mice resulted in totally restored 

muscle-mediated thermogenesis, suggesting that SLN is the basis of SERCA-mediated heat 

production. They also established that ryanodine receptor 1 (RYR-1)-mediated Ca2+ leak is a key 

mechanism for the heat generation by SERCA activation. Additionally, SLN can proceed to 

interact with SERCA in the presence of calcium. These results suggest that SLN-mediated non-

shivering thermogenesis is essential during metabolic overload (Figure 4).  

Rowland et al. also demonstrated that SLN is an uncoupler of the SERCA pump and it may 

contribute to the heat production by the skeletal muscle. They wanted to answer an important 

question, how loss of SLN or UCP1 is compensated during cold exposure. Thus, they generated a 

double-knock-out (DKO) mouse model and exposed DKO and single KO mice to acute and long-

term cold. The results clearly showed that in UCP-KO mice there is an upregulation of SLN; 

moreover, loss of SLN is compensated by elevated expression of UCP1 and browning of WAT. 

DKO mice were able to survive step-by-step cold challenge, but they lost large amount of weight 

and depleted their fat stores. DKO mice were viable at thermoneutrality; however, when they were 

challenged to acute cold, they became extremely cold-sensitive. Altogether these data suggest that 

SLN and UCP1 are both required to maintain an optimal thermogenesis and loss of them may 

threaten the survival of mice under cold exposure (Rowland et al., 2015). 

Researchers in a different laboratory found a robust UCP1 independent thermogenesis in beige fat 

that involved increased ATP-dependent Ca2+ cycling by sarco/endoplasmic reticulum Ca2+-ATPase 

2b (SERCA2b) and ryanodine receptor 2 (RYR2). Inhibition of SERCA2b resulted in marred NST 
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in humans and mice. Reciprocally, increased Ca2+ cycling by activation of the adrenergic receptor 

or the SERCA2b-RYR1 pathway urges UCP1 independent thermogenesis. In the absence of UCP1, 

beige fat expends glucose for ATP-dependent thermogenesis, through the SERCA2b pathway 

(Ikeda et al., 2017). 

These results collectively demonstrate the existence of UCP1 independent thermogeneis, although 

numerous processes remain questionable in beige fat. 

2.6.2. Futile cycle of creatine 

 

Several years ago, a creatine-phosphate futile cycle was recognized, which requires coupled ATP 

synthesis to enhance energy expenditure through stimulation of mitochondrial ATP turnover in 

humans and mice (Kazak et al., 2015 and 2017). Mitochondrial creatine kinase 1 or 2 (CKMT1/2) 

catalyzes the phosphorylation of creatine, while using ATP to create phospho-creatine (PCr) and 

ADP. In the futile cycle PCr is immediately dephosphorylated, leading  to heat production (Jacobus 

et al., 1973; Berlet et al., 1976; Terblanche et al., 1998; Kazak et al., 2015).  This is further 

supported by data demonstrating that reduction of endogenous creatine levels by the usage of ß-

guanidinopropionic acid (ß-GPA) results in blunted adrenergic activation of metabolic rate, as 

shown in Figure 6. Since most of the data regarding the this futile cycle comes from experiments 

in mice, additional studies are needed to validate its importance in humans. 
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Figure 6.  Model of creatine-driven futile cycle. Modified figure adopted from: Kazak et al., 2015 

 

2.6.3. The Glycerol 3-phosphate shuttle 

 

The research of mitochondrial glycerol-3-phosphate dehydrogenase (mGPDH) has been started 

more than 80 years ago (Green et al.; 1936), and there are still many unanswered questions. Firstly, 

cytosolic GPDH converts dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate by 

oxidizing one molecule of NADH to NAD+ - the NADH is usually derived from glycolysis. Then, 

glycerol-3-phosphate is converted back to DHAP by mitochondrial GPDH, which localizes to the 

IMM, and reduces one molecule of FAD to FADH2 (Anunciado-Koza et al., 2008). The glycerol-

3-phosphate shuttle has been advanced as a source of metabolic disorganization, because of the 

production of 2, instead of 3 ATPs/mol of NADH generated by glycolysis (Lardy et al., 1990; Koza 

et al., 1996). In interscapular BAT of mice, the protein levels of GPDH gene and cytoplasmic 

GPDH are much higher than in any other tissues (Ratner et al., 1981; Koza et al., 1996; Anunciado-
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Koza et al., 2008).  This suggests that the heat production by the glycerol phosphate shuttle is a 

parallel pathway that could supplement UCP1-mediated thermogenesis independently.  

 

2.7. Secreted factors by the adipose tissue 

 

Since the last century, when leptin was discovered, the original concept that WAT has only a 

storage function has changed significantly (Zhang et al., 1994). Leptin is a circulating hormone 

exclusively secreted by adipocytes, which serves as an essential regulator of body weight. 

Additionally, it increases BAT thermogenesis via hypothalamic pathways (Minokoshi et al., 1999; 

Commins et al., 2001). The number of proteins found to be produced and released from adipose 

tissue in steadily increasing, and the current list of  WAT-secreted factors consist of more than a  

hundred proteins and other molecules (Trayhurn et al., 2004; Fischer-Posovszky et al., 2007; 

Sakurai et al., 2013). The abovementioned list covers a broad range of protein families as well as 

fatty acids, prostaglandins, adipokines, chemokines and inflammatory cytokines (Figure 7.) 

(Hauner et al., 2005).  

Since WAT secretes many adipokines, it is rightful to think that brown and beige adipocytes may 

secrete “batokines” with various functions, although only limited information exist about them. 

Many of the WAT-secreted adipokines and inflammatory cytokines are moderately expressed in 

BAT of mammals (Cannon et al., 2004; Ortega et al., 2011); however, the secretory profile of BAT 

is quite distinct. 
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Figure 7. Adipokines secreted by WAT in mammals. Figure adopted from: Sakurai et al., 2013 

 

During the process of adipocyte differentiation or thermogenic activation, several molecules are 

released by BAT or brown and beige adipocytes.  Although limited evidence is available about the 

existence of the specific actions of “batokines”, their general biological functions suggest that some 

may have autocrine and/or paracrine roles. Brown and beige adipocytes are able to secrete several 

autocrine factors, which leads to inhibited (sLR11) or increased (FGF21, BMP8b, endothelin-1, 

IL-6, LPGDS) thermogenic activity. Thermogenic activation of BAT induces the expression and 

release of FGF21 (Chartoumpekis et al., 2011; Hondares et al., 2011), which is regulated by 

noradrenergic, cAMP-mediated mechanisms (Hondares et al., 2011). As an autocrine regulator, 

FGF21 itself promotes thermogenesis and metabolite oxidation in BAT (Hondares et al., 2010; 

Kleiner et al., 2012).  

BMP8b is produced mainly by mature brown adipocytes and its expression is enhanced as a result 

of thermogenic and nutritional factors, like cold exposure or high-fat diet (HFD). These findings 

of FGF21 and BMP8b suggest a paracrine or autocrine “batokine” function.  
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The expression of Angiopoietin-like 8 (ANGPTL8) or lipasin, is induced as a result of cold in BAT 

(Fu et al., 2013), whereas the secretion of vascular endothelial growth factor A (VEGFA) targets 

endothelial cells and can subserve the vascularization process of BAT itself (Asano et al., 1999; 

Xue et al., 2009).  Lastly, it has been shown recently that Neuregulin 4 (NRG4), which is a member 

of the Epidermal growth factor (EGF) family, is secreted by brown adipocytes and is induced 

during adipocyte differentiation (Rosell et al., 2014; Wang et al., 2014).  

2.8. SGBS cells 

 

Contrary to detailed studies in rodents, there is only limited data about regulatory networks that 

drive human brown or beige adipocyte differentiation. Therefore, human cell line models are 

needed in order to investigate key molecular elements of browning and to find targets of novel 

pharmacological treatments that can enhance browning. A non-immortalized human preadipocyte 

cell line, namely the Simpson-Golabi-Behmel syndrome (SGBS) cell strain was described in the 

last decade by our collaborating partners (Wabitsch et al., 2001). The SGBS is an X-linked, rare, 

congenital overgrowth syndrome, which is characterized by pre- and postnatal growth 

disturbancies, craniofacial dysmorphia, congenical heart diseases, and visceral and skeletal 

abnormalities (Tenorio et al., 2014). Affected people with SGBS have an increased risk of 

developing embryonal type tumors, (Wilms and liver- tumors, Lapunzina et al., 2015). SGBS is 

caused by point mutations or deletions in the glypican-3 (Gpc-3) gene which encodes for a 

membrane associated heparin sulfate proteoglycan. This protein might play a crucial role in the 

control of cell division and growth (Bhowmik et al., 2015).  SGBS cell line was found to be a 

proper model for white adipocyte differentiation (Fischer-Posovszky et al., 2008; Allott et al., 

2012; Schlottmann et al., 2014; Palominos et al., 2015; Sárvári et al., 2015). Wabitsch et al. found 

that SGBS cells behave very similarly to human primary preadipocytes without any differentiation; 
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moreover, in vitro differentiated SGBS adipocytes are functionally indistinguishable from human 

adipocytes. Additionally, they demonstared that SGBS cells have a doubling time of 38 hours ± 1 

hour, which is higher than the doubling time of SVF (Stromal Vascular Fraction) from three healty 

infants. Originally SGBS cells and SVF were cultured in adipogenic media, supplemented with 

insulin, cortisol, T3, which resulted in mature adipocytes within 20 days, as most cells accumulated 

lipid droplets.  Researchers in our group have used essentially the same protocol to differentiate 

SGBS cells (Doan-Xuan et al., 2013). The SGBS started to accumulate lipid droplets after one 

week of the differentiation process. In addition, at day 14 they were completely full of 

triacylglycerols, as shown in Figure 8. 
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Figure 8.  Inspection of SGBS adipocyte differentiation. Representative SGBS cells at different 

cell ages (A); Kinetics of the ratio of adipocytes matured over total number of cells (B). Figure 

adapted from:  Doan-Xuan et al., 2013 

 

 

A 
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2.9. Transglutaminase 2 

 

Transglutaminases (TGs) are widely distributed enzymes with several functions. In mammals, nine 

members have been identified: keratinocyte (TG1), tissue (TG2), epidermal (TG3), prostate (TG4), 

type 5 (TG5), neuronal (TG6), type 7 (TG7), blood coagulation factor XIII A-subunit (FXIII-A) 

and the erythrocyte band 4.2 protein which is catalytically inactive (Griffin et al., 2002). TGs 

belong to a family of functionally and structurally related enzymes which catalyze posttranslational 

modification of proteins in a Ca2+-dependent manner by introducing protein-protein cross-links, 

site-specific deamidation and amine incorporation (Greenberg et al., 1991; Lorand et al.,2003).  

This multifunctional protein, TG2, has different cellular localization and plays a role in several 

physiological (regulation of cell survival - cell death processes, migration, cell adhesion, 

proliferation, signal transduction) and pathological processes (neurodegenerative disorders, coeliac 

disease, inflammatory diseases, metabolic diseases, cancer, fibrosis). Moreover, TG2 is known to 

take part in the differentiation processes of several cell types (Fesus et al., 2002; Iismaa et al., 2009; 

Wang et al., 2012; Eckert et al., 2014; Király et al., 2016). 

Apart from acting as transglutaminase, TG2 also possesses GTPase, protein kinase and protein 

disulphide isomerase activities (Nakaoka et al., 1991; Fesus et al., 2002). TG2 is expressed in 

almost all cell compartments, including the mitochondria, cytoplasm, nucleus and recycling 

endosomes. It can be found on the cell surface, as well as being secreted into the extracellular 

matrix via non-classical mechanisms (Belkin et al., 2011). The structure of TG2 consists of four 

domains: catalytic core domain, N-terminal ß-sandwich and two C-terminal ß-barell 1-2 domains. 

When Ca2+ is bound to the enzyme, the protein can exist in an opened active conformation; 

moreover, it can also be in a closed conformation in the presence of GTP (Pinkas et al., 2007). TG2 

covalently cross-links proteins by producing an isopeptide bond between lysine and glutamine 
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residues (Folk et al., 1977). TG2 is able to incorporate primary amines into glutamine residues of 

proteins and it can cleave the produced cross-links by its isopeptidase activity (Király et al., 2016).  

Previously, a TG2 KO mouse model was generated to uncover the complex biological functions of 

TG2 (De Laurenzi et al., 2001). The researchers found that TG2 KO mice were viable and had 

normal size and body weight, and no apparent abnormalities were visible in organ functions. 

However, other research groups revealed that TG2 participated in a crosstalk between phagocytic 

and dying cells in order to maintain tissue integrity (Sarang et al., 2007; Szondy et al., 2003; Tóth 

et al., 2009). Moreover, it is also required for the differentiation and bacterial killing of neutrophils 

(Balajthy et al., 2006; Csomos et al., 2010). Later on, researchers from another laboratory have 

done more detailed examinations which revealed several abnormalities and important changes that 

were studied under stress and pathological conditions (Fesus et al., 2002). The lack of TG2 led to 

diabetes (Bernassola et al., 2002), impaired wound healing (Sarang et al., 2009) and autoimmunity 

(Sarang et al., 2011).  
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3. AIMS OF THE STUDY 

 

1. To investigate whether brown or beige adipocyte differentiation can be induced in SGBS cells, 

by 

 gene expression profile analysis 

 analysis of the cell morphology by laser scanning cytometry 

 functional Seahorse measurements 

2. To learn the effect of irisin and BMP7 on SGBS cells 

3. To test the involvement of the newly identified creatin-kinase/phosphatase substrate cycle in the 

heat production of SGBS derived adipocytes (ß-GPA treatment during Seahorse measurements) 

4. To clarify whether beige differentiation can be reversed to white adipcoytes or they maintain 

their beige morphology 

5. To quantify the secretion of cytokines (“batokines”) by SGBS adipocytes 

6. To examine the effect of the secreted IL-6 on the beige adipocyte differentiation of primary cells 

7. To examine TG2 gene and protein expression both in white and browning SGBS adipocytes 
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4. MATERIALS AND METHODS 

4.1. Materials 

 

4.1.1. Cell Culture Media   

 

Apo-Transferrin human (Sigma-Aldrich, T2252); Biotin (Sigma-Aldrich, B4639); Cortisol 

(Sigma-Aldrich, H0888); Dexamethasone (Sigma-Aldrich, D1756); Dulbecco’s Modified Eagle’s 

Medium (DMEM)/Nutrient Mixture F-12 Ham (Sigma-Aldrich, D8437); Fetal Bovine Serum 

(FBS) (Gibco, 10270); 3-Isobutyl-1-methylxantin (IBMX) (Sigma-Aldrich, I5879); Insulin solution 

human (Sigma-Aldrich, I9278); Rosiglitazone (Cayman Chemicals, 71740); 3,3′,5-Triiodo-L-

thyronine sodium salt (T3) (Sigma-Aldrich, T6397) ; Penicillin-Streptomycin (Sigma-Aldrich, P4333); 

Pantothenic acid (Sigma-Aldrich, P5155). 

4.1.2. Antibodies  

 

Anti-Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) Antibody, clone 6C5 (Sigma-

Aldrich, MAB374); Anti-mouse IgG (H+L) antibody [HRP] (Covalab, lab0252); Anti-rabbit IgG 

(H+L) antibody [HRP] (Covalab, lab0273); Anti-UCP-1 antibody produced in rabbit (Sigma-

Aldrich, U6382); Anti-UCP-1 antibody (Thermo Fisher Scientific, PA1-24894); Anti-UCP-1 

antibody (R&D Systems, MAB6158); Anti-OXPHOS (Abcam, ab110411); Anti-TG-2 antibody 

(Zedira, T002); Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor® 488 conjugate 

(Thermo Fisher Scientific, A-11034); Human Il-/R alpha antibody (R&D Systems, MAB227); 

IgG1 mouse isotype control antibodies (Sigma-Aldrich, M5284). 

4.1.3. Cell dyes 

Hoechst 33342, Trihydrochloride, Trihydrate (Thermo Fisher Scientific, H1399)  
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4.1.4. Reagents, plates  

2-mercaptoethanol (Sigma-Aldrich, M6250); 3-Guanidinopropionic acid (β-GPA) (Sigma-Aldrich, 

G6878); 5% skimmed milk (Sigma, 1153639010); Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 

D2650); DuoSet ELISA (R&D Systems, DY 201, DY206, DY208, DY210, DY279); 

Ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) (Sigma-Aldrich, E5134); High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368813); GeneJET Genomic DNA 

Purification Kit (Thermo Scientific, K0721); iCys Research Imaging Cytometer (Thorlabs Imaging 

Systems); Immobilon® Western Chemiluminescent HRP Substrate (Merck-Millipore, WBKLS0500); 

Immobilon®-P PVDF Membrane (Merck-Millipore, IPVH00010); Irisin (human recombinant) 

(Cayman Chemicals, 11451); LightCycler 480 (Roche); Maxima SYBR Green/ROX qPCR Master 

Mix (2X) (Thermo Fisher Scientific, K0221); N6,2′-O-Dibutyryladenosine 3′,5′-cyclic monophosphate 

sodium salt (dibutyryl-cAMP) (Sigma-Aldrich, D0627); NucleoSpin® Gel and PCR Clean-up kit 

(Macherey-Nagel,); Oligomycin (Enzo Life Sciences, ALX-380-037); Paraformaldehyde (Sigma-

Aldrich, P6148); PCR Mycoplasma Test Kit I/C (PromoKine, PK-CA91) Protease inhibitor (Sigma, 

P1860); PVDF Immobilon®-P Transfer Membrane (Merck-Millipore, IPVH00010); Recombinant 

Human BMP-7 Protein (R&D systems, 354-BP); Saponin (Sigma-Aldrich, 47036); Taq DNA 

Polymerase, recombinant (5 U/μL) (Thermo Fisher Scientific, EP0401); TaqMan™ reverse 

transcription reagents kit (Applied Biosystems, N8080234); TRI Reagent (Molecular Research 

Center, TR118); Triton X-100 (Sigma-Aldrich, T8787); Trizol reagent (Invitrogen Life Technologies, 

15596026); Trypsin-EDTA solution (Sigma-Aldrich, T3984); TWEEN® 20 (Sigma-Aldrich, P1379); 

XF96 FluxPak mini (Seahorse Biosciences, 102312-100); μ-slide 8 well plate (Ibidi GmbH, 80826). 
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4.2. Methods 

 

4.2.1. Ethics statement 

 

Before the surgical procedure, written informed consent from all participants was obtained. The 

study protocol was approved by the Medical Research Council of Hungary (20571-2/2017/EKU). 

All experiments were carried out according to the approved ethical guidelines and regulations. 

4.2.2. Obtained samples and isolation of hADMSCs 

 

Human adipose-derived mesenchymal stem cells (hADMSCs) were obtained from subcutaneous 

abdominal adipose tissue of healthy volunteers, aged 20-65 years who underwent a planned 

surgical treatment (herniotomy). Patients with known diabetes, abnormal thyroid hormone levels, 

or malignant tumor at the time of surgery, were excluded. Selection was made based on BMI< 

29.9, but not on gender. The adipose tissue samples (1-10 ml) were immediately transported to the 

laboratory after being removed.  Adipose tissue specimens were dissected from fibrous materials 

and blood vessles, minced into small pieces and digested in Phosphate Buffered Saline (PBS) with 

120 U/ml collagenase for 60 min in a 37 °C water bath. Then, the completely disassembled tissue 

was filtered to remove any remaining tissue, by a filter with pore size of 140 µm. As a next step, 

cell suspension was centrifugated at 1300 rpm for 10 minutes. The pellet of hADMSCs was re-

suspended in DMEM-F12 medium supplemented with 10% FBS, 100 U/ml penicillin-

streptomycin, 33 µM biotin and 17 µM pantothenic acid.  

hADMSCs were seeded into Ibidi eight-well μ-slides or 6-well plates at 37°C in 5% CO2 to attach, 

at a density of 3x104 cells/cm2 and cultured in the same medium. After 24 hours,  floating cells 

were washed away with PBS and the remaining hADMSCs were cultured until they became 
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confluent (Kristóf et al., 2015; and 2016). The absence of mycoplasma was tested by polymerase 

chain reaction (PCR) analysis. 

4.2.3. Flow cytometry: characterization of adipose tissue-derived stem cells 

 

To investigate the phenotype of the undifferentiated SGBS preadipocytes, a multiparametric 

analysis of surface antigen expression was performed by three-color flow cytometry using 

fluorochrome-conjugated antibodies with isotype matching controls. After harvesting the cells with 

0,025% trypsin-EDTA, they were washed once with normal medium. Then, cells were washed two 

more times with FACS buffer. Cells were incubated with FACS buffer and fixed in 1% PFA/PBS. 

Analysis was carried out within one day. Samples were measured using FACS Calibur BD flow 

cytometer and data were analyzed using BD Multiset software.  

4.2.4. Cell culture and differentiation of human SGBS preadipocytes into mature white and 

brown adipocytes 

 

For our experiments hADMSCs and Simpson Golabi Behmel Syndrome (SGBS) preadipocytes 

have been used as adipocyte progenitors. SGBS human cell line was kindly provided by our 

collaborating partners, Pamela Fischer-Posovszky and Martin Wabitsch who previously developed 

it.  

SGBS preadipocytes were seeded in 12-well plates or Ibidi-chamber slides at a density of 1,5x104 

cells/cm2 and cultured in DMEM-F12 medium containing 100 U/ml penicillin/streptomycin, 33 

µM biotin, 17 µM pantothenic acid, and 10% FBS at 37ºC in 5% CO2 to getting attached. Cells 

were cultured in this FBS-containing medium until they completely reach confluency.  

The absence of mycoplasma was checked by polymerase chain reaction (PCR) analysis.  
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To induce a white adipogenic differentiation, cells were incubated in serum-free medium for 4 

days, supplemented with 100 U/ml penicillin/streptomycin, 33 µM biotin, 17 µM pantothenic acid, 

2 µM rosiglitazone, 20 nM human insulin, 25 nM dexamethasone, 10 µg/ml human apo-transferrin, 

500 µM 3-isobutyl-1-methylxantine, 100 nM cortisol and 200 pM triiodothyronine. The medium 

was changed after the fourth day; and rosiglitazone, dexamethasone and 3-isobutyl-1-

methylxantine were removed from the differentiation media during the remaining 10 days of 

differentiation. In every fourth day, the differentiation cockatil was replaced (Fischer-Posovszky 

et al., 2008). 

PPARγ-driven browning differentiation was induced for four days using serum-free DMEM/F12 

medium supplemented with 100 U/ml penicillin/streptomycin, 33 µM biotin, 17 µM pantothenic 

acid, 0,85 mM human insulin, 1 µM dexamethasone, 10 µg/ml human apo-transferrin,  500 µM 3-

isobutyl-1-methylxantine and 200 pM triiodothyronine. From the fifth day, cells were futher 

cultured in DMEM/F12 serum-free medium, for the following ten days adding 500 nM 

rosiglitazone while dexamethasone and 3-isobutyl-1-methylxantine were omitted (Elabd et al., 

2009). In long-term experiments either the same culture conditions were applied for 21 and 28 days 

or it was replaced by the white differentiation medium without rosiglitazone, 3-isobutyl-1-

methylxantine and dexamethasone. In every fourth days, the differentiation cockatil was changed. 
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Figure 9. Schematic figure of differentiation process: white cocktail (A), PPARγ-driven 

browning cocktail (B) and long-term differentiation (C) of SGBS cells.  
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Human recombinant irisin was administered at 250 ng/ml concentration, and human recombinant 

BMP7 was used at 50 ng/ml concentration (Raschke et al., 2013; Kristóf et al., 2015). 12-hours-

long irisin or BMP7 treatment was applied after the two weeks-long differentiation program to 

examine the short term effect of them.  Where indicated, the browning inducers mentioned above  

were added to the differentiating cells in increasing concentrations. 

Where indicated, primary adipocytes were treated with human IL-6R alpha or IgG Isotype control 

antibody at 5 µg/ml every day during the whole differentiation.  

To examine the short-term effect of NC9, 9 hours treatment was applied after the two weeks-long 

(14 days) white and PPARγ-driven browning differentiation, then the cells were collected. 

Paralelly, we were curious about the long-term effect of NC9.  During the whole differentiation 

(21 days) NC9 was administered in every fourth day, when the media was replaced and after 21  

days cells were collected.   

4.2.5. RNA isolation, TaqMan™ reverse transcription-coupled quantitative (RT-PCR), 

qPCR  

Differentiated SGBS adipocytes were collected and total RNA was extracted from the samples by 

using Trizol reagent. RNA concentrations were quantified by spectrophotometry. To generate 

cDNA, high-capacity TaqMan™ reverse transcription reagents kit was used according to the 

manufacturer’s instructions. Applied Biosystems designed the gene primers and probes. 

Quantitative real-time PCR (qPCR) was performed in a LightCycler 480 with the program of 10 

seconds at 94ºC, followed by 40 cycles of 12 seconds at 94ºC and 30 seconds at 60ºC. All samples 

were measured in triplicates. Normalized gene expressions values were calculated by the 

comparative delta cycle threshold (∆Ct) method. This method is able to correct the differences 
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between RNA samples in which the Ct of target genes were normalized to Ct of Gapdh, which was 

used as an endogenous control (Taube et al., 2015). Normalized gene expression levels equal 2−ΔCt. 

As all genes were measured at the same time in the same assay for each RNA sample, relative 

quantification was utilized. Using the ∆Ct values, the comparative cycle threshold method was 

used to calculate the fold-change of the different genes, relative to untreated control used as a 

calibrator. Calibrator is assigned a value of 1. The fold changes for target genes presented in Figures 

were calculated as the ratio of expression levels of the untreated comtrol and treated / differentiated 

adipocytes. 

4.2.6. Total DNA isolation and mitochondrial DNA quantification 

 

Total DNA was isolated from differentiated SGBS adipocytes by the phenol-chloroform extraction, 

using Trizol reagent. During the qPCR we were using diluted samples (100 ng DNA), 10µM from 

each primer; human mitochondrial DNA specific primers: 

forward 5’CTATGTCGCAGTATCTGTCTTTG-3’  

reverse 5’-GTTATGATGTCTGTGTGGAAAG-3’ 

nuclear specific primers (SIRT1 gene):  

forward 5’CTTTGTGTGCTATAGATGATATGGTAAATTG-3’ 

reverse 5’GATTAAACAGTGTACAAAAGTAG-3’ 

and Maxima SYBR Green/ROX qPCR Master Mix. LightCycler 480 was used with the program 

of 20 minutes at 95ºC, and 50 cycles of 15 seconds at 95ºC, 20 seconds at 58ºC, 20 seconds at 

72ºC. Relative mitochondrial DNA content was determined from the difference between the 
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threshold cycle (Ct) values for mitochondrial DNA and nuclear specific amplification. Results 

show mitochondrial genomes per diploid nuclei (Szántó et al., 2011; Kristóf et al., 2015; and 2016).  

4.2.7. Antibodies and immunoblotting 

 

Differentiated SGBS adipocytes and undifferentiated control cells were collected and washed once 

with PBS, and then homogenized in 5x Laemmli loading buffer and boiled for 10 min at 100ºC. 

Equal amounts of protein were loaded onto a 12 %-SDS-polyacrylamide gel. Proteins were 

transferred onto a PVDF Immobilon-P Transfer Membrane. Then the membranes were blocked in 

Tris-buffered saline containing 0,05% Tween-20 (TBS-T) and 5% skimmed milk for 1 hour.  

The membranes were then probed at 4ºC with primary antibodies  overnight: polyclonal anti-UCP1 

(1:500, Sigma, U6382; 1:500, Thermo Scientific, PA1-24894), monoclonal anti-UCP1 (1:1000, 

R&D Systems, MAB6158), anti-OXPHOS (1:1000, Abcam, UK, ab110411) and anti-TG2 

(1:1000; Zedira). All of them were diluted into TBS-T containing 1 % non-fat skimmed milk, 

followed by the incubation with horseradish-peroxidase (HRP)-conjugated species-specific 

secondary antibodies for 1 hour at room temperature. For loading control, rabbit polyclonal 

antibody against ß-actin (1:10000, Sigma, A2066) was used overnight at 4°C in TBS-T containing 

1% skimmed milk. Immunoreactive proteins were visualized by Immobilion western 

chemiluminescence substrate. ImageJ software was used to carry out the densitometry 

measurements. 

4.2.8. Immunofluorescence staining  

 

SGBS cells and hADMSCs were plated on eight-well ibidi micro slides and differentiated as 

described in 4.2.4. On the day of measurement, cells were washed once with PBS, then fresh 

medium was added. Cells were stained with Hoechst 33342 (50µg/ml) for 20 minutes.  Next, cells 
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were washed with PBS and fixed in 4% paraformaldehyde for 5 minutes. Then, blocking step was 

carried out with 5% skimmed milk for 2 hours and staining with anti-UCP1 (Sigma, U6382; 1:500) 

for 6 hours at room temperature. As a secondary antibody, Alexa 488 goat anti-rabbit IgG was 

applied. Between and after antibody usage, washing steps were carried out in the presence of 0.1% 

saponin in PBS, to make cells more permeable. 

4.2.9. Laser scanning cytometry 

 

Scanning was done by an iCys Research Imaging Cytometer (iCys, Thorlabs Imaging Systems, 

Sterling, VA, USA). Imaging Cytometer equipped with 405-nm, 488-nm and 633-nm solid-state 

lasers, photodiode forward scatter detectors and photomultiplier tubes with three filters in front. 

The images were processed and analyzed (n=3, 2000 cells per SGBS sample / hADMSCs) by our 

high-throughput automatic cell-recognition protocol, which was developed by Doan-Xuan et al. 

(2013) with some modifications using the iCys companion software (iNovator Application 

Development Toolkit version 7.0, CompuCyte Corporation, Westwood, MA, USA). Cells were 

identified in accordance with their Hoeschst 33342 nuclear staining. Sample slides were mounted 

on a computer-controlled stepper motor-driven stage. An area with optimal confluence was 

selected in low-resolution scout scan with 10x magnification objective and 10 µm scanning step. 

Subsequently, high-resolution images were taken by using 40x objective (NA 0.75) and a 0.25-μm 

scanning step. The size of a pixel was regulated to 0.25µm x 0.245µm at 40x magnification. Laser 

lines were separately operated, namely a 405-nm diode laser was used to excite Hoechst 33342 and 

a solid-state 488-nm laser was used for Alexa 488 goat anti-rabbit IgG. Emissions of Hoechst was 

detected at 450 ± 20 nm and Alexa 488 at 530 ± 15 nm. Transmitted laser light was captured by 

diode photodetectors in which light loss and shaded relief signals were measured to gain 

information about light absorption, light scattering and texture of the objects. Then, images were 
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processed and analyzed by our high throughput automatic cell recognition protocol using the iCys 

companion software (iNovator Application Development Toolkit, CompuCyte Corporation) and 

CellProfiler (The Broad Institute of MIT).   

The hereunder process was used to determine adipocytes in the mixed cultures. Hoechst-stained 

nuclei were identified first and marked as primary objects.  To characterize the lipid droplet content 

of the cells, texture feature was used, therefore cells which contained lipids above a present 

threshold value were considered as adipocytes and they were included in further analysis. On 

texture “sum variance” (SV) vs. UCP1 expression plots undifferentiated progenitor segregated 

from the rest of the cells and were narrowly confined around the (0, 0) coordinates. Image regions 

occupied by these cells were excluded from further analysis. 

Next, the fluorescence signal intensity of the UCP1 immunostaining and the texture sum variance 

of the light scatter signal of lipid droplets were quantified in each cell within the 30-pixel immediate 

outward vicinity of the nucleus contour by the Cell Profiler software. Afterwards, based on these 

fluorescence and light scatter signal of single cells, a semi-automated classification and 

enumeration of the differentiated white and brown adipocytes and undifferentiated preadipocytes 

was carried out applying the trained classification “Fast Gentle Boosting” of the Cell Profiler 

Analyst software.  

4.2.10. Oxygen consumption and extracellular acidification measurements 

 

Real-time oxygen consumption and extracellular acidification rates were measured by using an 

XF96 oximeter (Seahorse Biosciences, North Billerica, MA, USA). SGBS cells and hADMSCs 

were seeded onto 96-well XF96 cell culture microplates. Cells were kept in growth medium at the 

longest for 24 hours and then the differentiation process started as described in 4.2.4. On the days 
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of measurement, after recording the baseline oxygen consumption (OC) and extracellular 

acidification rate (ECAR) for 30 minutes, cells received a single bolus of dibutyril-cAMP at 500 

µM concentration to induce adrenergic stimulation. Then, stimulated OC was measured in every 

30 minutes. The final reading took place at 6 h post-treatment. Differentiated adipocytes were 

treated with 2 mM ß-guanidinopropionic acid to block the creatine-driven substrate cycle (Kazak 

et al., 2015).  In addition, proton leak respiration was measured by oligomycin treatment at 2 µM 

concentration, which blocks the ATP synthase. As a last step, for baseline correction, cells received 

a single bolus of Antimycin A treatment at 10µM concentration. After the measurements, oxygen 

consumption rate (OCR) and ECAR was normalized to protein content. For statistical analysis, the 

fold change of OC and ECAR levels were determined comparing basal, cAMP stimulated and 

oligomycin inhibited (both in unstimulated and stimulated cells) OCRs/ECARs of each sample to 

the basal OCR/ECAR of untreated white adipocytes (Kristóf et al., 2016).  

4.2.11. Determination of cytokine release 

 

In SGBS cell experiment, supernatants were harvested every fourth day during regular replacement 

of differentiation media and stored for cytokine measurements. The concentration of IL-6, IL-1β, 

IL-8, TNFα and MCP-1 was measured from the collected media using ELISA DuoSet Kit (Sárvári 

et al., 2014; and 2015).  

4.2.12. Genotyping 

 

Genomic DNA was purified with GeneJET Genomic DNA Purification Kit according to the 

manufacturer’s protocol. Rs1421085 SNP (single nucleotide polymorphism) was genotyped by 

qPCR using TaqMan genotyping assays and by DNA sequencing. To amplify the corresponding 

genomic region, we designed the following primer pair:  
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Forward: 5’GATGACACACACCATGAGCC 

Reverse: 5’TAACAGTGGAGGTCAGCACA 

Following PCR amplification, we purified the PCR product with NucleoSpin® Gel and PCR 

Clean-up kit. Then the quality of the product was investigated by 2% agarose gel electrophoresis. 

DNA was sequenced by Sanger sequencing method. 

4.2.13. Statistical analysis 

 

Results are expressed as the mean ± SD for the number of assays indicated. The normality of 

distribution of the data was tested by Kolmogorov-Smirnov test. For multiple comparisons of 

groups statistical significance was calculated and evaluated by one-way ANOVA followed by 

Tukey post-hoc test. To compare two groups, two-tailed paired Student’s t-test was used. 

 

 

 

 

 

 

5. RESULTS 
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5.1. SGBS cells express surface markers similarly to primary preadipocytes and are 

heterozygous for the FTO risk allele Rs1421085. 

Firstly, to investigate the phenotype of the undifferentiated SGBS cells used in our experiments, a 

multiparametric analysis of surface antigen expression was performed by three-color flow 

cytometry using the following fluorochrome-conjugated antibodies against: CD18, CD29, CD31, 

CD34, CD36, CD44, CD45, CD47, CD49a, CD49d, CD54, CD73, CD90, CD44, CD105, CD146, 

CD325, CD338, HLA-DR and integrin ß1. We found that hematopoietic/monocyte markers 

(CD34, CD47), endothelial markers (CD54), fibroblast markers (CD73, CD90), integrins and 

CAMs (integrin ß1, CD44, CD325) were expressed on the surface of undifferentiated SGBS 

preadipocytes. Previously, in our laboratory, the surface antigen expression of human adipose-

derived stem cells (hADMSC) was characterized (Sárvári et al., 2014).  As a next step, we made a 

comparison in the surface antigen expression pattern of SGBS preadipocytes to hADMSC cells 

isolated from human abdominal subcutaneous fat. Most of the examined markers were expressed 

similarly in SGBS and primary preadipocytes as shown in Table 1. However, CD34, CD44, CD146 

and HLA-DR expression levels were higher in SGBS preadipocytes, while CD105, CD49a and 

CD31 antigens were expressed at a lower level as compared to primary preadipocytes. 

 

 

 

 

  

Percentage of positive cells 

(SGBS) 

Percentage of positive cells 

(adipocyte-derived stem 

cells) 

CD34 91.50 3.23 



 
 

50 
 

Hematopoietic/ Monocyte 

markers 

CD45 0.00 0.00 

CD47 94.44 99.31 

CD338 (ABCG2) 11.81 not determined 

HLA-DR 87.25 3.73 

Endothelial markers 
CD31 (PECAM) 0.00 6.69 

CD54 (ICAM-1) 74.64 not determined 

MSC/Fibroblast markers 

CD73 98.73 98.37 

CD90 (Thy-1) 98.74 95.05 

CD105 (Endoglin) 80.32 93.20 

Integrins and CAMs 

CD18 0.00 not determined 

CD29 (Integrin ß1) 98.40 99.81 

CD36 80.76 not determined 

CD44 (H-CAM,Hermes) 94.92 78.79 

CD49a (Integrin α1) 74.39 99.52 

CD49d (Integrin α4) 0.00 not determined 

CD146 (MCAM) 85.70 65.27 

CD325 96.36 not determined 

 

Table 1. Analysis of the surface antigen pattern of SGBS preadipocytes and hADMSCs 

preadipocytes. Expression of 18 markers was determined in undifferentiated SGBS preadipocytes 

by flow cytometry. Four groups of markers were tested: hematopoietic/monocyte, endothelial, 

MSC/fibroblast markers, integrins and CAMs. The numbers represent the percentage of positive 

cells. Data of adipose derived stem cells were adopted from Sárvári et al., 2014. The analysis was 

carried out by Dr. Zoltán Veréb. 

Next, we tested the presence of the C risk-allele of the rs1421085 locus; DNA sequencing and 

qPCR-based genotyping analysis determined that SGBS cells are heterozygous for the C risk allele 

(Figure 10.A, B). 
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Figure 10. Analysis of rs1421085 SNP of SGBS preadipocytes. Different genotypes of primary 

adipocytes and SGBS cells displayed by allele distribution plots, analyzed with Applied Biosystems 

QuantStudio 12 K Flex Software v1.2.2. (Fig.10.A). Sequence of the rs1421085 locus in the FTO 

gene showing that SGBS cells are heterozygous for the presence of the C risk allele (Fig.10.B). 

DNA was sequenced by the Sanger sequencing method. Genotyping was carried out by Attila 

Vámos, Sequencing was carried out by Dr. Szilárd Póliska.  
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5.2. SGBS preadipocytes respond to sustained PPARγ ligand and irisin or BMP7 

treatment by inducing either beige or classical brown marker genes. 

The previously described white (initiated by four days treatment with the PPARγ-ligand 

rosiglitazone; Fischer-Posovszky et al., 2008) and browning (with the continuous presence of 

rosiglitazone during differentiation; Elabd et al., 2009) differentiation regimes were applied to 

differentiate SGBS preadipocytes.  

In the two settings, we selected to examine the expression of core set of BAT-specific genes (Ucp1, 

Cidea, Elovl3 and Pgc1α) (Figure 11). The beige selective (Tbx1, Cited1) and “classical brown” 

adipocye marker genes (Zic1, Pdk4) were also examined (Figure 12). The expression of C/ebpß 

which is a key transcriptional regulator of browning was also measured. A marker of mitochondrial 

enrichment (Cyc1) and relative mitochondrial DNA content were investigated as well (Figure 11). 

Finally, key drivers of the adipogenic program (Pparγ) and general (Lep, Fabp4) adipocyte marker 

genes were investigated (Figure 12).    

The browning cocktail highly induced Ucp1 mRNA expression. Similarly, the presence of human 

recombinant irisin or BMP7 resulted in increased Ucp1 mRNA expression on the top of the white 

differentiation protocol; while the presence of irisin or BMP7 in the browning cocktail did not 

enhance Ucp1 expression further (Figure 11).  

In line with the upregulation of Ucp1 gene, we found that mRNA of brown-fat specific genes, like 

Cidea and Elovl3 were also enriched during the administration of the browning cocktail and when 

irisin was added to the white differentiation cocktail. The master regulator of mitochondrial 

biogenesis, Pgc1α was expressed significantly higher in browned SGBS cells as compared to white 

adipocytes and irisin treatment had the same effect (Figure 11). 
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On the contrary, we observed decreased expression of the white adipocyte marker gene, Lep, in 

response to the browning differentiation (the effect of irisin and BMP7 was not remarkable in that 

respect) (Figure 12). The expression level of other adipogenic markers, Cebpb and Pparg, did not 

differ between white and browned SGBS adipocytes. Fabp4 expression was significantly increased 

in case of browned adipocytes as compared to the white ones. Out of these markers, only the 

expression of Pparg was enhanced in response to irisin or BMP7 treatment (Figure 12). 
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Figure 11. Browning of SGBS cells is induced by PPARγ-driven differentiation cocktail, irisin 

or BMP7 treatment. Normalized expression of Ucp1, Cidea, Elovl3 and Pgc1α genes in SGBS 

adipocytes. SGBS preadipocytes were differentiated to white (W) or beige (B) for two weeks; 

human recombinant irisin treatment at 250 ng/ml concentration (green bars) or BMP7 treatment 

at 50 ng/ml concentration (red bars) were applied to induce browning of SGBS cells from day 1. 

Gene expression was determined by RT-qPCR and target genes were normalized to Gapdh. For 

multiple comparisons of groups statistical significance was evaluated by one-way ANOVA followed 

by Tukey post-hoc test n=5 *p<0.05; **p<0.01 
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Figure 12. Expression of adipogenic markers in SGBS adipocytes. Normalized expression of 

Lep, Cebpβ, Pparg and Fabp4 genes in SGBS adipocytes. SGBS cells were differentiated and 

treated, gene expression was determined as in Figure 11. For multiple comparisons of groups 

statistical significance was evaluated by one-way ANOVA followed by Tukey post-hoc test. n=5 

*p<0.05; **p<0.01 

 

The expression level of the mitochondrial enrichment marker, Cyc1, was significantly higher in 

browned adipocytes compared to white ones. Moreover, irisin treatment resulted in similar effect 

on white adipocytes. Undifferentiated SGBS preadipocytes contained high mitochondrial DNA 
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(mtDNA). In case of white adipocytes we could detect relatively low mitochondrial DNA amount 

and Irisin treated white adipocytes also have significantly elevated level of it, however, the effect 

of BMP7 was moderate. The mitochondrial DNA content was the highest in the case of browned 

cells after the administration of the PPARγ-driven browning differentiation cocktail (Figure 13). 

Figure 13. Browning of SGBS cells is induced by PPARγ-driven differentiation cocktail, irisin 

or BMP7 treatment. Normalized expression of Cyc1 gene and relative mitochondrial DNA 

amount of SGBS adipocytes. SGBS cells were differentiated and treated as in Figures 11-12. Gene 

expression was determined by RT-qPCR and target gene was normalized to Gapdh. Relative 

mitochondrial DNA content of preadipocytes and differentiated SGBS cells was determined by 

quantitative PCR. For multiple comparisons of groups statistical significance was evaluated by 

one-way ANOVA followed by Tukey post-hoc test.  n=5 *p<0.05; **p<0.01 

 

As a next step, we intended to ask a question whether the beige-selective marker genes, including 

Tbx1 (Wu et al., 2012) and Cited1 (Sharp et al., 2012) or classical brown adipocyte markers, like 

Zic1 (Cypess et al., 2013) were induced in SGBS cells. In line with the increased Ucp1 expression, 

we found that irisin or the browning protocol resulted in marked upregulation of Tbx1 and Cited1 
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but no Zic1 induction. We could detect no further increase in the expression of Tbx1 and Cited1 

when irisin was added on top of the browning protocol. BMP7, on the other hand, only upregulated 

Zic1 markedly and even prevented Tbx1 induction when it was combined with the browning 

differentiation cocktail (Figure 14). The expression of Tmem26 and Shox2, proposed beige-

markers (Perdikari et al., 2018) reported in mouse studies, remained at a low level in the browned 

SGBS adipocytes compared to the white ones (Figure 15). Interestingly, Pdk4, originally described 

as a classical brown marker in mice (Cheng et al., 2018), showed a similar expression pattern as 

the beige-selective Tbx1 and Cited1, in SGBS adipocytes (Figure 14). 
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Figure 14. Browning of SGBS cells is induced by PPARγ-driven differentiation cocktail, irisin 

or BMP7 treatment. Normalized expression of Tbx1, Cited1, Zic1 and Pdk4 genes in SGBS 

adipocytes. SGBS cells were differentiated and treated as in Figures 11-13. (Gene expression was 

determined by RT-qPCR and target genes were normalized to Gapdh.) For multiple comparisons 

of groups statistical significance was evaluated by one-way ANOVA followed by Tukey post-hoc 

test. n=5 *p<0.05; **p<0.01 
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Figure 15. Expression of beige markers in SGBS adipocytes.  Normalized expression of 

Tmem26, Shox2, Itgav and Pm20d1 genes in SGBS adipocytes. 

SGBS cells were differentiated and treated as in Figures 11-14. (Gene expression was determined 

by RT-qPCR and target genes were normalized to Gapdh.) For multiple comparisons of groups 

statistical significance was evaluated by one-way ANOVA followed by Tukey post-hoc test. n=5 

*p<0.05; **p<0.01 
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Then, we investigated the concentration dependence of the irisin and BMP7 effects during white 

adipocyte differentiation in SGBS cells. In rodents, irisin plasma concetrations were detected 

(Boström et al., 2012) more than 10-fold higher (> 100 ng/µl) than in humans, which was 

investigated by Jedrychowski et al. They found that irisin was present at 3-4 ng/ml concentration 

in human blood plasma in the case of sedentary life; however, it increased  to 4-5 ng/ml  in response 

to aerobic exercise (Jedrychowski et al., 2015).  

Itgav, the gene which encodes the specific subunit of the recently discovered irisin receptor (Kim 

et al., 2018) is expressed both in undifferentiated SGBS preadipocytes and in differentiated 

adipocytes to the same extent. Pm20d1 which encodes the secreted enzyme peptidase M20 domain 

containing 1 (Long et al., 2016) was significantly higher in browned adipocytes, as well as irisin 

treated white adipocytes, as compared to control ones  (Figure 15). This means that browned SGBS 

adipocytes are able to produce N-acyl amino acids which can function as endogenous uncouplers 

of UCP1-independent thermogenesis.  

Only a slight increase could be observed in Ucp1 expression at 5 ng/ml concentration of irisin as 

compared to untreated cells. Although, irisin treatment was efficient above 50 ng/ml concentrations 

on the induction of Ucp1. The same trend was observed when the expression of Tbx1, Cyc1, Elovl3 

and Pgc1a was analyzed (Figure 16).  

The administration of BMP7 to the white adipogenic differentiation cocktail in increasing 

concentrations resulted in upregulated expression of Ucp1 and Cidea brown marker genes as 

compared to the untreated white adipocytes. Contrarily, we observed downregulation of Lep at 100 

ng/ml BMP7 concentration. However, no significant changes were observed in the expression of 

Tbx1, Cyc1 and Elovl3 as a result of BMP7 treatment (Figure 17). 
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Figure 16. Concentration dependence of the Irisin effect during the white adipocyte 

differentiation program of SGBS cells Normalized expression of Ucp1, Tbx1, Cyc1, Elovl3, 

Pgc1a and Lep genes in SGBS adipocytes which were harvested after 14 days differentiation as 

described in Figure 11. Gene expression was determined by RT-qPCR and genes were normalized 

to Gapdh. For multiple comparisons of groups statistical significance was evaluated by one-way 

ANOVA followed by Tukey post-hoc test *p<0.05; **p<0,01, n=3 
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Figure 17. Concentration dependence of the BMP7 effect during the white adipocyte 

differentiation program of SGBS cells.  Normalized expression of Ucp1, Tbx1, Cyc1, Elovl3, 

Cidea and Lep genes in SGBS adipocytes which were harvested after 14 days differentiation as 

described in Figure 11. Gene expression was determined by RT-qPCR and genes were normalized 

to Gapdh. For multiple comparisons of groups statistical significance was evaluated by one-way 

ANOVA followed by Tukey post-hoc test *p<0.05; **p<0,01, n=3 
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5.3. Laser scanning cytometry can quantify SGBS adipocyte browning. 

 

Next, we investigated the morphological characteristics of the white and browned SGBS cells by 

assessing the textural parameters and UCP1 protein content of the individual adipocytes using laser 

scanning cytometry (LSC). SGBS adipocytes are able to accumulate lipid droplets as a result of 

14-day-long adipocyte differentiation, formerly this phenomenon was quantified using LSC by 

Doan-Xuan et al. (2013). Applying image analysis, single cells were identified based on their nuclei 

and classified according to their UCP1 content and lipid droplet structure (Figure 18). An overview 

image of a sample of browning differentiation can be found in the Figure 19. As a result of the 14-

day-long PPARγ-driven browning differentiation, we found higher UCP1 content either in single 

SGBS adipocytes or in total cell lysates, as compared to white. In addition, we detected enhanced 

UCP1 protein content in response to irisin or BMP7 supplementation.  

Next, we plotted texture sum variance and UCP1 protein content for each differentiated adipocyte 

(undifferentiated cells were omitted from the analysis). Adipocytes with morphological 

characteristics of browning were detected as they contained smaller lipid droplets and had high 

levels of UCP1 as compared to white adipocytes. On the other hand, white adipocytes had larger 

lipid droplets and contained low amount of browning marker protein. Our results indicate that the 

population of differentiated adipocytes remains heterogeneous regardless of whether white or 

browning protocol was applied. Furthermore, we could detect a significant amount of adipocytes 

with the characteristic morphological features of browning even in response to the white 

differentiation. In contrast to to primary adipocytes (Kristóf et al., 2015; Abdul.Rahman et al., 

2016) the texture sum variance did not decrease significantly during the induction of browning 

marked by elevated UCP1 expression (Figure 20). 
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Figure 18.  Morphological features of browning SGBS adipocytes that were induced by 

PPARγ-driven differentiation cocktail, irisin or BMP7 treatment. UCP1 content, lipid droplets 

and nuclei are shown in gallery images (N=9) of selected cells within the white and brown 

differentiated adipocytes. SGBS preadipocytes were differentiated and treated as described in 

Figure 11. n=3, 1000-2000 cells per each sample. UCP1 protein content of browning induced 

adipocytes (PPARγ-driven differentiation cocktail, irisin or BMP7 treatment) as compared to white 

adipocytes. Expression of UCP1 at protein level in SGBS adipocyte lysates detected by 

immunoblotting (c). *p<0.05; **p<0.01 Image analysis was carried out by Dr. Zsolt Bacsó. 
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Figure 19. Well images (size: width = 996 μm, height = 957 μm, four images in the upper panel) 

and field images (four images in the bottom panel) of the green (UCP1 – Alexa-488 labeled 

indirect immunostaining, upper left image in both panels), blue (nuclei - Hoechst 33342 staining, 

upper right images) and light scatter (bottom left images) channels and merged images of the 

previous three channels (bottom right images) captured by the iCys laser-scanning cytometer. 

This well image, which is an overview image of an appropriately selected area of the sample is 

composed of 2 x 5 higher resolution field images in the three channels (A). One of these higher 

resolution field images in each channel is shown in the bottom panel (B). The original location of 

this field image is indicated by the grey rectangular line in the top left UCP1 channel well image. 

In every imaging measurements, approximately 5-20 well images were manually selected and 

automatically recorded. In the image analysis step, individual cells were identified and classified 

and in the Figure 18. mosaic image 9 of these single cells are shown. Image analysis was carried 

out by Dr. Zsolt Bacsó. 
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Figure 20. Density plot figures show texture sum variance and UCP1 protein content of 

differentiated single cells in one representative SGBS replicate. SGBS cells were differentiated 

as in Figure 11. Density plot images showing texture sum variance and Ucp1 content of 

differentiated cells in one representative SGBS replicate. Browning adipocytes can be identified as 

cells containing small lipid droplets and high levels of UCP1 protein. Density plot figures was 

carried out by Dr. Zsolt Bacsó. 

5.4. Differentiated SGBS adipocytes respond to activation as functional beige cells 

and can use the creatine phosphate cycle. 

Next, we intended to investigate the functional capacity of human SGBS adipocytes. Cells were 

differentiated in the presence of browning-inducers and mitochondrial oxygen consumption rate 

(OCR) was measured. In accordance with the gene expression and morphological changes, we 
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found higher basal OCR after the browning was induced by either PPARγ ligand, irisin or BMP7. 

We stimulated the adipocytes by a single bolus dose of cell permeable dibutyryl-cAMP. OCR of 

browning adipocytes was elevated more robustly as compared to the white adipocytes (Figure 21). 

A similar trend was observed when ATP synthase activity was inhibited as a result of oligomycin 

treatment which is an inhibitor of ATP synthase, and can be used to quantify proton leak 

respiration. Both basal and cAMP-stimulated proton leak OCRs were significantly higher in 

browned than in white adipocytes (Figure 21).  

In parallel, we detected significantly increased extracellular acidification rate (ECAR) both in 

untreated and cAMP-stimulated browned adipocytes as compared to white cells (Figure 22).  

Furthermore, we found it important to examine what proportion of cAMP induced OCR is related 

to the UCP1 independent creatine phosphate futile cycle, a characteristic feature of beige 

adipocytes, utilizing ß-guanidinopropionic acid (β-GPA) which is an inhibitor of this cycle (Kazak 

et al., 2015). In case of the browned SGBS cells, the creatine-cycle related OCR was appreciably 

elevated in contrast to untreated white adipocytes, and the same trend was observed as a result of 

irisin or BMP7 treatment on white adipocytes (Figure 22). Mitochondrial creatine kinases, Ckmt1a 

and Ckmt2, were expressed at a significantly higher level in the browned SGBS adipocytes as 

compared to those which were differentiated to white. In undifferentiated preadipocytes the 

expression level of these genes was below the detection limit (Figure 22). This suggests that the 

creatine phosphate futile cycle is present and active in browned SGBS adipocytes induced either 

by PPARγ-driven browning differentiation or by the administration of irisin and BMP7 during 

white differentiation, demonstrating that the browned SGBS adipocytes functionally resemble 

beige cells.  
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Figure 21. Functional measurements detect high oxygen consumption and significant 

involvement of the creatine substrate cycle in Rosiglitazone, irisin and BMP7 differentiated 

browning adipocytes. SGBS preadipocytes were differentiated and treated as in Figure 11. 

Mitochondrial oxygen consumption rate (OCR) of differentiated SGBS cells of one representative 

measurement determined by a Seahorse XFe96 analyzer. Basal, dibutyryl-cAMP-stimulated and 

oligomycin-inhibited oxygen consumption levels in SGBS cells, as compared to basal OCR of 

white-directed adipocytes. Extracellular acidification rate (ECAR) of differentiated SGBS cells 

measured by a Seahorse XFe96 analyzer n=4 *p<0.05. 
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Figure 22. Functional analysis of differentiated SGBS cells treated with irisin or BMP7 and 

expression of mitochondrial creatine kinases (Ckmt1a and Ckmt2) in SGBS adipocytes. SGBS 

preadipocytes were differentiated and treated as in Figure 11. Inhibitory effect of ß-

guanidiopropionic acid (ß-GPA) (at 100mg/ml concentration) on the oxygen consumption of SGBS 

adipocytes. n=4 *p<0.05; **p<0.01. Gene expression was determined by RT-qPCR and target 

genes were normalized to Gapdh. n=3 *p<0.05 

5.5. The brown/beige adipocyte phenotype of differentiated SGBS cells is maintained 

in the absence of the PPARγ-ligand. 

In order to determine whether the PPARγ-driven differentiation could maintain a beige phenotype 

in a longer time frame, we performed a long-term experiment after 2 weeks altogether for 21 or 28 
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days; and in parallel samples the browning cocktail was replaced by the white differentiation 

cocktail for the third (B14,W7) and the fourth week (B14,W14). 

We could detect the highest expression of Ucp1 at day 28, at the end of the long-term browning 

differentiation program. When we replaced the browning cocktail to white, Ucp1 mRNA level was 

increased at least until day 21, then dropped to the level of day 14. UCP1 protein expression was 

investigated by Western blot, either when the white or when the PPARγ-driven differentiation 

process was carried out. We found that UCP1 protein was slightly expressed in browned cells after 

14 days of  differentiation. Long-term rosiglitazone induction led to further robust upregulation of 

UCP1 at protein level. When the PPARγ stimulus was omitted after 2 weeks of browning 

differentiation program, the expression level of UCP1 protein was slightly increased by the end of 

the third week, and it was still detectable one week later at a lower level (Figure 23). 

At the end of the fourth week of differentiation process, we detected a six-fold higher UCP1 protein 

content by immunohistochemistry as a result of the browning cocktail as compared to white. When 

the PPARγ-agonist was replaced by the white differentiation protocol for the last 2 weeks, the 

UCP1 protein content per cells did not change robustly as compared to adipocytes maintained 

continuously in the presence of the PPARγ-driven differentiation regimen. Paralelly, similar 

texture sum variance was detected in both cell populations (Figure 25). 

 

In paralell, we examined brown-fat specific genes: Cidea and Elovl3; similarly to Ucp1, further 

upregulation was observed when we continued the administration of the browning protocol; when 

PPARγ-stimulation was eliminated, their expression levels remained elevated as compared to B14. 
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The replacement of the cocktails from browning to white without rosiglitazone did not induce de 

novo white adipogenesis, marked by the continuous low expression of Lep (Figure 24). 

 

 

Figure 23. PPARγ-driven differentiation can be maintained in long-term cultures of 

browning adipocytes. SGBS preadipocytes were differentiated to white (W) or beige (B) for two, 

three and four weeks (indicated by the number of days), respectively. At day 14, the PPARγ-driven 

browning cocktail was replaced by the white without rosiglitazone for additional one (B14,W7) or 

two weeks (B14,W14). Expression of UCP1 at mRNA and protein level. Normalized expression of 

Ucp1 gene by RT-qPCR and target genes were normalized to Gapdh. For multiple comparisons of 

groups statistical significance was evaluated by one-way ANOVA followed by Tukey post-hoc test. 

n=4*; p<0.05; **p<0.01 
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Figure 24. PPARγ-driven differentiation can be maintained in long-term cultures of 

browning adipocytes. SGBS preadipocytes were differentiated as in Figure 23. Normalized 

expression of Cidea, Elovl3 and Lep genes by RT-qPCR and target genes were normalized to 

Gapdh. For multiple comparisons of groups statistical significance was evaluated by one-way 

ANOVA followed by Tukey post-hoc test. n=4*; p<0.05; **p<0.01 

 

 

Figure 25. PPARγ-driven differentiation can be maintained in long-term cultures of 

browning adipocytes. SGBS preadipocytes were differentiated as in Figure 23. Density plot 

figures show texture sum variance and UCP1 protein content of differentiated cells detected by 

Laser-scanning cytometry in one representative SGBS replicate; n=3, 1000-2000 cells per each 

sample. *p<0.05; p**<0.01 Density plot figures was carried out by Dr. Zsolt Bacsó. 
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Mitochondrial oxidative phosphorylation (OXPHOS) plays a fundamental role in the energy 

production of brown/beige adipocytes (Hüttemann et al., 2007). We found that protein expression 

of mitochondrial respiratory components in complex II, III and IV followed the same pattern of 

UCP1 expression in SGBS adipocytes. We detected higher expression of respiratory chain proteins 

in browned adipocytes as compared to control white adipocytes indicating stimulated 

mitochondrial biogenesis (Figure 26). The omitted PPARγ agonist resulted in only a slight 

reduction in the level of these proteins, suggesting the clearance of a small fraction of the 

mitochondria. These results suggest that the signaling pathways driving the beige phenotype in 

SGBS cells can be maintained at least for two consecutive weeks, even when rosiglitazone is 

eliminated from the differentiation media. 

 

Figure 26. Expression of mitochondrial complex subunits detected by immunoblotting. SGBS 

preadipocytes were differentiated as in Figures 23-25. Relative optical density was determined by 

Image J software. ß-actin was used as endogenous control, n=3. All gels were run under the same 

conditions. 
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5.6. Browning cocktail resulted in increased expression of IL-8, Il-6 and MCP1 

cytokines compared to white adipocytes. 

Additionally, we investigated the secretion of cytokines by human SGBS cells. Differentiation 

media were collected during the regular replacement of the adipogenic cocktails and IL-8, IL-6, 

IL1ß, TNFα and MCP-1 were measured by ELISA after samples stored on the 1st and 2nd  weeks of 

differentiation were pooled. Neither undifferentiated nor differentiated adipocytes secreted TNFα 

and IL-1ß.  

 

 

Figure 27. IL-8 secretion by differentiated SGBS treated with irisin or BMP7. 

SGBS cells were differentiated for two weeks as described in Figure 11. Supernatants were 

collected and pooled during the 1st and 2nd week of differentiation and secreted IL-8 was measured 

by sandwich ELISA. Data are expressed as the mean± SD for 3 independent experiments. For 

multiple comparison of groups statistical significance was evaluated by one-way ANOVA followed 

by Tukey post-hoc test. *p<0.05, n=3 
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Figure 28. IL-6 secretion by differentiated SGBS treated with irisin or BMP7.  

SGBS cells were differentiated for two weeks as described in Figure 11. Supernatants were 

collected and pooled during the 1st and 2nd week of differentiation and secreted IL-6  was measured 

by sandwich ELISA. Data are expressed as the mean± SD for 3 independent experiments. For 

multiple comparison of groups statistical significance was evaluated by one-way ANOVA followed 

by Tukey post-hoc test. *p<0.05, n=3 

 

In undifferentiated preadipocytes, IL-8, IL-6 and monocyte chemoattractant protein-1 (MCP1) 

were detected at a comparatively high level. Interestingly, the secretion of these cytokines was 

significantly higher by browned adipocytes as compared to white adipocytes (Figure 27-29). In 

contrast to BMP7 administration, irisin treatment resulted in an increased total IL-8 production. 



 
 

76 
 

 

Figure 29. MCP1 secretion by differentiated SGBS treated with irisin or BMP7. 

SGBS cells were differentiated for two weeks as described in Figure 11. Supernatants were 

collected and pooled during the 1st and 2nd week of differentiation and secreted MCP1 was 

measured by sandwich ELISA. Data are expressed as the mean± SD for 3 independent experiments. 

For multiple comparison of groups statistical significance was evaluated by one-way ANOVA 

followed by Tukey post-hoc test. *p<0.05, n=3 

 

5.7. Continuous inhibition of the IL-6 receptor resulted in a downregulation of UCP1 

and extracellular acidification during browning differentiation. 

Thermogenic, noradrenergic activation of brown adipocytes is in line with increased IL-6 

expression (Burysek et al., 1997). In mice, it has been shown that IL-6 is necessary for the induction 

of browning of WAT as a result of cold exposure, as shown by inhibited UCP1 protein induction 

in IL-6-null mice (Knudsen et al., 2014). In contrast to IL-6-null-mice, overexpression of this 

cytokine led to reduced body weight in all regions (Peters et al., 1997). Recently we examined the 

cytokine secretion of human adipose tissue samples and primary adipocytes and we found the IL-
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6 secretion was maintinaed until the end of the differentiation program (Kristóf et al., 2019). 

Therefore, we investigated the effect of a continuous blocking of IL-6 receptor alpha (encoded by 

IL6A gene) with an antibody (Munir et al., 2016) in hADMSCs. To examine the changes in the 

morphological charachteristics of browned adipocytes as a result of IL-6-receptor inhibition, the 

previously introduced slide-based image-cytometry approach was used (Doan-Xuan et al., 2013; 

Krisóf et al., 2016). With this method we could detect the texture and UCP1 protein content in 

single adipocytes. When the blocking antibody was applied on top of the PPARƔ-driven browning 

protocol, it resulted in increased texture sum variance (Figure 30.A), which associated with larger 

lipid droplets, meanwile the mean Ucp1 intensity decreased (Figure 30.B). These results suggest 

that the differentiation shifted towards producing more white adipocytes (Figure 30.C).  
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Figure 30. Morphological features of the primary adipocytes differentiated in the presence 

of anti-IL-6 receptor. Abdominal subcutaneous hADMSCs were differentiated to white (W) or 

beige (B) for two weeks; human IL-6R alpha or IgG Isotype control antibody was applied at 5µg/ml 

every day during the whole differentiation. The experiment was repeated five times with ADMSCs 

from independent healthy donors. (A) Texture sum variance (as compared to untreated beige 

adipocytes). (B) Median Ucp1 protein content of adipocytes per cell. (C) Contour plot figures 

which show single cell data of texture sum variance and Ucp1 protein content of differentiated 

adipocytes of one representative donor based on browning adipocytes, which contain small lipid 

droplets and high levels of Ucp1, are identified. For multiple comparisons of groups statistical 

significance was evaluated by one-way ANOVA followed by Tukey post-hoc test.**p < 0.01, *p < 

0.05. 2000 cells / each sample. Density plot figures was carried out by Dr. Zsolt Bacsó. 
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As a next experiment, functional capatity of adipocytes treated with anti-IL-6 receptor was 

measured (Figure 31). The sensitivity to cAMP and basal, stimulated or proton leak OCR was not 

reduced significantly (Figure 32).  However, the basal and cAMP-stimulated ECAR were 

significantly decreased in response to sustained IL-6 receptor inhibition (Figure 33.).  

 

 

Figure 31. Ucp1 expression of the primary adipocytes differentiated in the presence of anti-

IL-6-receptor. Abdominal subcutaneous hADMSCs were differentiated as in Figure 30. Effect of 

short-term cAMP treatment on the expression of Ucp1 gene in adipocytes. Cells received a single 

bolus of dibutyril-cAMP at 500 μM concentration for 4 h. The experiment was repeated five times 

with ADMSCs from independent healthy donors. Normalized gene expression was determined by 

RT-qPCR, target gene was normalized to Gapdh. For multiple comparisons of groups statistical 

significance was evaluated by one-way ANOVA followed by Tukey post-hoc test. *p < 0.05. 
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Figure 32. Oxygen consumption of the primary adipocytes differentiated in the presence of 

anti-IL-6-receptor Abdominal subcutaneous hADMSCs were differentiated as in Figures 30-31. 

Basal, cAMP stimulated and oligomycin inhibited oxygen consumption (OCR) levels (as compared 

to basal OCR of white adipocytes) in 4 different hADMSC-derived adipocyte donors. OC of 

adipocytes was measured with an XF96 oxymeter. After recording the baseline OC, cells received 

a single bolus dose of dibutyril-cAMP. Proton leak respiration was determined after adding 

oligomycin to block ATP synthase activity. For multiple comparisons of groups statistical 

significance was evaluated by one-way ANOVA followed by Tukey post-hoc test. *p < 0.05. 
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Figure 33. Extracellular acidification of the primary adipocytes differentiated in the presence 

of anti-IL-6-receptor. Abdominal subcutaneous hADMSCs were differentiated as in Figures 30-

31. Basal and cAMP-stimulated extracellular acidification levels (as compared to basal ECAR of 

isotype control (ITC)-treated white adipocytes) in 4 different adipocyte donors measured with an 

XF96 oxymeter. For multiple comparisons of groups statistical significance was evaluated by one-

way ANOVA followed by Tukey post-hoc test. *p < 0.05. 

 

5.8. TG2 is expressed at a higher level in browned adipocytes and as a result of its 

inhibition both TG2 and UCP1 expression decreased. 

We also analyzed the gene and protein expression of TG2 during the long-term experiment. Our 

results show that Tg2 is expressed at a higher level in browned SGBS adipocytes (Figure 34). 

Furthermore, TG2 expression is correlating with UCP1 expression at mRNA and protein level as 

well (Figures 23 and 34). NC9 is a penetrating, irreversible, site-specific inhibitor of TG2, which 

inbibits both transamidase and guanosine triphosphate-binding acitvities.  NC9 can transform TG2 

from its closed conformation to its open form, modulating both its activity and conformation 

(Keillor et al., 2008; Caron et al., 2012). To test the short-term effect of NC9 we applied it for 9 

hours after 14 days of white and PPARƔ-driven browning differentiation. For long-term 
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examination we administered NC9 during the whole differentiation (21 days) both to white and 

browning cocktail, in every fourth day when the medium was changed. As a result of NC9 treament, 

either for 9 hours or 21 days in differentiated brown SGBS adipocytes, that both Tg2 and Pm20d1 

gene expression were significantly decreased (Figure 35) as compared to untreated browned 

adipocytes. 21-day-long NC9 treatment on browned adipocytes led to significantly lower 

expression of Ucp1. In case of white adipocytes we did not observe any significant difference 

between the NC9 treated and untreated cells. Moreover, we could not determine any difference 

between differentiated SGBS cells in the presence or absence of NC9 in Tg5 epxression which 

means there is no compensatory upregulation as a result of NC9 (Figure 37). In case of 

differentiated white adipocytes, we could not see any effect of NC9 on the gene expression profile 

of Ucp1, Tg2, Tg5 or Pm20d1.  

 

Figure 34. TG2 gene and protein expression in white and browned SGBS cells. SGBS 

preadipocytes were differentiated as in Figures 31-33. Tg2 gene was normalized to Gapdh. For 

multiple comparisons of groups statistical significance was evaluated by one-way ANOVA followed 

by Tukey post-hoc test. Relative optical density was determined by Image J software. ß-actin was 

used as endogenous control. All gels were run under the same conditions. n=3 *p<0.05; **p<0.01 
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Figure 35. Browning of SGBS cells is decreased as a result of 9 hours or 21 days long NC9 

treatment. Normalized expression of Ucp1, Tg2, Tg5, Pm20d1 genes in SGBS adipocytes. SGBS 

cells were differentiated with white and browning differentiation cocktail for 21 days with NC9 

supplementation. (Gene expression was determined by RT-qPCR and target genes were normalized 

to Gapdh.) For multiple comparisons of groups statistical significance was evaluated by one-way 

ANOVA followed by Tukey post-hoc test. n=3 *p<0.05; **p<0.01 

 

We also tested the changes of protein expression in TG2 (Figure 36) and UCP1 (Figure 37) in 

response to the white and browning differentiation cocktail in the presence or absence of NC9 

treatment for 9 hours or 21 days, respectively. In line with the results of gene epxression we found 

that the 21-day-long NC9 administration resulted in significantly decreased TG2 protein expression 

on differentiated browned adipocytes (Figure 36). However, we did not observe significant 

changes as a result of 9 hours long NC9 treatment in either white or browned adipocytes. A similar 
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trend was found in the case of UCP1 protein expression, which showed a robust reduction in 

response to the 21-days long NC9 treatment of browned adipocytes (Figure 37), although, 9 hours 

treatment did not influence notably the expression level of UCP1 either in white or in browned 

SGBS cells.  

    

 

 

 

      

Figure 36. TG2 protein expression of differentiated SGBS cells after 9 hours or 21 days long 

NC9 treatment. SGBS cells were differentiated and treated as in Figure 35. The expression level 

of TG2 in SGBS cells in the presence or absence of NC9 treatment was detected using Western Blot 

analysis. Relative optical density was assessed by densitometry using Image J softwares. The 

loading control was ß-actin. Data are mean ±SEM of 3 independent measurements. 
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Figure 37. UCP1 protein expression of differentiated SGBS cells after 9 hours or 21 days long 

NC9 treatment. SGBS cells were differentiated and treated as in Figures 35-36. The expression 

level of UCP1 in SGBS cells in the presence or absence of NC9 treatment was detected using 

Western Blot analysis. Relative optical density was assessed by densitometry using Image J 

softwares. The loading control was ß-actin. Data are mean ±SEM of 3 independent measurements. 

 
Finally, we investigated the functional capacity of human SGBS cells differentiated in the presence 

of NC9. In line with the previous results, PPARƔ-driven differentiation cocktail led to higher basal 

OCR than white (Figure 38). The presence or absence of NC9 during the differentiation did not 

affect significantly the basal OCR of adipocytes. After the cells received a single bolus dose of 

dibutyryl-cAMP adrenergic stimulation, we found that browned adipocytes differentiated in the 

presence or absence of NC9 had significantly increased stimulated mitochondrial respiration as 

compared to white. ATP synthase activity was inhibited after adding oligomycin. ß-GPA (creatine 
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analogue which reduces creatine levels in the cells) resulted in decreased OCR both in white and 

browned adipocytes, in treated and untreated cells. Surprisingly, as a result of NC9 treatment we 

did not observe any significant changes in the functional capatity either in white or in browned 

cells (Figure 38). Basal and cAMP-stimulated extracellular acidification levels were measured and 

Figure 41. shows that ECAR was significantly increased in case of browned SGBS cells both in 

basal and stimulated cells. However, NC9 treatement did not affect robustly the ECAR of the 

differentiated SGBS cells (Figure 39). In case of the browned SGBS cells, the creatine-cycle 

related OCR was appreciably increased in contrast to untreated white adipocytes, and the same 

trend was observed as a result of NC9, but the difference was not statistically significant (Figure 

39).  
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Figure 38. Functional measurements detect high oxygen consumption in browning adipocytes 

and no significant effect of the NC9 treatment. SGBS preadipocytes were differentiated and 

treated as in Figures 35-37. Mitochondrial oxygen consumption rate (OCR) of differentiated SGBS 

cells of one representative measurement determined by a Seahorse XF96 analyzer. Basal, 

dibutyryl-cAMP-stimulated and oligomycin-inhibited oxygen consumption levels in SGBS cells, as 

compared to basal OCR of white-directed adipocytes. n=3  
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Figure 39. Functional analysis of differentiated SGBS cells treated with NC9. SGBS 

preadipocytes were differentiated and treated as in Figures 35-38. Extracellular acidification rate 

(ECAR) of differentiated SGBS cells measured by a Seahorse XF96 analyzer. Inhibitory effect of 

ß-guanidiopropionic acid (ß-GPA) (at 100mg/ml concentration) on the oxygen consumption of 

SGBS adipocytes. For multiple comparisons of groups statistical significance was evaluated by 

one-way ANOVA followed by Tukey post-hoc test. n=5 *p<0.05; **p<0.01  
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6. DISCUSSION  
 

1. Distribution of BAT in the human body and studying browning of hADMSCs. 

BAT allows mammals to maintain their body temperature by non-shivering thermogenesis. BAT 

is highly abundant in human newborns and essential for their survival in the absence of other 

thermogenic means (Cannon et al., 2004). It can be found in human adults as well, where its 

presence is associated with lower body weight (Lichtenbelt et al., 2009). Besides participating in 

the regulation of energy homeostasis and body temperature, the activity of BAT has an important 

effect on systemic metabolism (Stanford et al., 2012; Chondronikola et al., 2014); for instance, it 

increases glucose tolerance and insulin sensitivity, while reducing body weight. BAT can be a 

target tissue to treat obesity and obesity-associated diseases (Chouchani et al., 2019).  

The key mediator of heat production of brown and beige adipocytes is UCP1, which is located in 

the IMM, where it dissociates cellular respiration from the ATP generation. As a result of certain 

stimuli, such as cold exposure, NE activates ß3-adrenergic signaling on brown adipocytes, which 

triggers the release of FFA and subsequent activation of UCP1 (Cannon et al., 2004; Fedorenko et 

al., 2012). In the mitochondria of beige adipocytes an effective UCP1-independent thermogenic 

mechanism was described recently, which is mediated by a futile cycle of creatine metabolism 

(Kazak et al., 2015). Although the presence of BAT is limited in humans, it is functionally active 

not only in neonates but also in adults (Tews et al., 2011). Since the beginning of the last decade, 

18F-FDG-PET/CT has been used to image BAT activity, especially in human adults, which clearly 

demonstrates cold-activated BAT (Lichtenbelt et al., 2009; Virtanen et al., 2009; Saito et al., 2009; 

Cypess et al., 2009).  
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Having a better understanding of human adipocyte browning, hADMSCs isolated from SVFs are 

the most widely used ex vivo system (Raschke et al., 2013; Lee et al., 2014; Kristóf et al., 2015; 

and 2016). Recently, we showed that hADMSCs isolated from abdominal subcutaneous fat could 

be differentiated into beige adipocytes; moreover, brown-specific marker proteins (UCP1, CIDEA) 

were highly expressed in single adipocytes detected by laser-scanning cytometry (LSC). In the 

current study, we applied this tool to quantify the amount of browned SGBS adipocytes as well. 

In line with the expectations from mouse data, our previous findings suggest that irisin could induce 

beige type of browning when administered during white adipocyte differentiation as indicated by 

Tbx1 induction; while BMP7 treatment led to Zic1 induction pointing to the possibility of the 

classical brown adipocyte differentiation pathway (Kristóf et al., 2015). However, there are many 

limitations of using hADMSCs, due to the limited availability of biopsy materials and the huge 

variability between donors, which can make it difficult to reproduce experiments.  

2. Human preadipocyte cell lines exist and have some features consistent with having 

browning capacity.   

Recently, several experiments were reported to overcome the limitations described above. PAZ6 

cells, which were obtained from SVF of human infant BAT, and transformed with SV40 T and t 

antigens were able to differentiate into brown adipocytes in vitro (Zilberfarb et al., 1997). PAZ6 is 

regarded as a brown preadipocyte cell line, because UCP1 was highly expressed in differentiated 

PAZ6 cells which could be further induced as a result of NE (Kazantzis et al., 2012). Another 

research group, Xue et al. generated human preadipocyte cell lines by immortalization process, 

from the supraclavicular region of four healthy patients. Preadipocyte clones from the deep neck 

area were capable of differentiating to functional thermogenic adipocytes and responded to BMP7 



 
 

91 
 

administration, in contrast to those which were isolated and generated from subcutaneous WAT 

(Xue et al., 2015). 

In another study, Shinoda et al. compared the differentiation of 65 clonal preadipocyte lines 

originated from supraclavicular fat biopsies with 35 lines which were generated from the SVF of 

subcutaneous WAT. RNA sequencing was performed from three clonal brown and white adipocyte 

cultures, differentiated from supraclavicular and subcutaneous progenitor clones, respectively. 

They found that the majority of the adipocytes derived from single cell clones of SVF from 

supraclavicular regions exhibited gene expression signatures which resembled the beige type of 

thermogenic adipocytes, marked by upregulated UCP1 and KCNK3 expression (Shinoda et al., 

2015).  

3. Interpretation of SGBS adipocyte browning observed by other groups.  

 

In the present study, we demonstrated that mature SGBS and primary human subcutaneous 

adipocytes have similar features; however, they display distinct metabolic signatures. The SGBS 

human preadipocyte cell line is often used as a representative model of studying human adipocyte 

biology and previously it was described as a representative model of white adipocyte differentiation 

(Fischer-Posovszky et al., 2008; Wabitsch et al., 2011; Allott et al., 2012; Schlottmann et al., 2014). 

The first results were described in 2013, showing the possibility that SGBS cells can differentiate 

into thermogenic adipocytes. 2-oxoglutarate dependent dioxygenase (encoded by the proposed Fto 

gene) deficient SGBS preadipocytes differentiated to white adipocytes had increased UCP1 

expression and uncoupled respiration, without any changes in mitochondrial mass or structure 

(Tews et al., 2013). Later, Tews et al. (2017) found that TENM2 (teneurin-2), which may inhibit 

the classical brown marker, Zic1 (Bagutti et al., 2003), is enriched in white adipocyte progenitor 
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cells from subcutaneous neck WAT as compared to deep neck ones. They examined SGBS cells 

with TENM2 knockdown by siRNA, which led to increased UCP1 at mRNA and protein level as 

well. Moreover, basal and proton leak mitochondrial respiration were enhanced. 

Interestingly, TENM2 deficient SGBS adipocytes had the same amount of mitochondria as the wild 

type ones and gained larger lipid droplets than the control cells. These results suggest that TENM2 

knockdown in SGBS adipocytes results in a beige type of thermogenic gene expression program 

(the expression of Zic1 did not change) without increased mitochondrial biogenesis and 

accumulation of small lipid droplets in a multilocular arrangement (Tews et al., 2017). In these 

studies, SGBS cells were differentiated to white adipocytes for two weeks, expressing UCP1 at a 

low, but detectable level, which we could confirm in our present study. In response to the 

knockdown of 2-oxoglutarate dependent dioxygenase or TENM2, the browning potential of the 

SGBS cells could be significantly increased. The administration of the atypical antipsychotic, 

clozapine, resulted in significant upregulation of Elovl3, Cidea, Cyc1, Pgc1α, Tbx1 but not Zic1, 

suggesting the induction of beige and not the classical brown phenotype of SGBS adipocytes 

(Kristóf et al., 2016). 

Contrary to these studies and to the results presented here, Guennoun et al. found that the SGBS 

adipocytes switch their phenotype during a four weeks-long differentiation program. Within two 

weeks, they demonstrated high UCP1 expression and a thermogenic phenotype even as a result of 

the white differentiation protocol without adding any browning inducer or stimulus. Then, the 

expression of UCP1 greatly declined as a result of the continuation of the white differentiation for 

additional two weeks (Guennoun et al., 2015). Another study seemingly strengthened these results 

by comparing the gene expression pattern of the differentiated SGBS and primary hADMSC-

derived subcutaneous adipocytes (Yeo et al., 2018). Of note, hADMSCs in this case were obtained 
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from obese, non-healthy patients and there might be a difference between the differentiation 

capacity of these and healthy hADMSCs and SGBS preadipocytes. They also observed that UCP1 

protein expression was high in SGBS cells differentiated for 12 days even when either rosiglitazone 

or T3 were omitted from the media. In these experiments, they demonstrated a band on 

immunoblots below the molecular mass of 25 kDa. This band, most probably, does not correspond 

to UCP1 which has a predicted molecular weight at 33 kDa.  

In our experiments, we could demonstrate UCP1 protein expression in response to long-term 

rosiglitazone and T3 administration (browning protocol) at ~ 33 kDa, but not when the white 

cocktail was applied. In addition, we also found bands below 25 kDa as Yeo et al. have seen. In 

order to confirm our assumptions, three kinds of anti-UCP1 (both monoclonal and polyclonal) 

antibodies were used to investigate the UCP1 protein expression (Figure 40). The application of 

polyclonal antibodies (U6382, PA1-24894) (Figure 40.a,b)  resulted in two distinct bands at ~33 

kDa and below 25 kDa. However, when a monoclonal antibody (MAB6158) (Figure 40.c) was 

applied, we could clearly demonstrate which line corresponds to the UCP1 protein, supported by 

its occurrence at the predicted molecular weight. Furthermore, UCP1 expressed in a mouse BAT 

lysate, which served as a positive control, was detected at the exact same molecular weight of the 

band appeared in the browning SGBS adipocyte samples. 
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Figure 40. The analysis of UCP1 expression by Western blotting using three different 

antibodies in one representative SGBS replicate. SGBS cells were differentiated and treated as 

in Figure 23. The expression level of UCP1 in SGBS cells and mouse BAT was detected using 

Western Blot analysis. Relative optical density was assessed by densitometry using Image J 

softwares. The loading control was ß-actin. 3 independent measurements were carried out. 

 

Currently, our collaborator partners, Tews et al. published that basal/resting glucose uptake can be 

improved by elevating the UCP1 protein level alone in human white adipocytes (Tews et al., 2019). 

They generated a stable knock-out and overexpression of UCP1 in SGBS cells. In line with the 

previous publication (Hankir et al., 2017), knocking out of UCP1 had no effect on glucose 

utilization. However, UCP1 overexpressing cells significantly improved their glucose uptake and 

lactate production by 40%,  in line with reduced glycerol release. These results correlate well with 

other studies performed with human samples, showing increased glycolytic activity in BAT (Weir 

et al., 2018). They also displayed that UCP1 is functionally active in SGBS adipocytes under basal 
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as well as lipolytic conditions. It has been recently demonstrated that glucose uptake is mediated 

either by GLUT1 alone, or GLUT1 and GLUT4 together in brown adipocytes (Winther et al., 

2017). As a next step, Tews et al. selectively inhibited GLUT1 which resulted in completely 

diminished differences between UCP1 overexpressing and control cells in glucose uptake. These 

results suggest that GLUT1 can be identified as a possible gate keeper of glycolytic flux. Taken 

together,  they generated a unique model system to study UCP1 overexpressing human adipocytes 

which allows us to further study human UCP1 function and its effect on cellular metabolism.  

To futher support our abovementioned results, Tews et al. kindly provided us UCP1 KO and 

overexpressing (GOF) samples. We conducted additional immunoblots using the U6382 anti-

UCP1 polyclonal antibody on the following samples: preadipocyte (PA), white differentiated for 

14 days (W14), brown differentiated for 14 days (B14), brown differentiated for 28 days (B28), brown 

differentiated for 14 days than replaced to white (B14W14), UCP1 KO differentiated for 14 days 

(UCP1 KO14), UCP1 overexpressed differentiated for 14 days (UCP1 GOF14). These data further 

suggest that Yeo et al. displayed unspecific bands for UCP1 previously using the polyclonal 

antibody (PA1-24894). Furthermore, it can not be excluded that the origin of the applied SGBS 

cells were different in the two studies. 
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Figure 41. The analysis of UCP1 expression using Western blotting in one representative 

SGBS replicate.  SGBS cells were differentiated and treated as in Figure 23. The expression level 

of UCP1 in SGBS cells was detected using Western Blot analysis. Relative optical density was 

assessed by densitometry using Image J softwares. The loading control was ß-actin.  

4. SGBS cells are able to differentiate into brown or beige adipocytes, and respond to 

either rosiglitazone, irisin or BMP7. 

Using laser-scanning cytometry (Kristóf et al., 2015) and applying functional assays we aimed to 

examine whether classical brown or beige adipocyte differentiation (browning) can be induced in 

SGBS cells and if these adipocytes can maintain their morphology during long-term culturing. To 

give insight into the browning of human adipocytes, thermogenic competency of SGBS cells was 

induced by multiple approaches: sustained PPARγ stimulation, irisin and BMP7 treatment. Irisin 

induces browning of subcutaneous white adipocytes ex vivo (Boström et al., 2012; Lee et al., 2014; 

Kristóf et al., 2015). Of note, irisin was applied in a concentration that can be found in the blood 

plasma of exercise trained rodents (Boström et al., 2012; Jedrychowski et al., 2015). However, in 

humans much less irisin is secreted into the bloodstream (Jedrychowski et al., 2015). Our 

experiments clearly shows that the PPARγ-driven browning protocol (including rosiglitazone) and 

irisin treatment could be successfully used to induce browning of SGBS adipocytes, which resulted 

in a beige phenotype. Our data imply that irisin induces browning of already committed “beige” 

preadipocytes or multipotent progenitors. 
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Meanwhile, BMP7 drives brown fat cell differentiation of both mesenchymal progenitor cells and 

committed brown preadipocytes. In vivo, BMP7 is able to enhance brown fat mass and thermogenic 

energy expenditure in mice (Tseng et al., 2008). In our current study, administration of BMP7 had 

a more moderate effect and induced a distinct gene expression program without the upregulation 

of the beige-selective markers, Tbx1 and Cited1. Both in primary subcutaneous and in SGBS 

adipocytes, BMP7 treatment results in an increased gene expression of Pparg and Zic1 suggesting 

that this mediator induces a classic brown-like differentiation instead (Kristóf et al., 2015).  

The functional studies detected UCP1-dependent proton leak (heat production) and high 

extracellular acidification in the case of browned adipocytes induced by either rosiglitazone or 

irisin. Besides UCP1-dependent thermogenesis, UCP1-independent heat-producing mechanisms 

were described as a beige specific feature.  In our experiments, the involvement of the creatine-

phosphate futile cycle (Kazak et al., 2015) was investigated in the heat production of SGBS beige 

adipocytes. Using a specific compound (β-GPA) which depletes creatine and inhibits the cycle, we 

demonstrated the induction of this futile cycle in response to a β-adrenergic cue in beige SGBS 

adipocytes. The importance of this pathway of creatin-metabolism was demonstrated formerly in 

mice (Kazak et al., 2015; Stockebrand et al., 2016) and in human cell lines (Kazak et al., 2015; 

Müller et al., 2016), but our laboratory detected firstly in human primary adipocytes, according to 

our knowledge (Kristóf et al., 2016). 

We can conclude that it is still unclear whether the thermogenic fat depots in human adults contain 

the classical brown or beige type of adipocytes. Using an ex vivo human cellular model to determine 

the heterogenity of cultured and differentiated adipocytes in response to anti-obesity treatment 

would be a possible tool to understand the development of classical brown or beige or “masked 
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beige” adipocytes and strenghten the data from mice. Our results suggest that SGBS cell line is an 

excellent, stable and suitable model for studying human adipocyte browning.  

5. FTO locus is connected to beige or “masked beige” potential of adipocytes. 

 

Another point to consider is that in human studies each individual has different life-style, dietary 

and genetic background - for example the presence of the risk-allele of the FTO locus which has 

an effect of adipocyte browning and represents genetic association with obesity (Claussnitzer et 

al., 2015). Genome-wide association studies can be used to identify disease-relevant genomic 

regions. The FTO (fat mass and obesity-associated protein) region harbors the strongest genetic 

association with obesity. Three genotypes exist of FTO rs1421085, namely the T/T healthy, T/C 

heterozygous and C/C obesity-risk. The presence of the C risk-allele of the FTO locus at rs1421085 

position results in increased Irx3 and Irx5 expression levels during early adipocyte differentiation. 

This can be caused by the lack of ARID5B binding and repression which leads to cell autonomous 

shift towards white adipocytes in the gene expression program, and results in decreased 

thermogenesis (Claussnitzer et al., 2015). Therefore, the potential of mitochondrial thermogenesis 

is reduced in those individuals who carry the C risk allele which occurs at a high frequency (approx. 

44%) in the European population (Claussnitzer et al., 2015). A CC to TT rescue by genome editing 

of primary adipocytes resulted in 2-fold-elevated Ucp1 expression and an increased stimulated 

oxygen consumption by seven fold (Claussnitzer et al., 2015). According to our knowledge, no 

data is available how a heterozygous composition affects these parameters. In the literature, so far 

no information has been known about the status of this allele in SGBS cells. In this study, we 

described that the SGBS cell line carries one copy of the C risk allele; however, these preadipocytes 

were able to differentiate into functional beige adipocytes if browning stimuli (e.g. rosiglitazone or 

irisin treatment) were continuously present during their differentiation.  
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6. Cytokine secretion of SGBS cells and hADMSCs. 

 

The importance of BAT activity in controlling the energy homeostasis of the entire body of adult 

humans has been revealed several years ago, highlighting a promising, possible therapeutic 

application of BAT stimulation in the treatment of obesity and T2D. In line with SGBS cells, our 

laboratory also investigated the effect of browning inducers to hADMCSs. Firstly, hADMSCs were 

isolated from abdominal subcutaneous fat and differentiated to white and PPARƔ-driven 

differentiation according to the previously described protocols. 

Comparing the action of Irisin on hADMSCs vs. SGBS cells, the treatment had an increasing effect 

on IL-6, MCP-1 and IL-8 production on hADMSCs (Kristóf et al., 2019), and on IL-8 production 

of SGBS cells as compared to white control adipocytes (Figure 27). Earlier, cytokine secretion of 

hADMSCs were investigated and we detected IL-6, IL-8 and MCP-1 release from human adipose 

tissue samples and differentiating primary adipocytes without the secretion of the general pro-

inflammatory cytokines, TNFα and IL-1β (Kristóf et al., 2019). Only IL-6 was produced and 

maintained till the end of the differentiation by the adipocytes, but not by the undifferentiated cells. 

Based on the literature we know that IL-6 knock-out mice develop obesity during aging because 

of the missing effects of the cytokine in the CNS (Wallenius et al., 2002). Last year it was shown 

that as a result of long-term cold exposure, these mice have decreased core body temperature and 

energy expenditure (Egecioglu et al., 2018). In contrast, mice overexpressing IL-6 have a decreased 

body weight which includes reduced body fat in all regions as compared to WT mice (Peters et al., 

1997). It was also shown that IL-6 secretion of brown adipocytes was required for the profound 

effects of BAT on the insulin sensitivity and glucose homeostasis (Stanford et al., 2013). In mice, 

daily intraperitoneal injections of IL-6 resulted in upregulation of Ucp1 expression in subcutaneous 

white depots (Knudsen et al., 2014). In humans, the blockage of IL-6 is used as a therapy to treat 
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Crohn’s disease or rheumatoid arthritis (Younis et al., 2013). In patients, the pharmacological 

blockade of IL-6 resulted in weight gain during the treatment by tocilizumab, which slightly 

penetrates the blood-brain barrier, hence, has an effect outside of the CNS (Younis et al., 2013). 

The weight gain can be partially explained with the reduced browning, enchanced by auto/paracrine 

IL-6 signaling.  

In line with the aforementioned in vivo studies, we investigated the morphological characteristics 

and functional capacity of beige adipocytes and inhibition of the auto/paracrine effect of IL-6 

receptor. Our findings suggest that the inhibition of IL-6 receptor led to a decreased beige 

phenotype of human adipocytes. 

7. The role of transglutaminase 2 and its inhibitor in SGBS adipocyte differentiation. 

 

Limited data is available in humans about the role and function of TG2. Studies focusing on gene 

expression profile of human adipose tissues revealed that in BAT Tg2 expression is 6-fold higher 

than in WAT, presumably it suggests that Tg2 is involved in thermogenic functions of adipose 

tissue (Svensson et al., 2010). Recently, the potential effect of TG2 on the formation and function 

of adipose tissue (Myneni et al., 2015) in mice was investigated in our laboratory (Mádi et al., 

2017). Without treatments, they did not find any significant difference between TG2 KO or wild-

type (WT) animals. However, when cold exposure was applied, TG2 -/- animals showed decreased 

tolerance to cold as compared to WT ones. This phenomenon can be due to the hampered utilization 

of their gonadal WAT, which was very likely caused by augmented browning process of adipose 

tissue in the TG2 KO mice. They also showed lower expression of browning markers, including 

UCP1 (Figure 42). 

 



 
 

101 
 

 

Figure 42.  Browning is inhibited in the GONAT of TG2-/- mice.  Representative images on the 

portions of WAT specimens and their TG2, UCP1 contents on Western blot Figure adopted from: 

Mádi et al., 2017 

 

Earlier, researchers in our laboratory investigated the gene expression profile of Tg2 in human deep 

neck (DN) and subcutaneous neck (SCN) adipose tissue. They found that Tg2 gene expression is 

higher in deep neck than in subcutaneous neck adipose tissue (unpublished data). During our long-

term experiment (Figure 23) we investigated the expression of TG2 (Figure 34) as well. Our data 

show that TG2 is expressed at a higher level in browned SGBS adipocytes either at mRNA and 

protein level as compared to white adipocytes, which correlates with the expression data of Tg2 

from our previous study. Moreover, we examined the expression of Tg1, Tg3, Tg4, Tg5, Tg6, Tg8 

and FXIII in differentiated SGBS cells - other transglutaminases were not detected, or only slightly 

expressed. These results suggest that other transglutaminases might not influence the effect of TG2 

for browning.  

Finally, to study  the effect of TG2 during the browning process, we tested the effect of NC9 (a-N-

carbobenzyloxy-c-N-acryloyl-L-lysine(2-(2-dansylaminoethoxy)ethoxy)ethanamide), which is an 

irreversible inhibitor of the transglutaminase family that reacts with the active site of  the enzyme 

and it is used to generate the open conformation crystal structure of TG2 (Pinkas et al., 2007). NC9 

has been hypothesized to stabilize the protein in an open conformation (Colak et al., 2011; Keillor 
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et al., 2008). NC9 could be successfully use to inhibit the effect of TG2 in cell experiments 

(Jambrovics et al., 2019). Our data suggest that either 9 hours or 21 days NC9 treatment had a 

decreasing effect on gene expression of Tg2 and Pm20d1. Additionally, Ucp1 gene expression level 

also showed reduction in response to long-term effect of NC9 in browned SGBS cells. The 

importance of this pathway in the metabolism of beige adipocytes is still unclear; however, our 

data clearly shows that TG2 plays an important role in browned adipocytes, and NC9 has an effect 

on them.  

 

 

 

 

 

 

 

 

 

 

 

7. SUMMARY 
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 SGBS preadipocytes represent an uncommitted preadipocyte stage with one FTO risk 

allele, which is able to differentiate either white or browned adipocytes.  

 

 Our findings show that SGBS cells can be used as an easily applicable and valuable model 

for studying human adipocyte biology in vitro.  

 We could follow SGBS adipocyte differentiation at different time points and detect single 

browning adipocytes in a high-throughput manner. Our measurement combined texture 

analysis with the size and number of lipid droplets and detection of UCP1 protein content. 

 As a result of rosiglitazone or irisin treatment, the induction of browning was successful in 

SGBS cells, which followed the beige pathway. The induction of beige phenomenon could 

be detected by the enhanced expression of brown and beige marker genes (Ucp1, Cidea, 

Elovl3, PparƔ, Cyc1, Tbx1, Pm20d1), enrichment of mitochondria and multilocular 

morphology, and these features are strongly associated with high oxygen consumption as a 

result of cAMP treatment. 

 Administration of BMP7 during white adipocyte differentiation led to upregulation of 

Ucp1, Cidea, Pgc1α, PparƔ and Zic1 gene expression suggesting appearance of classical 

brown adipocyte features. 

 We could observe significant involvement of the creatine-phosphate futile cycle in heat 

production of browned SGBS adipocytes, induced either by rosiglitazone, irisin or BMP7; 

detected by appreciably elevated OCR in response to ß-adrenergic stimulus. 

 In long-term experiments we could demonstrate that when the browning-inducer, 

rosiglitazone was omitted from the differentiation media, the expression of UCP1 and 

mitochondrial enrichment could be partially maintained.  
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 Beige (browned) SGBS adipocytes secrete increased levels of IL-6, IL-8 and MCP1 

cytokines.  

 Continuous inhibition of the IL-6 receptor resulted in decreased beige phenotype of human 

primary adipocytes (downregulation of the browning marker genes). Basal, stimulated or 

proton-leak oxygen consumption did not decrease markedly, but the extracellular 

acidification was significantly lower in the inhibited cells. 

 Transglutaminase 2 is expressed at a higher level in browned SGBS adipocytes, which 

correlates with UCP1 expression at gene and protein level as well. Transglutaminase 

inhibitor treatment for short or long-term resulted in decreased Tg2 gene expression. Long-

term inhibition of TG2 led to significantly lower expression of Ucp1 in browned SGBS 

cells. In line with the results of gene expression, significantly decreased TG2 and UCP1 

protein expression were observed in response to long-term administration of the inhibitor. 

However, in browning functional test we could not observe significant effect of 

transglutaminase inhibition.   
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 Eredményeink arra utalnak, hogy az SGBS-sejtek könnyen és értékes modellként 

alkalmazhatók a human zsírsejtek in vitro tanulmányozáshoz. 

 Az SGBS preadipociták egy nem-elköteleződött preadipocita stádiumot képviselnek egy 

FTO rizikó alléllal, amelyek képesek fehér vagy barnult adipocitákká differenciálódni. 

 A rosiglitazon vagy irisin kezelés eredményeként a “browning” indukciója sikeres volt az 

SGBS sejtekben, amelyek a “beige” útvonalat követik. A “beige” jelenség indukcióját a 

barna és a “beige” marker gének (Ucp1, Cidea, Elovl3, PparƔ, Cyc1, Tbx1, Pm20d1) 

fokozott expressziója, a mitokondriumok felhalmozódása, a multilokuláris morfológia 

bizonyítja, és ezek a tulajdonságok szorosan kapcsolódnak cAMP hatására kialakuló magas 

oxigénfogyasztással  

 Különböző időpontokban követhetjük az SGBS adipocita differenciálódását, és “browning” 

folyamatát lézer pásztázó citométer segítségével. Mérésünk kombinálta a lipidcseppek 

méretét és számát, valamint az UCP1 fehérje tartalmat.  

 A BMP7 adása azonban az Ucp1, Cidea, Pgc1α, PparƔ és Zic1 génexpressziójának fel-

regulálódásához vezetett a kezeletlen sejtekhez képest, amely a klasszikus barna adipociták 

tulajdonságainak megjelenését idézi elő. 

 A kreatin-foszfát ciklus hőtermelésben való szignifikáns részvételét figyeltük meg barnult 

SGBS adipocitákban, melyet a roziglitazon, irisin vagy BMP7 kezeléssel értünk el, 

jelentősen emelkedett oxigén fogyasztást detektáltunk ß-adrenerg stimulus eredményeként.  

 Hosszú távú kísérleteink során bebizonyítottuk, hogy ha a “browning” induktor, a 

rosiglitazon kihagyásra kerül a differenciációs tápfolyadékból, az UCP1 expressziója és a 

mitokondriális feldúsulás részben fenntartható. 

 A “beige” (barnult) SGBS zsírsejtek több IL-6, IL-8 és MCP1 citokint szekretálnak. 



 
 

106 
 

  Az IL-6 receptor folyamatos gátlása csökkentette a human primer adipociták “beige” 

fenotípusát, a blokkolása eredményeként azt találtuk, hogy sem az alap, sem a stimulált, 

sem a protonszivárgásos oxigénfogyasztás nem csökkent jelentősen. Ennek ellenére az 

ECAR szignifikánsan alacsonyabb volt a gátolt sejtekben. 

 A Transzglutamináz-2 magasabb szinten expresszálódik a barnult SGBS adipocitákban, 

ami korrelál az UCP1 expresszióval gén és fehérje szintjén is. 

 A transzglutamináz inhibitor rövid vagy hosszú távú alkalmazása csökkentette a Tg2 gén 

expresszióját. A TG2 hosszú távú gátlása az Ucp1 expressziójának szignifikánsan 

alacsonyabb szintjét eredményezi a barnult SGBS sejtekben. 

 A génexpresszió eredményeivel összhangban a hpsszú távú inhibitorral történő kezelés 

során szignifikánsan csökkent TG2 és UCP1 fehérje expresszió volt megfigyelhető. A 

funkcionális tesztben azonban nem tudtunk észlelni jelentős változásokat a 

transzglutamináz gátlószerének hatására. 
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