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1 Introduction 

1.1 Obesity 

Obesity is defined as an abnormal or excessive accumulation of body fat that 

presents a risk to health (WHO, 2011). A very simplified and commonly used 

measurement for obesity is the body mass index (BMI), a person’s weight (in 

kilograms) divided by the square of the height (in meters). The World Health 

Organization (WHO) defines "overweight" as a BMI equal to or more than 25 

kg/m², and "obesity" as a BMI equal to or more than 30 kg/m² (WHO, 2007). 

The prevalence of obesity is increasing in an epidemic manner. Formerly just 

associated with high-income countries, obesity found its way to low- and 

middle-income countries. According to the WHO in 2008, 1.5 billion adults were 

overweight, of these more than 200 million men and almost 300 million women 

were obese (WHO, 2011). 

The excessive accumulation of adipose tissue gives rise to a variety of 

diseases, particularly cardiovascular diseases, diabetes mellitus type 2, hepatic 

steatosis, obstructive sleep apnea, cancer, and osteoarthritis (Blüher, 2009). As 

a result, obesity reduces life expectancy (Symonds, 2010) and at least 2.8 

million people die each year as a result of being overweight or obese (WHO, 

2011). Although obesity is preventable, it is worldwide a leading cause of death. 

Obesity is increasing in adults and children, therefore it is regarded as the most 

serious public health problem of this century (Wilkin and Voss, 2004). 

The cause for obesity besides medical or psychiatric (Barness et al., 2007) 

reasons might be a genetic predisposition. Twin studies, for instance, estimated 

the average heritability of obesity in the range between 40-75% (O’Rahilly and 

Farooqi, 2008). Additionally, genome-wide association studies revealed several 

genes with single nucleotide polymorphisms (SNPs) that associate with obesity. 

However, results are only consistent for some genes, e.g. melanocortin receptor 

4 (MC4R) (Vaisse et al., 1998; Yeo et al., 1998) or fat mass and obesity 

associated (FTO) (Frayling et al., 2007). Nevertheless, the fundamental cause 
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of obesity is an overconsumption of energy together with decreased energy 

expenditure. Our modern lifestyle, a combination of having access to high-

energy food with a lack of physical activity therefore creates the perfect basis. 

The adipose tissue is the first tissue ever affected by these changes. 

1.2 Adipose tissue 

In mammals, two types of adipose tissue can be distinguished by histological 

and functional means: brown adipose tissue (BAT) and white adipose tissue 

(WAT).

Both tissues are characterized by multi-cellularity, plasticity and adipocytes that 

store fat in the form of triglyceride. Brown adipocytes however differ 

fundamentally from white adipocytes in respect of amount of lipid droplets, 

expression of uncoupling protein-1 and the number of mitochondria. Whereas 

BAT is especially well-suited for heat production, WAT provides heat insulation, 

mechanical cushion, and most importantly, a source of energy by storing fat 

(reviewed by (Tews and Wabitsch, 2011)). 

WAT is a loose connective tissue which in humans is mainly localized under the 

skin (subcutaneous) and around the internal organs (visceral). Lipid-laden 

mature adipocytes are the leading cell type, but WAT additionally contains 

precursors (preadipocytes), endothelial cells, mast cells, blood vessels, nerves, 

lymphatic tissue and, important for the present study, macrophages (Cinti et al., 

2005).

Most adipose tissue in the human body is white and its amount is dramatically 

increased during obesity. Therefore WAT is the focus of the present study and 

“adipose tissue” refers always to WAT. 

1.2.1 Adipose tissue - an endocrine organ 

The idea that WAT is only a storage organ changed dramatically when leptin 

was discovered in 1994 (Zhang et al., 1994). Leptin is a hormone which is 

exclusively secreted by white adipocytes and is an important regulator of body 

weight. It decreases food intake and increases energy expenditure via 

hypothalamic pathways (Prins and O’Rahilly, 1997). Nowadays, the list of WAT 

secretion products which influence a myriad of physiological interactions 
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comprises more than 100 factors (Fischer-Posovszky et al., 2007). Besides 

metabolites (fatty acids), lipid substances (prostaglandins, steroids), growth 

factors and adipokines, the adipose tissue also releases inflammatory cytokines 

and hormones (Figure 1). 

Figure 1: Adipose tissue as an endocrine organ 
So far, over hundreds of factors secreted by the adipose tissue are known. They 

are either synthesized de novo or converted from precursor molecules. By 

secreting factors like metabolites, hormones, growth factors, and inflammatory 

cytokines the adipose tissue is a very active endocrine organ influencing whole 

body homeostasis. During obesity the secretion profile changes thereby leading to 

adverse effects on normal body physiology and subsequent disorders like type 2 

diabetes, hypertension and a state of chronic, low-grade inflammation. Adapted 

from (Fischer-Posovszky et al., 2007; Carruthers et al., 2008).  

WAT influences pathways regulating energy homeostasis, glucose and lipid 

metabolism, thyroid and reproductive system as well as immune response, 

blood pressure and bone mass (Rosen and Spiegelman, 2006; Fischer-

Posovszky et al., 2007). Therefore, WAT is now accepted as a very important, 

active endocrine organ and it is well conceivable that a dysregulated WAT itself 

contributes to obesity-associated disorders (Figure 1). 
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1.2.2 Adipose tissue - a metabolic organ 

Long before adipose tissue was recognized as an important endocrine tissue, 

its function as an energy storage depot was well established. Adipocytes within 

the WAT store energy in form of triglycerides (TG) and fatty acids (FA). Lipids 

usually originate from diet, however, adipocytes are able to build up 

triglycerides newly from glucose in a process that is called de novo lipogenesis.  

Figure 2: Lipid storage and release by fat cells 
Short summary of the competing processes of lipid storage and release together 

with the key enzymes for lipolysis and de novo lipogenesis. For details see text. 

ACC: Acetyl-CoA carboxylase; ATGL: adipose triglyceride lipase; FA: fatty acids; 

FASN: fatty acid synthase; GLUT4: glucose transporter 4; HSL: hormone sensitive 

lipase; MAGL: monoacylglyceride lipase; PDC: pyruvate dehydrogenase complex. 

Lipogenesis is coupled to insulin-stimulated glucose uptake which is mediated 

via the insulin-dependent glucose transporter 4 (GLUT4) (Kohn et al., 1996). 

This mechanism also provides a pathway to reduce circulating glucose levels. 
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In a state of positive energy balance, glucose entering the adipocyte via GLUT4 

is converted to pyruvate by glycolysis. At the inner membrane of the 

mitochondria, pyruvate is decarboxylized by the pyruvate dehydrogenase 

complex (PDC) resulting in acetyl-CoA. Then, acetyl-CoA is carboxylized by 

acetyl-CoA carboxylase (ACC) to malonyl-CoA in the cytosol. At the multi-

enzyme fatty acid synthase (FASN), acetyl-CoA is step-wise prolonged with 

malonyl-CoA to FA. Finally, three FA are esterified with glycerol to form 

triglycerides (reviewed by (Kersten, 2001; Large et al., 2004)). 

In a state of negative energy balance, adipocytes release FA into the circulation 

to provide energy for peripheral tissues. FAs are obtained from hydrolysis of 

TG, also referred to as lipolysis. Lipolysis in the WAT of humans and rodents is 

regulated by adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) 

and monoacylglycerol lipase (MAGL) (Arner, 2005). In a step-wise fashion 

these lipases release one fatty acid at a time from triglycerides. Lipolysis is 

stimulated by catecholamines such as noradrenaline and inhibited by insulin 

(Arner, 2005). 

1.2.2.1 Insulin-signaling in adipocytes 

Insulin is the major hormone controlling fat cells metabolic functions such as 

glucose and lipid metabolism. The molecular mechanisms of insulin signaling 

are well described in the literature (reviewed by (Kido et al., 2001)). Here, only a 

brief and simplified overview is given. The insulin receptor tyrosine kinase (IR) 

is activated upon binding of insulin. IR phosphorylates and recruits different 

substrate adaptors including insulin receptor substrate 1 (IRS-1). This molecule 

is also activated upon binding of the growth factor insulin-like growth factor-1 

(IGF-1) to its receptor. IRS-1 is transmitting the signal to the three intracellular 

pathways of mitogen-activated protein kinase (MAPK) family, i.e. extracellular-

signal regulated kinase (ERK), p38 kinase and c-Jun N-terminal kinase (JNK) 

(Moxham et al., 1996). Most importantly, however, IRS-1 is transmitting the 

signal to Akt, the key molecule in insulin sensitive tissues, via activation of 

phosphatidylinositol 3-kinase (PI3K) (Kohn et al., 1995). Activated Akt is a 

potent serine/threonine kinase which can subsequently phosphorylate and 

thereby regulate the activity of a plethora of substrates. Down-stream targets of 
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Akt include for instance glycogen synthase kinase 3 (GSK3) whereby glucose 

metabolism is modulated and proliferation stimulated (Cross et al., 1995; 

Whiteman et al., 2002).

Figure 3: Insulin signaling in fat cells 
Simplified illustration of signaling pathways which are activated upon binding of 

insulin/IGF-1 to their receptors. They regulate proliferation, metabolism and survival 

of cells. In adipocytes, insulin stimulates glucose uptake and de novo lipogenesis 

and inhibits lipolysis. IGF-1: insulin-like growth factor-1; IRS-1: insulin receptor 

substrate-1; GLUT4: glucose transporter 4; PI3K: phosphatidylinositol 3-kinase; 

p70S6K: p70 S6 kinase; GSK3 : glycogen synthase kinase 3 alpha/beta; MAPK:

mitogen-activated protein kinase; ERK: extracellular-signal regulated kinase; JNK: 

c-Jun N-terminal kinase. 

Another down-stream target of Akt, the p70 S6 kinase, activates S6 ribosomal 

protein thereby inducing protein synthesis. Akt also mediates glucose transport 

into the cells by initiating membrane translocation of the glucose transporters 

GLUT1 and GLUT4 (Kohn et al., 1996; Barthel et al., 1999). Akt is further 

regulating lipid metabolism by inhibiting HSL and regulating expression of the 
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key enzymes for lipogenesis (PDC, ACC, and FASN) (Strålfors and Belfrage, 

1983; Kim and Spiegelman, 1996). 

In general, insulin signaling pathways influence proliferation, metabolism and 

survival of cells. Notably, insulin signaling is also necessary for the adipogenic 

differentiation process (Miki et al., 2001). 

1.2.3 Adipose tissue - a dynamic organ 

Considering that the adipose tissue contributes to whole body homeostasis, it is 

crucial that its size is tightly regulated. Two key factors determine the size of the 

adipose tissue: the number of fat cells and their volume (Figure 4). The volume 

is regulated by the competing processes of lipogenesis (storage of triglycerides) 

and lipolysis (mobilization of fatty acids) and is mostly regulated by metabolic 

and endocrine factors (Fischer-Posovszky et al., 2007). 

Figure 4: Determinants of the adipose tissue size 
Short summary of processes that determine volume and number of fat cells in 

human adipose tissue. Adapted from (Fischer-Posovszky and Wabitsch, 2004). 

For many years researchers believed that an increase or decrease in adipose 

tissue mass is only achieved by an increase or decrease in volume. 

The old dogma, however, that the number of adipocytes is set during childhood 

and remains constant throughout adulthood is no longer true. It is now well 

accepted that the number of adipocytes can change in both directions during life 

span (Prins and O’Rahilly, 1997). By measuring the integration of 14C in 

genomic DNA by accelerator mass spectrometry, Spalding et al. recently 
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showed that there is a high continuous turnover of adipocytes with 

approximately 10 % of fat cells being renewed annually (Spalding et al., 2008). 

Tissue homeostasis includes supply of new cells from progenitors followed by 

differentiation into specialists. Indeed, it has long been known that a large pool 

of preadipocytes exists in human adipose tissue (Fischer-Posovszky et al., 

2007).

Recently, a pool of early committed white adipocyte precursors in the mural cell 

compartment of the adipose vasculature was identified (Tang et al., 2008). This 

supplies an additional putative source for new adipocytes. Thus, an increase in 

fat cell number might occur through proliferation and subsequent differentiation 

into mature, lipid-laden adipocytes. 

On the other hand, old cells must be eliminated to keep the number of 

adipocytes in a certain regulated range. Delipidation of cells might provide a 

possibility that results in a decreased number of fat cells (Petruschke and 

Hauner, 1993). However, more and more data demonstrate adipocyte deletion 

by apoptosis – the programmed cell death (cf. Section 1.3.1). There are multiple 

types of cell death with distinct morphological characteristics, physiological roles 

and mechanisms of execution (Galluzzi et al., 2007). Necrosis of adipocytes 

has been described (Cinti et al., 2005), however, apoptosis is considered the 

predominant way cells die in multi-cellular organisms, including humans 

(Weigert et al., 2009). 

1.3 Apoptosis 

Apoptosis, the programmed cell death, is a well regulated mechanism which is 

characterized by distinct biochemical events. Apoptosis pathways can be 

triggered by stimuli originating from the outside of the cell (extrinsic pathway) or 

from intracellular signals (intrinsic pathway) (Reviewed by (Fulda, 2010)). While 

the extrinsic pathway is triggered by binding of death ligands to their specific 

receptors on the cell surface, mitochondria and their associated proteins are in 

the centre of the intrinsic pathway (Hengartner, 2000). Triggering of the intrinsic 

pathway might occur through cellular stress. Activation of apoptosis pathways 

eventually leads to activation of caspases that function as common death 
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effector molecules (Degterev et al., 2003). Caspases are proteases belonging 

to cysteine-aspartic acid protease family that are synthesized as inactive 

proenzymes and become activated upon cleavage (Degterev et al., 2003). 

Figure 5: The extrinsic and intrinsic apoptosis pathway 
The extrinsic apoptosis pathway is triggered by binding of ligands (e. g. tumor 

necrosis factor alpha (TNF ), CD95 ligand (CD95L) or TNF-related apoptosis-

inducing ligand (TRAIL)) to their respective death receptors, followed by formation 

of the death inducing signaling complex (DISC) by recruitment of adaptor molecule 

Fas-associated Death Domain (FADD) and activation of caspase-8. Binding of 

Cellular FLICE-like inhibitory protein (cFLIP) to the DISC inhibits activation of 

caspsase-8. The intrinsic pathway triggered by cellular stress is initiated by the 

release of apoptogenic factors such as cytochrome C (Cyt C) from mitochondria to 

the cytosol. Cyt C forms with apoptotic protease activating factor – 1 (Apaf-1) and 

caspase-9 the apoptosome complex. Caspase-8 can connect both pathways 

through BH3-interacting domain death agonist (Bid). At the end of both pathways 

the effector caspase-3 is activated which ultimately results in DNA fragmentation 

and therefore to cell death. Adapted from (Fulda and Pervaiz, 2010).  
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Upon binding of death ligands like tumor necrosis factor alpha (TNF ), CD95L 

(APO-1/Fas) or TNF-related apoptosis-inducing ligand (TRAIL) to their 

corresponding death receptors, the adaptor molecule Fas-associated death 

domain (FADD) and the initiator caspase-8 are recruited (Fulda and Pervaiz, 

2010). Together they form the death inducing signaling complex (DISC) (Fulda 

and Pervaiz, 2010). Cellular FLICE-like inhibitory protein (cFLIP) is a negative 

modulator of death receptor-induced apoptosis that blocks signal transduction 

from activated death receptors at the apex of the signaling cascade by 

preventing the recruitment and activation of caspase-8 at the DISC (Micheau, 

2003; Kataoka, 2005). Without cFLIP at the DISC, caspase-8 is activated by 

cleavage (Lavrik et al., 2005). Activated caspase-8 in turn can either directly 

transmit apoptosis signals by activating effector caspase-3 or alternatively, may 

connect to the mitochondrial pathway via the cleavage of BH3-interacting 

domain death agonist (Bid) (Adams and Cory, 2007). Bid is a protein of the Bcl-

2 family, which upon cleavage translocates as tBid to mitochondria to stimulate 

mitochondrial outer membrane permeabilization. This leads to the release of 

apoptogenic factors like cytochrom C from the mitochondrial intermembrane 

space into the cytosol (Adams and Cory, 2007; Kroemer et al., 2007) The 

release of cytochrome C triggers caspase-3 activation through formation of the 

cytochrome C/ apoptotic protease activating factor-1/ caspase-9-containing 

apoptosome complex (Kroemer et al., 2007; Riedl and Salvesen, 2007).  

Both pathways wind up with activation of caspase-3 (Nicholson and Thornberry, 

1997) ultimately leading to fragmentation of cell macromolecules including DNA 

which finally results in cell death. (Reviewed by (Fulda, 2010)) 

1.3.1 Fat cell apoptosis 

Apoptosis of adipocytes was shown in several disease states accompanied by 

loss of adipose tissue (Wabitsch et al., 2003) including tumor cachexia (Prins et 

al., 1994) and autoimmune lipodystrophy (Fischer-Posovszky et al., 2006). 

Additionally, HIV patients under highly active anti-retroviral therapy showed fat 

cell apoptosis (Domingo et al., 1999). Interestingly, our group already showed 

that despite expressing all components of the apoptosis pathways, fat cells are 

resistant to apoptosis under normal physiological conditions (Fischer-Posovszky 
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et al., 2004). Furthermore, blocking protein synthesis which mimics starvation, 

render fat cells sensitive to apoptosis induction by death ligands (Fischer-

Posovszky et al., 2004).

1.4 Chronic low grade inflammation 

Obesity is associated with chronic activation of inflammatory pathways within 

the adipose tissue (Hotamisligil, 2006). Nowadays, it is well accepted that this 

state of chronic, low-grade inflammation is an important early event in the 

pathogenesis of obesity complications. Most notably, insulin resistance has 

been associated with adipose tissue inflammation (Xu et al., 2003). In both 

humans and rodents, macrophages accumulate in adipose tissue with 

increasing body weight (Weisberg et al., 2003; Xu et al., 2003). Several rodent 

studies demonstrate that an increase in adipose tissue macrophages (ATM) 

worsens insulin sensitivity (Kamei et al., 2006; Hirasaka et al., 2007). Likewise, 

a decrease in ATM results in a decrease in adipose tissue inflammation and 

inhibits obesity-induced insulin resistance (Patsouris et al., 2008). In addition, 

genetic ablation of macrophage inflammatory signaling by knockout of I B

kinase-beta (IKK- ) or c-Jun N-terminal kinase 1 (JNK1) protects mice from 

diet-induced insulin resistance (Arkan et al., 2005; Solinas et al., 2007). 

Nevertheless, the pathogenic mechanisms leading to ATM accumulation in the 

obese state are still not completely understood. Several hypotheses arose 

during the last decade. For instance, there is increasing evidence that local 

hypoxia plays a role (Hosogai et al., 2007). Hypoxia might already arise at the 

cellular level as adipocytes can easily grow to a diameter above 100 μm which 

is the maximum diffusion distance for oxygen (Helmlinger et al., 1997). 

Additionally, an insufficient pro-angiogenic action of an expanding WAT might 

lead to acute and chronic hypoxia (Halberg et al., 2009). Furthermore, 

adipocyte hypertrophy, oxidative stress, and endoplasmic reticulum stress 

resulting in an increased production of inflammatory cytokines and 

chemoattractants are implicated in ATM accumulation (Furukawa et al., 2004; 

Ozcan et al., 2004; Gregor and Hotamisligil, 2007; Skurk et al., 2007; Wood et 

al., 2009). 
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Figure 6: Obesity-associated inflammation 
In an expanding adipose tissue hypertrophied adipocytes and local hypoxia might 

activate endoplasmic reticulum (ER-) stress response within the fat cell which in 

turn activates inflammatory pathways in macrophages and adipocytes. Thereby, 

more macrophages infiltrate the adipose tissue and trigger local and systemic 

inflammation which results in insulin resistance. 

In general, macrophages play an important role in the immune system and 

tissue homeostasis by sequestering and clearing pathogens as well as old and 

dead cells (Weigert et al., 2009). As mentioned earlier there is increasing 

evidence that fat cell apoptosis plays a major role in adipose tissue 

homeostasis since there is a high continuous turnover rate of adipocyte. Most 

interestingly, not only a pro-apoptotic gene expression profile, but also an 

increase in apoptosis was detected in mice under a high fat diet (Alkhouri et al., 

2010). Blocking the function of pro-apoptotic Bid which resulted in a significant 

decrease of fat cell apoptosis leads to a reduced obesity-associated 

macrophage infiltration into adipose tissue and prevented insulin resistance 

(Alkhouri et al., 2010). This suggests an important role of fat cell apoptosis in 

the progression of obesity-induced disorders. 

LEAN OBESE

Inflammation
insulin resistance

dead adipocyte
adipocyte
macrophage
blood vessel

Hypoxia
Hypertrophy

ER-stress
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1.5 Aim of the study 

Obesity-associated accumulation of macrophages into human adipose tissue 

causes local as well as systemic inflammation and is associated with obesity’s 

co-morbidities. The initial event, however, that triggers macrophage infiltration, 

has yet to be identified. 

We aimed at elucidating a possible connection between fat cell apoptosis and 

the occurrence of macrophages. Therefore, we decided to provide evidence for 

apoptotic adipocytes in vivo in human adipose tissue samples. Additionally, to 

uncover co-localization we stained macrophages in serial sections. 

Furthermore, we established an in vitro model system for inflamed adipose 

tissue by using human SGBS preadipocytes and adipocytes together with 

human THP-1-macrophages. In this in vitro setting we studied effects of 

macrophages on fat cell biology with a special focus on apoptosis sensitivity 

and its underlying molecular mechanism. 

Data obtained in vivo together with results from our in vitro model system 

should further support a causal connection of obesity-associated macrophage 

infiltration and fat cell apoptosis. Uncovering molecular mechanisms that impair 

fat cells apoptosis sensitivity might become useful in fighting obesity and its 

related disorders. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Biological material 

All experiments were performed using the human preadipocyte cell line SGBS 

(Fischer-Posovszky et al., 2008) and the monocyte cell line THP-1 (purchased 

from ATCC). 

2.1.2 Experimental subjects 

Paired human visceral (visc) and subcutaneous (sc) fat tissue samples of the 

Leipzig cohort fat tissue bank described in previous studies (Harman-Boehm et 

al., 2007) were kindly provided by Prof. Matthias Blüher (Leipzig University, 

Germany). Fat tissue samples were obtained from 54 Caucasian obese and 

lean men (n = 30) and women (n = 24) who underwent open abdominal surgery 

for elective cholecystectomy or explorative laparotomy (Surgery were performed 

by Prof. Michael Schön, Klinikum Karlsruhe, Germany). Patients with malignant 

diseases or acute or chronic inflammatory disease have not been included. 

Mean age of patients was 62 years (range 31 to 84 years) and their mean BMI 

was 30 kg/m² (range 29 to 42 kg/m²). All procedures were performed in 

accordance with the Declaration of Helsinki guidelines and approved by the 

ethics committee of the University of Leipzig. Patients gave a written informed 

consent in advance. 

2.1.3 Equipment 

25 cm², 75 cm², 175 cm² cell culture flasks    Becton Dickinson 

6-, 12-, 24-, 96-well plates       Becton Dickinson 

0,5 ml, 1,5 ml, 2 ml reaction tubes     Eppendorf 

1, 2, 5, 10, 25 ml polystyrene pipets     Becton Dickinson 

1,8 ml cryotubes       Nunc 

Centrifuge Biofuge Fresco       Heraeus 

Centrifuge Biofuge PICO       Heraeus 

Centrifuge Varifuge 3. ORS      Heraeus 
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Cytometer FACScalibur       Becton Dickinson 

Developer Kodak M1000      Kodak 

Digital camera CC-12      Olympus 

ELISA ELx 800       BioTek 

Gel documentation/UV lamp      Hama 

GeneQuant 1300 (Spectrophotometer)    GE Healthcare 

iBlot Dry Blotting system      Invitrogen 

LightCycler®2.0       Roche 

Microscope BX300        Leitz 

Mithras Microplate Reader LB 940    Berthold Technologies 

Pipetboy acu        IBS Integra  

Thermocycler PTC-200      MJ Research 

Olympus AX70 fluorescence microscope   Olympus 

X Cell Sure Lock Mini-Cell      Invitrogen 

2.1.4 Reagents/ Chemicals/ growth factors 

Aqua ad injectabile        Braun 

Agarose         Sigma 

Biotin          Sigma 

BODIPY 493/503       Invitrogen 

Bovine serum albumin (BSA, fatty acid free)   Sigma 

Bromphenol blue        Sigma 

Chloroform         Fluka 

Cortisol        Sigma 

DAKO fluorescence mounting medium    DAKO 

DAKO REALTM antibody diluent     DAKO 

Dexamethasone       Sigma 

4‘,6-Diamidine-2‘-phenylindole dihydrochloride (DAPI) Invitrogen 

Dimethylsulfoxide (DMSO)      Merck 

Dithiothreitol (DDT)        Sigma  

D-MEM:F 12 (1:1)+L-Glutamine+15mM Hepes   Gibco Life Tech 

Ethanol         Merck 

FACSFlowTM        BectonDickinson 
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FACSRinseTM        BectonDickinson 

FACSCleanTM        BectonDickinson 

Fetal calf serum (FCS)       Gibco Life Tech 

Lipofectamine™ 2000      Invitrogen 

L-Glutamine        Gibco Life Tech 

LY 294002 (phosphatidylinositol 3-kinase inhibitor)  Sigma 

Glycerol         Fluka 

Insulin         Novo Nordisk 

Isopropanol         Fluka 

3-Isobutyl-1-Methylxanthine (IBMX)    Sigma 

Na-Pyruvat        Gibco Life Tech 

NaCl         Fluka 

NileRed        Sigma 

dNTPs         Invitrogen 

Non-essential amino acids (NEAA)    Gibco Life Tech 

Pantothenate        Sigma 

Paraformaldehyde (PFA)      Sigma 

Penicillin-Streptomycin (Pen/Strep)    Biochrom 

phorbol myristate acetate (PMA)     Sigma 

Phosphate buffered saline (PBS)     Biochrom 

Polybrene        Invitrogen 

Propidiumiodid        Sigma 

Red Oil O         Sigma 

Rosiglitazone       Cayman 

RPMI 1640        Gibco Life Tech 

Transferrin, ironpoor       Sigma 

tri-Natriumcitrat-Dihydrate       Sigma 

Triton X-100         Sigma 

Triiodthyronin (T3)       Sigma 

Trypsin/EDTA        Biochrom 

Tween 20        Sigma 

Zeocin        Invitrogen 
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2.1.5 Radioactive chemicals 
14C-D-glucose       Perkin Elmer 
14C-deoxy-D-glucose      Perkin Elmer 

2.1.6 Enzymes/ Kits/ Vectors 

Annexin V FLUOS       Roche 

BCA™ Protein Assay Kit      Pierce 

BLOCK-iT Inducible H1 RNAi Entry Vector Kit   Invitrogen 

BLOCK-iT Inducible H1 Lentiviral RNAi system  Invitrogen 

Complete Protease Inhibitor Cocktail Tablets (25x)  Roche 

EnVisionTM detection system (Peroxidase/DAB; rabbit/mouse) Dako 

LightCycler Fast Start DNA Master SYBR Green I kit  Roche 

NuPAGE 4-12% Bis-Tris Gel (10 lanes, 15 lanes)  Invitrogen 

NuPAGE LDS Sample Buffer (4x)    Invitrogen 

NuPAGE MES and MOPS buffer (20x)    Invitrogen 

pENTR™/H1/TO entry vector     Invitrogen 

pLenti4/BLOCK-iT™-DEST expression vector   Invitrogen 

Phospho MAPK array      R&D Systems 

PhosSTOP Phosphatase Inhibitor Cocktail Tablets (10x) Roche 

RNeasy lipid tissue Kit      Qiagen 

SeeBlue Plus2 Pre-Stained Standard (protein marker) Invitrogen 

SuperscriptTMII RNaseH reverse transcriptase    Invitrogen 

ViraPower™ Lentiviral Expression Systems   Invitrogen 

2.1.7 Cell Culture media 

2.1.7.1 SGBS media 

Basal medium    D-MEM:F 12 (1:1) 

+ 100 U/ml Penicillin/streptomycin 

+ 17 μM Pantothenat 

+ 33 μM Biotin 

Growth medium    basal medium 

      + 10%  fetal calf serum 
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Differentiation medium I (d0-d3) basal medium 

      + 0.01 mg/ml Transferrin 

+ 20 nM Insulin 

+ 100 nM Cortisol 

+ 0.2 nM Triiodthyronin (T3) 

+ 25 nM Dexamethason 

+ 250 μM IBMX 

+ 2 μM Rosiglitazone 

Differentiation medium II (d4-end) basal medium 

      + 0.01 mg/ml Transferrin 

+ 20 nM Insulin 

+ 100 nM Cortisol 

+ 0.2 nM Triiodthyronin (T3) 

2.1.7.2 THP-1 media 

Basal medium    RPMI 1640 

+ 100 U/ml Penicillin/streptomycin 

      + 2 mM L-Glutamine 

      + 0.1 mM Non-essential amino acids 

      + 1 mM Na-Pyruvate 

Growth medium    basal medium 

      + 10%  FCS 

Differentiation medium   basal medium 

      + 10%  FCS 

      + 125 ng/ml PMA 
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2.1.8 Buffer solutions 

TBS-T in H2O    10 mM Tris-HCl, pH 8 

150 mM NaCl 

0.1% (v/v) Tween 20 

Blocking buffer (western blot)  TBS-T 

      5% (w/v) skimmed milk powder 

TBS-T-BSAacid (western blot)  TBS-T

(Diluent for antibodies)   2% (w/v) BSA 

0.02% (v/v) sodium acid 

Nicoletti-buffer (preadipocytes) in H2O 0.1% (w/v) tri-Natriumcitratdihydrat 

0.1% (v/v) Triton X-100 

50 g/ml Propidiumiodid 

Nicoletti-buffer (adipocytes) in H2O  0.2% (w/v) tri-Natriumcitratdihydrat 

0.2% (v/v) Triton X-100 

100 g/ml Propidiumiodid 

Annexin V buffer in sterofundin (Braun) 10 mM HEPES 

Protein lysis buffer in H2O   10 mM Tris-HCl, pH 7.5 

150 mM NaCl  

2 mM  EDTA  

1 % (v/v) TritonX-100  

10 % (v/v) Glycerol 

1 mM  DTT 

1x proteinase inhibitors 

optional:  1x phosphatase inhibitors 



M A T E R I A L S

20

2.1.9 Primers 

Table 1: Sequences of specific primer pairs 
Information about used primer pairs for qPCR. 

target gene primer sequence (5' -> 3') 
human CD11c forward  CCAGATCACCTTCTTGGCTACCTTTGAC 

 reverse ATTTGGTGAATTGTTCGTGGCTGCTAACC 

human TNF forward  TGCTTGTTCCTCAGCCTCTTCTCCTTCC 

 reverse CTCAGCTTGAGGGTTTGCTACAACATGG 

human IL-6 forward  TACCCCCAGGAGAAGATTCC 

 reverse TTTTCTGCCAGTGCCTCTTT 

human IL-1 forward  CCACTCTACAGCTGGAGAGTGTAGATCC 

 reverse GCTTGAGAGGTGCTGATGTACCAGTTGG 

human FABP4 forward  GCTTTTGTAGGTACCTGGAAACTT 

 reverse ACACTGATGATCATGTTAGGTTTGG 

human PPAR forward  GATCCAGTGGTTGCAGATTACAA 

 reverse GAGGGAGTTGGAAGGCTCTTC 

human GAPDH forward  GAAGGTGAAGGTCGGAGTC 

 reverse GAAGATGGTGATGGGATTTC 

human SDHA forward  CATGCTGCCGTGTTCCGTGTGGG 

 reverse GGACAGGGTGTGCTTCTTCCAGTGCTCC 

TNF : tumor necrosis factor alpha; IL-6: interleukin-6; IL-1 : interleukin-1 beta; FABP4: 
fatty acid protein 4; PPAR : peroxisome proliferator-activated receptors gamma, 
GAPDH: glyceraldehyde 3-phosphat dehydrogenase; SDHA: succinate dehydrogenase 
complex subunit A 

2.1.10 Software 

Cell^P         Olympus 

CellQuest software       BD Biosciences 

ImageJ        http://imagej.nih.gov/ij/

Microsoft Office (Excel, PowerPoint, Word)   Microsoft 

SigmaPlot        Systat 
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2.1.11 Antibodies 

Table 2: Information about used antibodies 
Summary of specific antibodies used in the present study for western blot (WB), 

immunofluorescence (IF), immunhistochemistry (IHC) and flow cytometry (FACS). 

antigen
(specification) application company host dilution diluent 

human CD11c 
(5D11) IHC Menarini mouse 1:100 DAKO

REALTM

active Caspase-3 IHC Cell Signaling rabbit 1:50 DAKO
REALTM

-actin 
(clone AC15) WB Sigma mouse 1:10000 TBST-

BSAacid 

Akt2 WB R&D rabbit 1:1000 TBST-
BSAacid 

panAkt WB BD rabbit 1:1000 TBST-
BSAacid 

ERK1/2 WB Sigma rabbit 1:1000 TBST-
BSAacid 

p38 MAPK 
(5F11) WB Cell Signaling mouse 1:2000 TBST-

BSAacid 
phosphoAkt 
(Ser473) WB Cell Signaling rabbit 1:500 TBST-

BSAacid 
phosphoERK1/2 
(Ser21/9) WB Cell Signaling mouse 1:2000 TBST-

BSAacid 
phospho p38 MAPK 
(Thr180/Tyr182) WB Cell Signaling rabbit 1:1000 TBST-

BSAacid 

Rabbit IgG WB Santa Cruz goat, HRP-
conjugated 1:5000 blocking 

buffer

Mouse IgG WB Santa Cruz goat, HRP-
conjugated 1:5000 blocking 

buffer
human CD11c 
(B-ly6) FACS BD PE-conjugated 1:20 PBS 

human CD221 
(1H7) FACS BD PE-conjugated 1:20 PBS 

human CD54 FACS BD PE-conjugated 1:20 PBS 

human CD86 FACS BD PE-conjugated 1:20 PBS 

isotype FACS BD PE-conjugated 1:20 PBS 

human CD11c 
(B-ly6) IF BD PE-conjugated 1:5 PBS 
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2.2 Methods 

2.2.1 Cell biology methods 

SGBS cell culture and differentiation

The human Simpson-Golabi-Behmel syndrome (SGBS) cell strain was 

established by our group and originates from an adipose tissue specimen of a 

diseased patient with Simpson-Golabi-Behmel syndrome and has been named 

accordingly (Wabitsch et al., 1996, 1997, 2001; Fischer-Posovszky et al., 2008). 

The Simpson-Golabi-Behmel syndrome is an X-linked congenital overgrowth 

syndrome with features that include macroglossia, macrosomia, and renal and 

skeletal abnormalities as well as an increased risk of embryonal cancers 

(Wabitsch et al., 2001; Fischer-Posovszky et al., 2008). The cell strain is 

characterized by a high capacity for adipogenic differentiation and the cells 

retain their ability for adipogenic differentiation up to generation 50 (Wabitsch et 

al., 2001). The cells are neither transformed nor immortalized. Importantly, the 

protocol for adipogenic differentiation was optimized for a chemically defined, 

serum-free condition according to previously published studies on human 

primary fat cell (Hauner et al., 1989). Additionally, once they are differentiated, 

they function and behave as primary isolated human fat cells (Fischer-

Posovszky et al., 2008). 

SGBS preadipocytes were cultured in growth medium (Section 2.1.7.1 page 17) 

at 37°C, with a concentration of 5% CO2 and water vapour saturated 

atmosphere. For adipogenic differentiation, SGBS preadipocytes near 

confluence were washed two times with PBS and cultured in differentiation 

medium I (Section 2.1.7.1 page 17) for the first four days. Then medium was 

changed to differentiation medium II (Section 2.1.7.1 page 17). Morphologically 

differentiated adipocytes were used for experiments if differentiation rate was 

80% or greater. 
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THP-1 cell culture and differentiation

Human THP-1 cells were cultured in growth medium (Section 2.1.7.2 page 18) 

at 37°C, with a concentration of 5% CO2 and water vapour saturated 

atmosphere. Differentiation of THP-1 cells into macrophages was induced by 

incubation with differentiation medium (Section 2.1.7.2 page 18) for 48 h. 

Collection of conditioned media 

THP-1 monocytes or macrophages (106 cells/ml) were incubated with serum-

free basal medium (Section 2.1.7.2 page 18) containing 0.5% BSA. Monocyte-

conditioned (MonCM) and macrophage-conditioned media (MacCM) were 

collected after 48 h and cleared by centrifugation. Serum-free basal medium 

containing 0.5% BSA in corresponding concentrations was used as vehicle 

control in all further treatments. 

Cytokine concentrations in conditioned media were assessed using Bio-Plex 

System from Bio-Rad. Measurements were done in co-operation with Dr. Anna 

Dzyakanchuk (Fa. Hoffman-La-Roche, Basel, Switzerland). 

Co-culture of SGBS cells and THP-1 macrophages

In vitro differentiated THP-1 macrophages were added to cultures of SGBS 

preadipocytes or adipocytes at increasing rates (THP-1:SGBS 1:10, 1:2, 1:1, 

2:1). Serum-free basal medium containing 0.5% BSA in corresponding 

concentrations was used as vehicle control in all further treatments. 

2.2.2 Metabolic assays 

Determination of cell number and adipogenic differentiation rate

The number of adherent cells (preadipocytes/ adipocytes) was assessed by 

direct counting eight, random microscopic fields (area: 1 mm²) using a net 

micrometer. Adipogenic differentiation rate was determined by calculating the 

percentage of adipocytes related to total cell number. 

NileRed staining

Lipid accumulation was assessed by staining the cells with the lipophilic dye 

Nile Red (4 g/ml) in PBS with a final concentration of 12.5% dimethylsulfoxide 
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for 4 h at 37°C and 5% CO2. Afterwards fluorescence was measured at 

excitation wavelength 485 nm and emission wavelength 590 nm in a Mithras 

Multimode Microplate Reader LB 940. 

Basal and insulin-stimulated glucose uptake and de novo lipogenesis

After washing twice with PBS, in vitro differentiated SGBS adipocytes 

(differentiation rate > 80 %) were incubated in serum-free medium 

supplemented with indicated concentrations of MacCM or vehicle for 24 h. For 

glucose uptake, cells were stimulated with indicated doses of insulin (0 - 1000 

nM) for 15 min and then [14C]-2-deoxy-D-glucose (0.2 μCi/well) was added for 

another 15 min. For lipogenesis, insulin and [14C]-D-glucose (0.1 μCi/well) were 

added for 24 h. After incubation with glucose, cells were washed twice in ice-

cold PBS, harvested with 100 mM NaOH and incorporation of [14C]-2-deoxy-D-

glucose or [14C]-D-glucose was measured on a -counter.

2.2.3 Protein biochemical methods 

Western Blot

To obtain whole cell lysates, SGBS preadipocytes were harvested by 

trypsinization followed by centrifugation (1800 rpm, 5 min, 4°C). Cell pellets 

were washed twice with cold PBS and resuspended in lysis buffer (Section 

2.1.8, page 19). For the detection of phosphorylated proteins, phosphatase 

inhibitor cocktail was added freshly to lysis buffer. SGBS adipocytes were 

washed twice with cold PBS and then harvested with lysis buffer by scraping. 

SGBS preadipocytes and adipocyte lysis was done for 20 min on ice followed 

by centrifugation (13000 rpm, 20 min, 4°C). Protein containing supernatant was 

transferred in a new reaction tube and stored at -80°C. 

Determination of protein concentration 

Protein content of whole cell lysate was determined by BCA™ Protein Assay Kit 

according to the manufacturer’s recommendations. 

SDS-PAGE and western blotting (Invitrogen System) 

Proteins were separated by one-dimensional SDS gel electrophoresis under 

denaturing conditions. SDS, an anionic detergent, covers the own charge of 

proteins. Thereby constant negatively loaded micelles are formed which allows 
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to separate proteins according to their molecular weight. For Western blot 

analysis, protein lysates (50 – 100 g/ sample) were charged with the 

appropriate amount of NuPAGE LDS sample buffer. All samples were 

denatured for 10 min at 70°C. Gradient gels (4-12% Bis-Tris) were placed in 

electrophoresis chamber. Depending on size of the protein of interest, gel 

chamber was filled with appropriate running buffer (MES for small molecules, 

MOPS for large molecules). Protein samples and a protein standard marker 

were loaded onto gel. Proteins were separated electrophoretically with a voltage 

of 200V (35 min MES buffer, 50 min MOPS buffer). After electrophoresis, 

proteins were transferred to a nitrocellulose membrane with iBlot Dry Blotting 

system. Transfer was done for 7 min with 1.1mA/cm². Then, membrane was 

blocked for 1 h in TBS-Tween (TBST) containing 5% milk powder to inhibit 

unspecific protein binding. For the detection of specific protein, the indicated 

primary antibodies (Table 2, page 21), diluted in TBST containing 2% bovine 

serum albumin and 0.02% sodium acid (o/n, 4°C) were used. After washing 

three times with TBST, membrane was incubated with corresponding secondary 

antibody conjugated to horseradish peroxidase (HRP) (Table 2, page21), 

diluted in TBST containing 5% milk powder (1 h, RT). Visualization of HRP-

linked protein was done with enhanced chemiluminescence (ECL), which allows 

the detection of enzymatic activity. Expression of -actin was used to verify 

equal loading. For quantification, blots were scanned and integrated optical 

density of specific signals was analyzed using ImageJ-software. 

Proteome profiler array

For the parallel determination of phosphorylation of mitogen-activated protein 

kinases (MAPKs) and other serine/threonine kinases in adipocytes, we used the 

Human Phospho-MAPK Array Kit (R&D Systems). In this assay, capture and 

control antibodies have been spotted in duplicate on nitrocellulose membranes. 

Assay was performed according to manufactures manual. In short, SGBS 

adipocytes were incubated with MacCM or vehicle for 48h. After 15 min with or 

without insulin (100nM) cells were scrapped on ice with lysis buffer #6 (provided 

in the kit). All samples were lysed on ice for 30 min, cleared at 13 000 rpm for 5 

min, and protein content of supernatants was determined by BCA protein assay 

(Pierce). Each array was incubated with 300 g protein overnight at 4°C. After 
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washing three times for 10 min with washing buffer, arrays were incubated with 

detection antibody for 2 h at RT. Then, arrays were washed again three times 

and subsequently incubated with Streptavidin-HRP for 30 min at RT. After 

washing, visualization was done with enhanced chemiluminescence (ECL, 

Amersham). Quantification of signals was done with ImageJ-software. 

2.2.4 Molecular-biological methods 

Preparation of RNA and determination of its concentration

RNA preparation from cultured cells was performed using RNeasy lipid tissue 

kitTM. Cell cultured were lysed with 1 ml QiazolTM per 10 cm2 culture dish, 

lysates were resuspended and transferred to a sterile RNAse free reaction tube. 

RNA preparation was done according to the manufactures manual. For 

determination of RNA concentrations absorptions at 260 nm and 280 nm of 

diluted samples were determined with a spectrophotometer. Detection of 

absorbance at 260 nm enables calculation of nucleic acids concentrations in the 

samples. Reading at 280 nm determines the amount of protein in the samples. 

An OD260 of 1 relates to 40 g/ml RNA. Pure RNA preparations are 

characterized by an OD260/OD280 of 2.0. 

Reverse transcription (RT) – PCR

For cDNA synthesis, 1 μg RNA was reverse transcribed using SuperScript® II 

Reverse Transcriptase. RNA was diluted and random hexamer primers, which 

contain every possible 6 base single strand of DNA, were added. Samples were 

denatured for 3 min at 85°C in order to remove secondary structures. After 

denaturation, we added 200U reverse transcriptase and 5x 1st Strand Buffer 

plus 10 mM deoxynucleotide triphosphates (dNTPs) and 0.1 M dithiothreitol 

(DDT). Reaction was carried out in a thermocycler. Conditions under which 

PCR was performed see below. The generated cDNA was then used as 

template for quantitative real time PCR reactions. 

Reverse transcription – PCR conditions 

37°C 15 min 
45°C 30 min 
50°C 15 min 
95°C 2 min 
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Quantitative real time PCR

To determine the expression levels of genes of interests, we performed 

quantitative real-time PCR. PCR was carried out on a LightCycler using the 

LightCycler Fast Start DNA Master SYBR Green I kit as described by the 

manufacturer’s instructions. Real-time PCR conditions see below. The mRNA 

levels of target genes were normalized to those of glyceraldehyde 3-phosphat 

dehydrogenase (GAPDH) and succinate dehydrogenase complex subunit A 

(SDHA) using the Ct method. The Ct value is inversely proportional to the 

expression of the particular gene. Relative expression of treatment vs. control 

was done using the Ct-method. Primer sequences are listed in Table 1 (page 

20).

quantitative real-time PCR conditions 

95°C for 10 minutes 
  95°C for 10 seconds 

60°C for  5 seconds  45 cycles 
72°C for 15 seconds 

A subsequent melting curve analysis in which temperature is decreased from 

95°C to 60°C by 0.2°C/s and fluorescence is measured simultaneously allowed 

verification of the amplification specificity. For all primer pairs, gel 

electrophoresis was done to confirm amplification of expected PCR product 

length.

Generation of transgenic SGBS cells (Invitrogen system)

Specific shRNA sequences targeting the human Akt2 sequence (#1: start 1423: 

5’-ggttcttcctcagcatcaact-3’; #2: start 679: 5’-gcaagggaacctttggcaaag-3’) and a 

nonsense shRNA sequence with no corresponding part in the human mRNA 

(5’-gatcatgtagatacgctca -3’) were cloned into the pENTR™/H1/TO entry vector 

using the BLOCK-iT Inducible H1 RNAi Entry Vector Kit and subsequently 

transferred into the pLenti4/BLOCK-iT™-DEST expression vector by targeted 

recombination using BLOCK-iT Inducible H1 Lentiviral RNAi system according 

to manufacture's protocol. The pLenti expression constructs were transfected 

with packaging plasmids by Lipofectamine™ 2000 in the 293FT producer cell 

line using ViraPower™ Lentiviral Expression Systems according to the 
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manufacturer's protocols. Vector maps (Figure B.1, page 80) and an overview 

of the cloning and transfection strategy (Figure B.2, page 81) are attached in 

Appendix B. 

Three days after transfection, viral supernatant was harvested, filtered through 

a 0.45 μM PVDF filter, and stored at -80°C. SGBS cells were infected at MOI = 

1 in the presence of 8 μg/ml polybrene. Stable bulk cultures were generated by 

selection with 0.2 mg/ml zeocin for 14 d, and down-regulation of Akt2 protein 

was controlled by Western blot. Experiments were performed with cells from 

three independent lentiviral infections. 

2.2.5 Immunostaining procedures 

Immunhistochemistry

Subcutaneous and visceral fat samples were fixed at room temperature in 4% 

formaldehyde and embedded in paraffin. 3 μm serial sections were mounted on 

glass slides, deparaffinized in xylol, and stained for CD11c or cleaved caspase-

3 using the Envision detection system. Information about antibodies are listed in 

Table 2 (page 20). Macrophages were identified in the adipose parenchyma 

(CD11c+ within blood vessels were excluded) when staining for CD11c was 

present along with an identifiable mononuclear nucleus. Data are presented as 

the number per 100 adipocytes (% macrophages, % apoptotic cells). Counting 

was performed blinded to sample data and was confirmed by a certified 

pathologist (Prof. Peter Möller, Department of Pathology, Ulm University, Ulm, 

Germany).

Immunofluorescence staining

For immunofluorescence, SGBS cells were grown and differentiated on 

chamberslides. At day eight of adipogenic differentiation and after 24 h co-

culture with THP-1 macrophages, monolayers were washed, and fixed with 4% 

PFA followed by staining with CD11c-PE antibody (Table 2, page 21) and a dye 

for intracellular lipids (1 μg/ml BODIPY 493/503). Finally, cells were mounted 

with DAKO fluorescence mounting medium containing 0.5 μg/ml DAPI to stain 

nuclei. Slides were viewed using an Olympus AX70 fluorescence microscope 
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equipped with appropriate filters. Images were captured with a CC12 digital 

camera using cell^P software. 

Flow cytometry - Staining of surface molecules

Cells (SGBS preadipocytes or THP-1 macrophages) were harvested with 

trypsin and washed with PBS (1800 rpm, 4°C, 5 min). Cells were incubated in 

the dark for 20 min at 4°C with diluted antibodies as summarized in Table 2 

(page 21). Afterwards cells were washed and resuspended in PBS. Expression 

of surface molecules was immediately analyzed by flow cytometry. Data were 

further analyzed using CellQuest software and ratio of mean fluorescent 

intensity (MFI) of antigen to MFI of isotype was calculated. For SGBS 

adipocytes protocol was modified as follows. Washing and staining was 

performed directly in cell culture dishes. Then, cells were harvested with trypsin, 

resuspended in PBS and analyzed as described above. 

2.2.6 Apoptosis detection 

Nicoletti-staining (Detection of DNA-fragmentation)

Quantitative determination of apoptosis according to Nicoletti (Nicoletti et al., 

1991; Fischer-Posovszky et al., 2004) was performed as follows. At indicated 

time points, SGBS preadipocytes and their supernatants were collected and 

centrifuged (1800 rpm, 5 min, 4°C) followed by washing with PBS. Cell pellets 

were resuspended in 150 l hypotonic fluorochrome solution Nicoletti-Buffer 

(Section 2.1.8 page 19) and incubated over night at 4°C in the dark. DNA-

fragmentation was assessed by analyzing PI-stained nuclei with fluorescence 

activated cell-sorting (FACS). For in vitro differentiated adipocytes protocol was 

modified as follows. At indicated time, an equal volume of twofold concentrated 

Nicoletti-Buffer (Section 2.1.8 page 19) was added directly to culture dishes. 

After lysis over night at 4°C in the dark, cells were resuspended and analyzed 

as described above. In all experiments the percentage of specific apoptosis was 

calculated as follows to normalize data: 100 x [experimental apoptosis (%) – 

spontaneous apoptosis in vehicle (%)] / [100% – spontaneous apoptosis in 

vehicle (%)]. 
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Annexin V (Detection of phosphatidylserine externalization)

SGBS preadipocytes were harvested with trypsin and washed once with cold 

annexin V buffer (Section 2.1.8, page 19). Cells were centrifuged (1800 rpm, 5 

min, 4°C), pellets were resuspended in annexin V-FITC solution (1:20) and 

incubated for 20 min in the dark. After washing cells with annexin V buffer, cells 

were resuspended in PBS and immediately analyzed by flow cytometry. For in

vitro differentiated adipocytes protocol was modified as follows. Cells were 

directly washed and stained in culture dishes followed by harvesting with trypsin 

in PBS and instantly analyzed by flow cytometry. 

This method had to be modified for co-culture experiments as follows. In vitro

differentiated THP-1 macrophages were added to cultures of SGBS 

preadipocytes or adipocytes as described above. Externalization of 

phosphatidylserine was measured by Annexin V staining after 24 h of co-

culture. Additional surface staining for CD221 (PE-conjugated) was used to 

identify preadipocytes in the co-culture system. Adipocytes were separated from 

macrophages according to their FSC (forward scatter)/ SSC (sideward scatter) 

profile as previously published (Lee et al., 2004; Schaedlich et al., 2010). 

2.2.7 Statistics 

Statistical comparison was done with SigmaPlot software. Mean differences 

between respective control cells and experimental treated cells were evaluated 

either by one-way or by two-way ANOVA with Tukey posttest, except for the 

differences shown in Fig. 10A, 11, 18, and 19C, which were assessed by a 

Student’s two-tailed paired t-test. For Fig. 8, spearman’s correlation was 

performed. p<0.05 was considered statistically significant in comparison to the 

respective control cells. 
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3 Results 

Increased macrophage infiltration into human adipose tissue during obesity 

which leads to both local and systemic inflammation, is regarded as the major 

cause for obesity-related disorders especially type 2 diabetes (Xu et al., 2003). 

However, little is known about the initial event leading to increased macrophage 

accumulation within human adipose tissue. It has long been proposed that 

macrophages localize around dead adipocytes in obesity (Cinti et al., 2005) and 

very recently, first indications suggest fat cell apoptosis in obese adipose tissue 

(Alkhouri et al., 2010). However, the knowledge on fat cell apoptosis and its 

connection to macrophages is still limited. Therefore, our first aim was to 

localize fat cell apoptosis together with macrophage accumulation in both 

depots of human adipose tissue. 

3.1 Detection of macrophages and apoptotic adipocytes in vivo 

In order to elucidate the localization of macrophages and apoptotic adipocytes 

in vivo, we subjected subcutaneous and visceral adipose tissue sections of 54 

patients immunhistochemical analysis. 

 
Figure 7: Apoptotic adipocytes are surrounded by macrophages 
Microphotographs of CD11c and active caspase-3 staining of serial sections from 

human fat tissue of one representative patient (black circles: positive cells for 

indicated staining, magnification: 100x (upper panel), 400x (lower panel)). 

 

CD11c active caspase-3
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We stained macrophages by CD11c along with apoptotic adipocytes by staining 

the active fragment of caspase-3. As assessed by serial sections, apoptotic 

adipocytes were surrounded by CD11c+-macrophages in crown-like structures 

(Figure 7). 

To further elucidate the relationship between fat cell apoptosis and 

macrophages, we determined the percentage of macrophages and apoptotic 

adipocytes by counting positive cells for both stainings in 12 random 

microscopic fields. Details about distribution of cell counts in subcutaneous and 

visceral adipose tissue of 54 patients are given in Table A.1 (Appendix A, page 

78).

A subsequent correlation analysis performed with data obtained in the patients 

having positive cells for both, CD11c and active caspase-3 (sc: n = 19; visc: n = 

30), revealed that percentage of apoptotic adipocytes strongly correlated with 

percentage of macrophages in both subcutaneous (Figure 8A) and visceral 

(Figure 8B) adipose tissue depot (sc: r = 0.888; p < 0.001; visc: r = 0.560, p = 

0.003).

Figure 8: Association of CD11c and active caspase-3 positive cells 
CD11c+-macrophages and apoptotic cells in adipose sections of 54 patients were 

quantified by counting the number of positive cells in 12 random microscopic fields. 

Spearman’s correlation analysis was performed between percentage of 

macrophages and apoptotic fat cells for subcutaneous (A) and visceral adipose 

tissue (B). Data were natural-log transformed before correlation analysis. Positive 

cells for both staining were detected in subcutaneous fat tissue of 19 patients and 

in visceral fat tissue of 30 patients (details see Table A.1, page 78). 
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Our data unambiguously show that in vivo macrophages were closely located to 

apoptotic adipocytes. Furthermore, the co-localization of CD11c+-macrophages

and apoptotic adipocytes suggests a close interaction between those two cell 

types within the adipose tissue. 

In order to study these interactions on a cellular level, we designed an 

experimental setup to mimic adipose tissue inflammation in vitro.

3.2 Establishment of an in vitro model for human adipose 
tissue inflammation 

To this end, we differentiated monocytic cells of the human THP-1 cell line in

vitro into macrophages (Tsuchiya et al., 1980). Monocyte-conditioned (MonCM) 

and macrophage-conditioned media (MacCM) were used in the in vitro setting 

together with direct co-cultures of macrophages and human preadipocytes and 

adipocytes (SGBS cells) (Figure 9). 

Figure 9: Experimental setup 
We designed an experimental setup to mimic adipose tissue inflammation in vitro.
Human THP-1 cells were either used as monocytes or differentiated into 

macrophages by incubation with 125 ng/ml PMA (phorbol-12 myristate 13-acetate). 

We used monocyte-conditioned (MonCM) and macrophage-conditioned media 

(MacCM) which were collected for 48h in serumfree medium. In a direct co-culture 

system (CoCult) macrophages were directly added to cultures of human SGBS 

preadipocytes and adipocytes. 

SGBS is a preadipocyte cell strain which is characterized by a high capacity for 

in vitro differentiation. Once differentiated SGBS cells behave and function as 

human primary adipocytes (Wabitsch et al., 2001; Fischer-Posovszky et al., 

2008).

MacCM preadipocytes/
adipocytes

125 ng/ml PMA

48h

macrophagesmonocytes

CoCultMonCM
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This experimental setup enabled us to mimic the inflammatory micro-

environment found in vivo.

To assure that in vitro differentiated macrophages reflect the phenotype found

in vivo we elucidated mRNA and surface expression of several macrophage 

specific markers. 

Figure 10 Expression of surface molecules of THP-1 cells 
Differentiation of human THP-1 monocytes (mon) into macrophages (mac) was 

induced by incubation with 125 ng/ml phorbol myristate acetate (PMA) for 48 h. (A)
mRNA-expression of CD11c was analyzed by qPCR. Data were related to stable 

housekeeping gene glyceraldehyde 3-phosphat dehydrogenase (GAPDH) using 

Ct method (B) CD11c, CD54 and CD86 surface expression was analyzed by flow 

cytometry. Dotted line: isotype; black line: monocytes; black-filled area: 

macrophages. One representative experiment out of three performed is shown. (C)
Mean fluorescence intensity (MFI) of antigens (CD11c, CD54, CD86) were related 

to MFI of isotype control. For (A) and (C) data are expressed as mean + SEM of 

three independent experiments. * p < 0.05. 

Increased mRNA expression of CD11c (Figure 10A) as well as its increased 

surface expression along with other macrophage specific surface molecules like 

CD54 and CD86 (Figure 10B, C) demonstrated successful differentiation of 

THP-1 cells into macrophages.
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Additionally, we analyzed expression of inflammatory cytokines after 

macrophage differentiation by qPCR. We found a strong induction of pro-

inflammatory cytokines like interleukin-6 (IL-6), tumor necrosis factor alpha 

(TNF , and interleukin-1 beta (IL-1  at the mRNA level (Figure 11A-C). These 

cytokines also accumulated in the medium supernatants (TNF  ~ 39 ng/ml, IL-

1  ~ 390 pg/ml, IL-6 ~ 2100 pg/ml).

Figure 11 Expression of inflammatory cytokines in THP-1 cells 
Differentiation of human THP-1 monocytes (Mon) into macrophages (Mac) was 

induced by incubation with 125 ng/ml phorbol myristate acetate (PMA) for 48 h. We 

analyzed expression levels of the inflammatory cytokines IL-6 (A), TNF (B), and 

IL-1  (C) by qPCR. All data are related to stable housekeeping gene 

glyceraldehyde 3-phosphat dehydrogenase (GAPDH) using Ct method and 

expressed as mean + SEM of three independent experiments. * p < 0.05. 

These data demonstrate a pro-inflammatory profile of in vitro differentiated 

THP-1 macrophages and a phenotype which is comparable to the macrophages 

found in vivo.

3.3 Effects of an inflammatory micro-environment on 
adipocyte biology 

Our first aim was to examine whether macrophage-secreted factors interfere 

with insulin sensitivity in SGBS adipocytes. Association of macrophages with 

insulin resistance is a hallmark of an inflamed adipose tissue in vivo. Therefore, 

we performed a panel of experiments related to insulin function. 
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3.3.1 Effect of macrophage-secreted factors on adipogenic differentiation 

First, we investigated the insulin-dependent differentiation of preadipocytes into 

mature, functional adipocytes. Since it has already been shown in a murine 

model system that monocyte-conditioned (MonCM) and macrophage-

conditioned media (MacCM) inhibit the adipogenic differentiation (Constant et 

al., 2006), we first compared the effect of MonCM and MacCM on this insulin-

dependent process as a positive control. 

Figure 12: Effect of monocyte-secreted factors on adipogenic differentiation 
SGBS preadipocytes were incubated with conditioned media from THP-1 

monocytes (MonCM) during adipogenic differentiation. After 14 days cells were 

analyzed. (A) Representative microphotograph of SGBS adipocytes treated with 

vehicle or 50% MacCM. (B) Rate of adipogenic differentiation was calculated after 

counting the number of cells with microscopically visible lipid droplets. (C) Lipid 

accumulation was assessed by staining cells with the lipophilic dye Nile Red. 

Signal of vehicle control was set to 100%. The expression of the adipocyte marker 

genes peroxisome proliferator-activated receptor gamma (PPAR (D) and fatty 

acid binding protein 4 (FABP4) (E) was analyzed by qPCR. mRNA expression was 

related to the stable housekeeping gene succinate dehydrogenase complex 

subunit A (SDHA) and analyzed using Ct method. All data are presented as 

mean + SEM of three independent experiments. * p < 0.05. 

SGBS preadipocytes were induced to differentiate in the presence of increasing 

concentrations of monocyte-secreted factors. At day 14, cells were analyzed. 

We found a dose-dependent inhibition of adipogenic differentiation upon 
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stimulation with MonCM as seen by determination of adipogenic differentiation 

rate (Figure 12A, B) and lipid content (Figure 12C). In line with these findings, 

mRNA expression of two adipocyte marker genes, i.e. peroxisome proliferator-

activated receptor gamma (PPAR Figure 12D) and fatty acid binding protein 4 

(FABP4, Figure 12E), was decreased. 

In contrast to MonCM, already low doses of MacCM (10%) completely 

abolished adipogenic differentiation of SGBS cells (Figure 13A, B). In parallel, 

lipid accumulation (Figure 13C) as well as expression of the adipocyte marker 

genes PPAR  (Figure 13D) and FABP4 (Figure 13E) was not detectable. 

Figure 13: Effect of macrophage-secreted factors on differentiation of human 
preadipocytes 
SGBS preadipocytes were incubated with macrophage-conditioned media 

(MacCM) during adipogenic differentiation. After 14 days cells were analyzed. (A) 
Representative microphotograph of SGBS adipocytes treated with vehicle or 50% 

MacCM. (B) Rate of adipogenic differentiation was calculated after counting the 

number of cells with microscopically visible lipid droplets. (C) Lipid accumulation 

was assessed by staining cells with the lipophilic dye Nile Red. Signal of vehicle 

control was set to 100%. The expression of the adipocyte marker genes 

peroxisome proliferator-activated receptor gamma (PPAR ) (D) and fatty acid 

binding protein 4 (FABP4) (E) was analyzed by qPCR. mRNA expression was 

related to the stable housekeeping gene succinate dehydrogenase complex 

subunit A (SDHA) and analyzed using Ct method. All data are presented as 

mean + SEM of three independent experiments. * p < 0.05. 
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These findings are in line with previously published data on 3T3-L1 and human 

primary preadipocytes showing that the inhibitory effect on fat cell differentiation 

is more pronounced upon treatment with MacCM compared to MonCM 

(Constant et al., 2006). 

This comparative study of MonCM and MacCM on adipogenic differentiation, 

together with data on pro-inflammatory cytokine expression (Figure 11) assured 

us that our MacCM were suitable to mimic adipose tissue inflammation. 

Furthermore, since monocytes differentiate to macrophages upon migration into 

tissue, it can be assumed that macrophages are the predominant cell type in 

human adipose tissue. Thus, we used MacCM in all further experiments. 

3.3.2 Effect of macrophage-secreted factors on insulin-sensitivity 

In the next step, we elucidated whether macrophage-secreted factors interfere 

with important, insulin-stimulated biochemical functions of mature fat cells, i.e. 

glucose uptake and de novo lipogenesis. 

Figure 14: Macrophage-secreted factors inhibit insulin-stimulated glucose 
uptake 
(A) SGBS adipocytes were incubated with vehicle or 50% MacCM. After 24 h [14C]-

2-deoxy-D-glucose uptake was determined with escalating doses of insulin (0 – 

1000 nM). (B) SGBS adipocytes were incubated with vehicle or increasing doses 

of MacCM (0 – 50%). After 24 h [14C]-2-deoxy-D-glucose uptake was determined 

with or without insulin (100 nM). All data are the mean ± SEM of three independent 

quadruplicate experiments. Results are presented as fold change of insulin-

stimulated to basal glucose uptake. * p < 0.05 vs. vehicle. 

To this end, adipocytes were pre-incubated with MacCM for 24 h followed by 

determination of basal and insulin stimulated uptake of [14C]-2-deoxy-D-glucose. 
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This radioactive glucose has been modified (deoxidized) for that reason it can 

not be further metabolized within the fat cell. 

We found a robust decrease of insulin-stimulated glucose uptake after 

treatment with MacCM (fold change 100 nM insulin vs. basal, 0% MacCM: 3.91 

± 0.47; 50% MacCM: 1.37 ± 0.12) (Figure 14A, B). 

To asses de novo lipogenesis, we determined [14C]-D-glucose incorporation into 

cellular lipids. This glucose has no modification beside radioactivity, hence it 

can be metabolized and used to build up triglycerides in the cell.

Figure 15: Macrophage-secreted factors inhibit insulin-stimulated de novo
lipogenesis
(A) SGBS adipocytes were incubated with vehicle or 50% MacCM. After 24 h de

novo lipogenesis was assessed by incorporation of [14C]-D-glucose into lipids in the 

presence of different insulin concentrations (0 -1000 nM). (B) SGBS adipocytes 

were incubated with escalating doses of MacCM (0 - 50%). After 24 h de novo

lipogenesis was assessed by incorporation of [14C]-D-glucose into lipids in the 

presence or absence of insulin (100 nM). All data are the mean ± SEM of three 

independent quadruplicate experiments. Results are presented as fold change of 

insulin-stimulated to basal glucose incorporation. * p < 0.05 vs. vehicle. 

In line with glucose uptake results, insulin was no longer able to stimulate de

novo lipogenesis when adipocytes were incubated with MacCM (fold change 

100 nM insulin vs. basal, 0% MacCM: 7.23 ± 1.25; 50% MacCM: 1.62 ± 0.12) 

(Figure 15C, D). 

These data clearly demonstrated that macrophage-secreted factors interfere 

with insulin-sensitivity of mature fat cells.  
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3.3.3 Effect of macrophage-secreted factors on insulin-signaling 

We next aimed at identifying molecular changes induced by macrophage-

secreted factors. Knowing that MacCM inhibits insulin-dependent processes 

(Section 3.3.1, Section 3.3.2), we hypothesized that macrophage-secreted 

factors interfere with insulin signaling pathways of adipocytes. 

Figure 16: Effect of macrophage-secreted factors on insulin-stimulated 
phosphorylation of mitogen-activated protein kinases and other 
serin/threonin kinases 
Adipocytes were incubated with 50% MacCM or vehicle for 24 h followed by 15 min 

incubation with insulin (100 nM). Cells were lysed and phosphorylation of mitogen-

activated protein kinases (MAPKs) and other serine/threonine kinases was studied 

using the Human Phospho-MAPK Array Kit. Detection was done by enhanced 

chemo-luminescence. Representative arrays (A) together with scheme of spotted 

kinases (B) is shown. (C) Quantification of signal for each spotted kinase was done 

with ImageJ software. Data are presented as mean + SEM (n=2).
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We pre-treated SGBS adipocytes with MacCM for 24 h, stimulated the cells with 

10-7 M insulin for 15 min and subjected protein samples to a protein array to 

study the phosphorylation state of insulin-stimulated down-stream kinases. In 

parallel, the assay was also performed without insulin stimulation to investigate 

changes of basal phosphorylation (Appendix A, Figure A.1, page 79). 

Out of several kinases studied, phosphorylation of Akt kinases was most 

robustly inhibited by macrophage-secreted factors in both the basal (Appendix 

A, Figure A.1, page 79) and the insulin-stimulated state (Figure 16). Likewise, 

phosphorylation of Akt down-stream targets, e.g. glycogen synthase kinase 3 

alpha/beta (GSK3- ) and 70-kDa S6 kinase (p70S6K) was down-regulated. 

Other signaling pathways including c-Jun N-terminal kinases (JNK), p38 MAPK 

(p38) and p44/42 MAPK (ERK) were either not or only slightly affected (Figure 

16).

Figure 17: Effect of macrophage-secreted factors inhibit basal and insulin-
stimulated phosphorylation of Akt, ERK and p38 
SGBS adipocytes were pre-incubated with 50% MacCM or vehicle. After 24 h cells 

were treated with indicated insulin concentrations for 15 min before lysis. Cell 

lysate (100 g protein/lane) was separated by 4-12% gradient SDS-page. 

Phosphorylation of Akt, ERK, and p38 (pAkt, pERK and pp38) was analyzed by 

Western blot analysis. One representative experiment is shown. 
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We performed additional Western blot analysis (Figure 17) to validate the 

findings of the protein array. Densitometric analysis demonstrated that 

macrophage-secreted factors abolished basal phosphorylation of Akt (Figure 

18A) and down-regulated insulin-stimulated phosphorylation by ~ 65% (Figure 

18B). The up-regulation of p38 phosphorylation by macrophage-secreted 

factors was not detected in the protein array. 

Figure 18: Macrophage-secreted factors inhibit basal and insulin-stimulated 
Akt phosphorylation 
Densitometric analysis for the basal phosphorylation (A) or insulin-stimulated 

phosphorylation (100nM) (B) of Akt, ERK and p38 are presented as mean + SEM 

of three independent experiments. Phosphorylation of the vehicle control was set 

to one. * p < 0.05 vs. vehicle. 

Our data on insulin-stimulated fat cell function (Section 3.3.1 and 3.3.2) together 

with insights on phosphorylation of insulin-stimulated downstream targets 

(Section 3.3.3) unambiguously demonstrate that factors secreted from 

macrophages provoked insulin resistance in human fat cells. 

A B

*

*

0.0

0.5

1.0

1.5

2.0

Akt ERK p38

ba
sa

lp
ho

sp
ho

ry
la

tio
n

(fo
ld

ch
an

ge
)

vehicle
50% MacCM

*

*

0.0

0.5

1.0

1.5

2.0

Akt ERK p38
in

su
lin

-s
tim

ul
at

ed
ph

os
ph

or
yl

at
io

n
(fo

ld
ch

an
ge

) 

vehicle
50% MacCM



RE S U L T S

43

3.4 Effect of an inflammatory micro-environment on fat cell 
apoptosis 

In the next step, we elucidated susceptibility of human fat cells to enter 

apoptosis in this inflammatory micro-environment. To this end, we used either 

MacCM to treat SGBS cells (Section 3.4.1) or a direct co-culture system of 

macrophages and SGBS cells (Section 3.4.2). 

3.4.1 Effect of macrophage-secreted factors on fat cell apoptosis 

To investigate the susceptibility of preadipocytes to enter into apoptosis induced 

by macrophage-secreted factors, we treated SGBS preadipocytes with 

escalating doses of MacCM. We found a time- and dose-dependent induction of 

DNA fragmentation (50% MacCM, 48h: 20.11% ± 1.16 specific apoptosis) as 

assessed by staining double stranded DNA with propidium iodide. DNA-

fragmentation is a known, late hallmark of apoptosis induction (Figure 19A, B). 

Figure 19: Macrophage-secreted factors induce apoptosis in human 
preadipocytes 
(A) SGBS preadipocytes were incubated with vehicle or 50% MacCM. After 24, 48 

and 72 h, the content of hypodiploid DNA was determined by flow cytometry. (B)
SGBS preadipocytes were incubated with increasing concentrations of MacCM (0 - 

50%) for 48 h. The content of hypodiploid DNA was determined by flow cytometry. 

(C) SGBS preadipocytes were incubated with vehicle or 50% MacCM. After 24 

cells were stained with Annexin V followed by flow cytometric analysis. For (A) and 

(B) specific apoptosis was calculated as described in Methods. All data are 

expressed as mean ± SEM of three independent, triplicate experiments. * p < 0.05 

vs. vehicle. 
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Additionally, we demonstrated an earlier hallmark of apoptosis, i.e. 

externalization of phosphatidylserine to the cell surface by Annexin V staining 

(Figure 19C). Phosphatidylserine at cell surface serves as an eat-me-signal for 

macrophages (Weigert et al., 2009). This method is another gold standard for 

demonstrating apoptosis. 

We then extended our experiments to mature, lipid-laden adipocytes. Similar to 

preadipocytes, macrophage-secreted factors induced apoptosis in a time- and 

dose-dependent manner in adipocytes (50% MacCM, 48h: 15.43% ± 0.76 

specific apoptosis) (Figure 20A, B).

Figure 20: Macrophage-secreted factors induce apoptosis in mature, lipid-laden 
adipocytes 
(A) After seven days in adipogenic medium, SGBS adipocytes were incubated with 

vehicle or 50% MacCM for 24, 48 and 72 h. The content of hypodiploid DNA was 

determined by flow cytometry. (B) After seven days in adipogenic medium, SGBS 

adipocytes were incubated with increasing concentrations of MacCM. After 48 h, 

the content of hypodiploid DNA was determined by flow cytometry. Specific 

apoptosis was calculated as described in Methods. All data are expressed as 

mean ± SEM of three independent, triplicate experiments. * p < 0.05 vs. vehicle. 

This set of experiments (Figure 19, Figure 20) clearly demonstrates that 

macrophage-secreted factors induced apoptosis in human preadipocytes and 

adipocytes. 
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3.4.2 Effect of direct co-culture on fat cell apoptosis 

Although addition of MacCM to adipocytes is a good way to test endocrine 

communication between these two cell types, physical contact between cells is 

important as well. In vivo there is macrophage-adipocyte contact, therefore we 

extended our studies to a direct co-culture system aiming to study the role of 

this direct cell-cell contacts in terms of apoptosis induction. 

Two special flow cytometric approaches enabled us to analyze apoptosis 

induction in co-cultures only in preadipocytes or adipocytes. For preadipocytes, 

we benefit from CD221 surface expression which we found to be only present 

on preadipocytes (Figure 21A). Adipocytes (Figure 21B) can readily be 

distinguished from macrophages (Figure 21C) by analyzing forward scatter 

(FSC)/ sideward scatter (SSC) profile. In line with previous published flow 

cytometric analysis of fat cells (Lee et al., 2004), adipocytes are more granular 

due to intra-cellular lipid droplets and move upwards in the SSC (Figure 21B). 

Figure 21: Flow cytometric analysis to distinguish between different cell 
types 
(A) CD221 surface expression was analyzed by flow cytometry. Dotted line: 

isotype; black line: macrophages; black-filled area: preadipocytes. (B) FSC/SSC 

analysis of SGBS adipocyte cultures. Red orange: lipid-filled adipocytes; black: 

preadipocytes. (C) FSC/SSC analysis of THP-1 macrophages. For (A) – (C) one 

representative experiment out of three performed is shown. 

To study apoptosis induction of fat cells, we added in vitro differentiated 

macrophages at increasing rates to cultures of preadipocytes or adipocytes.

After 24 h of co-culture we analyzed externalization of phosphatidylserine to the 

cell surface of preadipocytes and adipocytes by Annexin V staining in 

combination with flow cytometric analysis as described above. We detected a 

CD221-PE

B CA
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significant, dose-dependent increase in externalization of phosphatidylserine in 

CD221+-preadipocytes (increase by 76.2% ± 10.7 at ratio THP-1:SGBS 2:1) 

(Figure 22A) after co-culturing with macrophages.

Figure 22: Macrophages induce apoptosis in human preadipocytes and 
adipocytes 
THP-1 cells were differentiated into macrophages as described in Methods and 

added in increasing rates to cultures of  SGBS preadipocytes (A) or adipocytes 

(B). (A) After 24 h cells were stained with anti-CD221-PE and Annexin V-FITC. 

CD221+-preadipocytes were gated and analyzed for Annexin V expression. (B)
Adipocytes were gated according to their FSC/SSC profile and analyzed for 

Annexin V. Data are expressed relative to control and presented as mean + SEM 

of three independent experiments. * p < 0.05 vs. control. 

Likewise, mature, lipid-laden adipocytes demonstrated increased Annexin V 

staining after co-culture (increase by 77.0% ± 8.4 at ratio THP-1:SGBS 2:1) 

(Figure 22B). 

Analysis by flow cytometry showed a distinct FSC/SSC profile of macrophages 

and adipocytes (Figure 21B, C). Also, in light microscopy both cell types are 

clearly distinguishable (Figure 23). This aspect allowed assessing the number 

of adherent preadipocytes and adipocytes microscopically by direct counting the 

number of cells in the monolayers using a net micrometer. 
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Figure 23: Co-Cultures of macrophages and SGBS cell 
THP-1 cells were differentiated into macrophages as described in Methods and 

added at ratio 2:1 to cultures of SGBS preadipocytes (left panel) or adipocytes 

(right panel). Representative microphotographs are shown after 72h of control and 

co-cultures (CoCult). 

Most interestingly, we observed a robust decrease in the cell number of 

adherent preadipocytes after co-culture with macrophages for 72 h (decrease 

by 43.0% ± 9.7 at ratio THP-1:SGBS 2:1) (Figure 24A). Also the number of 

mature adipocytes was significantly decreased upon co-culture with 

macrophages (decrease by 53.1% ± 13.5 at ratio THP-1:SGBS 2:1) (Figure 

24B).

Figure 24: Upon co-culture, number of preadipocytes and adipocytes 
decrease 
THP-1 cells were differentiated into macrophages as described in Methods and 

added in increasing rates to cultures of SGBS cells. After 72 h of co-culture the 

number of adherent SGBS preadipocytes (A) or adipocytes (B) was assessed as 

described in Methods. Data are expressed as % of control and presented as mean 

+ SEM of four independent experiments. * p < 0.05 vs. control. 
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Notably, we observed no dead, detached cells swimming in the culture 

supernatants. This observation along with increased externalization of 

phosphatidylserine suggests that macrophages induce apoptosis in 

preadipocytes and adipocytes and directly phagocytose them. 

To further investigate this phenomenon, we used an immunofluorescence 

approach. By labeling macrophages with CD11c and intracellular lipid droplets 

with BODIPY, we further corroborated our hypothesis (Figure 25). CD11c+-

macrophages surrounded lipid-filled adipocytes and we even detected BODIPY-

stained lipid droplets inside of macrophages (Figure 25, white arrows). 

Remarkably, our in vitro observation (Figure 25) highly resembles the in vivo

situation (Figure 8A, page 32), where macrophages surrounded apoptotic 

adipocytes in crown-like structure. 

Figure 25: Detection of lipid droplets inside macrophages 
SGBS adipocytes grown on chamber slides were co-cultured with THP-1 

macrophages (CoCult, ratio 1:1). After 24 h cells were stained with anti-CD11c-PE 

(macrophages, red), BODIPY (lipid droplets, green), and DAPI (nuclei, blue). Cells 

were analyzed with a fluorescence microscope. One representative experiment is 

shown. 

Taken together, our data indicate apoptosis induction by macrophage-secreted 

factors. In addition, we show that apoptosis induction is even more pronounced 

when macrophages have direct cell contact to fat cells. Interestingly, we could 

also demonstrate macrophages directly eating up fat cells. 

control CoCult
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3.5 Inhibition of Insulin signaling (Akt) 

Finally, we investigated which molecular changes induced by macrophage-

secreted factors are responsible for apoptosis sensitization. 

Previous data showed an anti-apoptotic function of insulin-like growth factor I 

(IGF-1) in human fat cells (Fischer-Posovszky et al., 2004). Additionally insulin 

mediates survival in several cell types (Tanaka et al., 1995; Díaz et al., 1999) 

and has anti-apoptotic effects comparable to IGF-1 in brown adipocytes 

(Navarro et al., 1998; Tseng et al., 2002). This lead us to hypothesize that 

insulin resistant adipocytes, where insulin is no longer capable of exerting its 

survival effects, are sensitive to apoptosis induction. Thus, insulin resistance 

induced by macrophage-secreted factors would sensitize primarily apoptosis 

resistant adipocytes to apoptosis induction. 

In our experiments, MacCM most prominently affected phosphorylation of Akt, 

the key molecule in the insulin signaling pathway (Kohn et al., 1995) (Section 

3.3.3). To further support our hypothesis that inhibiting the insulin-signaling 

pathway sensitizes fat cells for apoptosis induction by macrophage-secreted 

factors, we blocked insulin signaling either pharmacologically (Section 3.5.1) or 

genetically (Section 3.5.2) at the level of Akt. 

3.5.1 Pharmacological inhibition of Akt 

First, we blocked insulin-signaling upstream of Akt in human SGBS adipocytes. 

To this end, we used the pharmacological inhibitor LY294002, a small molecule 

inhibitor targeting phosphatidylinositol 3-kinase (PI3K). We titrated the 

concentration of inhibitor and achieved an inhibition of Akt phosphorylation at 20 

μM of LY294002, while phosphorylation of other kinases including p38 and ERK 

was not affected (Figure 26A). 

When we incubated fat cells with PI3K-inhibitor alone, there was only low 

induction of apoptosis. Interestingly, the combination of PI3K/Akt signaling 

inhibition together with only a low concentration of MacCM (10%) resulted in a 
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significant increase in apoptosis induction (MacCM + vehicle: 7.05% ± 1.11, 

MacCM + LY 19.48% ± 2.15) (Figure 26B). 

Figure 26: Inhibition of Akt phosphorylation sensitizes fat cell to apoptosis 
induction by macrophage-secreted factors 
(A) Decreased phosphorylation of Akt by the pharmacological inhibitor of the PI3-

kinase (LY294002) was controlled by western blot analysis. SGBS adipocytes were 

incubated for 1h with or without 20 μM LY294002. One representative out of three 

independent experiments performed is shown. (B) After seven days in adipogenic 

medium SGBS adipocytes were incubated with 20 μM LY294002. LY was either 

supplied in vehicle or 10% MacCM. After 48 h content of hypodiploid DNA was 

determined by flow cytometry. Specific apoptosis was calculated as described in 

Methods and data of three independent, triplicate experiments are expressed as 

mean + SEM. * p < 0.05 vs. LY or MacCM. 

Specificity of small molecule inhibitors to block specific kinases is 

controversially discussed. Thus, we additionally chose a genetic approach to 

inhibit Akt, i.e. lentiviral-mediated over-expression of shRNA, to further 

substantiate our hypothesis. 

3.5.2 Genetic inhibition of Akt2 

Out of three existent Akt isoforms, Akt2 (also known as PKBß) is most highly 

expressed in insulin-sensitive tissues (Brazil and Hemmings, 2001) and is the 

key isoform in the insulin-signaling pathway (George et al., 2004). Therefore, 

we designed and cloned two different shRNA constructs targeting human Akt2. 
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We attained a down-regulation of Akt2 expression by > 80 % with both 

constructs compared to expression of a nonsense shRNA (Figure 27A). 

In line with pharmacological inhibition, knock-down of Akt2 caused a significant 

increase in apoptosis induction by macrophage-secreted factors compared to 

nonsense shRNA control cells (nonsense: 12.23% ± 1.27; Akt2#1: 33.05% ± 

3.85; Akt2#2:24.56% ± 3.62) (Figure 27B). 

Figure 27: Knockdown of Akt2 sensitizes fat cells to apoptosis induction by 
macrophage-secreted factors 
(A) Lentiviral mediated knockdown of two different Akt2 shRNA constructs in 

SGBS preadipocytes was controlled by western blot analysis. One representative 

experiment out of three performed is shown. (B) Nonsense, Akt2 #1 and Akt2 #2 

cells were incubated with 50% MacCM or vehicle. After 48 h, the content of 

hypodiploid DNA was determined by flow cytometry. Specific apoptosis was 

calculated as described in Methods and data of three independent, triplicate 

experiments are expressed as mean + SEM. * p < 0.05 vs. nonsense. 

These sets of data clearly demonstrate that blocking insulin-signaling at the 

level of Akt2 rendered fat cells sensitive to apoptosis induction by macrophage-

secreted factors. 
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4 Discussion 

Upon overweight and obesity, macrophages infiltrate adipose tissue where they 

promote both local and systemic inflammation as well as the development of 

obesity-related disorders especially insulin resistance (Weisberg et al., 2003; Xu 

et al., 2003; Neels and Olefsky, 2006). Nevertheless, the underlying cause of 

macrophage recruitment is only poorly understood.  

In the present study, we established an in vitro model system for human 

adipose tissue inflammation by using THP-1 macrophages together with SGBS 

preadipocytes and adipocytes. We demonstrate that macrophages induce 

apoptosis in human fat cells by interfering with the anti-apoptotic insulin 

signaling pathway at the level of Akt. Studying human subcutaneous and 

visceral adipose tissue samples we found a co-localization of CD11c+-

macrophages and apoptotic adipocytes indicating a causal relationship of 

macrophage infiltration and apoptosis of fat cells. 

4.1 Inflammation decreases insulin sensitivity and increases 
apoptosis sensitivity 

Most interestingly, former studies of our group showed that under physiological 

conditions fat cells are resistant to death receptor induced apoptosis despite 

expressing all components of the apoptosis signaling pathway (Fischer-

Posovszky et al., 2004; Mader et al., 2010). The insulin-like growth factor I (IGF-

I)//IGF-1-receptor autocrine circuit protects fat cells from apoptosis (Fischer-

Posovszky et al., 2004). Like insulin and IGF-1, the insulin and IGF-1 receptors 

display extensive structural homologies with respect to amino acid sequence, 

domain structure, and signaling mechanisms (Yarden and Ullrich, 1988). 

Insulin/IGF-I act as survival factors in several cell types, including cancer cells 

(Valentinis and Baserga, 1996) and brown adipocytes (Navarro et al., 1998). 

Therefore, we hypothesized that white adipocytes are resistant to apoptosis as 

long as they are insulin sensitive. It is well accepted that insulin sensitivity of fat 

cells is decreased upon inflammation (Olefsky and Glass, 2010). In line with our 
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hypothesis this loss of insulin sensitivity seems to be accompanied by increased 

apoptosis sensitivity. Fat cell apoptosis has been reported in diseases 

associated with insulin resistance and inflammation including cancer (Prins et 

al., 1994), HIV-associated lipodystrophy (Domingo et al., 1999) or autoimmune 

lipodystrophy (Fischer-Posovszky et al., 2006). 

To test our hypothesis on a cellular level, we established an in vitro model of 

adipose tissue inflammation. Macrophage-secreted factors inhibited insulin-

stimulated processes such as adipogenic differentiation (Section 3.3.1, page 

36), glucose uptake and de novo lipogenesis (Section 3.3.2, page 38) 

accompanied by decreased phosphorylation of insulin-stimulated intracellular 

kinases (Section 3.3.3, page 40). Kinases important for the insulin signaling 

including Akt were robustly inhibited by the macrophage-secreted factors 

assumably by cytokines such as IL-6 and/or IL-1 . Both cytokines inhibit 

phosphorylation of Akt in human primary adipocytes and 3T3-L1 cells (Lagathu 

et al., 2006; Xie et al., 2010). 

4.2 Role of Akt2 

Pharmacological or genetic inhibition of insulin signaling at the level of Akt 

sensitized human fat cells for apoptosis (Section 3.5, page 49) induction further 

supporting a causal connection between insulin resistance and apoptosis 

sensitivity. Akt is a key molecule in the insulin signaling pathway (Kohn et al., 

1995). Among the three isoforms of Akt, Akt2 is the most abundant isoform in 

insulin sensitive tissues (Brazil and Hemmings, 2001) and it is the major isoform 

responsible for insulin action (Brazil and Hemmings, 2001). Notably, Akt2 has 

already been linked to loss of adipose tissue, most likely by apoptosis of fat 

cells in mice and in humans. Along with insulin resistance, Akt2 knockout mice 

display an age-dependent loss of adipose tissue (Garofalo et al., 2003). 

Likewise, a family with a mutation in the Akt2-gene shows an autosomal 

dominant inheritance of severe insulin resistance and lipodystrophy (George et 

al., 2004). Lipodystrophy is the partial or complete loss of adipose tissue. 



DI S C U S S I O N

54

Since we demonstrated that macrophages inhibit Akt2 action we conclude that 

macrophages diminish the insulin survival signal thereby rendering fat cells 

sensitive to apoptosis triggers.

4.3 Macrophages create an inflammatory micro-environment 
that promotes adipocyte apoptosis 

As mentioned above, under normal physiological conditions human fat cells are 

protected from apoptosis induction by death ligands (Fischer-Posovszky et al., 

2004). Notably, macrophage-secreted factors induced apoptosis in both 

preadipocytes and adipocytes in a dose-dependent manner (Section 3.4.1, 

page 43). This effect was even more pronounced in macrophage-adipocyte co-

cultures (Section 3.4.2, page 45). We conclude that the apoptosis inducing 

effect of macrophages is mediated in a paracrine manner and is not dependent 

on direct cell-cell interaction; cell contact however ameliorates the process. 

Macrophages not only secrete death ligands but additionally present them on 

their cell surface, e.g. TNF related apoptosis inducing ligand (TRAIL) 

(Falschlehner et al., 2009). 

Our findings demonstrate that macrophage-secreted factors increased 

apoptosis sensitivity in human adipocytes by blocking insulin signaling. 

Obviously, an inflammatory micro-environment abrogates the cellular survival 

system. In line, we demonstrated earlier that the loss of adipose tissue in 

autoimmune lipodystrophy is due to adipocyte apoptosis induced by a 

combination of cytokines together with death ligands, i.e. IFN- , TNF  and 

CD95L (Fischer-Posovszky et al., 2006). When we treated adipocytes with 

single factors secreted by macrophages (e.g. IL-1 , IL-6, IL-8, IL-10, TNF- ,

IFN- , IFN- IFN- ), we found only low rates of apoptosis induction (< 2-3 %, 

data not shown). This finding together with our previous observations lead us to 

conclude that the mixture of all macrophage-secreted factors is responsible for 

decreasing insulin sensitivity and inducing apoptosis. 
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4.4 Adipocyte death in vivo

In the present study, we demonstrate in a well defined cohort of 54 patients that 

the formation of crown-like structures is linked to apoptosis of adipocytes. In 

both visceral and subcutaneous adipose tissue, the number of macrophages 

correlates with the number of apoptotic adipocytes (Section 3.1, Page 31). In 

our study we used immunohistochemistry to detect cleaved caspase-3, which is 

a specific marker for apoptosis induction in situ. Apoptosis is associated with 

typical biochemical events such as externalization of phosphatidylserine and 

cleavage of caspases (Kroemer et al., 2009). These characteristics are not 

found in other forms of cell death such as necrosis (Kroemer et al., 2009). Due 

to the lack of a biochemical hallmark during necrotic cell death, clear 

classification can only be achieved via electron microscopic analysis. Using this 

method Cinti et al. detected signs of necrotic cell death in obesity with crown-

like structures in murine and human adipocytes (Cinti et al., 2005). Dead 

adipocytes showed rupture of the plasma membrane, dilated endoplasmic 

reticulum (ER) and the presence of numerous small lipid droplets. The relative 

absence of neutrophils usually involved in necrosis-induced inflammation led 

the authors to suggest that the adipocyte cell death might share features of both 

apoptosis and necrosis (Cinti et al., 2005). It is well conceivable that features of 

necrosis occur as late, secondary events in the process of adipocyte death after 

a primary induction of apoptosis. 

In the last years several studies focused on the increased macrophage 

infiltration into the adipose of obese patients (Weisberg et al., 2003; Xu et al., 

2003; Harman-Boehm et al., 2007) revealing more and more details about the 

inflammatory process. For our investigations we used the macrophage-marker 

CD11c. Notably, CD11c+-macrophages have recently been related to insulin 

resistance (Wentworth et al., 2010). Accordingly, ablation of CD11c+-cells in 

mice improved insulin sensitivity (Patsouris et al., 2008). Additionally, upon high 

fat diet CD11c+-cells accounted for the majority of ATMs infiltrating murine 

adipose tissue (Lumeng et al., 2007a; Nguyen et al., 2007) and these cells 

show an over expression of pro-inflammatory cytokines compared to CD11c--

cells (Nguyen et al., 2007). 
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Our study newly links CD11c+-macrophages to the programmed cell death of fat 

cells.

4.5 In vitro model for human inflamed adipose tissue 

One key element of the present study is the establishment of an in vitro model 

for human inflamed adipose tissue which allows studying molecular and cellular 

interaction of macrophages with fat cells.

There are already established murine model system (Lumeng et al., 2007), but 

it has to be mentioned that studies on such comparable murine model system 

for adipose tissue inflammation showed contrary results to our human system. 

Treatment of 3T3-L1 cells with conditioned media from J774 macrophages 

protected fat cells from apoptosis induction (Molgat et al., 2011). This apparent 

discrepancy to our findings can be explained by differences in apoptosis 

sensitivity between murine 3T3-L1 cells and human fat cells. 3T3-L1 

preadipocytes and adipocytes are sensitive to apoptosis induction by serum 

deprivation (Magun et al., 1998), whereas human SGBS preadipocytes and 

adipocytes are characterized by a general resistance to apoptosis stimuli 

including serum withdrawal (Fischer-Posovszky et al., 2004). This resistance to 

apoptosis stimuli has also been shown for primary human preadipocytes and 

adipocytes (Fischer-Posovszky et al., 2004). We suggest that 3T3-L1 cells 

benefit from macrophage-secreted factors such as PDGF (Molgat et al., 2009) 

which are known to rescue cells from apoptosis. In addition, it has been shown 

that macrophage-conditioned media stimulate Akt phosphorylation in 3T3-L1 

cells (Molgat et al., 2011). In our human system, macrophage-conditioned 

media inhibited Akt phosphorylation further supporting the differences between 

murine and human cells. 

4.5.1 Improvements of our human model system 

Our model system might be further improved by using human primary 

adipocytes and human primary macrophages or by expanding the system with 

other important cell types found in the human adipose tissue. 
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Interestingly, a close connection of T cells (CD8 and CD4) and the inflammatory 

process was reported. CD11c+-cells are responsible for the T cell infiltration and 

activation (Wu et al., 2007). The CD8+ T cell infiltration is linked to insulin-

resistance and obesity-associated inflammation (Kintscher et al., 2008; 

Nishimura et al., 2009). Recently, an important role for CD4+ T cells in the 

regulation of body weight, glucose tolerance and insulin resistance was added 

to this picture (Winer et al., 2009). Since these studies implicate an important 

role for T cells in disease progression during diet-induced obesity, adding this 

cell type to our macrophage-fat cell model might further enhance the system 

and the knowledge about their cellular and molecular interactions. Studies of 

murine CD8+ T cells in co-culture with adipocytes and macrophages showed an 

important role for CD8+ T cells in macrophage differentiation, migration and 

activation (Nishimura et al., 2009). Since we observed a crucial difference 

between murine and human adipocytes these interplay has to be verified in a 

human model system. 

Obesity is associated with endothelial dysfunction, a key early event in the 

initiation and progression of atherosclerosis (Steinberg et al., 1996). Endothelial 

dysfunction accompanies many of the obesity-associated disorders and is a 

predictor of future adverse cardiovascular events (Williams et al., 2005). 

Furthermore obesity is associated with dysregulated angiogenesis within the 

expanding adipose tissue (Halberg et al., 2009) suggesting a critical role for 

endothelial cells in this context. Endothelial cells isolated from human adipose 

tissue stimulate preadipocyte proliferation (Hutley et al., 2001). By incorporating 

endothelial cells into our system, interactions between human adipocytes and 

endothelial cells could be further elucidated and investigated in an inflammatory 

environment.

Importantly, our in vitro system is suitable for large scale drug testing. SGBS 

adipocytes can be cultured in 96- and 384-well plates. Our model system 

therefore allows an easy screening for drugs or compounds that might 

ameliorate adipose tissue inflammation and/ or restore normal adipocyte 

function despite inflammation. The system was already successfully applied to 
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elucidate effects of the drug Aleglitazar on inflammation of adipose tissue 

(Dzyakanchuk et al., 2010). Aleglitazar is a balanced dual peroxisome 

proliferator-activated receptor (PPAR) alpha/ gamma agonist, designed to 

optimize lipid and glycemic benefits (Dzyakanchuk et al., 2010). 

4.6 Apoptosis as initiator of adipose tissue inflammation? 

The initial event leading to the functional adipose tissue alterations and 

subsequently inflammation in obesity are still untraced. There are multiple 

hypotheses about the initial event. They can be crudely summarized as different 

stress responses which the adipose tissue faces while expanding. 

One of the currently most discussed theory is hypoxia (Pang et al., 2008; 

Regazzetti et al., 2009; Ye, 2009). Hypoxia occurs at the level of single cells as 

well as at the level of whole tissue. Diffusion rate of oxygen is not sufficient to 

reach into the centre of hypertrophied adipocytes and when adipose tissue is 

expanding fast, vascularization is also not sufficient for proper oxygen delivery. 

Another theory focuses on the endoplasmic reticulum stress (Ozcan et al., 

2004; Schenk et al., 2008; Hotamisligil, 2010). ER stress proteins are increased 

in subcutaneous adipose tissue from obese patients compared to lean (Boden 

et al., 2008). Additionally, ER stress markers correlate positively with BMI 

(Sharma et al., 2008). 

ER stress and hypoxia trigger apoptosis (Tanaka et al., 1994; van der Kallen et 

al., 2009; Wood et al., 2009; Hotamisligil, 2010). Our data demonstrate a 

leading role for fat cell apoptosis in the progression and maintenance of adipose 

tissue inflammation. Furthermore, we think that apoptosis is the initial step that 

trigger macrophage infiltration. Two very recent published data support our 

idea.

First, Alkhouri et al. demonstrated last year that fat cell apoptosis links obesity 

to insulin resistance and hepatic steatosis (Alkhouri et al., 2010). Using real-

time reverse transcription-PCR arrays the authors show an association of 

hypertrophic adipocytes and ATM recruitment during weight gain with a pro-

apoptotic phenotype in adipose tissue of diet-induced obese mice (Alkhouri et 

al., 2010). Moreover, caspase activation and adipocyte apoptosis were 
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markedly increased in adipose tissue from mice with diet-induced obesity 

(Alkhouri et al., 2010). Importantly, the authors further show that by blocking the 

function of Bid, a key pro-apoptotic molecule, fat cell apoptosis is significantly 

decreased in the adipose tissue, thereby preventing macrophage recruitment 

and protecting against development of insulin resistance in mice under high fat 

diet (Alkhouri 2010). Simplified, without apoptosis there is no macrophage 

infiltration and no adipose tissue inflammation. 

Another study performed on a transgenic, inducible fatless mouse model proves 

that apoptosis causes macrophage infiltration in adipose tissue (Fischer-

Posovszky et al., 2011). The FAT-ATTAC mouse expresses of a myristoylated 

caspase 8-FKBP fusion protein in the adipose tissue (Pajvani et al., 2005). 

Treatment with a chemical dimerizer enables selective ablation of adipocytes 

via induction of apoptosis (Pajvani et al., 2005). Two weeks after elimination of 

adipocytes circulating levels of adipokines were markedly reduced in line with 

reduced levels of adipose tissue (Fischer-Posovszky et al., 2011). Furthermore, 

qPCR and immunhistochemistry showed an increase of macrophage markers 

including CD11c (Fischer-Posovszky et al., 2011). This led to the conclusion 

that fat cell apoptosis is sufficient to initiated a large influx of macrophages into 

remaining adipose tissue (Fischer-Posovszky et al., 2011). 

4.7 Conclusion 

We propose a model where macrophages contribute to maintain low grade 

inflammation in human adipose tissue in a feed-forward cycle (Figure 28).

Macrophages, which have already infiltrated human adipose tissue upon stimuli 

discussed above, affect two, presumably associated, characteristics of 

functional fat cells – insulin sensitivity and apoptosis resistance. In particular, 

secreted cytokines block Akt2 in neighboring fat cells thereby inducing insulin 

resistance. Simultaneously, macrophages produce death ligands such as TNF

and CD95L (Xu et al., 2003; Weigert et al., 2009).
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Figure 28: Proposed model about feed-forward cycle 

This mechanism enables macrophages to induce apoptosis of fat cells that 

became insulin resistant and therefore apoptosis sensitive. The increased 

number of apoptotic adipocytes in turn attracts more macrophages, thereby 

accelerating the inflammatory process within human adipose tissue. 

4.8 Perspective – clinical implications 

The increasing prevalence of obesity together with its life shortening 

complications raises the importance for new therapeutically approaches. In 

many cases, classical interventions like diet and physical activity fail to 

sustainably lower body weight and reduce adipose tissue mass. Identifying new 

pharmaceutically targets in obesity treatment is mandatory. 
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Up until recently, the knowledge about adipocyte cell turnover in humans was 

very restricted. In animal experiments incorporation of labeled nucleotides can 

be used to study cell turnover but due to its potential toxicity it is not possible to 

perform this method in humans. Spalding et al. came up with a clever solution 

by utilizing the rapid increase of atmospheric 14C-levels which resulted from 

nuclear bomb tests during 1955-1963 (Spalding et al., 2008). In 1963 the ban of 

these nuclear tests resulted in a drop of atmospheric 14C to the levels before the 

cold war (Spalding et al., 2008). Once 14C is integrated into the genomic DNA of 

an adipocyte, it remains stably incorporated until the cell dies and degrades its 

DNA (Spalding et al., 2008). Spalding et al. estimated that 10% of fat cell are 

replaced each year (Spalding et al., 2008). This fat cell turnover which is 

mediated by differentiation of preadipocytes on the one hand and apoptosis of 

adipocytes on the other, offer new possible pharmacological targets for treating 

obesity. Although, there are some aspects that have to be considered and to be 

handled with, fat cell apoptosis might be a promising mechanism to eliminate 

excess body fat.

Transgenic over expression of the nuclear form of sterol regulatory element-

binding protein-1c (nSREBP-1c) under the control of the adipocyte-specific 

FABP4 promoter generates mice with AT that fails to fully differentiate 

(Shimomura et al., 1998). In line, WAT mass was markedly decreased 

(Shimomura et al., 1998). Furthermore, these animals were insulin resistant and 

characterized by a fatty liver from birth (Shimomura et al., 1998). These 

features are also visible in patients with partial or generalized congenital 

lipodystrophy. Accumulation of fat in the liver and subsequently hepatic 

steatosis are commonly seen in mice and humans with lipodystrophy (Huang-

Doran et al., 2010; Cui et al., 2011). Therefore, a therapy which involves fat cell 

apoptosis should degrade WAT slowly and a stabilization at a healthy level 

should be reached in order to prevent a flood of fat in the body which otherwise 

will most likely accumulate in the liver. 
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PPAR -agonists like troglitazone improve insulin sensitivity in humans (Nolan et 

al., 1994; Olefsky, 2000). Treating genetically obese rats with troglitazone 

increased the number of small adipocytes without changing WAT mass itself 

(Okuno et al., 1998). The increase in small adipocytes seemed to be 

counterbalanced by a loss of hypertrophied adipocytes through apoptosis 

(Okuno et al., 1998). These qualitative changes in WAT with less hypertrophied 

adipocytes and more smaller adipocytes alleviate insulin resistance in these 

animals (Okuno et al., 1998). Thus, fat cell apoptosis might not only be used to 

decrease adipose tissue mass, but to shift composition of WAT towards a 

healthier profile by decreasing the number of very large adipocytes, that show 

an impaired adipokine secretion which promotes inflammation (Skurk et al., 

2007).

Our data implicate a pivotal role for fat cell apoptosis in the perpetuation of 

obesity-associated inflammation of human adipose tissue which is responsible 

for many chronic obesity-associated disorders. However, recent data suggest 

that fat cell apoptosis leads to accumulation of M2-macrophages rather than 

M1-macrophages (Fischer-Posovszky et al., 2011). M2-macrophages are 

alternatively activated and exhibit an anti-inflammatory phenotype (Morris et al., 

2011). It has been suggested that those M2-macrophage are just involved in 

adipose tissue remodeling and will not further contribute to adipose tissue 

inflammation (Morris et al., 2011). M2-macrophage accumulation by fat cell 

apoptosis, however, was observed in the FAT-ATTAC mouse model were 

adipose tissue is eliminated almost completely within 2 weeks after 

administration of a dimerizer that activates caspase-8 in the adipose tissue 

(Fischer-Posovszky et al., 2011). In contrast, when adipocyte apoptosis occurs 

throughout lifespan as seen in another mouse model (aP2-nSREBP-1c, 

(Shimomura et al., 1998)), high levels of pro-inflammation in combination with a 

widespread infiltration of macrophages into adipose tissue is observed (Herrero 

et al., 2010). Nevertheless, macrophages in lipodystrophy have not a purely M1 

or M2 phenotype, but are mixtures of these two categories. Furthermore, 

macrophage population in adipose tissue of lipodystrophic and genetically 

obese (ob/ob) mice differ significantly from one another (Herrero et al., 2010). 
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Future research has to elucidate which macrophage subtypes are attracted 

when fat cell apoptosis is induced in an obese state as a therapy, to rule out an 

increased inflammatory response that leads to adverse effects in the whole 

body.

Despite the above highlighted problems and question, fat cell apoptosis might 

still be a useful tool in combating obesity and its related disorders. A very 

promising compound which exerts a plethora of actions is resveratrol, a natural 

phenol found in red wine (Kim et al., 2011). It may regulate adipose tissue mass 

by inhibiting adipogenic differentiation and proliferation of preadipocytes 

(Fischer-Posovszky et al., 2010). Furthermore, in combination with the death 

ligand TRAIL, resveratrol induces apoptosis in fat cells (Mader et al., 2010). 

TRAIL might be locally elevated in obese adipose tissue since macrophages 

secrete TRAIL and express TRAIL on their surface (Falschlehner et al., 2009), 

therefore resveratrol would primarily induced apoptosis in fat cell. Additionally, 

resveratrol potentially prevents severe adverse effects accompanying induction 

of fat cell apoptosis, i.e. decrease of pro-inflammatory secretion profile of 

adipocytes (Fischer-Posovszky et al., 2010) and inhibition of hepatic steatosis 

(Bujanda et al., 2008). 

Taken together, future research on fat cell apoptosis, its occurence, molecular 

mechanisms and consequences for whole body homeostasis, will elucidate 

suitability for designed pharmacological interference with fat cell apoptosis in 

fighting obesity and/or its accompanied disorders. 
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5 Summary 

Obesity-associated macrophage infiltration into adipose tissue is responsible for 

both local and systemic inflammation. The initial event, however, that triggers 

macrophage infiltration, has yet to be identified. Recent evidences suggest fat 

cell apoptosis as an initiator of macrophage recruitment. We hypothesize that 

apoptosis is involved in the inflammatory process of adipose tissue and persued 

an in vivo as well as an in vitro approach to elucidate a possible connection of 

fat cell apoptosis and macrophage accumulation in the human adipose tissue. 

For the in vivo study we subjected serial sections of human subcutaneous and 

visceral adipose tissue immunohistochemical analysis. We localized CD11c+-

macrophages around apoptotic adipocytes in both fat depots. Additionally, the 

percentage of apoptotic adipocytes strongly correlated with the percentage of 

macrophages (sc: r = 0.888; p < 0.001; visc: r = 0.560, p = 0.003), supporting 

the idea of a connection between macrophage infiltration and fat cell apoptosis. 

To investigate the effects of an inflammatory micro-environment on fat cells, we 

established a human in vitro model system of inflamed adipose tissue by using 

THP-1 macrophages and SGBS adipocytes. Macrophage-secreted factors 

(MacCM) induced insulin resistance and inhibited insulin-stimulated Akt 

phosphorylation in adipocytes by ~68% (50% MacCM vs. control). Furthermore, 

macrophage-secreted factors induced apoptosis of fat cells. This apoptosis-

inducing effect was even more pronounced in direct co-cultures of adipocytes 

and macrophages (increase of Annexin V positive adipocytes by ~77% at ratio 

THP-1:SGBS 2:1). Our data suggest a link between insulin resistance and 

apoptosis sensitivity. Accordingly, pharmacological and genetic inhibition of 

insulin signaling at the level of Akt2 sensitized adipocytes to apoptosis induction 

by macrophage-secreted factors. 

In conclusion, we describe here a novel interaction of macrophages and fat 

cells, i.e. induction of apoptosis. Our data suggest a feed-forward cycle in which 

macrophages further drive the inflammatory process by inducing insulin 

resistance and concomitant apoptosis of adipocytes. 
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Appendix A 

Table A.1: Overview of cell counts for both adipose tissue depots 
Distribution of positive cell counts for CD11c and active caspase-3 

immunohistochemistry in the Leipzig cohort. Sum of positive cells in 12 histological 

fields are presented for 54 patients. 

number of patients for 
active caspase-3 

staining 

number of patients for 
CD11c staining 

positive
cell

count 
sc visc sc visc 

0 29 23 24 10
1 18 21 11 6
2 3 5 8 9
3 2 3 2 10
4 0 0 1 3
5 1 2 1 2
6 0 0 0 4
7 1 0 0 3
8 0 0 1 3
9 0 0 1 0
13 0 0 1 1
15 0 0 0 1
16 0 0 1 0
17 0 0 0 1
20 0 0 1 0
23 0 0 1 0
26 0 0 0 1
32 0 0 1 0
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Figure A.1: Effect of macrophage-secreted factors on basal phosphorylation 
of mitogen-activated protein kinases and other serin/threonin kinases 
Adipocytes were incubated with 50% MacCM or vehicle control for 24 h followed by 

15 min incubation in the absence of insulin. Cells were lysed and phosphorylation 

of mitogen-activated protein kinases (MAPKs) and other serine/threonine kinases 

was studied using the Human Phospho-MAPK Array Kit according to 

manufacturer’s manual. Detection was done by enhanced chemo-luminescence.

(A) Representative array of vehicle and MacCM treatment together with scheme of 

spotted kinases. (B) (C) Quantification of signals was done with ImageJ software. 

Data are presented as mean + SEM (n=2). 
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Appendix B 

Figure B.1: Vector maps 
(A) Entry vector pENTR/H1/TO. (B) destination vector pLenti4/BLOCK-iT-DEST.  

A B
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Figure B.2: Scheme of the cloning procedure using the BLOCK-iTTM Inducible 
H1 Lentiviral RNAi System by Invitrogen 
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