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1. ABBREVIATIONS 

 

ACADM - Acyl-CoA Dehydrogenase, C-4 To C-12 Straight Chain 

ACOX2 - Acyl-CoA Oxidase 2, Branched Chain 

ADMSC - Adipose tissue-derived mesenchymal stem cells 

ADP/ATP - Adenosine diphosphate/Adenosine triphosphate 

AMPK - 5' adenosine monophosphate-activated protein kinase 

ANOVA - Analysis of variance 

ANP - Atrial natriuretic peptide 

ATF2 - Activating Transcription Factor 2 

ATP5G1 - ATP Synthase, H+ Transporting, Mitochondrial Fo Complex Subunit C1 (Subunit 9) 

BAT - Brown adipose tissue 

BDNF - Brain-derived neurotrophic factor 

β-GPA – β/3-Guanidinopropionic acid 

BMI - Body mass index 

BMP - Bone morphogenetic protein 

cAMP/cGMP - 3',5'-cyclic adenosine monophosphate/3',5'-cyclic guanosine monophosphate 

C/EBPα/β - CCAAT/Enhancer Binding Protein Alpha/Beta 

CIDEA - Cell Death-Inducing DFFA-Like Effector A 

CITED1 - Cbp/P300 Interacting Transactivator With Glu/Asp Rich Carboxy-Terminal Domain 1 

CKMT1/2 - Creatine Kinase, Mitochondrial 1/2 

CNS - Central nervous system 

COX2/5B - Cytochrome C Oxidase Subunit 2/5B 

CPT - Carnitine Palmitoyl-transferase 

CREB - cAMP Response Element Binding Protein 

Ct - Threshold cycle 

CYC1 - Cytochrome C1 

DIO2 - Deiodinase, Iodothyronine, Type II 

DMEM - Dulbecco’s modified Eagle’s medium 

DMSO - Dimethyl sulfoxide 

EBF2 - Early B-Cell Factor 2 

EDTA - Ethylenediaminetetraacetic acid disodium salt dehydrate 

EHMT1 - Euchromatic Histone-Lysine N-Methyltransferase 1 

ELISA - Enzyme-linked immunosorbent assay 

ELOVL3 - ELOVL Fatty Acid Elongase 3 

ERK - Extracellular signal–regulated kinase 
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FABP4 - Fatty Acid Binding Protein 4 

FAD/FADH2 - Flavin adenine dinucleotide 

FBS - Fetal bovine serum 

FC - Fold change 
18

F-FDG - Fluorine-18 fluorodeoxyglucose 

FGF - Fibroblast growth factor 

Fndc5 - Fibronectin Type III Domain Containing 5 

FOXC2 - Forkhead Box C2 

FTO - Fat Mass and Obesity Associated 

GAPDH - Glyceraldehyde-3-Phosphate Dehydrogenase 

Gi/Gs/Gq - Guanine nucleotide-binding proteins 

GLUT4 - Glucose transporter type 4 

5HT - Serotonin 

IBMX - 3-Isobutyl-1-methylxantin 

IL - Interleukin 
123

I-MIBG - Iodine-123 metaiodobenzylguanidine (Iobenguane) 

IRF4 - Interferon Regulatory Factor 4 

IRX3/5 - Iroquois Homeobox 3 

KCNK3 - Potassium Two Pore Domain Channel Subfamily K Member 3 

LHX8 - LIM Homeobox 8 

LSC - Laser-scanning cytometry 

MAPK - Mitogen-activated protein kinase 

MCP-1 - Monocyte Chemotactic Protein-1 (C-C Motif Chemokine Ligand 2) 

2-MEA - 2-mercaptoethanol 

Metrnl - Meteorin-like 

MΦ - Macrophage 

MTUS1 - Microtubule Associated Tumor Suppressor 1 

NAD+/NADH - Nicotinamide adenine dinucleotide 

NDUFS1 - NADH:Ubiquinone Oxidoreductase Core Subunit S7 

NE - Norepinephrine 

NO - Nitric oxide 

NST - Non-shivering thermogenesis 

OC - Oxygen consumption 

OCR - Oxygen consumption rate 

PBS - Phosphate Buffered Saline 

PCr – Phospho-creatine 

PCR - Polymerase chain reaction 
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PDGFRα - Platelet Derived Growth Factor Receptor Alpha 

PET/CT - Positron emission tomography/computed tomography 

PGC-1α - PPARγ Coactivator-1α 

PKA/PKC - Protein Kinase A/C 

PPARγ - Peroxisome Proliferator Activated Receptor Gamma 

pRB - Retinoblastoma protein 

PRDM16 - PR Domain 16 

PVDF - Polyvinylidene fluoride 

RNA - Ribonucleic acid 

SD - Standard deviation 

SDS - Sodium dodecyl-sulfate (or Sodium lauryl-sulfate) 

SERCA - Sarco/endoplasmic reticulum Ca2+-ATPase 

SGA - Second-generation antipsychotic drug 

SMI - Severe mental illnesses 

SNS - Sympathetic nervous system 

SPECT/CT - Single-photon emission computed tomography 

SRC - Proto-oncogene tyrosine-protein kinase Src 

SV - Sum variance 

SVF - Stromal-vascular fraction 

T3 - 3,3′,5-Triiodo-L-thyronine 

TBX1 - T-Box 1 

TGF-β - Transforming growth factor-beta 

TLE3 - Transducin Like Enhancer Of Split 3 

TMEM26 - Transmembrane Protein 26 

TNFα - Tumor necrosis factor alpha 

TPH1 - Tryptophan Hydroxylase 1 

TRR - therapeutic reference range 

TZD - Thiazolidinedione 

UCP1 - Uncoupling Protein 1 

WAT - White adipose tissue 

Wnt - Wingless type 

ZFP516 - Zinc Finger Protein 516 

ZIC1 - Zic Family Member 1  
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2. INTRODUCTION 

 

2.1. The unique mammalian heat producing organ: Brown adipose tissue (BAT) 

 

2.1.1. Morphology of BAT 

BAT was first described in marmots by Konrad Gessner in the 16
th

 century [1]. The fact that 

BAT is found in all mammals and its major function is heat production was identified 400 years 

later [2,3]. The acquirement of BAT may have been the one development that gave us as 

mammals the evolutionary advantage to survive the periods of nocturnal or hibernal cold or the 

cold stress of birth [4]. In rodents maintained at thermoneutral conditions, BAT is mainly 

localized in the interscapular, subscapular, axillary and cervical areas [5]. Brown adipocytes can 

be also found in a smaller amount in the periaortal part of the mediastinal and in the perirenal fat 

depots [6] (Figure 1). 

Both white and brown adipocytes accumulate triglycerides in their cytoplasm. White adipocytes 

form a single large lipid vacuole (30-100 μm) in vivo and contain only a thin rim of cytoplasm 

around it. This appearance is often referred to as unilocular morphology. In contrast to white 

adipocytes, brown fat cells accumulate numerous smaller lipid droplets in a multilocular 

arrangement. Brown adipocytes have polygonal or ellipsoid shape and contain a larger amount of 

mitochondria-rich cytoplasm. The morphology of mitochondria visualized by electron 

microscopy in white and brown adipocytes is also markedly different. While the white cells 

contain small and elongated mitochondria; brown adipocytes have large, round-shaped 

mitochondria which are abundantly rich in cristae [6-8] (Figure 2). 
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Figure 1. The adipose organ of a lean Sv 129 female mouse maintained at thermoneutral 

conditions. BAT depots are marked with brown arrows (left panel) or with circles (right panel) 

[6]. 

 

In this context, it must be outlined that in most of the cases clear anatomical borders between 

BAT and the surrounding white adipose tissue (WAT) depots do not exist. Furthermore, it should 

be emphasized that 20-50% of the cells in any fat depot are not adipocytes and constitute the so 

called stromal-vascular fraction (SVF), which contains vascular elements, adipose tissue-derived 

mesenchymal stem cells (ADMSCs), other progenitors, fibroblasts, macrophages (MΦs), 

lymphocytes, mast cells and nerves [9,10]. 
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Figure 2. Electron microscopy image of a murine brown adipocyte. Multilocular lipid droplets 

(L), typical mitochondria (M) and the cell nucleus (N) are visualized [6]. 

 

2.1.2. Uncoupling protein 1 (UCP1) 

The mitochondrial protein which is responsible for the unique function of BAT, Ucp1 

(Uncoupling protein 1, or known as Thermogenin) was discovered in 1978 [11]. Ucp1 is a 

member of the mitochondrial carrier protein family that uncouples mitochondrial ATP synthesis 

from the respiratory chain activity and therefore decreases the proton gradient generated through 

the internal mitochondrial membrane by the electron transfer system [12-17]. In line with this, 
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mitochondria in BAT contain high amounts of the mitochondrial respiratory chain enzymes but 

remarkably low amounts of the F1Fo-ATPase because of the low expression level of the nuclear 

ATP5G1 gene, which encodes the mitochondrial membrane-bound c subunit of the Fo oligomer 

[18-21]. Ucp1 is activated by long-chain fatty acids which are cleaved by the hormone-sensitive 

lipase from triglycerides stored in the cytoplasmic lipid droplets of brown adipocytes as a result 

of β3-adrenergic stimulation [22-25]. Fatty acids which are permanently associated with Ucp1 by 

hydrophobic interactions carry protons within the Ucp1 protein through the inner mitochondrial 

membrane. Then, protons are released in the mitochondrial matrix but the fatty acid anion stays 

associated with Ucp1 and returns to initiate another H+ translocation cycle [26]. 

This mechanism leads to the dissipation of energy mainly generated by β-oxidation of fatty acids 

as heat. For the proper adrenergic activation, Cys253 residue of Ucp1 is sulfenylated by 

mitochondrial reactive oxygen species which are generated during hypothermic stress conditions 

[27]. 

Therefore, BAT plays a major role in maintaining the constant core body temperature of 

hibernating, small and newborn animals (as well as in humans, discussed in detail in 2.3.) without 

shivering [16,28,29]. The crucial role of Ucp1-dependent non-shivering thermogenesis (NST) 

mediated by BAT in rodents was further proven when the first UCP1-/- mice were generated 

which were unable to maintain their body temperature when transferred from normal animal 

house temperatures of approximately 23°C to 5°C (acute cold exposure) [30]. On the other hand, 

UCP1-/- mice acclimated at 18°C before the prolonged cold exposure, were able to survive [31]. 

The same effect was observed when the ambient temperature of UCP1-/- mice was gradually 

reduced [32]. In these cases, the increase of other mechanisms of NST or the elevated endurance 

capacity for shivering might compensate for the loss of Ucp1-dependent heat production [33,34]. 
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The possibility that the thermogenic activity of BAT might combat metabolic disturbances (and 

its functional disorders might cause severe metabolic inefficiency), e.g. weight gain, was initially 

addressed in 1979, when the first induced thermogenic process, diet-induced thermogenesis 

(thermogenic capacity to combust excess energy in the diet) was described [35]. It was an 

unexpected observation that UCP1-/- mice even on a high-fat diet did not develop obesity 

[30,36]. However, in these experiments mice were kept at normal animal house temperatures (18-

23 °C) which resulted in a chronic thermal stress. Therefore, these mice had already an increased 

thermogenic activity which subsequently induced their metabolism [37]. Contrarily, when the 

thermal stress was eliminated (UCP1-/- mice were housed at thermoneutral conditions, at 30 °C) 

obesity was developed even on a regular chow diet [38]. Moreover, several other studies 

indicated that experimental increases in the amount or function of BAT in mice promote a lean 

and healthy phenotype [39-42]. 

 

2.1.3. Induction of BAT thermogenesis 

The first experiments that linked the sympathetic nervous system (SNS) to the control of NST 

were conducted in the 1950s in rodents [43,44]. The organ generating heat without shivering 

remained unrevealed for a long time after the major mediator, norepinephrine (NE) was 

identified. Later, it was also demonstrated that the blood flow to BAT, which is directly 

innervated by sympathetic nerves, surges following the injection of NE in rats [45,46]. In 

differentiated rodent brown adipocytes α1, α2 and β3 adrenergic receptors are expressed [4,47-

51]. In brown fat progenitors β1, in vascular elements of BAT β2 receptors are also present [52-

54]. The β3-adrenergic signaling cascade is mediated via adenylyl cyclase activation by Gs 

proteins; then 3',5'-cyclic adenosine monophosphate (cAMP) and Protein Kinase A (PKA) 

transmit the thermogenic signal [55-57]. That is the reason why PKA activators (e.g. forskolin) 
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and cell permeable cAMP analogues (e.g. dibutyril-cAMP) are able to model natural thermogenic 

cues during the experiments [58-60]. Among others, PKA activation directly stimulates lipolysis 

and leads to characteristic gene expression changes (including UCP1 upregulation) facilitated by 

the phosphorylation of cAMP Response Element Binding Protein (CREB) or by the induced 

MAP kinase pathways (Erk1/2, p38, JNK) [61-64]. The α2 adrenergic receptors are coupled to Gi 

proteins and modulate the aforementioned pathway negatively, in contrast to α1 receptors which 

activate Gq proteins and phospholipase C resulting in the generation of inositol 1,4,5-

trisphosphate and diacyl-glycerol [65,66]. This signal transduction pathway results in elevated 

intracellular Ca2+ levels, increased protein kinase C (PKC) activity and subsequent CREB 

phosphorylation or MAP kinase (Erk1/2) activation which further facilitate heat production [67-

70]. Moreover, NE has a major role not only in the acute induction of Ucp1-dependent NST but 

also (among other mediators, discussed in details in 2.4.) in the long-term regulation of 

proliferation and differentiation processes in BAT [71-74]. The developmental pathways 

resulting in heat generating adipocytes will be summarized in the next section. 

 

 2.2. Heat-generating fat depots: “Classical brown” and “beige” adipocyte 

development 

 

2.2.1. Origin of “classical brown” adipocytes 

Both white and brown adipocytes are able to store and liberate triglycerides, express a common 

set of genes and undergo a similar differentiation process controlled by Peroxisome Proliferator 

Activated Receptor Gamma (PPARγ) and members of the CCAAT/Enhancer Binding Protein 

(C/EBP) family of transcription factors [75-80]. Because of these common features, brown cells 

were termed as adipocytes and they were assumed to be originated from the same precursors as 
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white adipocytes for a very long period of time [81,82]. Studies focusing on BAT development in 

rodents found that these “classical brown” adipose cells originate from a dermatomyotomal 

precursor and they are developmentally much closer to skeletal muscle cells than to white 

adipocytes [83,84]. These multipotent precursors express Engrailed-1, MYF5 or PAX7 and are 

equipped with the potential to differentiate into “classical brown” adipocytes and skeletal 

myocytes [83,85,86]. In response to certain stimuli, e.g. bone morphogenetic protein 7 (BMP7), 

the dermatomyotomal precursors are committed to differentiate into brown preadipocytes which 

are marked by the upregulation of early B cell factor-2 (EBF2) [87-89]. This process is 

negatively regulated by the wingless (Wnt) signaling pathway [90,91]. Of note, later it turned out 

that some subsets of white adipocytes could also be able to be differentiated from the MYF5 

positive precursors [92]. 

The transcriptional cascades that control the process of “classical brown” adipocyte 

differentiation from the aforementioned preadipocytes were extensively studied in rodents 

(reviewed in ref. 93-97 and in Figure 3). PR Domain 16 (PRDM16) is one of the key mediators 

that specifies brown adipocyte identity and differentiation by direct interactions with several key 

adipogenic transcription factors (PPARα, PPARγ, PGC-1α, C/EBPβ, etc.) resulting in their 

transcriptional co-activation [85,98,99]. However, its absence can be compensated by other 

factors, e.g. EHMT1 (stabilizes PRDM16 protein through direct interaction) or EWS (activates 

BMP7 production). In parallel, these transcriptional co-regulators also suppress white adipocyte 

and skeletal muscle-specific genes effectively [99-101]. The cold-induced, cAMP-dependent 

long-term thermogenic program which stimulates brown adipocyte differentiation and 

vascularization of BAT is potentiated by PRDM16 and FOXC2 resulting in the elevated 

expression of PPARγ Coactivator-1α (PGC-1α) [98,102,103]. PGC-1α is a transcriptional co-

activator which interacts with IRF4 and nuclear hormone receptors including PPARγ and serves 
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as a key regulator of adaptive NST due to the induction of genes involved in mitochondrial 

biogenesis and oxidative metabolic pathways [104-107]. Of note, PGC-1α does not determine the 

identity of “classical brown” adipocytes directly and it has a broad range of effects including the 

upregulation of mitochondrial genes in other types of tissues as well [108-113]. On the other 

hand, Retinoblastoma protein (pRB) and some members of the SRC-family were described as 

negative regulators of “classical brown” adipocyte differentiation and activation in mouse models 

[114-116]. 

 

Figure 3. Key factors of “classical brown” adipocyte development in mice [96]. 

 

2.2.2. “Beige” adipocytes – inducible thermogenic fat cells 

More than 30 years ago, “brown adipocyte-like” cells were detected in rodent WAT depots as a 

result of cold- induced thermogenesis mediated by the SNS [117-120]. These cells contained 

multilocular lipid droplets (usually with a predominant central droplet surrounded by several 

smaller ones at the periphery of the cells) and high amount of Ucp1 expressing mitochondria 

[6,118]. This phenomenon, which was assumed to be the reversible transdifferentiation 
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(transformation of a differentiated cell into another cell type with different morphological 

features and functions) of white adipocytes into brown fat cells [119-121], was associated with 

the improvement of obesity and insulin resistance [122-124]. Later, experiments using mouse 

models (and human samples, discussed in detail in 2.3.) suggested that the differentiation of these 

“brown adipocyte-like” cells arose from a distinct precursor as a result of several stimuli (e.g. 

cold, physical exercise, diet) at least partially regulated by the β3-adrenergic signaling pathway 

[125-131]. These inducible cell populations which are generated mostly in subcutaneous WAT 

from preadipocytes (marked with PDGFRα and EBF2 expression) in a process called “browning” 

were termed as “beige” (or “brite”) adipocytes [89,125,126,132-134]. 

“Beige” adipocyte development can be highly enhanced by several neuro-endocrine or paracrine 

factors (discussed in detail in 2.4.) and shares numerous common regulatory transcriptional 

mechanisms with “classical brown” adipocyte differentiation [95,96,101,126,127] (Figure 4). 

The ratio of energy-dissipating “beige” and energy-storing white adipocytes is determined, at 

least partially, during early differentiation of mesenchymal progenitors into adipocyte subtypes 

[96,130,131,135]. A crucial mechanism regulating this process was described recently. When a 

repressor binds to a mesenchymal super enhancer in one of the intronic regions of the Fat Mass 

and Obesity Associated (FTO) gene, resulting in the downregulation of IRX3 and IRX5 

expression, this drives the progenitors toward a “beige” cell fate, elevated thermogenesis and 

reduced lipid storage [131]. PRDM16 is also a key regulator that determines “beige” adipocyte 

fate; it can directly interact with ZFP516, a transcription factor leading to the upregulation of the 

UCP1 and PGC-1α genes during “browning” of WAT [126,136,137]. Contrarily, RIP140, p107 

or TLE3 inhibit “browning” in mice by antagonizing the functions of PRDM16 or PGC-1α [138-

140]. Casein kinase 2 phosphorylates and activates class I Histone deacetylases, which results in 

downregulation of PGC-1α expression and reduced “beige” fat biogenesis and heat production 
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[141,142]. In addition, several micro RNAs (e.g. miR-26, miR-30, miR-133, miR-155, miR-

193b, miR-196a, miR-365, miR-378)  and long non-coding RNAs (e.g. lnc-BATE1, Blinc1) were 

described recently to fine tune the control of “classical brown” and “beige” adipocyte 

differentiation in rodents and humans [143-153]. Of note, some of the “beige” adipocytes arise 

from smooth muscle precursors [154] and the regulatory network that controls “beige” 

adipogenesis may significantly vary in different fat depots [96,128,155]. 

 

Figure 4. Transcriptional regulation of “beige” adipocyte differentiation in mice [97]. 

 

In contrast to “classical brown” adipocytes, “mature beige” cells express thermogenic genes at 

low levels under basal unstimulated conditions [125,128]. In addition, when a thermogenic 

stimulus subsides, “masked beige” cells persist that have a white adipocyte-like morphology in 

vivo [96,130]. Both “mature” and “masked beige” adipocytes are able to strongly activate UCP1 

expression and their thermogenic capacity in response to recurring β-adrenergic stimuli 

[96,127,130]. In summary, “beige” adipocytes are able to switch on and off their UCP1-

dependent thermogenic program in response to external cues. On the other hand, the possibility 

of reversible transdifferentiation of mature white adipocytes into heat producing “beige” cells, at 
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least under special conditions, has never, to our knowledge, been completely excluded 

[95,96,156]. 

 

2.2.3. Markers of browning 

Although many similarities and differences between the two thermogenic fat cell types have been 

elucidated recently (Figure 5), there is no clear consensus (especially in human studies) on the 

criteria of classification of “browning” adipocytes into “classical brown” or “beige”. Higher 

expression of thermogenic genes (e.g. UCP1, PGC-1α, CIDEA, ELOVL3, PRDM16, DIO2) and 

mitochondrial markers (e.g. CYC1, COX2, COX5B, ATP5B, ATP6V02, NDUFS1) compared to 

white adipocytes can be found in both heat producing cell types, especially when they are 

stimulated for thermogenesis [126,129,130,136,138,157]. In mice, “classical brown” adipocytes 

express ZIC1, LHX8, MYLPF, PDK4, EBF3, MPZL2, FBXO31, miR-206 etc. at elevated levels 

compared to white or “beige” adipocytes [84,98,155,158]. Among these genes only ZIC1 and 

LHX8 were validated in infant and adult human samples as “classical brown” markers so far 

[159,160]. Of note, the constitutive expression of UCP1 is always higher in classical BAT than in 

“beige” fat depots [155,159]. To recognize “beige” adipocytes in mice, the most accepted gene 

expression markers are TBX1, TMEM26, HOXC9, CD137, SHOX2, CITED1 and TNFRSF9 

[125,127,155,161]. In a recent study, using clonally derived adult human adipocytes with “beige” 

characteristics, KCNK3 and MTUS1 variant 3 were identified as new molecular markers for 

human “beige” adipocytes [162]. Furthermore cell surface proteins, ASC-1, PAT2 and P2RX5 

were found to be highly accumulated on white, “classical brown” and “beige” adipocytes, 

respectively [163]. However, to date, widely accepted surface markers that can discriminate 

between these adipose cell types have not been described, which limit the possibility to 

specifically identify and sort out different types of thermogenic adipocytes in a heterogeneous 
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cell population. Furthermore, to our knowledge, “masked beige” cells cannot be detected among 

white adipocytes by specific molecular markers. 

 

Figure 5. Main features of “classical brown” and “beige” adipocytes [129]. 

 

2.2.4. UCP1-independent thermogenesis 

Isolated mitochondria of murine classical BAT and “beige” fat depots were both able to 

efficiently perform UCP1-dependent thermogenesis connected with a limited capacity to produce 

ATP through oxidative phosphorylation [20,21,164]. In mice, however, NST mediated by 

classical BAT is approximately three fold higher than the maximal UCP1-dependent heat 

production of activated total “beige” fat [164]. In parallel with the UCP1-mediated uncoupling, it 

is becoming clear, that thermogenic adipocytes contain other, UCP1-independent energy 

dissipating pathways. The glycerol-3-phosphate shuttle regularly allows the NADH synthesized 

in the cytosol by glycolysis to contribute to oxidative phosphorylation in the mitochondria to 

generate ATP. Primarily, cytosolic glycerol-3-phosphate dehydrogenase converts 

dihydroxyacetone phosphate to glycerol 3-phosphate by oxidizing one molecule of NADH to 

NAD+. Glycerol-3-phosphate is converted back to dihydroxyacetone phosphate by an inner 

membrane-bound mitochondrial glycerol-3-phosphate dehydrogenase, reducing one molecule of 

enzyme-bound FAD to FADH2 [165-168]. When these reactions are continuously coupled to 
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each other resulting in a substrate cycle, as it was shown in BAT of rodents, metabolic 

inefficiency is caused, because of the production of only two instead of three ATPs/mol of 

NADH generated by glycolysis [33,169]. Another thermogenic futile cycle is based on the 

cycling of Ca2+ by the SERCA Ca2+-ATPase which pumps Ca2+ into the sarcoplasmic 

reticulum and the subsequent leakage of Ca2+ into the cytoplasm [170,171]. Ca2+ cycling 

uncoupled to muscle contraction, which is regulated by phosphorylation of sarcolipin or 

phospholamban small regulatory proteins, mainly functions in skeletal muscle cells but has been 

suggested to be an additional UCP1-independent thermogenic mechanism in BAT [32,172,173]. 

In addition, synergistic enhancement of both lipid synthesis and oxidation, another thermogenic 

mechanism based on lipid turnover was also proposed to be active in BAT [174,175]. Recent 

findings revealed a novel futile cycle of creatine metabolism which enhances energy expenditure 

in the mitochondria of “beige” (and in a smaller extent in “classical brown”) adipocytes. 

Mitochondrial creatine kinase 1 or 2 (CKMT1/2) catalyzes the conversion of creatine and utilizes 

ATP to create phosphocreatine (PCr) and ADP, before Phospho1 liberates the high-energy 

phosphate group from PCr [176-179]. However, how these energy dissipating pathways relatively 

contribute to heat production in different fat depots and which regulatory mechanisms switch on 

and off the aforementioned substrate cycles, especially in humans, remain elusive. 

 

2.3. Implications of “browning” for metabolic health in humans 

 

2.3.1. Obesity – a global health issue 

Obesity is one of the major risk factors of metabolic syndrome, coronary heart disease and cancer 

which are leading causes of morbidity and mortality today [180,181]. In Europe, approximately 

four million people die each year as a result of cardiovascular diseases [182]. Even though, the 
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rate of cardiovascular mortality in Hungary (640/10000 inhabitants) has been continuously 

decreasing in the recent years, it is still more than two-fold higher than the mean cardiovascular 

mortality of the EU-25 countries [183]. In Hungary, the mean prevalence of chronic heart failure 

was 1.6% between 2004 and 2010 (in Western-Europe and North-America: 0.4-2%). The 

majority of the patients suffering in chronic heart failure are older than 60 years. Above 75 years 

of age, the prevalence of chronic heart failure is more than 10%. These patients have the worst 

prognosis; the mortality of those is 30% in 3 years and more than 50% in 5 years after the 

diagnosis [184]. In our country, the prevalence of overweight people (BMI: 25-29.9 kg/m
2
) is 

58%. Approximately half of them are obese (BMI: >30 kg/m
2
). Obese patients have 2-3 times 

higher relative morbidity risk than people with normal body weight (BMI: 18-24.9 kg/m
2
) for the 

other components of metabolic syndrome [185]. In 2012, the public expenditure in regard to 

obesity was more than 200 billion HUF (700 million USD) in Hungary [186,187]. 

Although the prevalence of overweight and obesity is as high as 40-50% in most of the developed 

countries, the effective therapeutic potentials against obesity are very limited. The idea to 

increase mitochondrial uncoupling to burn off the excess fat as heat is dated back for a long time. 

Therefore, 2,4-dinitrophenol was administered broadly to obese patients in order to increase their 

metabolic rate. However, 2,4-dinitrophenol treatment was later withdrawn because of severe 

side-effects [188]. The presence of BAT in humans was first described more than 50 years ago. 

Newborn infants have a significant amount of interscapular BAT that shares common 

morphological features with rodent brown fat and provides a “thermogenic jacket” after birth 

[28,189,190]. A recent study revealed that this brown fat depot contains mostly “classical brown” 

adipocytes [160]. Multilocular brown adipocytes, which are usually surrounded by white fat cells, 

were found in several other anatomical sites in infants including the “deep neck”, mediastinal and 

perirenal regions [191]. Although some studies proposed that BAT depots exist in a smaller 
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amount in adult humans as well, it has been generally believed for decades that NST mediated by 

BAT disappears in childhood or adolescence and therefore lacks significance in adults [191,192]. 

It was also suggested long time ago that inactive brown adipocytes which have a unilocular 

morphology might persist during the later stages of life [191]. 

 

2.3.2. Browning adipocytes exist in adult humans – Can we find and activate them? 

Studies using positron or gamma radiation emitting radiolabelled metabolic substrates (
18

F-FDG, 

123
I-MIBG) in nuclear medicine detected high incidence of metabolically active BAT, which can 

dissipate energy directly into heat as a result of a cold challenge, in healthy adult humans of 

different ethnic groups. These thermogenic fat depots, which were three dimensionally visualized 

by PET/CT or SPECT/CT, can be found interspersed in the human body and are mostly enriched 

in the supraclavicular, “deep neck” and paravertebral regions (Figure 6) [193-200]. Furthermore, 

independent trials proved the strong negative correlation between obesity or glucose intolerance 

and the amount of metabolically active BAT in humans [201-206]. The activity of these heat 

producing, anti-obesity fat depots was predicted to account for up to 5% of basal metabolic rate 

in adult humans, which could cumulatively support more than 4 kg of fat loss per year [95,207]. 

However, the amount of thermogenic BAT is reduced as a result of aging both in mice and 

humans [208,209]. Thus, the importance of BAT in controlling the energy homeostasis of the 

entire human body has become increasingly evident in the past few years, highlighting the 

possibility of therapeutic application of BAT stimulation in the treatment of obesity and diabetes 

mellitus [210-213]. 
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Figure 6. Metabolically active brown and “beige” adipose tissue depots can be found 

interspersed in adult humans [200]. 

 

Although adipocytes which express “classical brown” markers were found in the “deep neck” fat 

of adult humans, most of the obtained data suggest that the energy expenditure of thermogenic 

adipose depots in the entire body is less pronouncedly mediated by the ab ovo differentiated 

“classical brown” adipocytes [159,214]. The development of “beige” cells which can be found 

interspersed in WAT and generated in a process called “browning” seems to play a more 

significant role. Several studies suggest that a large proportion of the thermogenic fat depots in 

adult humans is mostly composed of “beige” cells. However, there is only limited information 
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about the origin of “beige” adipocytes and the regulators of “beige” adipogenesis in humans 

[127,162,215]. “Beige” adipocytes are developed either from distinct precursors or from mature 

white adipocytes as discussed in details in the previous section. 

This “browning” process which results in unstimulated, slightly active “beige” cells would 

determine a “beige” potential or the “thermogenic competency” of each individual [135]. The 

“beige” potential is fundamentally defined by the proportion of the differentiated energy-

dissipating “beige” and energy-storing white adipocytes in each person. Those who carry the 

risk-allele of the FTO locus fail to drive the adipocyte progenitors toward a “beige” cell fate and 

harbor a strong genetic association with obesity. This recent discovery proposed to date the first 

strong genetic link in humans between obesity and thermogenic competency generated by 

“beige” fat development [131]. The thermogenic competency might be increased 

pharmacologically by “browning-inducers” (discussed in details in 2.4.) or by implants of 

“masked” or activated “beige” adipocyte depots [216]. After a complete “browning”, both mature 

and “masked beige” adipocytes are able to enhance UCP1 expression and heat production (both 

in a UCP1 dependent and independent manner) in response to anti-obesity cues, such as an 

adrenergic stimulus, in a process called “thermogenic activation” [127,130,135]. As a natural 

thermogenic stimulus, cold exposure causes the SNS to release NE and induce heat production of 

brown and “beige” fat in humans through consumption of fatty acids and glucose [196]. Since 

non-specific β-adrenergic agonists have striking effects on the cardiovascular system, selective 

induction of the β3-receptor mediated pathway (e.g. by mirabegron) can be a promising future 

therapeutic target that boosts “thermogenic activation” [217-219]. On the other hand, various 

food ingredients can mimic a cold challenge and activate transient receptor potential channels on 

sensory neurons resulting in the stimulation of NST by the SNS. Therefore, capsaicin in chili 

pepper, catechins in green tea, piperine in black and white pepper, gingerols in ginger or 
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cinnamaldehyde in cinnamon might be safely applicable to our daily life for preventing weight 

gain [220-224]. 

It is also becoming clear that brown and “beige” adipocytes are not only heat-generating cells. 

Recent results suggest that “beige” adipocytes contribute significantly to the regulation of whole 

body energy expenditure and systemic metabolic homeostasis not exclusively by thermogenesis 

and mitochondrial uncoupling [205,206,225]. For example, BAT-derived Interleukin-6 (IL-6) is 

required for the profound effects of BAT on glucose homeostasis and insulin sensitivity in mice 

[226,227]. There is, however, only limited information about the secreted factors by brown and 

“beige” adipocytes („batokines”) in humans. Some of them contribute to the direct induction of 

“thermogenic competency and activation” as a paracrine-autocrine mediator, as discussed in the 

next section. 

 

2.4. Activators of brown and “beige” fat development and function 

 

2.4.1. Hormones which regulate browning by central and peripheral actions 

It has been known for a long time from rodent experiments, and was later proven in humans, that 

cold exposure facilitates NE release from the SNS which not only induces a rapid thermogenic 

program but also enhances BAT development [71-74,196,228]. Recently it was discovered that 

alternatively activated (or M2) MΦs which are recruited during “browning” secrete also 

catecholamines to sustain NST [229]. Insulin (as well as cholecystokinin and enterostatin) were 

also described in rodents as meal-induced, centrally acting, acute thermogenic cues decades ago 

[230-233]. Then, it was demonstrated that insulin signaling, which stimulates the upregulation 

and transfer of Glucose transporter type 4 (GLUT4) to the plasma membrane, plays a crucial role 

in mediating the uptake of glucose and storage of lipid droplets not only in white but also in 
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brown adipocytes [234-236]. Later, insulin and Insulin-like growth factor-1, which suppress Wnt 

signaling and the expression of necdin (functionally similar to the pRB that binds to and represses 

the activity of cell cycle-promoting proteins) were directly linked to fetal brown adipocyte 

development in rodents [237-240]. Contrarily, Transforming growth factor-beta (TGF-β) induced 

Smad3 signaling negatively regulates thermogenesis and mitochondrial energetics by decreased 

activation of the insulin receptor signaling pathway in “browning” adipocytes [241,242]. 

Leptin, which reduces appetite as a circulating hormone secreted by adipocytes, also enhances 

BAT thermogenesis by inducing SNS via the release of melanocyte-stimulating hormone in the 

hypothalamus [243-247]. However, the thermogenesis-inducing effect of leptin was debated 

recently [248]. In contrast to centrally acting glucocorticoids which decreased the effect of leptin 

in vivo, dexamethasone treatment on primary cultures of murine brown adipocytes resulted in the 

upregulation of ELOVL Fatty Acid Elongase 3 (ELOVL3 or Cig30) and promoted their 

differentiation [157,249,250]. Previously, the metabolic effects of thyroid hormones including 

elevated heat production have been suggested to be peripherally mediated [251-254]. However, 

recent studies revealed that T3 inhibits AMPK in the ventromedial hypothalamus resulting in the 

activation of SNS that leads to increased “thermogenic competency” and induction in mice. The 

central effects of thyroid hormones seem to be more significant than their peripheral action on the 

regulation of energy balance by NST [255-258]. 

Central serotonin (5HT) is known to regulate energy balance by decreasing appetite and 

increasing BAT thermogenesis through effects on the nervous system [259,260]. These actions 

were exploited by appetite-suppressing drugs, e.g fenfluramine or sibutramine, in the treatment of 

obesity [261]. However, these drugs were later withdrawn, because of frequent cardiovascular 

side effects [262,263]. Recently two groups reported independently that peripheral 5HT has an 

opposing effect. In mice, 5HT reduced the “beige” potential and the sensitivity of brown and 
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“beige” adipocytes to thermogenic induction in a cell autonomous manner [264-266]. Second-

generation antipsychotic drugs (SGAs), including clozapine, bind to different 5HT, muscarinic 

and histamine receptors and antagonize adrenergic α1 and 2 or various dopamine receptors [267-

269]. SGAs, especially clozapine, olanzapine, risperidone and quetiapine increase the incidence 

of weight gain and metabolic syndrome in patients with severe mental illnesses (SMI) with 

diverse but not completely revealed molecular mechanisms [270-273]. 

 

2.4.2. Physical exercise and non-shivering thermogenesis (NST) 

Physical exercise has well-known beneficial metabolic effects and protects against several 

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

[274,275]. Skeletal and cardiac muscle cells secrete various hormones, which were termed as 

“myokines”, in response to physical activity [276,277]. These factors significantly contribute to 

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

(Figure 7) [278,279]. 
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Figure 7. Regulation of non-shivering thermogenesis by muscle and brown or “beige" adipose 

tissue [modified from ref. 280]. 

Irisin was discovered as a “myokine” which is cleaved from the Fibronectin Type III Domain 

Containing 5 (Fndc5) transmembrane protein and induced a “beige” program of subcutaneous 

WAT in mouse models. Physical exercise (as well as shivering) induced the upregulation of 

Fndc5 and the subsequent secretion of irisin in skeletal myocytes driven by PGC-1α [113]. The 

production of irisin by cardiac muscle was also demonstrated in rats [281]. Then, irisin acts as a 

“browning-inducer” in a cell-autonomous manner, presumably through an unknown selective 

receptor, via the p38 MAPK and ERK pathways [113,282]. In the ATG start codon of the Fndc5 

gene the A was replaced by G in humans compared to the mouse genome. This change probably 

results in a shorter Fndc5 protein lacking the part from which irisin is generated [283]. However, 
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several studies have demonstrated the presence of irisin in human blood plasma, using mass 

spectrometry or many different antibodies, as a function of exercise or other metabolic 

parameters [284-288]. Of note, the specificity of some antibodies against human Fndc5 or irisin 

has been later debated [289]. Furthermore, more than 10-fold higher irisin plasma concentrations 

were detected in rodents (>100 ng/µl) than in humans (<10 ng/µl) by mass spectrometry [290]. 

Fndc5 is expressed in distinct areas of the brain and central effects of circulating irisin were 

described recently as well [291]. For example, irisin is able to potentiate “browning” via SNS by 

inducing the production of hypothalamic brain-derived neurotrophic factor (BDNF) [292]. 

Stimulation of physical and social activity (“enriched environment”) also leads directly to the 

upregulation of BDNF in the hypothalamus [293]. In addition, this central Fndc5/irisin-BDNF 

pathway was hypothetically connected to beneficial cognitive functions, such as learning or 

motivation [294]. 

In response to exercise, skeletal muscle cells secrete Meteorin-like (Metrnl) hormone which 

promotes eosinophil granulocyte infiltration and alternative activation of MΦs in adipose tissue 

and regulates immune-adipose interactions to stimulate “beige” fat thermogenesis in mice [295]. 

Lactate and β-aminoisobutyric acid, which are also released by myocytes after exercise, induce 

“browning” in the subcutaneous WAT depots of rodents and in differentiating human adipocytes 

[296,297]. Recent findings suggest that IL-6 not only acts as a crucial mediator of inflammatory 

processes but also serves as an endocrine modulator of metabolism for the entire body [298]. IL-

6, as a “myokine”, targets several tissues including liver, skeletal muscle, pancreas, brain, WAT 

and BAT, and seems to balance exercise-associated catabolic pathways in order to mediate 

glycemic control during recovery [299-302]. Furthermore, IL-6 can mediate some of the long-

term systemic beneficial effects of physical training. In accordance with the homeostatic roles of 

IL-6, it can contribute to the exercise-induced alternative activation of MΦs and the induction of 
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“thermogenic competency” in mice [303,304]. Group 2 innate lymphoid cells, which infiltrate 

“browning” adipose tissue in response to IL-33, produce IL-5 that prompts eosinophils to secrete 

IL-4. This paracrine signaling of the innate immune system, similarly to the endocrine effects of 

Metrnl, also contributes to the induction of “beige” thermogenesis via the alternative activation of 

MΦs [305,306]. In addition, activated group 2 innate lymphoid cells secrete methionine-

enkephalin peptide which directly enhances “browning” acting on the opioid receptors of “beige” 

adipocytes [307]. 

 

2.4.3. Browning-inducers which directly target adipose tissue 

Another key endocrine factor, atrial natriuretic peptide (ANP), which is produced by 

cardiomyocytes and switches on p38 MAPK signaling and phosphorylation of ATF2, directly 

increasing UCP1 transcription, promotes “thermogenic activation” and mitochondrial biogenesis 

in murine “beige” fat and in human adipocytes [308,309]. Nitric oxide (NO), similarly to ANP, 

increases intracellular cGMP amount and locally induces heat production of classical BAT in rats 

[310]. In addition, pharmacological stimulation of soluble guanylyl cyclase protects against diet-

induced obesity by increasing the “thermogenic competency” in mice [311,312]. 

p38 MAPK signaling is also induced by distinct BMPs which are key endocrine-paracrine 

regulators of “thermogenic competency and activation”. BMP7 was described earlier as a locally 

acting mediator in mice that both drives “classical brown” adipogenesis and recruits “beige” 

adipocytes [87,313]. Then, the effect of BMP8b and BMP4 was connected to increased 

“thermogenic induction” of BAT and accelerated “beige” adipocyte differentiation, respectively 

[314,315]. Growth differentiation factor-5 (GDF5), which acts in a paracrine-autocrine manner, 

also induced “browning” in mice via BMP receptor complex and Smad5 to activate the PGC-1α 

promoter [316]. 
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Fibroblast growth factor 21 (FGF21) is secreted by hepatocytes and “beige” adipocytes and binds 

to a receptor complex in which βKlotho interacts with FGF receptors 1c and 4. Then, FRS2α 

docking protein and ERK1/2 are phosphorylated which improves insulin sensitivity and induces 

“browning” in WAT [317-320]. Because of the beneficial effects of FGF21 on the liver and 

adipose tissue, which results in decreased blood sugar levels and increased energy expenditure, 

its analogues are being tested in preclinical and clinical trials for the management of diabetes and 

obesity [321,322]. 

Recently it was demonstrated, that “beige” adipocytes secrete Slit2 which is post-translationally 

cleaved into fragments in the extracellular matrix. Then, its C-terminal fragment promptly 

induces “beige” fat thermogenesis in an autocrine-paracrine manner by activating PKA signaling 

[323]. Adenosine, a locally acting purine nucleoside secreted by adipocytes or generated from the 

released ATP by SNS, activates ADORA2A receptor, leading also to increased cAMP- and PGC-

1α-dependent signaling, that enhances thermogenesis and lipolysis in murine and human brown 

and “beige” adipocytes [324]. Moreover, prostaglandins were also proposed to locally regulate 

“browning” in mice without any effects on classical BAT [325]. 

As discussed above, there is growing evidence, that “browning” is regulated by several factors 

which might not affect the central nervous system (CNS). Some of these mediators are released 

by “browning” adipocytes and act in a paracrine-autocrine manner. These might open up better 

strategies to stimulate “browning” specifically or to establish an in vitro “engineered BAT” that 

helps the treatment of obese or diabetic patients more effectively. However, most of these factors 

were tested only in rodent models and their effects on human adipocyte “browning” are 

unrevealed. Therefore, we aimed to quantify human brown and “beige” adipocyte differentiation 

in response to different “browning-inducers” ex vivo at a single cell level in a highly replicative 

manner by using a slide-based image cytometry approach.  
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3. AIMS OF THE STUDY 

 

 To quantify human brown and “beige” adipocyte differentiation ex vivo at a single cell 

level in a highly replicative manner by using a slide-based image cytometry approach. 

 To clarify the direct effect of irisin and BMP7, two potent browning-inducers described in 

mice, on the induction of browning in our ex vivo human model system. 

 To identify novel effects of drugs on human browning by complementing gene expression 

and oxygen consumption measurements (OC) with the laser-scanning cytometry (LSC) 

based population scale analysis of ex vivo brown adipogenic differentiation. 

 To learn the molecular mechanism that can explain the unexpected browning effect of 

clozapine. 

 To investigate the secretion of cytokines (“batokines”) by primary human brown and 

“beige” adipocytes. 
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4. MATERIALS AND METHODS 

 

4.1. Ethics statement 

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

abdominal adipose tissue of healthy volunteers (body mass index < 29.9) aged 20–65 years who 

underwent a planned surgical treatment (herniotomy). Written informed consent from all 

participants was obtained before the surgical procedure. The study protocol was approved by the 

Ethics Committee of the University of Debrecen, Hungary (No. 3186-2010/DEOEC 

RKEB/IKEB). All experiments were carried out in accordance with the approved ethical 

guidelines and regulations. 

 

4.2.  Materials 

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

(Merck-Millipore; MAB374) 

 Antimycin A from Streptomyces sp. (Sigma-Aldrich; U8674) 

 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) 

 Apo-Transferrin human (Sigma-Aldrich; T2252) 

 Biotin (Sigma-Aldrich; B4639) 

 CIDE A (aa200-217) antibody (Covalab, pab70665) 

 Clozapine (Sigma-Aldrich; C6305) 

 Collagenase from Clostridium histolyticum (Sigma-Aldrich; C1639) 
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 cOmplete™ Protease Inhibitor Cocktail (Roche Diagnostics; 11873580001) 

 Dexamethasone (Sigma-Aldrich; D1756) 

 N6,2′-O-Dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt (dibutyryl-cAMP) 

(Sigma-Aldrich; D0627) 

 Dimethyl sulfoxide (DMSO) (Sigma-Aldrich; D2650) 

 Dulbecco’s modified Eagle’s medium (DMEM) Nutrient mixture F-12 (Sigma-Aldrich; 

D8437) 

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

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

 (+)-Etomoxir sodium salt hydrate (Sigma-Aldrich; E1905) 

 Fetal bovine serum (FBS) (Gibco; 10270) 

 Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor® 488 conjugate (Thermo 

Fisher Scientific; A-11034) 

 3-Guanidinopropionic acid (β-GPA) (Sigma-Aldrich; G6878) 

 High Capacity cDNA Reverse Transcription Kit (Applied Biosystems; 4368813) 

 Hoechst 33342, Trihydrochloride, Trihydrate (Thermo Fisher Scientific; H1399) 

 Hydrocortisone (Sigma-Aldrich; H0888) 

 3-Isobutyl-1-methylxantin (IBMX) (Sigma-Aldrich; I5879) 

 Immobilon®-P PVDF Membrane (Merck-Millipore; IPVH00010) 

 Immobilon Western Chemiluminescent HRP Substrate (Merck-Millipore; WBKLS0500) 

 Insulin solution human (Sigma-Aldrich; I9278) 

 Irisin (human recombinant) (Cayman Chemicals; 11451) 

 Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo Fisher Scientific; K0221) 
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 2-mercaptoethanol (2-MEA) (Sigma-Aldrich; M3148) 

 μ-slide 8 well plate (Ibidi GmbH; 80826) 

 Nile Blue A (Sigma-Aldrich; N0766) 

 Oligomycin (Enzo Life Sciences; ALX-380-037) 

 Pantothenic acid (Sigma-Aldrich; P5155) 

 Paraformaldehyde (Sigma-Aldrich; P6148) 

 PCR Mycoplasma Test Kit I/C (PromoKine; PK-CA91) 

 Penicillin-Streptomycin (Sigma-Aldrich; P4333) 

 Recombinant Human BMP-7 Protein (R&D systems; 354-BP) 

 Rosiglitazone (Cayman Chemicals; 71740) 

 Saponin (Sigma-Aldrich; 47036) 

 Serotonin hydrochloride (5HT) (Sigma-Aldrich; H9523) 

 Taq DNA Polymerase, recombinant (5 U/µL) (Thermo Fisher Scientific; EP0401) 

 3,3′,5-Triiodo-L-thyronine sodium salt (T3) (Sigma-Aldrich; T6397) 

 TRI Reagent (Molecular Research Center, Inc.; TR118) 

 Triton X-100 (Sigma-Aldrich; T8787) 

 Trypsin-EDTA solution (Sigma-Aldrich; T3984) 

 TWEEN® 20 (Sigma-Aldrich; P1379) 

 XF96 FluxPak mini (Seahorse Biosciences; 102312-100) 

 

4.3. Isolation and cultivation of hADMSCs 

Subcutaneous abdominal adipose tissue samples were immediately transported in sterile PBS to 

the laboratory following herniotomy. Adipose tissue specimens were dissected from fibrous 
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material and blood vessels, minced into small pieces and digested in PBS with 120 U/ml 

collagenase for 60 min in a 37 
0
C water bath with gentle agitation. The completely disaggregated 

tissue was filtered (pore size 140 μm) to remove any remaining tissue. The cell suspension was 

centrifuged for 10 min at 200 g, and the pellet of SVF was re-suspended in DMEM-F12 medium 

containing 10% FBS, 100 U/ml penicillin-streptomycin, 33 μM biotin and 17 μM pantothenic 

acid. hADMSCs were seeded into 6-well plates or Ibidi eight-well μ-slides at a density of 15000 

cells/cm
2
 and cultured in the same medium at 37 

0
C in 5% CO2 for 24 h to attach. Floating cells 

were washed away with PBS and the remaining hADMSCs were cultured until they became 

confluent. The absence of mycoplasma was checked by polymerase chain reaction (PCR) 

analysis. 

 

4.4. Induction of white and “beige” adipocyte differentiation ex vivo 

After the cell culture became confluent, adipogenic differentiation was initiated. White adipocyte 

differentiation was induced for four days using the following medium: DMEM-F12 

supplemented with 33 μM biotin, 17 μM panthothenic acid, 10 µg/ml human apo-transferrin, 20 

nM human insulin, 100 nM hydrocortisone, 200 pM T3, 2 µM rosiglitazone, 25 nM 

dexamethasone and 500 µM IBMX. After four days rosiglitazone, dexamethasone and IBMX 

were omitted from the differentiation medium [326,327]. “Beige” adipogenic differentiation was 

carried out for three days using the following medium: DMEM-F12 containing 33 μM biotin, 17 

μM panthothenic acid, 10 μg/ml apo-transferrin, 0.85 μM human insulin, 200 pM T3, 1 μM 

dexamethasone and 500 µM IBMX. Three days later, the medium was changed (dexamethasone 

and IBMX were omitted) and 500 nM rosiglitazone was added [328]. From this point on media 

were changed every other day and cells were assayed after 14 days of differentiation. 
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4.5. Treatments of hADMSCs and differentiated white and “beige” adipocytes with 

browning-inducers or activators 

Where indicated, white or browning adipocytes were differentiated in the presence of potent 

browning-inducers: 250 ng/ml human recombinant irisin or 50 ng/ml human recombinant BMP7 

[113,283]. Irisin or BMP7 was administered during the whole differentiation procedure, or in the 

last 4 days of the differentiation. Cells were treated with clozapine (dissolved in DMSO) every 

day at 100 ng/mL concentration on the last 2 and 4 days or during the whole adipogenic 

differentiation process. Browning-inducers were administered for 12 h to hADMSCs and to fully 

differentiated white or brown adipocytes for short-term treatments. Where indicated, cells were 

treated with 5HT every day at 10 μM concentration during the whole adipocyte differentiation 

[265]. To investigate the response of differentiated adipocytes to thermogenic induction, cells 

received a single bolus of dibutyryl-cAMP at 500 μM final concentration for 4 hours [159]. 

 

4.6. RNA Preparation and TaqMan reverse transcription-coupled quantitative PCR 

(RT-qPCR) 

Total cellular RNA was isolated from hADMSCs and differentiated adipocytes using TRI 

Reagent. Total RNA concentrations were quantified by spectrometry after DNase treatment. 

TaqMan reverse transcription reagent was applied for generating cDNA according to 

manufacturer’s instructions. An ABI Prism 7700 sequence detection system (Applied 

Biosystems) or a LightCycler 480 (Roche Diagnostics) was used to determine normalized gene 

expression of “classical brown”, “beige”, white and general adipocyte markers. Validated 

TaqMan qPCR assays designed and supplied by Applied Biosystems were used according to the 

manufacturer’s instructions under which conditions PCR efficiency differed negligibly from 2. 

Human GAPDH was used as endogenous control. In line with a recent publication, GAPDH 
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expression levels did not vary between cell types and treatments [329]. All samples were run in 

triplicate. Gene expression values were calculated by the comparative Ct method. ΔCt represents 

the threshold cycle (Ct) of the target minus that of GAPDH. Normalized gene expression levels 

equal 2
−ΔCt

. 

 

4.7. Quantification of mitochondrial (mt) DNA by quantitative PCR 

Total cellular DNA was isolated by a conventional phenol-chloroform method from hADMSCs 

and differentiated white or browning adipocytes using TRI Reagent. Quantitative PCR was 

carried out in triplicates on diluted DNA using 10 μM each primer (mtDNA specific PCR, 

forward 5’-CTATGTCGCAGTATCTGTCTTTG-3’, reverse 5’-

GTTATGATGTCTGTGTGGAAAG-3’; and nuclear specific PCR (SIRT1 gene), forward 5’- 

CTTTGTGTGCTATAGATGATATGGTAAATTG-3’, reverse 5’- 

GATTAAACAGTGTACAAAAGTAG-3’) and Maxima SYBR Green/ROX qPCR Master Mix 

in a LightCycler 480 with a program of 20 min at 95 
0
C, followed by 50 cycles of 15 sec at 95 

0
C, 

20 sec at 58 
0
C and 20 sec at 72 

0
C. Single-product amplification was proved by an integrated 

post-run melting curve analysis. Results were calculated from the difference in Ct values for 

mtDNA and nuclear specific amplification. Data were expressed as mitochondrial genomes per 

diploid nuclei [330]. 

 

4.8. Western blotting 

hADMSCs and differentiated adipocytes were washed with ice cold PBS and collected followed 

by lysing in 50 mMTris–HCl; 0.1% Triton X-100; 1 mM EDTA; 15 mM 2-MEA and protease 

inhibitors. Insoluble cellular material was removed by centrifugation. Then, the protein 

concentration was determined by using Bradford reagent and the lysates were mixed with 5× 
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Laemmli loading buffer, boiled for 10 min and loaded onto a 10% SDS polyacrylamide gel. 

Proteins were transferred onto PVDF Immobilon-P Transfer Membranes followed by blocking in 

Tris-buffered saline containing 0.05% Tween-20 (TBS-T) and 5% skimmed milk for 1h. 

Membranes were probed by polyclonal anti-Ucp1 and monoclonal anti-GAPDH antibodies 

overnight at 4°C, followed by incubation with horseradish-peroxidase-conjugated species-

corresponding secondary antibodies for 1 h at room temperature. Immunoblots were developed 

with Immobilon Western chemiluminescent substrate. Densitometry analysis of immunoblots 

was performed using Image J software. 

 

4.9. Vital and immunofluorescence staining of differentiated adipocytes 

hADMSCs were plated on Ibidi eight-well μ-slides and differentiated as described in 4.4. On the 

day of measurement, cells were washed once with PBS and then kept in fresh medium for sub 

vital scanning with 50 µg/ml Hoechst 33342 for 60 minutes and 750 µg/ml Nile Blue for 20 

minutes. Next, cells were washed and fixed in 4% paraformaldehyde for 5 min followed by 

blocking in 5% skimmed milk for 2h and staining with anti-Ucp1 or anti-Cidea primary 

antibodies for 6h at room temperature. Alexa 488 goat anti-rabbit IgG was applied as a secondary 

antibody. Antibodies were used and additional washing steps between and after Ab usage were 

carried out in the presence of 0.1% saponin in PBS for effective cell permeabilization. 

 

4.10. Image acquisition by laser-scanning cytometry (LSC), recognition of cellular 

objects 

Images were collected with an iCys Research Imaging Cytometer (iCys, Thorlabs Imaging 

Systems) following the protocol of Doan-Xuan et al [331]. Sample slides were attached on a 

computer-controlled stepper-motor driven stage. An area with optimal confluence was defined in 
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low-resolution scout scan with a ×10 magnification objective and a 10-µm scanning step. As a 

next step, high-resolution images were consequently obtained by using a ×40 objective and a 

0.25-µm scanning step. The size of a pixel was set to 0.25 µm × 0.245 µm at ×40 magnification. 

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

33342, a solid-state 488-nm laser was used for Alexa 488 goat anti-rabbit IgG and a 633-nm 

HeNe gas laser for Nile Blue. Emissions were collected by three photomultiplier tubes; Hoechst 

was detected at 450 ± 20 nm, Alexa 488 at 530 ± 15 nm and Nile Blue at above 650 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 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). 

A two step process was used to identify adipocytes in the mixed cultures. Hoechst-stained nuclei 

were first identified and defined as primary objects. Based on parent nuclei, the secondary 

objects, a whole cell, were then identified according to its Nile Blue fluorescence (Figure 8). The 

texture feature was used to characterize the lipid droplet content of the cells, therefore cells which 

contained lipids above a preset threshold value were considered as adipocytes and included in 

further analysis. On texture “sum variance” (SV) vs. Ucp1 expression plots undifferentiated 

progenitors 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.  

[The images were analyzed by Dr. Quang-Minh Doan-Xuan and Dr. Zsolt Bacsó (Department of 

Biophysics and Cell Biology, University of Debrecen). These results are shown in Figures 11-14]  
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Figure 8. Segmentation and automated recognition of adipocytes and preadipocytes by LSC. (a) 

Hoechst-stained nuclei of differentiated adipocytes and preadipocytes.  (b) Phospholipid specific 

Nile Blue labelling. (c) Transmitted light images by which texture analyses were performed. (d) 

Nile Red staining as an alternative approach to visualize and analyze lipid droplets.  (e)  Merged 

image of Hoechst, Nile Blue and Nile Red channels. (f) Nuclei were identified as primary objects, 

contoured with green lines. Then, secondary objects as adipocytes and preadipocytes were 

detected using Nile Blue signal in close association with the predefined primary objects and 

bordered with red lines. Cell recognition was performed by the automated segmentation module 

of CellProfiler software. This Figure was prepared by Dr. Quang-Minh Doan-Xuan. 
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4.11. Texture analysis, quantification of Ucp1 and Cidea protein content of single 

cells and population scale analysis of human adipocyte browning 

2000-3000 cells per sample were collected for image analysis. Clustered, detached or dead cells 

were omitted and 1000-2000 cells were quantified per data set. We sought to render the 

difference that is obvious to the observer between the appearance of white adipocytes containing 

a few large lipid droplets and “beige”/brown adipocytes containing many small droplets in the 

form of a computable measure. Pictorial information may be grasped in spectral, textural or 

contextual terms. A textural description concerns itself with spatial distribution of tonal variations 

within an image. Textural parameters were calculated per identified objects using a built-in 

module of the CellProfiler software based on the approach of Haralick et al. [332] After 

segmentation the images of individual adipocytes were treated as a function which assigns a 

grey-tone value to each one in the ’x’ by ’y’ array of resolution cells, or pixels, based on their 

levels of brightness in a transmitted light image. From these quantized levels of grey shades of 

the pixels a nearest-neighbor grey-tone spatial dependence matrix was derived the entries of 

which are the numbers of adjacent pixel pairs with grey tone values exactly m,n where m,n = {1, 

2, 3…, Ng} and Ng is the number of distinct grey levels in the image. CellProfiler paired any 

pixel with the one to its right. The spatial dependence matrix was frequency normalized by 

dividing it with R, the total number of possible neighboring resolution cell pairs in the image. 

Haralick et al. [332] extract 14 different features from matrices of this sort which either relate to 

specific textural characteristics of the image or characterize the complexity of and the grey-tone 

transitions in the image. From among the latter we selected texture SV as it could well separate 

the white and “beige” populations. Note, that it is not possible to identify in everyday terms (such 

as homogeneity, contrast, coarseness, boundaries, etc.) the property which this feature represents. 

Texture SV was calculated as: 
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SV = ∑ (𝑖 − ∑ 𝑖𝑝𝑥+𝑦

2𝑁𝑔

𝑖=2

(𝑖))

2
2𝑁𝑔

𝑖=2

𝑝𝑥+𝑦 (𝑖) 

where 

px+y(i)= ∑ ∑ P(m, n)
𝑁𝑔

𝑛=1

𝑁𝑔
𝑚=1  𝑖 = {2, 3, … 2𝑁𝑔} is the i

th 
entry in the probability matrix obtained 

by summing of p(m,n) of pixel pairs with a sum intensity of i  

p(m,n) = P(m,n)/R   is the (m,n)
th

 entry in the normalized grey-tone spatial-dependence matrix  

P(m,n) is the number of adjacent pixel pairs with grey tone values exactly m,n where m,n = {1, 2, 

3…, Ng} 

Ng is the number of distinct grey levels in the image and 

R is the total number of possible neighboring resolution cell pairs in the image 

 

Beside texture parameters, the other major profiles that were also extracted are: Integral, which is 

the sum of the pixel intensities for a given event that provides information about the expression 

level of the labelled protein; and Area, which is the area enclosed by the boundary contour of the 

object, in square micrometers. From these parameters, Ucp1 or Cidea immunofluorescence 

intensity per cell (Ucp1 or Cidea protein content of each adipocyte) could be evaluated as the 

value of the Integrated intensity relative to the Area of each event. Ucp1 intensities and texture 

SV of each differentiated adipocyte were then plotted. On the density contour plots cells were 

identified as browning adipocytes if their texture SV was lower than 4.5. This value corresponds 

to the local minimum between the peaks of a lower and higher SV group, when the frequency of 

SV of equal numbers of cells differentiated with the white and the “beige” protocols is plotted 

together. In our experience this invariably well discriminated two intuitively recognizable distinct 

populations throughout all experiments. For the Ucp1 immunostaining, where the efficiency of 

staining varied from experiment to experiment and no constant threshold could be set, low and 
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high expressing populations were demarcated by the highest fluorescence value in the cells that 

had the highest 10% of texture SV in the high SV group, of which it was most reasonable to 

believe that they represented white adipocytes. 

Thus, adipocytes with morphological characteristics of browning were recognized as the ones 

that contained small lipid droplets (their texture SV was low) and high levels of Ucp1 protein 

(lower right quadrant of density plot images), in contrast to white adipocytes, which accumulated 

large lipid droplets (their texture SV was high) and expressed low amount of Ucp1 (upper left 

quadrant of density plot images) (Figures 12-14). 

 

4.12. Determination of cellular oxygen consumption (OC) 

OC was determined using an XF96 oximeter (Seahorse Biosciences). Cells were seeded and 

differentiated in 96-well XF96 assay plates. On the day of measurement, after recording the 

baseline OC for 30 min, adipocytes received a single bolus dose of dibutyryl-cAMP (at 500 μM 

final concentration) modelling adrenergic stimulation. Then, stimulated OC was measured every 

30 minutes. The final reading took place at 5 h post-treatment [60,330]. Adipocytes were treated 

with 5 μM etomoxir or with 2 mM β-GPA to block beta-oxidation and creatine-driven substrate 

cycle [179]. Next, proton leak respiration was recorded after adding oligomycin at 2 μM 

concentration to block ATP synthase activity. As a last step, cells received a single bolus dose of 

Antimycin A (10 μM final concentration) for baseline correction. The oxygen consumption rate 

(OCR) was normalized to protein content and normalized readings were shown. For statistical 

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

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

basal OCR of untreated white adipocytes. 
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4.13. Determination of cytokine release 

During regular replacement of differentiation media, culture supernatants were harvested and 

stored for cytokine measurements. Then, conditioned differentiation media from the same donor 

and differentiated sample were pooled. Where indicated, media were changed and culture 

supernatants were collected every day. The concentration of IL-6, IL-1β, IL-8, Tumor necrosis 

factor alpha (TNFα) and Monocyte Chemotactic Protein-1 (MCP-1) was measured from the 

collected cell culture media using ELISA DuoSet Kit [327]. 

 

4.14. Statistical analysis 

Each experiment was repeated 3-10 times with SVFs from independent healthy donors. Results 

are expressed as the mean ± SD for the number of assays indicated in the Figure captions. Sample 

sizes were chosen to ensure adequate statistical power following the practice of similar studies. 

For multiple comparisons of groups statistical significance was calculated and evaluated by one-

way Analysis of variance (ANOVA) followed by Tukey post-hoc test. In comparison of two 

groups two-tailed, paired Student’s t-test was used. The data were analyzed using Prism 6.01 

(GraphPad Software). 
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5. RESULTS 

 

5.1. A previously described brown adipogenic protocol induced a “beige”-like gene 

expression pattern in differentiating human adipocytes 

hADMSCs were isolated from the SVF of abdominal subcutaneous WAT and previously 

described differentiation regimens were applied to induce white [326,327] and brown [328] 

adipocyte differentiation. We selected to examine the expression of a core set of BAT-specific 

genes (UCP1, CIDEA, PGC-1α and ELOVL3) and a marker of mitochondrial enrichment 

(CYC1). The expression of PRDM16 and C/EBPβ which are key transcriptional regulators of 

browning was also measured. A “beige”-selective (TBX1) and a “classical brown” adipocyte 

marker gene (ZIC1) were also investigated. Finally, key drivers of the adipogenic program 

(C/EBPα, PPARγ) and general (LEPTIN, FABP4) adipocyte marker genes were assessed. The 

expression of UCP1 was not detectable in undifferentiated hADMSCs and showed a basal level 

in adipocytes differentiated by the white adipogenic cocktail for two weeks. Significantly higher 

expression of UCP1, both at mRNA and protein level, and increased mitochondrial DNA amount 

were found in whole cell lysates of adipocytes differentiated in the presence of the brown 

compared to the white protocol (Figure 9). 
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Figure 9. UCP1 expression and mitochondrial DNA content of primary human adipocytes. 

ADMSCs were differentiated for two weeks to white or brown adipocytes. (a) Ucp1 expression at 

mRNA level, detected by RT-qPCR; n=10. (b) Ucp1 protein expression in one representative 

adipocyte donor.  (c) Relative mitochondrial DNA amount (as compared to undifferentiated 

ADMSCs), determined by qPCR; n=7. Results are expressed as the mean ± SD for the number of 

assays (adipocytes of n different SVF donors) indicated. For multiple comparisons of groups 

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

**p<0.01 

 

In line with the increased UCP1 expression, we found upregulated browning marker genes 

(CIDEA, ELOVL3, CYC1 and PGC-1α) in response to the brown differentiation cocktail. The 

expression of ZIC1 remained at a low level after 14 days of brown adipogenic differentiation 

excluding that this protocol induces “classical brown” adipocyte phenotype. Contrarily, the 

significant upregulation of TBX1, a “beige” marker gene, suggests that human primary 

adipocytes from abdominal subcutaneous fat follow the „beige” pathway when differentiated 

according to the protocol developed by Elabd et al. [328] (Figure 10). From this point forward, 

we are referring to these cells as “beige” adipocytes. 
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Figure 10. Changes in expression levels of browning marker genes in primary human adipocytes 

during ex vivo brown adipocyte differentiation. ADMSCs of 10 different donors were 

differentiated for two weeks to white or brown adipocytes. (Gene expression was determined by 

RT-qPCR, target genes were normalized to GAPDH)  Results are expressed as the mean ± SD; 

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 

 

In general, adipogenic markers were hardly detected in undifferentiated progenitors. However, 

both adipocyte differentiation regimens induced a robust upregulation of well-accepted 

adipogenic marker genes. Gene expression changes in response to the aforementioned protocols 

are summarized in Table 1. 
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Table 1. Numerical data of changes in expression levels of adipogenic genes in primary human 

adipocytes during ex vivo white or brown adipocyte differentiation. Table shows average 

normalized expression levels of ADMSCs, white and brown adipocytes, their SD and fold 

changes (FC) as a ratio of expression levels of white adipocytes and ADMSCs (W/ADMSC); 

brown adipocytes and ADMSCs (B/ADMSC); brown adipocytes and white adipocytes (B/W). The 

experiment was repeated ten times with SVFs from independent healthy donors.  For comparison 

of the sample pairs White average vs. ADMSC average and Brown average vs. ADMSC average 

statistical significance was evaluated by Student’s t-test. *p<0.05, **p<0.01, *** p<0.001. 

(Gene expression was determined by RT-qPCR, target genes were normalized to GAPDH) 
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5.2. Laser-scanning cytometry (LSC) can quantify human adipocyte browning 

To date, white, “classical brown” or “beige” adipocyte differentiation has mostly been evaluated 

based on the detection of mRNA or protein expression in whole cell lysates. However, up to 50% 

of precursor cells remain undifferentiated in human cellular models of adipocyte development. In 

line with other studies, depending on individual donors, 40-60% of the hADMSCs were able to 

accumulate lipid droplets as a result of 14 days long adipocyte differentiation; this phenomenon 

was quantified at consecutive time points using LSC formerly by Doan-Xuan et al [331]. Since 

the cell cultures of both white and “beige” adipocytes were heterogeneous, we intended to 

quantify adipocyte browning ex vivo at a single cell level in a highly replicative manner by the 

abovementioned slide-based image cytometry approach. 

In our experiments, following the differentiation process and staining, fluorescently labelled 

nuclei of cells were identified and then cellular morphology, lipid accumulation and major brown 

adipogenic marker protein expression were inspected simultaneously, as described in details in 

section 4.11. We found significantly lower texture SV along with the accumulation of smaller 

lipid droplets as a result of “beige” differentiation. Immunofluorescent staining showed that Ucp1 

was mostly distributed between the lipid droplets of “beige” adipocytes, while Cidea accumulated 

highly in the perinuclear lipid-free region of these cells. When images, which captured 1000-

2000 cells per donor, were quantified, we found that “beige” differentiation compared to white 

lead to a two-fold higher Ucp1 and Cidea protein content in single human adipocytes (Figure 

11). 
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Figure 11. Immunostaining and texture analysis of human adipocytes. ADMSCs were 

differentiated as in Figures 9-11. (a) Distribution of lipid droplets and browning marker proteins 

in adipocytes. “Beige” cells accumulated smaller lipid droplets and more Ucp1 or Cidea then the 

white adipocytes. Bars represent 50 μm. (b) Texture “sum variance”, Ucp1 and Cidea protein 

content of adipocytes per cell. n=6, 1000-2000 cells per each donor. For comparison of two 

groups statistical significance was evaluated by Student’s t-test. *p<0.05, **p<0.01. 

 

Next, we plotted Ucp1 protein content and texture SV for each differentiated adipocyte 

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

characteristics of browning were recognized as the ones that contained small lipid droplets and 

high levels of Ucp1 (lower right quadrant of density plot images), contrary to white adipocytes, 

which accumulated large lipid droplets and expressed low amount of browning marker protein 
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(upper left quadrant of density plot images). Our results show that the population of differentiated 

adipocytes remains heterogeneous regardless of whether white or “beige” program was induced. 

Furthermore, we could detect a significant amount of cells (15-30% of the adipocytes) with the 

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

cocktail. However, when adipocytes were differentiated in the presence of the aforementioned 

“beige” regimen, the rate of browning cells increased strongly, depending on individual donors, 

by approximately 3-fold (Figure 12). 

 

Figure 12. Density plot images of one representative donor based on which browning adipocytes 

(lower right quadrants) can be identified as cells containing small lipid droplets and high levels 

of Ucp1 protein. SVF derived ADMSCs were differentiated as in Figures 9-12. 

 

In summary, complementing measurements of gene expression changes from total cell lysates 

with the presented LSC based texture analysis and detection of Ucp1 content in adipocytes 

resulted in an effective population scale analysis of human „beige” (or brown) adipogenic 

differentiation. As far as we are aware, our LSC based method was the first approach that can 

clearly discriminate between human white and brown adipocytes in the heterogeneous cell 

culture conditions in a high throughput manner. 
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5.3. Irisin and BMP7 induce browning of human adipocytes 

Our next aim was to clarify whether human recombinant irisin and BMP7, two potent 

endogenous browning-inducers described in mice, were able to shift the adipocyte differentiation 

towards browning. Using the LSC approach described above, we determined that irisin and 

BMP7 treated differentiating white adipocytes contained smaller lipid droplets and higher amount 

of Ucp1 and Cidea protein than the untreated cells. When we analyzed Ucp1 

immunofluorescence intensity and texture SV of 2000 differentiated cells in 3 different donors, 

following the practice demonstrated on Figure 12, we found that 30-60% of adipocytes had the 

characteristic morphological features of browning in response to irisin or BMP7 treatment 

(Figure 13). The biological variance among donors of hADMSCs is described in Table 2. 

Thus, by using a slide-based image cytometry approach we could validate mouse data in human 

samples demonstrating the effectiveness of irisin and BMP7 to induce a browning program in 

human subcutaneous adipocytes. 

 

Table 2. LSC based population scale analysis of ex vivo adipogenic differentiation by texture 

parameters and Ucp1 protein content of adipocytes showing the biological variance of different 

donors. Browning adipocytes are identified as they contain small lipid droplets (Texture↓) and 

high amount of Ucp1 protein (Ucp1↑). 
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Figure 13. Population scale analysis of adipocytes treated with irisin or BMP7 for 14 days. (a) 

Distribution of lipid droplets and Ucp1 in irisin treated white adipocytes. Irisin treated cells 

accumulated smaller lipid droplets and more Ucp1 protein then the untreated white adipocytes. 

Bars represent 50 μm. (b) Texture “sum variance”, Ucp1 and Cidea protein content of 

adipocytes per cell. *p<0.05, n=3, 1000-2000 cells per each donor (c) Density plot images 

showing texture “sum variance” and Ucp1 content of differentiated cells in one representative 

donor. Browning adipocytes were identified as in Figure 12. 



53 
 

5.4. Clozapine enhances browning of human adipocytes detected by LSC 

Next, we aimed to apply our slide-based image cytometry method to test the effect of exogenous 

drugs on the induction of human adipocyte browning. Only a few studies investigated the direct 

effect of SGAs on differentiating human adipocytes so far. To fill this hiatus and to follow-up the 

previous study by Sárvári et al. [333] where expression of selected adipogenic, cell cycle-related 

and pro-inflammatory genes in SGA-treated human white adipocytes were investigated, we 

examined how the propensity of hADMSCs to differentiate into heat-generating browning cells is 

influenced by clozapine. Surprisingly, we found that the long-term clozapine administration on 

top of the white adipogenic cocktail resulted in the occurrence of more and smaller lipid droplets 

in the differentiated adipocytes, similarly but less extensively than in the case of “beige” 

adipocytes described in section 5.2. In addition, elevated Ucp1 protein content was observed 

simultaneously in single adipocytes. Following the practice shown on Figure 12, we 

demonstrated that, depending on individual donors, 30-40% of differentiating adipocytes had the 

characteristic morphological features of browning cells in response to clozapine treatment. The 

proportion of browning adipocytes was increased by approximately 1.5-fold compared to white 

fat cells (Figure 14). The biological variance among donors of hADMSCs was summarized in 

Table 3. 
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Figure 14. LSC based population scale analysis of browning by texture parameters and Ucp1 

protein content of ex vivo differentiated single primary adipocytes treated with clozapine. (a) 

Distribution of Ucp1 in clozapine treated adipocytes. Images were collected with an iCys 

Research Imaging Cytometer. (b) Texture “sum variance” and Ucp1 protein content of 

adipocytes per cell. *p<0.05, n=3, 1000-2000 cells per each donor. (c) Density plot images 

showing texture “sum variance” and Ucp1 content of differentiated cells in one representative 

donor. Browning adipocytes were identified as in Figure 12. 
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White differentiation 

protocol 
Beige differentiation 

protocol 
White differentiation 

protocol + Clozapine 
Donors  % of differentiated adipocytes 

Texture↑ 

Ucp1↓ 
Texture↓ 
Ucp1↑ 

Texture↑ 

Ucp1↓ 
Texture↓ 
Ucp1↑ 

Texture↑ 

Ucp1↓ 
Texture↓ 
Ucp1↑ 

1 42.34 29.20 26.98 46.03 13.56 40.66 

2 56.64 17.60 8.60 44.09 14.55 25.45 

3 54.08 21.94 8.62 58.62 28.89 33.23 
 

Table 3. LSC based population scale analysis of clozapine effect on ex vivo adipogenic 

differentiation by texture parameters and Ucp1 protein content of adipocytes showing the 

biological variance of different donors. Browning adipocytes are identified as they contain small 

lipid droplets (Texture↓) and high amount of Ucp1 protein (Ucp1↑). 

 

5.5. Irisin and BMP7 administration during adipocyte differentiation results in different 

gene expression patterns 

As a next step, irisin or BMP7 was administered on the last 4 days or during the whole white or 

“beige” differentiation process. Then, whole cell lysates were collected and the expression of a 

panel of marker genes described in section 5.1 was determined by RT-qPCR. We found that, both 

irisin and BMP7 treatment during white adipocyte differentiation significantly upregulated 

UCP1, CIDEA, ELOVL3, CYC1 and PGC-1α genes (Figure 15). Furthermore, elevated 

expression of C/EBPβ, PRDM16, C/EBPα and PPARγ was detected in whole cell lysates of 

BMP7 treated adipocytes. There was no difference between the effect of irisin and BMP7 in 

regard of LEPTIN and FABP4 expression (Figure 16). 
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Figure 15. Expression of brown adipogenic marker genes in ex vivo differentiated human 

adipocytes treated with irisin or BMP7, detected by RT-qPCR. ADMSCs were differentiated for 

two weeks to white (W) or “beige” (Be) adipocytes. 250 ng/ml irisin (red bars) or 50 ng/ml 

BMP7 (blue bars) was administered on the last 4 days or during the whole differentiation 

process. Target genes were normalized to GAPDH. n=5; Results are expressed as the mean ± SD 

for the number of assays indicated. 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 16. Expression of key transcriptional regulators of brown adipocyte development and 

general adipogenic marker genes in ex vivo differentiated human adipocytes treated with irisin or 

BMP7, detected by RT-qPCR. ADMSCs were differentiated and treated as in Figure 15. Target 

genes were normalized to GAPDH. Results are expressed as the mean ± SD for the number of 

assays (adipocytes of 5 different SVF donors) indicated. 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, ***p<0.001. 
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The expression of ZIC1 remained at a low level after irisin administration excluding that irisin 

induces “classical brown” adipocyte differentiation. However, expression of the “beige” marker, 

TBX1 increased selectively as a result of irisin treatment. When, on the other hand, we applied 

BMP7 on top of both the white and “beige” adipogenic protocol, we found that BMP7 resulted in 

the upregulation of the “classical brown”-specific ZIC1 (Figure 17). In summary, our results 

suggest that irisin is able to induce a “beige” program in differentiating human primary 

subcutaneous white adipocytes, while BMP7 induces a “classical brown” adipocyte-like 

phenotype.  

 

Figure 17. Expression of a classical brown and a “beige” marker gene in ex vivo differentiated 

human adipocytes treated with irisin or BMP7, detected by RT-qPCR. ADMSCs were 

differentiated and treated as in Figure 15. Target genes were normalized to GAPDH. Results are 

expressed as the mean ± SD for the number of assays (adipocytes of 5 different SVF donors) 

indicated. 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. 

 

Then, we investigated how short-term administration of the browning-inducers affected the gene 

expression patterns of hADMSCs and completely differentiated adipocytes (Figures 18 and 19). 
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Figure 18. Effect of short-term irisin treatment on the expression of selected adipocyte marker 

genes and mitochondrial DNA amount in primary human SVF, white and “beige” adipocytes (as 

compared to untreated cells). 250 ng/mL irisin was administered for 12 hours to undifferentiated 

SVF (a) or to fully differentiated white (b) or “beige” (c) adipocytes. n=4, *p<0.05 (The 

expression of UCP1 could not be detected in SVF). [Unpublished data] 
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Figure 19. Effect of short-term BMP7 treatment on the expression of selected adipocyte marker 

genes and mitochondrial DNA amount in primary human SVF, white and “beige” adipocytes (as 

compared to untreated cells). 50 ng/mL BMP7 was administered for 12 hours to undifferentiated 

SVF (a) or to fully differentiated white (b) or “beige” (c) adipocytes. n=4, *p<0.05 (The 

expression of UCP1 could not be detected in SVF). [Unpublished data] 
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Undifferentiated progenitors or completely differentiated white or “beige” adipocytes did not 

respond to the 12 h long irisin treatment (except for the slight upregulation of CYC1 in 

hADMSCs), suggesting that the adipogenic differentiation program is required for the browning 

effect of irisin (Figure 18). However, the expression of several key transcriptional regulators 

(C/EBPβ, PGC-1α and PRDM16) of brown adipocyte differentiation and ZIC1 was enhanced by 

a bolus dose of BMP7 in undifferentiated preadipocytes or in white fat cells (Figure 19). 

 

5.6. Clozapine enhances “beige” potential of human adipocytes via inhibiting 5HT-

receptor mediated signaling 

As a next step, we intended to examine the gene expression changes underlying the browning 

effect of clozapine by RT-qPCR. Therefore, differentiating white adipocytes were treated with 

clozapine on the last 2 and 4 days or during the whole differentiation process at a dose 

comparable to its therapeutic plasma concentration [333]. We found that UCP1 was expressed 5-

fold higher at mRNA level as a result of clozapine administration in each case. In line with the 

upregulation of UCP1 gene, significantly elevated expression of CIDEA, CYC1, ELOVL3 and 

PGC-1α was found compared to white adipocytes. The expression of PRDM16 was not changed 

by ex vivo clozapine treatment. However, the white protocol and clozapine treatment was less 

effective (but still significant as compared to white adipocytes) in the induction of brown and 

“beige”-related genes than the browning protocol described in the section 5.1 (Figure 20). 
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Figure 20. Normalized expression of browning markers in primary human adipocytes as a result 

of clozapine treatment during ex vivo white or “beige” adipocyte differentiation. SVF derived 

ADMSCs were differentiated for two weeks to white (W) or “beige” (Be) adipocytes. 100 ng/mL 

clozapine (grey bars) was administered on the last 2 and 4 days or during the whole white 

adipogenic differentiation process. (Gene expression was determined by RT-qPCR, 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=6, *p<0.05, **p<0.01. 
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Furthermore, clozapine treatment moderately induced the expression of beta-oxidation related 

mitochondrial genes (ACOX2, CPT1A, CPT2 and ACADM) (Figure 21). On the other hand, 

C/EBPβ, C/EBPα, FABP4, LEPTIN and PPARγ genes were expressed at the same level in 

adipocytes differentiated in the presence of clozapine compared to the untreated ones (Figure 

22). 

 

Figure 21. Normalized expression of beta-oxidation related genes in primary human adipocytes 

as a result of clozapine treatment during ex vivo white or “beige” adipocyte differentiation. SVF 

derived ADMSCs were differentiated and treated as in Figure 20. (Gene expression was 

determined by RT-qPCR, 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. 
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Figure 22. Normalized expression of general adipogenic marker genes in primary human 

adipocytes as a result of clozapine treatment during ex vivo white or “beige” adipocyte 

differentiation. SVF derived ADMSCs were differentiated and treated as in Figure 20-21. (Gene 

expression was determined by RT-qPCR, 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=6, *p<0.05, **p<0.01, ***p<0.001. 
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The expression of ZIC1 remained at a low level after clozapine administration excluding that 

clozapine induces a “classical brown” adipocyte phenotype. Contrarily, the “beige” indicator 

TBX1 was upregulated when we applied clozapine on top of the white adipogenic protocol 

suggesting that the drug could shift the adipocyte differentiation towards browning, with gene 

expression changes indicating the “beige” program (Figure 23). Dose-response curves which 

show the concentration dependent browning effect of clozapine are displayed in Figure 24. 

 

 

Figure 23. Normalized expression of classical brown and “beige”-selective genes in primary 

human adipocytes as a result of clozapine treatment during ex vivo white or “beige” adipocyte 

differentiation. SVF derived ADMSCs were differentiated and treated as in Figure 20-22. (Gene 

expression was determined by RT-qPCR, 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=6, *p<0.05, **p<0.01. 

 

When we investigated how short-term administration of clozapine affected the gene expression 

patterns of undifferentiated progenitors or completely differentiated white or “beige” adipocytes, 

we could not detect a significant response (except for the slight upregulation of TBX1 in 

differentiated “beige” adipocytes) to the 12-hour-long drug treatment (Figure 25).  
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Figure 24. Dose dependence of clozapine treatment during ex vivo white adipocyte 

differentiation on the expression of browning and adipogenic marker genes in primary human 

adipocytes. SVF was differentiated for two weeks to white (W) adipocytes. 1-200 ng/mL clozapine 

(grey bars) was administered during the whole white adipogenic differentiation process. (Gene 

expression was determined by RT-qPCR, target genes were normalized to GAPDH); n=3. 
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Figure 25. Effect of short-term clozapine treatment on the expression of selected adipocyte 

marker genes and amount of mitochondrial DNA in primary human SVF, white and “beige” 

adipocytes (as compared to untreated cells). 100 ng/mL clozapine was administered for 12 hours 

to undifferentiated SVF (a) or to fully differentiated white (b) or “beige” (c) adipocytes. n=4, 

*p<0.05 (The expression of UCP1 could not be detected in SVF).  
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Next, we wanted to learn if Ucp1 was upregulated at protein level in adipocytes that were 

differentiated in the presence of clozapine. In the collected whole cell lysates we found a 3-fold 

elevated Ucp1 protein level compared to the untreated cells (Figure 26). Thus, the induction of a 

“beige”-like gene expression pattern by direct clozapine administration during human white 

adipocyte differentiation was corroborated with the increased amount of Ucp1 protein. 

 

Figure 26. UCP1 protein expression in primary human adipocytes as a result of clozapine 

treatment during ex vivo white or “beige” adipocyte differentiation.  SVF derived ADMSCs were 

differentiated and treated as in Figure 20-23.  (a) Ucp1 protein expression in one representative 

adipocyte donor detected by immunoblotting. (b) Protein expression level of Ucp1 in the 

adipocytes of 3 different SVF donors quantified by densitometry (as compared to untreated white 

adipocytes). For comparison of two groups statistical significance was evaluated by Student’s t-

test. *p<0.05. 

 

To obtain mechanistic data, we tested if browning induced by clozapine can be explained by its 

known pharmacological effect of antagonizing 5HT receptors. The expression of Tryptophan 

Hydroxylase 1 (TPH1), encoding the enzyme which catalyzes the rate-limiting step of 5HT 

synthesis, was detectable in hADMSCs and did not change as a result of white adipocyte 

differentiation, suggesting that these cells are capable of autonomously generating and secreting 
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5HT during adipogenesis. However, we found reduced TPH1 expression in clozapine treated and 

in “beige” adipocytes. In addition, we found that browning cells expressed 5HT receptors 2A, 1D 

and 7 at mRNA level (Figure 27) and the up-regulation of browning markers by clozapine was 

diminished in the presence of exogenous 5HT (Figure 28). 

 

 

Figure 27. Normalized expression of Tryptophan Hydroxylase 1 and 5HT receptors in primary 

human adipocytes as a result of clozapine treatment during ex vivo white or “beige” adipocyte 

differentiation. SVF derived ADMSCs were differentiated and treated as in Figure 20-23. (Gene 

expression was determined by RT-qPCR, 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 28.  Effect of 5HT on the induction of browning marker genes in ex vivo differentiated 

primary human adipocytes treated with clozapine. SVF was differentiated for two weeks to white 

(W) or positive control “beige” (Be) adipocytes. 100 ng/mL clozapine (grey bars) and/or 10 μM 

5HT was administered on the last 2 and 4 days or during the whole adipogenic differentiation 

process. (Gene expression was determined by RT-qPCR, 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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The expression of classical brown, white and general adipogenic markers was not changed as a 

result of 5HT administration (Figure 29). 

 

Figure 29.  Effect of 5HT on the induction of selected adipogenic marker genes in ex vivo 

differentiated primary human adipocytes treated with clozapine. SVF derived ADMSCs were 

differentiated and treated as in Figure 28. (Gene expression was determined by RT-qPCR, target 

genes were normalized to GAPDH) n=5, *p<0.05.  
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Out of the 5HT-receptors, HTR2A was expressed at the highest level in hADMSCs and in 

differentiated adipocytes.  Interestingly, long-term clozapine administration resulted in the down-

regulation of HTR2A gene (Figure 27). HTR2A initiates Gq signaling which was recently 

reported to abolish browning in mice and in human adipocytes [334]. Our data suggest that the 

disturbance of 5HT-production and 5HT-receptor-mediated signaling by clozapine might, at least 

partially, explain the browning effect of the drug described in the present dissertation. 

 

5.7. The “beige” adipogenic cocktail, irisin and BMP7 induce a functional browning 

program while clozapine treated adipocytes are less capable of responding to 

thermogenic cues 

As a next step, we intended to analyze the functional capacity of human primary adipocytes 

differentiated in the presence of the aforementioned browning-inducers. Irisin or BMP7 treated 

white adipocytes contained higher amount of mitochondrial DNA, to a similar extent as “beige” 

adipocytes. Clozapine treated primary adipocytes had a moderately increased mitochondrial DNA 

content compared to white cells but less than the adipocytes differentiated by the “beige” regimen 

(Figure 30). 
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Figure 30. Relative mitochondrial DNA amount of ex vivo differentiated primary human 

adipocytes determined by qPCR. ADMSCs were differentiated for two weeks to white (W) or 

“beige” (Be) adipocytes. 250 ng/ml irisin (red bars), 50 ng/ml BMP7 (blue bars) or 100 ng/ml 

clozapine (grey bars) was administered on the last 2 or 4 days or during the whole differentiation 

process. 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. 

 

In accordance with the gene expression and morphological changes, ex vivo differentiated 

“beige” adipocytes had higher basal OCR than white adipocytes (Figures 31 and 32). Basal 

mitochondrial respiration of irisin (Figure 31) and clozapine (Figure 32) treated white 

adipocytes was also elevated as compared to the untreated white cells. The presence or absence 

of clozapine during the differentiation did not affect the basal OCR of “beige” adipocytes 

(Figure 32). After the cells received a single bolus dose of cell permeable dibutyryl-cAMP 

mimicking adrenergic stimulation, we found that adipocytes differentiated in the presence of 



74 
 

irisin, BMP7 or the “beige” adipogenic cocktail had significantly increased stimulated 

mitochondrial respiration compared to white adipocytes (Figure 31). 

 

Figure 31. Functional analysis of ex vivo differentiated primary adipocytes treated with irisin or 

BMP7. (a) OC of one representative ADMSC derived adipocyte donor measured by an XF96 

oxymeter. After recording the baseline OC, cells received a single bolus dose of dibutyryl-cAMP 

(500 μM final concentration) modelling adrenergic stimulation. Then, stimulated OC was 

recorded every 30 min. The OCR was normalized to protein content and normalized readings 

were displayed. (b) Basal and stimulated OC level (as compared to basal OCR of white 

adipocytes) of adipocytes. Results are expressed as the mean ± SD for the number of assays 

(adipocytes of 3 different SVF donors) indicated. 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 

 

However, adipocytes that were differentiated in the presence of clozapine were less capable than 

the untreated cells to induce their respiration. At the maximal level of induced respiration, the 

difference in OCR demonstrated at basal level between clozapine treated and untreated white 

adipocytes was abolished (Figure 32). 
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ATP synthase activity was inhibited after adding oligomycin at 2 μM concentration to detect 

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

higher in “beige” than in white adipocytes. In the case of clozapine induced browning adipocytes 

elevated proton leak respiration could be only detected in basal conditions (Figure 32). 

 

Figure 32. Functional analysis of ex vivo differentiated primary adipocytes treated with 

clozapine. Basal, cAMP stimulated and oligomycin inhibited oxygen consumption levels (as 

compared to basal OCR of white adipocytes) in 4 different SVF derived adipocyte donors. SVF 

derived ADMSCs were differentiated for two weeks to white (W) or “beige” (Be) adipocytes. 100 

ng/mL clozapine was administered during the whole adipogenic differentiation process. OC was 

measured with an XF96 oxymeter. After recording the baseline OC, cells received a single bolus 

dose of dibutyryl-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, **p<0.01. 
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We also tested the involvement of fatty acid beta-oxidation and the recently described creatine-

driven substrate cycle in the metabolism of ex vivo differentiated adipocytes. When “beige” cells 

and adipocytes differentiated in the presence of clozapine were treated with etomoxir (CPT-1 

inhibitor) or β-GPA (creatine analogue which reduces creatine levels in the cells), basal and 

cAMP stimulated OCRs were decreased at a higher extent than in the case of white adipocytes 

(Figure 33). Our results show that the clozapine induced browning cells, similarly to “beige” 

adipocytes, consume more fatty acids by beta-oxidation compared to white adipocytes and further 

enhance their energy expenditure by activating the futile cycle of creatine metabolism. 

We also analyzed the changes in UCP1 and PGC-1α expression in response to a 4 h long 

dibutyryl-cAMP treatment that serves as an accepted model of thermogenic induction mimicking 

natural anti-obesity cues [159]. In line with the results described in section 5.1, white adipocytes 

expressed UCP1 gene at a moderate level. Adipocytes treated with clozapine on top of the white 

cocktail had a significantly elevated UCP1 expression than the untreated cells. “Beige” 

adipocytes expressed UCP1 mRNA at an even higher level; in this case clozapine administration 

did not affect UCP1 expression. A similar trend was found in the case of PGC-1α. UCP1 and 

PGC-1α expression showed a robust (10 and 5-fold, respectively) upregulation in response to 

cAMP treatment of white and “beige” adipocytes differentiated in the absence of clozapine. This 

effect of thermogenic induction was less manifested in clozapine generated “beige” adipocytes, 

with regard to UCP1. The responsiveness of “beige” adipocytes differentiated in the presence of 

clozapine was also reduced (Figure 34). Of note, beta-oxidation and creatine-driven futile cycle 

was enhanced by dibutyryl-cAMP in a similar extent in clozapine induced as in “beige” 

adipocytes (Figure 33). 
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Figure 33. Involvement of beta-oxidation (a) and the creatine-driven futile cycle (b) in the 

metabolism of ex vivo differentiated primary adipocytes. SVF derived ADMSCs were 

differentiated and treated as in Figure 32. Etomoxir (5 μM final concentration) (a) and β-GPA 

inhibited (2 mM final concentration) (b) relative OC levels (as compared to basal and cAMP 

stimulated OCR of each sample) measured by an XF96 oxymeter. The experiment was repeated 

four times with SVFs from independent healthy donors. 

 

Our results suggest that browning induced by irisin, BMP7 or the “beige” adipogenic cocktail is 

coupled with enhanced mitochondrial biogenesis and elevated energy expenditure in response to 

thermogenic stimuli. Clozapine treatment induced the “beige” program in differentiating white 

adipocytes, these “masked beige” cells, however, were less capable to respond to β-adrenergic 

induction of thermogenesis. 
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Figure 34. Effect of short-term cAMP treatment on the expression of UCP1 and PGC-1α genes in 

adipocytes that had been treated with clozapine. SVF derived ADMSCs were differentiated and 

treated as in Figure 32-33. Then cells received a single bolus dose of dibutyryl-cAMP at 500 μM 

concentration modelling adrenergic stimulation. (Gene expression was determined by RT-qPCR, 

target genes were normalized to GAPDH) *p<0.05, **p<0.01, n=5. 
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5.8. Differentiating human browning adipocytes secrete cytokines (“batokines”) 

Finally, we investigated the secretion of “batokines” by primary human white, brown and “beige” 

adipocytes. Conditioned differentiation media were collected during the regular replacement of 

the adipogenic cocktails and secreted IL-6, IL-8, TNFα, MCP-1 and IL-1ß were measured by 

ELISA after samples stored on the 1
st
 and 2

nd
 week of differentiation were pooled. Neither 

hADMSCs nor differentiating adipocytes secreted TNFα and IL-1β. Interestingly, IL-6, MCP-1 

and IL-8 secretion was significantly higher by “beige” compared to white adipocytes. In contrast 

to BMP7 administration (when “classical brown” adipocyte differentiation occurs), irisin 

treatment (which induced “beige” adipocyte differentiation) resulted in an increased total IL-6, 

MCP-1 and IL-8 production (Figures 35 and 36). 

When we examined cytokine production in the time-course of adipocyte differentiation and 

therefore collected and replaced media daily we found that MCP-1 and IL-8 secretion was 

induced at the end of the first week of “beige” adipogenic differentiation and then declined. On 

the other hand, IL-6 production did not subside (Figure 37). Contrasting the daily measurements 

with the samples collected and pooled over longer periods reveals an interesting fact. While daily 

measurements may be expected to inform on the actual cytokine secreting activity on a given day 

and the pooled samples on the averaged cumulative amount of the cytokine in the milieu over a 

period, the two did not differ significantly either in the first or second half of the differentiation 

(Figures 35-37). This suggests that browning adipocytes quickly adjusted their production to 

replenish their environment in these cytokines to meet a level that was required in a particular 

period of their maturation. 
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Figure 35. IL-6 secretion by ex vivo differentiated human adipocytes treated with irisin or 

BMP7. ADMSCs were differentiated for two weeks to white (W) or “beige” (Be) adipocytes. 250 

ng/ml irisin (red bars) or 50 ng/ml BMP7 (blue bars) was administered during the whole 

differentiation process. Conditioned differentiation media were collected and pooled during the 

1st and 2nd week of differentiation and secreted IL-6 was measured by sandwich ELISA. Results 

are expressed as the mean ± SD for the number of assays (adipocytes of 6 different SVF donors) 

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

ANOVA followed by Tukey post-hoc test. *p<0.05. [Unpublished data] 

  



81 
 

 

Figure 36. MCP-1 and IL-8 secretion by ex vivo differentiated human adipocytes treated with 

irisin or BMP7. SVF derived ADMSCs were differentiated and treated as in Figure 35. Results 

are expressed as the mean ± SD for the number of assays (adipocytes of 6 different SVF donors) 

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

ANOVA followed by Tukey post-hoc test. *p<0.05. [Unpublished data] 
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Figure 37. Daily cytokine production of ex vivo differentiated human adipocytes of one 

respresentative donor. ADMSCs were differentiated for two weeks to white (yellow lines) or 

“beige” (brown lines) adipocytes. Conditioned differentiation media were collected every day 

and secreted cytokines were measured by sandwich ELISA. SD means the experimental error of 

the technical replicates. [Unpublished data] 
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6. DISCUSSION 

 

6.1. Methodological overview of analysis of ex vivo browning – an unsolved problem 

Former studies focused on BAT differentiation in mouse models found that there are at least two 

types of thermogenic fat depots, classical brown and “beige”, which have different origins and 

tissue distribution. “Beige” cells are found interspersed in WAT depots as a result of cold-, diet 

or exercise induced thermogenesis. These induced cells express several browning marker genes 

and have a multilocular morphology as classical brown adipocytes (section 2.2). In parallel, the 

importance of BAT activity in controlling the energy homeostasis of the entire body of adult 

humans was shown in the past few years, highlighting a possible promising therapeutic 

application of BAT stimulation in the treatment of obesity and type 2 diabetes mellitus (section 

2.3). 

Although a protocol to induce human brown adipocyte differentiation in cell cultures was 

established several years ago [328], there is only limited data about regulatory networks that 

drive, or mediators that regulate “classical brown” or “beige” adipocyte differentiation in 

humans. Using cellular, in particular ex vivo human models, and performing population scale 

analysis to determine the heterogeneity of cultured and differentiated adipocytes in response to 

natural or artificial anti-obesity cues would be a valuable tool to understand the development of 

“classical brown” or “beige” adipocytes in distinct human adipose tissue depots and to validate 

novel findings obtained in mice. 

Primarily, we aimed to optimize the aforementioned adipogenic differentiation protocol [328] to 

induce browning of hADMSCs cultivated from abdominal subcutaneous fat. Since populations of 

ex vivo differentiated adipocytes are heterogeneous regardless of whether white or brown 
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adipogenic differentiation was induced, we wished to examine human adipocyte browning not 

only by determining the expression of “classical brown”, “beige”, white or general adipocyte 

markers at the mRNA and protein levels using total cell lysates but also to specifically identify 

browning cells in mixed adipocyte populations according to their morphological parameters. On 

one hand, investigators have already successfully used flow cytometry to assess surface protein 

expression of human primary adipocytes or to sort out floating adipocytes from SVF cells 

including undifferentiated progenitors [335,336]. In spite of its analytical power, however, no 

concise protocol is available to identify browning adipocytes in a large population of cells by 

flow cytometry due to the fact that widely accepted surface markers have not been identified, and 

the collection of accurate morphological data (e.g. determination of the size or number of lipid 

droplets in single adipocytes) and the possibility to inspect adipocyte differentiation at 

consecutive time points are sacrificed under the experimental conditions flow cytometry requires. 

Furthermore, already attached adipocytes are too fragile to tolerate detachment by trypsinization 

before the analysis [337]. 

On the other hand, LSC, which combines scanning lasers, a microscope and automated image 

acquisition and inherits both the cytometric attributes of flow cytometry and the photographing 

operation of a microscope, allows automated examination of large population of cells with 

negligible perturbation [338-340]. Thus, LSC is not limited to analyzing cells in flowing fluids 

and it can perform high-content analysis of adherent cells cultured in chamber slides [341-343]. 

Considering the limitations of flow cytometry and the advantages of LSC, we decided to quantify 

ex vivo browning at a single cell level in a highly replicative manner by using the slide-based 

image cytometry approach. In our experiments, Hoechst labelled nuclei of cells were first 

recognized, and then cellular morphology, lipid droplet formation and Ucp1 or Cidea content of 

each cell were inspected simultaneously as illustrated in Figures 8 and 11. 
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6.2. Combined analysis of texture and Ucp1 by laser-scanning cytometry (LSC) 

effectively identifies browning adipocytes 

Browning adipocytes have small lipid droplets in multilocular arrangement and the highest 

number of mitochondria in mammalian organisms [344]. Lipid droplets can be quantified and 

analyzed directly by segmentation of a fluorescent signal (using Nile Red labelling for instance) 

[345]. However, this method showed its disadvantage in that the segmentation highly depends on 

the threshold algorithm as well as on the consistency of the staining. Moreover, Doan-Xuan et al. 

[331] showed that texture parameters were more sensitive in quantitating adipocyte 

differentiation or at least gave similar results compared to signals of fluorescent lipid staining. 

Due to possibilities of inconsistent sample preparations, different fluorescent signals among and 

within samples and errors in the segmentation of small objects (lipid droplets range from 1 to 40 

pixels in size) we have chosen texture analysis as a reliable method to reflect the size of lipid 

droplets. 

The idea of using texture parameters of the scatter signal stems from two roots. First, flow 

cytometers which were developed long time ago use the scatter signals of cells to be able to 

recognize cellular events reliably [346]. This is a very sensitive parameter and all, even unstained 

cells, can be detected based on their scatter signals. Furthermore, in flow cytometry a specific 

scatter parameter, the side scatter was recognized as a valuable parameter; and has been used to 

analyze and isolate fat cells based on their internal complexity [347]. This was quite similar to 

how blood cells can be distinguished by flow cytometry based on their internal complexity [348]. 

The second idea is that in LSC scatter signals are still measured sensitively, but here the side 

scatter parameter is missing. This is based on the nature of the measurement, hence we cannot 

detect light scatter in the plane of the glass slide. But replacing the side scatter of flow cytometry 

with the sensitive measurement of the interference pattern of forward scattered, refracted and 
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unchanged photons by imaging cytometry, lead us to the texture parameters of scatter signals to 

evaluate complexity of unstained samples [332]. 

In our model, not only texture parameters but also the expression of major browning marker 

proteins was detected at the same time in single adipocytes following the immunostaining against 

Ucp1 or Cidea. Then we plotted Ucp1 immunofluorescence intensity and texture SV for each 

differentiated adipocyte (Figures 12-14). Browning adipocytes were identified as the ones that 

contained small lipid droplets and high levels of Ucp1 protein (lower right quadrant of density 

plot images), in contrast to white adipocytes, which accumulated larger lipid droplets and 

expressed low amount of browning marker proteins (upper left quadrant of density plot images). 

With these combined approaches, we found that human ADMSCs from abdominal subcutaneous 

fat can be differentiated into “beige” adipocytes ex vivo. On one hand, we observed that after two 

weeks of differentiation 30-50% of the cells accumulated lipids and out of those 15-30%, 

depending on individual donors, had the characteristic morphological features of browning even 

in response to the white adipogenic cocktail. Most probably already committed “beige” 

precursors, which could not be differentiated into white adipocytes even in the presence of a 

white protocol, can be found in a significant amount in the SVFs isolated from subcutaneous 

WAT. Moreover, 30-70% of the differentiated adipocytes appeared as browning cells when they 

were differentiated by the browning cocktail. This regimen developed by Elabd et al. [328] was 

described originally as a brown adipocyte differentiation protocol and indeed resulted in a high 

expression level of browning markers, more mitochondrial DNA and elevated OC. On the other 

hand, we showed that these changes correspond more to a “beige” rather than a “classical brown” 

program, inasmuch as the “beige”-specific TBX1 was induced without the up-regulation of ZIC1. 

Since then, it has also been shown by gene expression and texture analyses that this protocol 
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effectively induced “beige”-like differentiation of progenitors isolated from human pericardial fat 

[349]. 

The observed shift in the mixed adipocyte populations indicates that the browning cocktail (long-

term rosiglitazone treatment), most probably, induces the commitment of multi- or bipotent 

human mesenchymal progenitor cells to “beige” adipocytes at some point during the 

differentiation. The proportion of anti-obesity “beige” and lipid-storing white adipocytes (which 

fundamentally defines the thermogenic competency of each individual) is determined, at least 

partially, when mesenchymal progenitors are committed into white or “beige” preadipocyte 

subtypes from which mature fat cells are differentiated [96,130,131,135]. A key transcriptional 

machinery regulating this process was identified by Claussnitzer et al. [131] (introduced in detail 

in section 2.2). In this study, it was also described that carriers of a common risk-allele of the 

FTO locus fail to repress a mesenchymal super enhancer, and its targets leading to reduced 

energy expenditure by “beige” fat thermogenesis and to increased lipid storage in white 

adipocytes. Furthermore these results strengthen the hypothesis that “beige” adipocytes originate 

form distinct precursors. Another study showed that “beige” adipocyte progenitors can be found 

in association with expanding capillary networks in human fat biopsies and proliferate rapidly in 

response to pro-angiogenic factors [216]. We believe that these cells exist in the SVF isolated 

from subcutaneous WAT specimens and their differentiation can be followed in a time dependent 

manner by LSC. 

In summary, we showed that LSC is a tool, which in combination with gene expression 

measurements of widely accepted adipocyte markers makes effective population scale analysis of 

ex vivo human brown or „beige” adipogenic differentiation possible. This method can help 

researchers to clarify how endogenous mediators or exogenous drugs affect human adipocyte 

browning directly. In our experiments, we validated mouse data in human samples demonstrating 



88 
 

the effectiveness of irisin and BMP7 to induce browning of subcutaneous white adipocytes. 

Using this method we also demonstrated that clozapine could shift the adipogenic differentiation 

program towards browning. Next, we are planning to investigate whether SVFs isolated from 

distinct fat depots which originate from different anatomical sites have different potentials to 

induce a browning program. In the future, this technique might allow to test the propensity of 

hADMSCs  of each individual to differentiate into heat-generating brown or “beige” cells 

(thermogenic competency) or to sort out homogenously differentiated hADMSC populations not 

only providing the possibility to understand the differences between “classical brown” or “beige” 

differentiation pathways in humans but also to “engineer” thermogenically active, transplantable 

browning adipocytes, as it was proposed by Min et al. recently [216], to aid weight reduction in 

obese individuals. 

 

6.3. Gene expression pattern and “batokine” secretion distinguish irisin and BMP7 

induced browning 

When human adipocytes were differentiated either in the presence of irisin, BMP7 or clozapine 

on top of the white adipogenic cocktail, similar morphological alterations were found. The 

simultaneous gene expression changes and functional consequences, however, were markedly 

different. In line with previous results obtained in mice [113], irisin induced a gene expression 

pattern which indicated the “beige” program (Figure 17). Irisin treated cells had more 

mitochondrial DNA and higher basal mitochondrial respiration than white adipocytes and 

responded robustly to dibutyryl-cAMP administration (Figure 31). Moreover, irisin treatment 

had an enhancing effect on IL-6, MCP-1 and IL-8 production during adipogenesis (Figures 35-

36). “Beige” adipocytes differentiated following the regimen of Elabd et al. [328] also behaved 

similarly as irisin induced “beige” cells. Of note, irisin was administered in a concentration that 



89 
 

can be found in the blood plasma of exercise trained rodents [113,290]. In humans, however, 

much less irisin is secreted into the bloodstream, quantified recently by mass spectrometry [290]. 

Nevertheless, it is still possible that higher levels of irisin can be accumulated in discrete local 

tissue milieux in which browning are induced. In other studies, inconsistent effects were found 

when recombinant Fndc5 or irisin was administered directly to differentiating human adipocytes. 

Lee et al. found that Fndc5 treatment for 6 days after a 5 days long adipogenic differentiation of 

ADMSCs from the neck and subcutaneous WAT induced a browning program [350]. Progenitors 

from visceral fat did not respond to the Fndc5 treatment [350]. Contrarily, ADMSCs isolated 

from mediastinal fat could be differentiated into functional “beige” adipocytes in the presence of 

Fndc5 [351]. Zhang et al. found that differentiated adipocytes from mammary fat progenitors 

effectively induced browning as a result of a 4 days long irisin treatment, while the complete 

adipogenic differentiation process of these precursors was attenuated in response to irisin [352]. 

On the other hand, Raschke et al. did not find any effect of irisin or Fndc5 on differentiating 

adipocytes from the same anatomical origin [283]. In our experiments browning was induced by 

irisin on top of the white protocol in both, 4 and 14 day treatment regimens (Figure 15). This 

suggests that irisin induces browning of multipotent progenitors or already committed “beige” 

preadipocytes, respectively. Of note, the transdifferentiation of white to “beige” cells in response 

to irisin cannot be excluded either in regard of the abovementioned results. On the other hand, 

irisin did not further potentiate browning when it was added to the “beige” regimen. One reason 

behind the inconsistency in irisin effects in the different experiments might be the different 

origins of precursors that were isolated and differentiated. Some studies even restricted the 

adipocyte donors to females. Moreover, there were also significant differences between the 

obtained adipogenic differentiation protocols in these trials. 
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Contrarily, BMP7 treatment enhanced the expression of C/EBPβ, PRDM16, PPARγ and ZIC1 

genes in human adipocytes suggesting that this mediator rather induced a “classical brown”-like 

differentiation (Figures 16-17). This program, similarly to irisin administration, resulted in 

increased mitochondrial DNA and Ucp1 levels and elevated OC both at basal and at cAMP 

stimulated conditions (Figure 31). On the other hand, BMP7 treatment decreased the secretion of 

IL-6, MCP-1 and IL-8 cytokines compared to untreated differentiating adipocytes (Figures 35-

36). 

Our results suggest that human SVFs isolated from subcutaneous WAT consist of a mixture of 

progenitors which have the potential to differentiate into white, “classical brown” or “beige” 

adipocytes in response to natural cues. In our experiments, the ex vivo differentiated thermogenic 

adipocytes, irrespectively of whether “classical brown” or “beige” gene expression program was 

induced, were active in a sense that they could prominently respond to an anti-obesity 

thermogenic cue with robustly enhanced energy expenditure. However, “classical brown” and 

“beige” adipocytes might have distinct non-thermogenic functions, with regard to the elevated 

secretion of IL-6, MCP-1 and IL-8 “batokines” by “beige” cells. Of note, the secretion of 

inflammatory mediators or the recruitment of MΦs and eosinophil granulocytes is not only linked 

to the remodeling of WAT during obesity [353-355] but also to the differentiation and activation 

of browning adipocytes in special conditions [305]. For instance, eosinophils and type 2 cytokine 

signaling in MΦs regulate the development of functional “beige” fat in rodents as summarized in 

2.4. 

 

6.4. Clozapine, an unexpected novel inducer of browning 

When we unexpectedly observed that clozapine treated adipocytes had more and smaller lipid 

droplets and higher mitochondrial DNA amount than white fat cells, we found that the drug 
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significantly up-regulated ELOVL3, CIDEA, CYC1, PGC-1α and TBX1 genes but not ZIC1, 

suggesting the induction of the “beige” and not the “classical brown” phenotype (Figures 20 and 

23). In line with our observations in regard to elevated cytokine production during “beige” 

adipogenesis, Sárvári et al. [333] demonstrated that clozapine administration enhanced the 

secretion of MCP-1 and IL-8 by differentiating adipocytes. Of note, clozapine treatment on top of 

the white protocol was less effective in the induction of “beige” potential than either the 

browning cocktail or irisin administration. Moreover, a functional deficit of clozapine induced 

“beige” cells was detected by an XF96 oxymeter. Basal mitochondrial respiration (even basal 

proton leak OC) of clozapine treated cells was significantly elevated as compared to white 

adipocytes; however, the generated “masked beige” cells could not be efficiently stimulated by a 

cell permeable cAMP agonist (Figure 32). Additional gene expression results suggest that 

adipocytes differentiated in the presence of clozapine are less sensitive to cAMP activation 

(Figure 34). Previous studies, in which altered cAMP signaling was reported in the brain of 

rodents [356,357] and humans [358] in response to SGA treatment, further support these 

findings. On the other hand, clozapine could facilitate the energy expenditure of adipocytes by 

the induction of the recently identified substrate cycle of creatine-metabolism (Figure 33). The 

importance of this pathway in the metabolism of “beige” adipocytes was shown formerly in mice 

[179,359] and in human cell lines [179,360]; however, as far as we are aware, this is the first 

study in which a functional creatine-driven futile cycle was detected in primary human 

adipocytes. 

The prevalence rate of obesity and its co-morbidities is at least two times higher in patients 

suffering in schizophrenia or in other SMIs compared to the general population [361,362]. 

Clozapine, a frequently administered SGA, induced browning in our ex vivo experiments in spite 

of its well documented effect to promote obesity in patients [270-272]. Different central and 



92 
 

peripheral mechanisms were suggested which might elucidate the molecular background of SGA-

induced weight gain [273]. Kim et al. demonstrated that SGAs up-surged the appetite by the 

activation of hypothalamic AMP kinase via histamine H1 receptors in rodents [363]. It was also 

reported that these drugs decreased insulin sensitivity in rats [364], hampered insulin secretion or 

clearance in dogs [365] or rats [366], altered gut microbiota in rats [367] and humans [368], 

induced low-grade inflammation in WAT in rats [369,370] and directly stimulated adipogenesis 

in rodents [371,372]. 

Despite the aforementioned published data, the mechanisms underlying SGA-induced metabolic 

dysfunctions in humans remain barely understood [273]. To date, only a few studies investigated 

the direct effect of SGAs on human adipocytes [333,373,374]. It was reported formerly that 

clozapine enhanced the accumulation of lipids in differentiating human adipocytes which could 

stand in line with its documented effect to promote obesity [374]. However, we failed to detect 

more or larger lipid droplets in the clozapine treated adipocytes by LSC. When we examined how 

the propensity of hADMSCs to differentiate into thermogenic browning adipocytes is influenced 

by clozapine, we followed the practice of the study conducted by Sárvári et al. [333], where it 

was demonstrated that the long-term administration of SGAs enhanced the expression of several 

adipogenic marker genes and pro-inflammatory mediators in human adipocytes. In both studies, 

antipsychotic drugs were administered at doses comparable to their in vivo therapeutic plasma 

concentrations based on published information [373,375-377]. We also recorded dose-response 

curves which show the concentration dependent browning effect of clozapine (Figure 24). 

Previously, it was reported that clozapine administration at 20-fold higher concentration than the 

upper limit of therapeutic reference range (TRR) resulted in a significant inhibition of the 

differentiation of a murine brown preadipocyte cell line [378]. However, toxic consequences of 

the treatment for the cultured cells cannot be excluded at this high clozapine concentration [373]. 
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In line with our results, clozapine administration at the concentrations of TRR, however, had a 

slight positive effect on the expression of the selected BAT marker genes in the same in vitro 

mouse model [378]. 

The question may arise why in vivo administration of clozapine leads to fat gain and obesity. A 

similar discrepancy has been observed with thiazolidinediones (TZDs) which act through the 

nuclear receptor PPARγ. The long-term administration of some TZDs, including rosiglitazone 

which is the key component of the regimen developed by Elabd et al. [328], is not only capable 

of inducing browning of adipocytes ex vivo but also of increasing the thermogenic competency of 

WAT in rodents [125]. Rosiglitazone acts mostly directly on adipocytes or adipocyte precursor 

cells to promote browning [379-382]. Clinical trials implicated that TZDs increase the risk of 

weight gain, congestive heart failure and myocardial infarction in patients who received these 

drugs as oral medication for type 2 diabetes mellitus [383-385]. The underlying mechanisms of 

TZD-induced obesity remain under debate and have been linked either directly to the adipose 

tissue [386,387] or to the CNS [388-390]. 

Finally, we aimed to learn the molecular mechanism which can elucidate the browning effect of 

clozapine. To obtain mechanistic data, we tested if browning induced by clozapine can be 

explained by its known pharmacological effect of antagonizing 5HT receptors [267-269]. 14 

different 5HT-receptor (HTR1-7) types have been already identified [391] and most of them are 

expressed by white [392,393] and brown adipocytes [84,106] in rodents. The release of 5HT by 

3T3-L1 adipocytes was also reported formerly [265]. In cultivated subcutaneous hADMSCs, 

HTR2A and 7 were transcribed at significant levels detected by microarray [394]. Later, full 

RNA sequencing revealed that HTR1D, 2A and 3 were expressed by clonally derived human 

brown adipocytes and by their undifferentiated precursor counterparts isolated from “deep neck” 

fat [162]. In our experiments, the expression of TPH1, the gene encoding the enzyme which 
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catalyzes the rate-limiting step of 5HT synthesis outside the CNS [264], was detectable in 

hADMSCs of subcutaneous origin by RT-qPCR and did not change as a result of white adipocyte 

differentiation, suggesting that these cells are capable of autonomously generating and secreting 

5HT during adipogenesis. However, we found decreased TPH1 expression in clozapine induced 

and in “beige” adipocytes (Figure 27). In addition, we showed that primary cells expressed 

HTR2A, 1D and 7 and the up-regulation of browning markers by clozapine was diminished in the 

presence of exogenous 5HT (Figure 28). Recently, two groups reported independently that 

peripheral 5HT reduced the “beige” potential and the sensitivity of browning adipocytes to 

thermogenic induction in a cell autonomous manner in mice [264,265]. Other studies showed that 

increased levels of peripheral 5HT [395] and polymorphisms in TPH1 gene were associated with 

obesity [396]. In our experiments, out of the 5HT-receptors, HTR2A to which clozapine can be 

bound with the strongest affinity [268], was expressed at the highest level in hADMSCs and in 

differentiated adipocytes. Gq signaling, which is otherwise initiated by HTR2A [391], was 

recently reported to abolish browning in mice and in human adipocytes [334]. Our results suggest 

that the disturbance of 5HT-receptor-mediated signaling by clozapine might, at least partially, 

explain the browning phenomenon described above. 

In summary, we found that clozapine modified the differentiation program of human adipocyte 

progenitors; presumably via the inhibition of 5HT receptor mediated signaling, leading to 

generation of “beige” adipocytes with masked and not fully responsive thermogenic potential. 

The detected incomplete acute thermogenic response to cAMP can be one of the reasons why 

these “masked beige” adipocytes function ineffectively also in vivo. Results from in vivo 

experiments focusing on the effect of SGAs on the SNS have been conflicting [397-400]. 

However, the β3-adrenergic signaling pathway which plays a crucial role in the activation of 

thermogenesis in browning adipocytes [22-25] has never, to our knowledge, been studied in this 
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regard. Our data suggest that novel pharmacological stimulation of these “masked beige” 

adipocytes can be a future therapeutic target for treatment of SGA-induced obesity. We hope that 

our results initiate studies which identify the “masked beige” cells differentiated in response to 

clozapine treatment in vivo and find ways to induce their thermogenic function independently 

from the SNS. 
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7. SUMMARY 

 

 By complementing measurements of gene expression changes from total cell lysates, 

Laser-scanning cytometry (LSC) was presented as a tool that made the population scale 

analysis of ex vivo browning possible. Our approach combined texture analysis which 

reflected the size and number of lipid droplets and detection of Ucp1 and Cidea protein 

content in single browning adipocytes of mixed cell populations. 

 Irisin administration during white adipogenic differentiation resulted in a significant 

upregulation of several brown and “beige” adipocyte marker genes (UCP1, ELOVL3, 

CIDEA, CYC1, PGC-1α and TBX1). Irisin treated cells had more and smaller lipid 

droplets, more mitochondrial DNA, higher mitochondrial respiration and contained more 

Ucp1 and Cidea protein than the untreated white adipocytes. By using the slide-based 

image cytometry method we could validate mouse data in human samples demonstrating 

the effectiveness of irisin to induce “beige” differentiation of subcutaneous white 

adipocytes. 

 On the contrary, BMP7 treatment resulted in a functional browning in parallel with the 

gene expression pattern which indicated the classical brown program. 

 Administration of second-generation antipsychotic drugs often leads to weight gain and 

consequent cardio-metabolic side effects. We unexpectedly observed that clozapine 

reprogrammed the gene expression pattern of differentiating human adipocytes ex vivo, 

leading to an elevated expression of the browning marker gene UCP1, more and smaller 

lipid droplets and more mitochondrial DNA than in the untreated white adipocytes. LSC 

showed that up to 40% of the differentiating single primary adipocytes had the 
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characteristic morphological features of browning cells. Furthermore, clozapine 

significantly up-regulated ELOVL3, CIDEA, CYC1, PGC-1α and TBX1 genes but not 

ZIC1 suggesting induction of the “beige”-like and not the classical brown phenotype. The 

clozapine induced “beige” cells displayed increased basal and oligomycin inhibited 

(proton leak) oxygen consumption but these cells showed a lower response to cAMP 

stimulus as compared to control “beige” adipocytes indicating that they are less capable to 

respond to natural thermogenic anti-obesity cues. 

 When we tested if browning induced by clozapine can be explained by its known 

pharmacological effect of antagonizing serotonin (5HT) receptors it was found that 

browning cells expressed 5HT receptors 2A, 1D, 7 and the up-regulation of browning 

markers was diminished in the presence of exogenous 5HT. Our results suggest that the 

disturbance of 5HT-receptor-mediated signaling by clozapine might, at least partially, 

explain the browning effect of the drug. 

 When conditioned differentiation media were collected during the replacement of the 

adipogenic cocktails, we found that IL-6, MCP-1 and IL-8 secretion was significantly 

higher by “beige” compared to white adipocytes. Classical brown adipocyte 

differentiation, however, did not result in an increased production of these cytokines. 

Media replaced daily or in three day periods contained the same steady-state amount of 

IL-6 depending only on the phase of differentiation. This suggests that adipocytes adjust 

their production of the cytokine to reach an optimal level in the medium. 
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ÖSSZEFOGLALÁS 

 

 Statisztikailag releváns számú, differenciálódott humán adipocita vizsgálatát a Lézer 

Pásztázó Citométer (LSC) alkalmazásával értük el. Az LSC használata lehetővé tette 

számukra az adherens adipociták multiparametrikus vizsgálatát: a sejtek festése nélkül 

kvantifikáltuk az adipocitákban lévő lipid cseppek számát és méretét (ún. texture 

analízissel), majd a sejtek fixálását és permeabilizálását követően jelöltük az Ucp1 és 

Cidea barna zsírsejt marker fehérjéket, specifikus antitestekkel. A sejtek automatizált, 

precíz morfológiai vizsgálata és több szintű jelölése így választ adhatott arra a kérdésre is, 

hogy a sejtek milyen arányban léptek a barna zsírsejt differenciáció irányába különböző 

stimulusok hatására. 

 Megfigyeltük, hogy mind az irisin, mind a BMP7 alkalmazása a fehér differenciációs 

protokoll alatt fokozta az UCP1 és CIDEA mellett az ELOVL3, CYC1 és PGC-1α 

általános barna zsírsejt marker gének kifejeződését. A fokozott ZIC1 génexpresszió 

(„klasszikus barna” adipocita marker) mellett a C/EBPβ, PRDM16, C/EBPα és PPARγ 

emelkedett kifejeződését figyeltük meg, hosszú távú BMP7 kezelés hatására. A TBX1 

„beige” marker gén kifejeződését ugyanakkor csak az irisin kezelés fokozta 

szignifikánsan. Ez arra utal, hogy a bőr alatti zsírszövetből származó zsírsejt előalakok 

képesek lehetnek különböző jelek hatására egy „klasszikus barna”-szerű vagy egy 

„beige”-szerű differenciációs program beindítására is, melyekben általánosan 

megfigyelhető a barna zsírszöveti funkciót meghatározó legfontosabb gének fokozott 

kifejeződése. 
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 A második generációs antipszichotikumok alkalmazása gyakran vezet elhízáshoz. Humán 

szövetből izolált preadipociták clozapine kezelése ennek ellenére a barna és “beige” 

marker gének legtöbbjének, illetve az Ucp1 fehérje kifejeződését szignifikánsan fokozta, 

míg a fehér és általános zsírszöveti marker gének kifejeződése a kezelés hatására nem 

változott. Eredményeink arra utalnak, hogy clozapine kezelés képes “beige” zsírsejt 

differenciáció iniciálására humán ex vivo rendszerben, azonban az így létrejött sejtek 

reakciója természetes hőképző stimulusokra csökkent. 

 Vizsgáltuk, hogy a clozapine kezelés “beige” programot kiváltó hatása összefügg-e a szer 

ismert, szerotonin (5HT) receptorokat gátló farmakológiai hatásával. A differenciálódó 

zsírsejtek kifejezték a 2A, 1D és 7-típusú 5HT receptorokat. Ezenfelül a barna marker 

gének fokozott kifejeződése clozapine hatására, szerotonin jelenlétében nem volt 

megfigyelhető. Eredményeink arra utalnak, hogy a clozapine “browning”-ot kiváltó 

hatása összefügg a szer 5HT receptorok által kiváltott jelátvitel-gátló képességével. 

 Végül megfigyeltük, hogy az ex vivo differenciáltatott barna zsírsejtek és irisin kezelt 

fehér zsírsejtek nagymértékben termelnek IL-6, IL-8 és MCP-1 citokineket. A BMP7 

kezelt sejtek ugyanakkor kevesebb mediátort szekretáltak. Ismert, hogy egerekben az IL-6 

termelés kedvezően befolyásolhatja az inzulin szenzitivitást, míg a fokozott IL-8 és MCP-

1 elősegítheti makrofágok odavándorlását a differenciálódó barna sejtek környezetébe. A 

makrofágok esetleges alternatív úton történő aktiválódása noradrenalin termelést válthat 

ki, mely fokozhatja a barna adipociták hő termelő képességét is. 
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