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1 INTRODUCTION

1 Introduction

During recent decades the incidence of obesity has increased dramatically, bringing
with it a possible decrease in life expectancy due to numerous co-morbid disorders [84].
The increased risk of developing type 2 diabetes mellitus, hypertension, coronary heart
disease, stroke, fatty liver disease, premature puberty, hypogonadism, polycystic ovary
syndrome, obstructive sleep apnea and several types of cancer in obese patients has
been shown repeatedly (reviewed in [7, 9]).

In the United States alone, 25% of children and 30% of adults are obese [7] and costs
generated by obesity are estimated to be larger than 60 billion US dollars per year [37]
calling for action in research, treatment and prevention.

1.1 Definition and aetiology of obesity

Obesity is a disorder that results from excess white adipose tissue and is defined by
Body Mass Index (BMI: weight [kg]/height [m]2). In adults, a BMI between 25.0 and
29.9 meets the definition of overweight, whereas the cutoff criterion of 30.0 defines
obesity. Various grades of obesity (mild, moderate and morbid) are defined by BMI.
In children, the weight is assessed in percentiles of BMI for age, with a BMI for age >
95th percentile defining overweight [7].

It is well-established that obesity is the result of a positive imbalance between en-
ergy uptake and energy expenditure, leading to elevated storage of energy in form
of triglycerides within white adipose tissue. Besides environmental factors such as
growing access to high-energy food and reduced physical activity as causes for obesity,
genome-wide association studies have identified several genes closely associated with
it. Some of these genes’ function is still unknown (such as the FTO (fat mass and
obesity-associated protein) gene [111], others, like the leptin gene, are known to be
involved in the complex unconscious biological system controlling energy input and
output [24, 32]. Based on several classical twin studies, the heritability of obesity is
believed to range between 70% - 80% [37].

1.2 Adipose tissue

Two types of adipose tissue are found in humans: brown adipose tissue (BAT) and white
adipose tissue (WAT). Both have distinct functions in human metablism: while BAT
is a thermogenic tissue indispensable for non-shivering thermogenesis in the newborn,
WAT functions include mechanical and thermal insulation and energy storage [112].
As it is the white adipose tissue that increases dramatically in obese individuals, this
medical doctorate thesis concentrates solely on investigations in WAT. WAT in humans
is found mainly in subcutaneous (under the skin) and visceral (surrounding internal
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1.2 Adipose tissue 1 INTRODUCTION

organs) fat depots and not only contains lipid-laden adipocytes but also preadipocytes
(fat precursor-cells), nerves, blood vessels and macrophages (reviewed in [34]).

1.2.1 Adipose tissue - an endocrine organ

Although white adipose tissue is essential in maintaining systemic energy metabolism
and homeostasis, it is not only a mere storage organ for excess energy. It is now well
recognized as an endocrine organ that secretes factors which also play a central role
in insulin sensitivity, immunological responses and vascular diseases (reviewed in [44]),
thus participating actively in the pathogenesis of obesity-associated co-morbidities.

More than 100 hormones and other factors produced by adipose tissue have been
described so far. These include adipokines such as leptin, which, among others, is
involved in the regulation of body weight, puberty and reproduction, and adiponectin,
which is believed to have insulin-sensitizing and antiatherosclerotic effects (reviewed
in [34]). Other secreted products are inflammatory cytokines and metabolites such
as fatty acids. Figure 1 displays a selection of the secreted factors illustrating the
endocrine function of white adipose tissue.

Figure 1: Adipose tissue as an endocrine organ. More than 100 adipose tissue-secreted
factors with local or systemic effects have been described. Many of these influence
the metabolism and immunology of humans significantly and also contribute to
diseases associated with obesity. (Illustration taken from [34].)

1.2.2 Obesity is a chronic state of low-grade inflammation

Alterations in the endocrine secretion profile of WAT have been described for various
circumstances including obesity. Many authors have reported an increase in secretion
of pro-inflammatory cytokines like tumor necrosis factor α (TNFα), interleukin- (IL-)
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1.2 Adipose tissue 1 INTRODUCTION

1β, IL-6 and IL-8 and a concomitant decrease in secretion of anti-inflammatory medi-
ators such as adiponectin and IL-10 in adipose tissue of obese individuals [103, 108].
It seems that a shift towards a pro-inflammatory adipokine pattern is characteristic of
adipose tissue dysfunction in obesity and this has recently led to the view of obesity as
a chronic state of low-grade inflammation. The exact cause for the local inflammation
is unclear, although it has been proposed that the secretion of pro-inflammatory fac-
tors is the WAT’s response to hypoxia resulting from the dramatic increase of tissue
mass in obesity [114]. Different hypotheses propose causes for hypoxia, for example
insufficient angiogenesis in expanding WAT and, on a cellular level, outgrowing of the
maximal diameter that allows oxygen diffusion [47, 49].

Increasing evidence strongly suggests adipose tissue inflammation as a major contrib-
utor to the development of the sequelae of obesity, such as insulin resistance (reviewed
in [42]) and as the source of macrophage-recruiting cytokines such as the transforming
growth factor β (TGFβ) [35].

In both humans and rodents, macrophage accumulation has been reported in WAT,
positively correlating with BMI or respectively adipocyte size [125, 130]. Macrophages
generally play an important role in tissue homeostasis through phagocytosis of dead
and old cells as well as pathogens. Moreover, adipose tissue macrophages (ATMs) are
known to produce inflammatory cytokines such as TNFα along with death ligands such
as CD95L (Fas ligand) (reviewed in [55]), indicating an additional influence on other
processes such as inflammation and apoptosis. In line with these reports, Patsouris et
al. have shown that a decrease in ATM in turn decreases adipose tissue inflammation
and inhibits obesity-induced insulin resistance [86]. This points to an in vivo inter-
play between adipose tissue macrophages and fat cells in which the ATMs maintain the
low-grade inflammation in WAT through their own pro-inflammatory secretion pattern.

1.2.3 Determination of adipose tissue mass

White adipose tissue was originally viewed as an inert tissue containing a fixed num-
ber of adipocytes that has been attained by the individual at some critical point in
his/her development. A reduction or increase in adipose tissue mass was presumed to
be regulated solely by changes in adipocyte volume through lipolysis (i.e. mobilisation
of fatty acids) and lipogenesis (storage of triglycerides) (reviewed in [34]).

However, recent analyses of adipocyte turnover using carbon-14 dating have shown
that fat cells are a dynamically regulated cell population [5, 107]. Spalding and col-
legues report that every 8 years approximately 50 % of adipocytes in the human sub-
cutaneous fat tissue are replaced by newly formed adipocytes [106]. This evidence is
strengthened by the fact that proliferation and differentiation of adipocyte progeni-
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tor cells (preadipocytes) into mature cells can be stimulted in vitro [30] and WAT
progenitor cells were identified in vivo and demonstrated of being capable to reconsti-
tute adipocyte mass in lipodystrophic mice (reviewed in [5]). Conversely, necrotic and
apoptotic adipocytes were found in normal and abnormal adipose tissues, especially
in clinical conditions when large amounts of fat were lost, such as in cancer cachexia
[18, 21, 93, 95, 96, 97].

Together these data suggest that the number of fat cells in adipose tissue mass is
incessantly regulated by the elemination of old adipocytes and the recruitment of pre-
adipocytes that differentiate to become mature lipid-filled adipocytes [5]. A summary
of the competing processes regulating WAT mass is portrayed in Figure 2.

Figure 2: Regulation of adipose tissue mass. Lipogenesis and lipolysis are mechanisms
regulating adipocyte volume. The adipocyte number in adipose tissue is increased
by the proliferation and differentiation of preadipocytes into mature adipocytes.
It can be reduced via delipidation or apoptosis of adipocytes. (Illustration taken
from [33].)

Physiologically, these processes are highly controlled. During adipogenesis (i.e.
adipocyte differentiation) a complex cascade of transcription factors including per-
oxisome proliferator-activated receptor-γ (PPAR-γ) promote the development of ma-
ture adipocytes from premature precursor cells (as reviewed in [44]). Apoptosis (pro-
grammed cell death) on the other hand is mediated by two complex pathways: i.e.
the intrinsic (mitochondrial) and the extrinsic (death receptor) pathway [38] which are
discussed below. Fischer-Posovszky et al. have shown that the human preadipocytes’
and adipocytes’ susceptibility towards apoptosis is low under physiological conditions.
However, these cells can be sensitized to death receptor-mediated apoptosis by the
application of an inhibitor of biosynthesis [28, 31], proving that the extrinsic apopto-
sis pathway is generally intact. Apoptosis - especially mediated by the CD95 (Fas)
death ligand - in human preadipocytes and adipocytes has been demonstrated previ-
ously, for example in autoimmune lipodystrophy [27]. The new finding of an annual
fat cell turnover of ∼10 % [107] establishes a novel, possible therapeutic target for the
pharmacological treatment of obesity: selective induction of apoptosis in adipocytes.
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1.2.4 Impact of the morphology of white adipose tissue on the pathogenesis
of obesity

As human fat mass is the product of both adipocyte volume and adipocyte number, it
has been proposed to characterize obesity into two main types: hypertrophic (increase
in adipocyte volume) and hyperplastic (increase in adipocyte number) [5]. Several
authors have reported that as a group, obese subjects have larger fat cells than lean
individuals [4, 50, 60].

Arner et al. hypothesize that adipose morphology is related to the generation of
new adipocytes [3]. In their investigation individuals with hypertrophic obesity gen-
erated 70% less fat cells annually than those with hyperplasic obesity. Moreover, the
group also found that the rate of adipocyte formation was lower with higher degrees
of hypertrophy. According to the authors these findings suggest that subjects with hy-
pertrophic obesity have a slower adipogenesis and programmed cell death than those
with hyperplasia [51], requiring a greater accumulation of lipids in already existing
adipocytes [3].

Interestingly, not only the total body fat mass holds important implications for
a person’s health but the morphology of adipocytes within the adipose tissue itself is
another independent factor for obesity associated co-morbidities. For instance, it is
well-established that triglycerides are stored more readily by small adipocytes while
an increase in lipolytic activity is seen in large adipocytes (reviewed in [46]). Due to
this lipolysis levels of circulating nonesterified fatty acids are increased in subjects with
hypertrophic obesity, in turn resulting in an upregulated triglyceride synthesis in the
liver [46] potentially leading to hepatic steatosis. Moreover, a positive correlation be-
tween increased serum insulin concentrations, insulin resistance and an increased risk
of developing type 2 diabetes mellitus and greater adipocyte size has been found [126].
Conversely, a recent study showed an impaired recruitment of new and functional adi-
pose cells for the storage of excessive lipids with a genetic predisposition for type 2
diabetes, resulting in inappropriate enlargement of abdominal fat cells [4].

Several authors describe that obese subjects who have few but large fat cells are
more hyperinsulinemic and more glucose intolerant than those with the same de-
gree of obesity and many small adipocytes [60, 69, 126]. In addition, hypertrophy
of adipocytes has been proposed to impair the function of adipose tissue through an
altered lipid metabolism and the induction of local inflammation and mechanical stress
[10, 77, 104]. As discussed above, especially the resulting shift towards a predominantly
pro-inflammatory adipokine secretion pattern and the increase in ATMs accumulated
within WAT have been discussed as major contributors to obesity-associated adverse
health outcomes (reviewed in [9]).
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1.3 Apoptosis

Apoptosis or programmed cell death is an evolutionarily conserved mechanism that
plays a crucial role in normal development and tissue homeostasis in multi-cellular
organisms [14]. Physiologically, damaged and dangerous cells are eliminated through
apoptosis to secure the functionality of the whole organism. If this process is impaired
in humans, cell death can contribute to severe pathological conditions such as neurode-
generation, autoimmunity, immunodeficiency and cancer [118].

Certain typical morphologic changes due to a series of biochemical events can be
observed in cells undergoing apoptosis. These include cytoplasm shrinkage, blebbing
of the membrane, chromatin condensation (nuclear pyknosis) and finally nuclear (kary-
orhexis) and cellular fragmentation and have also been described for fat cells (reviewed
in [105]). Eventually the resulting small vesicles (so-called apoptotic bodies) are phago-
cytosed by macrophages [40]. The activation of the intracellular signaling program
leading to these events underlies a tight control, but can also be initiated by patholog-
ical stimuli in addition to the physiological regulators. The actual labor of apoptosis
is performed by so-called caspases (cysteinyl aspartate-specific proteases). Both, the
initiation of the apoptotic program as well as the execution of the apoptotic process
require various of these caspases [87].

1.3.1 The CD95-mediated apoptosis pathway

In principle, there are two well-characterized signaling cascades leading to cell death
by apoptosis. The intrinsic pathway is triggered by the disruption of internal cellular
integrity, while the extrinsic pathway is mediated through cell surface death receptors
and their specific ligands (reviewed in [118]). The conversion of these two pathways
by activation of the caspase cascade enables the cell to mount a more robust apoptotic
response and ultimately triggers cell death through the destruction of cellular proteins
[14, 118].

CD95 or Fas is one of so far eight described death receptors of the tumor necrosis
factor (TNF) receptor superfamily found in humans and is involved in the extrinsic
pathway of apoptosis [6], as depicted in Figure 3 on page 7. Binding of its ligand
(CD95L) results in CD95 aggregation and recruitment of the adaptor protein Fas-
associated Death Domain Protein (FADD) [45]. The resulting complex is termed the
Death-inducing Signaling Complex (DISC), which initiates a proteolytic cascade by
recruiting and activating initiator caspases [12]. Subsequently, these initiator caspases
(among them caspase 8) activate effector caspase 3 which proceeds with the signaling
downstream of the DISC formation via two different pathways [8, 87, 101].

In so-called type I cells, the initiation of programmed cell death follows the above
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1.3 Apoptosis 1 INTRODUCTION

Figure 3: CD95-mediated apoptosis. Binding of CD95 ligand (CD95L) to its cell surface
death receptor CD95 leads to recruitment of FADD (Fas-associated Death Domain
Protein) and caspase 8 causing subsequent cleavage of effector caspase 3 (type I
cells). Activated Bid (BH3 interacting domain death agonist) links the pathways
of type I and type II cells by initiating the release of apoptogenic factors such as
cytochrome c (Cyt c) into the cytosol leading to the formation of the apoptosome
complex (Apaf-1 (Apoptosome-associated factor 1) + Cyt c + Caspase 9). Cas-
pase 9 in turn activates caspases 8 and 3 leading to the final cleavage of proteins
and DNA (deoxyribonucleic acid) fragmentation causing apoptotic death of the
cell. The CD95-mediated apoptosis is tightly regulated by various pro- (Bcl (B-cell
lymphoma)-2-associated X protein (Bax)) and anti-apoptotic proteins (FADD-Like
Interleukin-1β Converting Enzyme Inhibitory Protein (FLIP), Inhibitor of Apop-
tosis Protein (IAP), B-cell lymphoma-extra large (Bcl-XL), B-cell lymphoma 2
(Bcl-2)).

procedure of direct cleavage and activation of caspase 3 by caspase 8 [45]. However, in
type II cells the mitochondria are crucial for the execution of the apoptotic program
which is further promoted by caspase 9 and other regulatory proteins (described below)
[45]. These so-called effector caspases are responsible for most of the protein cleavage
leading to the characteristic morphological changes observed during apoptosis [87].
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1.3.2 Regulators of apoptosis

The process of programmed cell death is tightly controlled because both excess and
lack of apoptosis can contribute to the development of diseases. The intrinsic as well
as the extrinsic apoptosis pathway are fine-tuned by numerous cell death agonists and
antagonists.

FADD-Like Interleukin-1β Converting Enzyme Inhibitory Protein (FLIP) One
crucial mediator of the CD95 signaling cascade is the cellular FADD-Like Interleukin-
1β Converting Enzyme Inhibitory Protein (FLIP) which interacts with FADD and
caspase 8 through its death effector domain (DED) at the DISC regulating the initia-
tor caspase’s activation [115]. Its isoforms FLIP long (FLIPL) and FLIP short (FLIPL)
are known to have differential effects on apoptosis. FLIPS was shown to inhibit apop-
tosis mediated by death receptors by blocking caspase 8 processing and activation at
the DISC. It is assumed that FLIPS competes for binding and recruitment to FADD
[45]. Interestingly, a dual function has been described for FLIPL. Depending on the
stoichiometry of FLIPL and caspase 8 at the DISC an apoptosis-inhibiting as well as
an apoptosis-promoting activity have been described [17, 53].

B-cell lymphoma 2 (Bcl-2) family Among others, Li and collegues have described
an interaction between the death receptor pathway and the mitochondrial pathway
of apoptosis. The two pathways are linked by the sentinel or ’BH3 only’ protein Bid
(BH3 interacting domain death agonist) [64]. In early extrinsic apoptosis, caspase 8 is
activated and turns on executioner caspase 3. Caspase 8 also cleaves Bid to form tBid
(truncated Bid) which in turn translocates to the mitochondria [14]. The mitochondrial
pathway of programmed cell death is subsequently initiated by the oligomerization
of the pro-apoptotic Bcl-2 protein Bax (Bcl-2-associated X protein) or Bak (Bcl-2
homologous antagonist killer) [59, 64, 70, 75] leading to mitochondrial damage and
apoptosome formation [87].

However, other members of the Bcl-2 family, such as Bcl-XL (B-cell lymphoma-
extra large) and Bcl-2 (B-cell lymphoma 2), have been shown to have anti-apoptotic
functions (reviewed in [14]) and to mediate resistance to CD95-induced apoptosis [101].
The apoptotic fate of the cell is thus determined in part by the ratio of pro- to anti-
apoptotic Bcl-2 members engaging in multiple protein-protein interactions during the
apoptosis cascade.

Inhibitor of Apoptosis Protein (IAP) family IAP was first identified in baculovirus-
infected insect cells where it inhibited these from executing the apoptotic program. So
far, in humans, eight IAP family members have been identified [118]. These include
cellular IAP1 (Baculoviral IAP repeat-containing protein 2) and c-IAP2 (Baculoviral
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1.3 Apoptosis 1 INTRODUCTION

IAP repeat-containing protein 3), XIAP (X-linked IAP) and Survivin [23].
Orginally, all IAPs were believed to have anti-apoptotic effects exerted via binding

and inhibition of caspases. However, recent studies have demonstrated that only XIAP
is able to directly inhibit initiator caspase 9 and effector caspase 3 and 7. Contrary
to the earlier belief it is now evident that other IAPs exhibit weak binding to and
inhibition of caspases under physiological conditions [19, 20, 119]. Survivin, which
differs from the other IAP family members by containing only one, and not multiple,
Bacloviral IAP Repeat domains, was proposed to modulate apoptotic signaling through
the control of the cell cycle (control of cell mitosis) and proliferation. Destabilization
of p53 is another discussed mechanism (reviewed in [118]).

1.3.3 Insulin and apoptosis of adipocytes

As discussed above, apoptotic adipocytes were found in human adipose tissue under
various conditions and apoptosis has been suggested to be a mechanism in weight loss
[27, 92, 93], with the process of programmed cell death beeing tightly controlled by
numerous cell death agonists and antagonists. The hormone insulin has been discussed
as another possible protective, anti-apoptotic substance by various authors [16, 66, 74].

Loftus et al. observed adipose-specific cell death in obese mice as a result of the neu-
tralization of blood insulin in vivo with a specific anti-insulin antibody [66]. As obesity
is usually accompanied by hyperinsulinemia the group concluded that insulin might
therefore promote adipocyte survival in obese subjects. Likewise, Fischer-Posovszky et
al. have shown that preadipocytes and adipocytes are protected from death-receptor
mediated apoptosis by an autocrine IGF-1 signaling mechanism. Insulin is a struc-
tural homologue of the involved IGF-I and might therefore also exert a similar func-
tion in human fat cells [31]. An IGF-I mediated survival has also been described for
brown adipocytes [79], 3T3-L1 adipocytes [39, 67, 81, 97, 117] and other cell types
[76, 91]. Additionally, an insulin-mediated survival in several cell types has been re-
ported [16, 25, 74, 110].

Hyperinsulinemia is the result of the insulin resistance commonly found in obese
subjects. Particularly in non-insulin-dependent diabetes mellitus (NIDDM), the pri-
mary therapeutic target is the alleviation of this insulin resistance [82]. A substance
group called thiazoledinediones has been described as very effective in improving the
metabolic control in NIDDM by affecting the gene expression and cellular function
of adipocytes through the activation of peroxisome proliferator-activated receptor γ

(PPARγ) [62, 82]. Interestingly, Okuno and co-workers have reported that the treat-
ment of obese Zucker rats with troglitazone (a thiazolidinedione) led to an increase
in small adipocytes and a significant decrease in the number of large adipocytes by
apoptosis [82]. This change was associated with a normalization of expression levels
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1.4 Obesity treatment 1 INTRODUCTION

of TNF-α, a major contributor to insulin resistance [52], as well as a drop in for-
merly increased plasma lipid levels. Therefore the authors hypothesize that the large
adipocytes lost by apoptosis during troglitazone treatment were counterbalanced by
newly generated small adipocytes and that the improved metabolic activity of these
results in the alleviation of insulin resistance as seen in diabetic patients [61, 82].

Taken together, these findings suggest an important role of insulin in the regulation
of adipose tissue mass. For the development of new treatment strategies it will be es-
sential to understand the influence of insulin signaling not only on metabolic processes
such as lipolysis, but also its role in differentiation and apoptosis of human adipocytes.

1.4 Obesity treatment

Steadily increasing numbers make obesity and its comorbidities a major health problem
in developed countries [90]. Despite enormous efforts to find control-strategies for obe-
sity and its adverse health effects these often fail to treat obesity lastingly. Especially
the classical therapeutic interventions based on a reduction of food energy in combi-
nation with elevated physical activity are mostly inefficient in treating obesity in the
long run. So far, some of the few successful interventions include bariatric surgery in
morbidly obese patients and leptin-replacement therapy in individuals deficient in this
hormone [37]. But as these treatment options are reserved for small groups of patients
only, the majority of obese people still lack effective medical interventions that would
lead to a safe longterm reduction in bodyweight.

As described above, the adipose tissue has only recently been recognized as a dy-
namic organ, with a high fat cell turnover rate in adult human white adipose tissue
of approximately 10 % per year [5]. Moreover, new evidence about the impact of adi-
pose tissue morphology has arisen suggesting a benefit for the overall metabolic profile
in so-called hyperplastic obesity (many small adipocytes) in contrast to hypertrophic
obesity (few large adipocytes) (reviewed in [51]).

Reducing adipose tissue mass through apoptosis (as has been shown previously,
review [31, 92, 120]) and simultaneously shifting the balance of fat cell turnover in
favor of differentiation of small, metabolically ’healthy’ adipocytes might be a new
therapeutic option in the battle against obesity and its adverse health effects.

1.5 Aim of the study

Influencing or increasing fat cell apoptosis as a target for medical obesity intervention
has been proposed by various researchers [5, 31, 58, 71, 105, 129] and our group has re-
cently described a potential mechanism of apoptosis induction in human fat cells [28].
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1.5 Aim of the study 1 INTRODUCTION

However, some mechanisms rescuing the adipocyte from apoptosis such as survival-
signaling via an autocrine insulin-like growth factor I circuit or insulin have also been
identified [31, 66].

As it is well-established that changes in insulin sensitivity occur throughout adipo-
genesis [30] the aim of my study was to investigate possible changes in the adipocytes’
sensitivity towards the induction of apoptosis in the course of adipogenic differentia-
tion. An additional aim of this medical doctorate thesis was to explore other possible
molecular mechanisms influencing programmed cell death in fat cells.

Most of the existing data on molecular mechanisms during fat cell apoptosis has been
derived from murine models such as 3T3-L1 adipocytes. But as findings from experi-
ments on mice are not always transferable to man I aimed at investigating adipocyte
apoptosis in the human in vitro model system of Simpson-Golabi-Behmel syndrome
(SGBS) fat cells. This human preadipocyte cell strain is an excellent model for the
cells’ high capacity of adipose differentiation and the functional and biochemical simi-
larity of the resulting mature adipocytes to human primary adipocytes [30].
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2 MATERIALS AND METHODS

2 Materials and methods

2.1 Materials

Biological materials

The human preadipocyte cell strain SGBS (Simpson-Golabi-Behmel-Syndrome) was
used for all experiments performed [30].

Reagents

Agarose Sigma, Deisenhofen
α-APO-1 IgG3 kindly provided by PD Dr. Gudrun

Strauß
Aqua ad injectabile Braun, Melsungen
Biotin Sigma, Deisenhofen
Bovine Serum Albumin (BSA) Serva, Heidelberg
Bromphenol blue Sigma, Deisenhofen
Chloroform Fluka, Neu-Ulm
Cycloheximide (CHX) Sigma, Deisenhofen
4‘,6-Diamidine-2‘-phenylindole Roche, Grenzach
dihydrochloride (DAPI)

Dimethylsulfoxide (DMSO) Merck, Darmstadt
DNA ladder 1 kb Plus Fermentas, St. Leon-Rot
Dithiothreitol (DTT) Sigma, Deisenhofen
Dulbecco’s Modified Eagle’s Medium Gibco Life Tech, Karlsruhe
(D-MEM):F 12 (1:1)
+L-Glutamine
+15mM Hepes

Ethylenediaminetetraacetic acid (EDTA) Roche, Grenzach
Enhanced Chemiluminescence (ECL) Amersham Bioscience, Buckinghamshire,

UK
Ethanol Merck, Darmstadt
FACSFlowTM Becton Dickinson, Heidelberg
FACSRinseTM Becton Dickinson, Heidelberg
FACSCleanTM Becton Dickinson, Heidelberg
Fetal calf serum (FCS) Gibco Life Tech, Karlsruhe
Glycerol Fluka, Neu-Ulm
Hepesbuffer Biochrom, Berlin
Isopropanol Fluka, Neu-Ulm
3-Isobutyl-1-Methylxanthine (IBMX) Sigma, Deisenhofen
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Loading Dye Solution (6x) Fermentas, St. Leon-Rot
Methylthiazolyldiphenyl-tetrazolium Sigma, Deisenhofen
bromide (MTT)

Milk Powder Roth, Karlsruhe
Mowiol Calbiochem, Darmstadt
Nile Red Sigma, Deisenhofen
Deoxynucleotide triphosphates (dNTPs) Amersham, Buckinghamshire, UK
NuPAGE LDS Sample Buffer (4x) Invitrogen, Darmstadt
Page ruler pre-stained protein ladder Fermentas, St. Leon-Rot
Pantothenate Sigma, Deisenhofen
Paraformaldehyde (PFA) Sigma, Deisenhofen
Phosphate buffered saline (PBS) Seromed, Berlin
Penicillin-Streptomycin Biochrom, Berlin
Polyacrylamid Rotiphorese 30 Merck, Darmstadt
Propidium iodide Sigma, Deisenhofen
Proteinase K solution Invitrogen, Darmstadt
Protein A Sigma, Deisenhofen
Random Primer Invitrogen, Darmstadt
Red Oil O Sigma, Deisenhofen
RNAse free water Qiagen, Hilden
RPMI (Roswell Park Memorial Sigma, Deisenhofen
Institute) Medium Modified

Running buffer (1x NuPAGE MES Invitrogen, Darmstadt
or MOPS)

Sodium Chloride (NaCl) AppliChem, Darmstadt
Sodium Hydroxide (NaOH) Merck, Darmstadt
Standard marker (SeeBlue Plus2 Invitrogen, Darmstadt
Pre-Stained Standard)

Tetramethylethylenediamine (TEMED) Serva, Heidelberg
Transferrin, ironpoor Sigma, Deisenhofen
Tri-Natriumcitrate-Dihydrate Sigma, Deisenhofen
Tris-HCl Sigma, Deisenhofen
Triton X-100 Sigma, Deisenhofen
Trypan blue Invitrogen, Darmstadt
Trypsin/EDTA solution Biochrom, Berlin

Radioactive chemicals

14C-glucose Perkin Elmer, Rodgau
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Enzymes and kits

BCA Protein Assay Reagent Kit Pierce, Bonn
LightCycler Fast Start DNA Master Roche, Grenzach
SYBR Green I

QUIAzol Lysis Reagent Kit Qiagen,Hilden
Superscript II reverse transcriptase Invitrogen, Darmstadt
Taq DNA polymerase Qiagen, Hilden

Cytokines, growth factors and hormones

Cortisol Sigma, Deisenhofen
Dexamethasone Sigma, Deisenhofen
Insulin Novo Nordisk, Gentofte, DK
Triiodothyronine (T3) Sigma, Deisenhofen
Rosiglitazone (BRL 49563) Glaxo Smith Kline, Worthing, UK

Primers

PCR primers were synthesized by Thermo Fisher Scientific GmbH, Ulm.

Table 1: Primers. (U, universal; R, reverse; aP2, adipocyte protein 2; Glut4, glucose trans-
porter 4; PPARγ, peroxisome proliferator-activated receptor γ; sdha, succinate de-
hydrogenase complex subunit A)

Gene Length Sequence Accession #
Adiponectin 18 U: 5’-GGC CGT GAT GGC AGA GAT-3’ NM_004797.3

17 R: 5’-CCT TCA GCC CGG GTA CT-3’
aP2 24 U: 5’-GCT TTT GTA GGT ACC TGG AAA CTT-3’ NM_001442.2

25 R: 5’-ACA CTG ATG ATC ATG TTA GGT TTG G-3’
Glut4 22 U: 5’-TTC CAA CAG ATA GGC TAA GAA G-3’ NM_001042.2

20 R: 5’-AAG CAC CGC AGA GAA CAC AG-3’
PPARγ 23 U: 5’-GAT CCA GTG GTT GCA GAT TAC AA-3’ NM_005037.5

21 R: 5’-GAG GGA GTT GGA AGG CTC TTC-3’
sdha 23 U: 5’-CAT GCT GCC GTG TTC CGT GTG GG-3’ NM_004168.2

28 R: 5’-GGA CAG GGT GTG CTT CTT CCA GTG CTC C-3’

Antibodies

FITC mouse-anti-human CD36 Becton Dickinson, Heidelberg
FITC mouse IgM κ Isotype control Becton Dickinson, Heidelberg
PE mouse-anti-human CD95 Becton Dickinson, Heidelberg
PE mouse IgG1 κ Isotype control Becton Dickinson, Heidelberg

(FITC, Fluorescein isothiocyanate; PE, Phycoerythrin)
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Western blot antibodies

mouse-anti-β-actin (1:10000) Sigma, Deisenhofen
rabbit-anti-Bak (1:1000) Becton Dickinson, Heidelberg
rabbit-anti-Bax (1:500) Upstate Biotechnology, Schwalbach/Ts.
mouse-anti-Bcl-2 (1:1000) Santa Cruz, Heidelberg
rabbit-anti-Bcl-XL/S (1:1000) Becton Dickinson, Heidelberg
rabbit-anti-Caspase-3 (1:1000) Cell Signaling, Frankfurt am Main
mouse-anti-Caspase-8 (1:2000) Alexis, Lörrach
rabbit-anti-Caspase-9 (1:5000) Becton Dickinson, Heidelberg
rabbit-anti-CD95 (1:200) Santa Cruz, Heidelberg
goat-anti-cIAP1 (1:1000) R&D Systems, Wiesbaden-Nordenstadt
rabbit-anti-cIAP2 (1:1000) Epitomics, Hamburg
mouse-anti-FADD (1:500) Becton Dickinson, Heidelberg
mouse-anti-FLIP (1:1000) Alexis, Lörrach
rabbit-anti-survivin (1:1000) R&D Systems, Wiesbaden-Nordenstadt
mouse-anti-XIAP (1:1000) Becton Dickinson, Heidelberg
goat-anti-mouse IgG conjugated to HRP Santa Cruz, Heidelberg
(Horseradish peroxidase) (1:5000)

goat-anti-rabbit IgG conjugated to HRP Santa Cruz, Heidelberg
(1:5000)

donkey-anti-goat IgG conjugated to HRP Santa Cruz, Heidelberg
(1:5000)

Other materials and equipment

5 / 75 / 175 cm2 cell culture flasks Becton Dickinson, Heidelberg
12- / 24-well plates Becton Dickinson, Heidelberg
0,5 / 1,5 / 2 ml reaction tubes Eppendorf, Hamburg
10 / 50 ml reaction tubes Becton Dickinson, Heidelberg
1 / 2 / 5 / 10 / 25 ml polystyrene pipets Becton Dickinson, Heidelberg
1,8 ml cryotubes Nunc, Wiesbaden
Centrifuge Biofuge Fresco Heraeus, Haunau
Centrifuge Biofuge PICO Heraeus, Haunau
Centrifuge Varifuge 3. ORS Heraeus, Hanau
Cytometer FACScalibur Becton Dickinson, Heidelberg
Developer Kodak M1000 Kodak, Stuttgart
Digital camera CC-12 Olympus, Hamburg
Electrophoresis Power Supply EPS 30 Pharmacia Biotech, München
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ELISA ELx 800 BioTek Instruments. Friedrichshall
Gel cassettes (NuPage 4-12% Bis-Tris Invitrogen, Darmstadt
Gel)

Gel electrophoresis chamber (X Cell Sure Invitrogen, Darmstadt
Lock Mini-Cell)

Gradient Thermocycler PTC-200 MJ Research, Ramsey, Minnesota, USA
Herasafe Heraeus, Hanau
iBlot Gel Transfer Device Invitrogen, Darmstadt
iBlot Transfer Stack Invitrogen, Darmstadt
Incubator BBD 6220 Heraeus, Hanau
LightCycler Roche Diagnostics, Manheim
Microscope BX300 Leitz, Wetzlar
Minishaker IKA® Works Inc., Staufen
Mithras LB940 multimode reader MS2 Berthold Technologies, Bad Wildbad
Multipette Plus Eppendorf, Hamburg
Pipetboy acu IBS Integra Bioscience, Fernwald
Photometer Eppendorf, Hamburg
Shaker Polymax 2040 Heidolph-Elektro, Kelheim
X-ray film (Amersham Hyperfilm ECL) Amersham, Buckinghamshire, UK

2.2 Methods

2.2.1 Cell culture

General cell culture conditions The incubation of SGBS and Jurkat cells was per-
formed in culture medium at a temperature of 37°C with a 5% concentration of carbon
dioxide in a water vapour saturated atmosphere.

Table 2: Cell culture media. (D-MEM, Dulbecco’s Modified Eagle’s Medium; T3, Tri-
iodothyronine; IBMX, 3-isobutyl-1-methylxanthine)

basal medium adipogenic medium 1 adipogenic medium 2
D-MEM:F 12 basal medium adipogenic medium 1
+ 33 µM biotin + 1 µM cortisol + 2 µM rosiglitazone
+ 17 µM pantothenate + 10 nM insulin + 250 µM IBMX
+ 1 % penicillin/streptomycin + 200 pM T3 + 25 nM dexamethasone

+ 10 µg/ml transferrin

Culturing of SGBS cells The human Simpson-Golabi-Behmel syndrome cell strain
was established by our group and originates from the subcutaneous white adipose tissue
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of a Simpson-Golabi-Behmel syndrome patient [123, 121, 122]. The Simpson-Golabi-
Behmel syndrome is an X-linked congenital overgrowth syndrome with features that
include macrosomia, macroglossia, and skeletal and renal abnormalities as well as an
increased risk to develop embryonal cancers [30, 122].

These SGBS preadipocytes proliferate and differentiate well in vitro and once differ-
entiated, function and behave in the same way as primary isolated human fat cells [30].
However, the capacity for adipose differentiation at a rate of >90% is only maintained
for up to 50 generations as the cells are neither transformed nor immortalized [122].
Therefore, fresh SGBS cells from a cell pool, kept in liquid nitrogen at -192°C, were
thawed every third month.

After thawing, the cells were cultured in a serumfree basal cell culture medium fur-
ther referred to as basal medium (see Table 2 on page 16) with an addition of 10%
fetal calf serum. During proliferation, the cells grow in monolayers adherent to the
culture dish. When reaching confluency due to high proliferation, these adherent cells
were trypsinized (5 min, 37°C, 0.05 % Trypsin / 0.02 % EDTA) and reseeded with
fresh medium at a density of 400000 cells per 175 cm2 flask. The culture medium was
changed every 3 or 4 days.

Culturing of Jurkat T-cells I used Jurkat cells, a non-adherent T-cell line, as a
positive control for my Western blot analysis of proteins involved in apoptosis. Jurkat
cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium in 75 cm2

cell culture flasks. The medium was supplemented with 10% fetal calf serum (FCS) and
the cells incubated as described above. Splitting of the cell suspension was performed
every 2 -4 days. For this purpose, 20 - 28 ml of the cell suspension were removed and
the remaining 2 - 10 ml of cell suspension were restocked with fresh RPMI medium.

Adipogenic differentiation of SGBS Adipogenic differentiation of preadipocytes
can be achieved in vitro by the icubation of SGBS preadipocytes with a special adi-
pogenic medium. Importantly, adipogenesis can be achieved under chemically defined,
serum-free conditions according to previously published studies on human primary fat
cells [48]. For this purpose, SGBS preadipocytes were seeded in 12-well plates at a den-
sity of 20000 cells/well. After reaching near confluence, cells were washed twice with
PBS and cultured in adipogenic medium 2 (see Table 2 on page 16) for the first 4 days
of differentiation. Subsequently, the medium was changed every 4 days for adipogenic
medium 1 (see Table 2 on page 16). The differentiation status and lipid-content of the
SGBS cells was documented using a digital camera.
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2.2.2 Cell biological methods

Microscopic cell counting and determination of differentiation rate Direct mi-
croscopic counting was used for the determination of the number of adherent fat cells
as well as to determine the differentiation rate of SGBS cells undergoing adipogenesis.
During the 14-day-period of my experiments the SGBS cells seeded in 12-well plates as
described above were counted using a net micrometer in at least 6 (cell number) or 3
(differentiation rate) randomly chosen wells (size of counting area 1 mm2). Cells with
at least 5 lipid containing vacuoles were defined as adipocytes. Means were calculated.

Oil Red O Staining Intracellular lipid vacuoles of in vitro differentiatied adipocytes
can be demonstrated by Oil Red O staining. For this purpose, cells were washed twice
with PBS and fixated for 2 hours in 10 % formalin solution at room temperature (RT).
Subsequently, formalin was removed and the cultures were were washed with 60% iso-
propanol and dried thoroughly.

Oil Red O stock solution was obtained by the solubilization of 0.35 g Red Oil O in
100 ml of isopropanol. Subsequently, the working solution was prepared by diluting
the stock solution with distilled water at a ratio of 3 to 2.

Then, cells were stained with working solution for 10 minutes (min) at room temper-
ature and immediately washed with water to remove unbound dye. The differentiation
rate of the SGBS cultures was documented using a digital camera.

Measurement of insulin-stimulated de novo lipogenesis In vitro differentiated
SGBS preadipocytes and adipocytes at different maturation stages throughout adipo-
genesis were washed twice in PBS and incubated in basal medium for 24 hours. Then,
cells were treated with increasing doses of insulin (10-10 – 10-7 M) and 14C-glucose (0.1
mCi/well) for 24 hours. Cells were washed twice in ice-cold PBS and harvested in
2 ml NaOH (100 mM). Cellular lipids were extracted by adding a scintillation cock-
tail (1 l toluene containing 0.30 g 2,2’p-phenylen-bis-5-phenyloxazole and 5.0 g 2,5-
diphenyloxazole). The incorporation of 14C-glucose into triglycerides was determined
using a β-counter.

Detection of CD95 expression Surface staining of CD95 and CD36 was performed
with SGBS cells after incubation in adipogenic medium for 0, 1, 7, 10 and 14 days.
Staining for CD36 was used as a positive control for the differentiation of SGBS cells.

Preadipocytes grown in 12-well plates were detached using trypsin, transferred to
FACS-tubes and washed once with PBS. After centrifugation (5 min, 1800 revolutions
per minute (rpm), 4°C) cells were incubated in the dark for 30 min at 4°C with Phy-
coerythrin (PE)-conjugated anti-CD95, Fluorescein isothiocyanate (FITC)-conjugated
anti-CD36, PE-conjugated IgG1 control antibody or FITC-conjugated IgM control an-
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tibody (5µl antibody/100µl PBS, 100µl antibody-solution/well). After incubation, the
cells were washed once more with PBS, centrifuged (5 min, 1800 rpm, 4°C) and resus-
pended in 4% PFA.

For the measurement of CD95 receptor expression of SGBS pre-mature and mature
adipocytes these were differentiated in vitro in 12-well plates. At the appropriate time-
point during differentiation, the cells were washed with PBS and and incubated in the
dark for 30 min at 4°C with PE-conjugated anti-CD95, FITC-conjugated anti-CD36,
PE-conjugated IgG1 control antibody or FITC-conjugated IgM control antibody (5µl
antibody/100µl PBS, 200µl antibody-solution/well). Subsequently, cells were washed
with PBS and removed from the plate’s surface by trypsinisation. The cells were re-
suspended in 4% PFA and transferred into FACS-tubes.

Subsequently, cells were analyzed by flow cytometry at fluorescence channel 1 (FITC
containing tubes) or channel 2 (PE containing tubes). PE-conjugated mouse IgG1 κ-
and FITC-conjugated mouse IgM κ Isotype control were used as negative controls.

2.2.3 Detection of cell death and viability

SGBS cells subjected to the CD95-triggered apoptosis timecourse were evaluated for
signs of apoptosis at different timepoints via microscopy and microscopic photography,
determination of cell count and differentiation rate, DAPI staining, measurements of
hypodiploid DNA and MTT assay.

Stimulation of apoptosis Apoptosis via the CD95 pathway can be triggered by
an agonistic monoclonal antibody for CD95, Apo-1 (α-APO-1 IgG3 [113]). I sub-
jected SGBS cells to adipogenic differentiation in vitro as described above. The CD95-
triggered apoptosis timecourse assay was performed at different timepoints during adi-
pogenesis for 24, 48 and 72 hours. For this purpose, cells were stimulated with either
serumfree basal medium (basal medium) alone or basal medium plus 1 ng/ml Apo-1
in combination with 5 ng/ml protein A or 10 µg/ml cycloheximide (CHX) or a combi-
nation of the last three substances in the given concentrations for the indicated time
periods.

Apo-1 was always employed together with protein A as the latter binds to the Fc
portion of IgG antibodies and enhances their reactions by cross linkage of several IgGs.
I used CHX, an inhibitor of biosynthesis, to sensitize the SGBS cells for apoptosis as
they do not undergo apoptosis upon stimulation with the death ligand alone.

DAPI Staining Typical morphologic features of apoptosis include chromatin con-
densation (nuclear pyknosis) and nuclear (karyorhexis) and cellular fragmentation. To
make these changes visible, I stained SGBS cells with 4’,6’-Diaminido-2-phenylindol
(DAPI). SGBS preadipocytes were seeded on chamber slides at a density of 20000 cells
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per well and subjected to adipogenic differentiation until day 7.
Cells were washed once with PBS and fixated with 4% Paraformaldehyd (PFA) for

10 min. In the next step, the SGBS cells were mounted in Mowiol containing 0.2 µg/ml
DAPI. Slides were analyzed by fluorescence microscopy, using a 490-nm filter. Pictures
were taken in 60-fold magnification via microscopic camera.

Microscopy Morphological changes in SGBS cells day 0 and 14 after apoptosis stim-
ulation as indicated above were determined by microscopy and documented by micro-
scopic photography at a 100-fold magnification.

In addition, cell number and differentiation rate were determined by direct micro-
scopic counting using a net micrometer as described above.

Detection of DNA-fragmentation via Nicoletti-staining Fragmentation of ge-
nomic DNA as a morphologic feature of apoptotic cells can be measured by flow cytom-
etry after propidium iodide staining. Vital cells exhibit a diploid DNA content, while
apoptotic cells with ongoing DNA fragmentation can be identified by hypodiploid DNA
content. I measured the DNA fragmentation after propidium iodide staining according
to Nicoletti ([31, 80]).
All the following steps were performed on ice: At the indicated timepoints SGBS
preadipocytes and their supernatants were collected and centrifuged (1800 rpm, 5 min,
4°C). After washing with PBS, cell pellets were resuspended in 150 µl hypotonic flu-
orochrome solution Nicoletti-Buffer (see Table 3) and incubated over night at 4°C in
the dark. Then, DNA-fragmentation was assessed by fluorescence activated cell-sorting
(FACS).

Table 3: Nicoletti buffers.

preadipocyte buffer adipocyte buffer
0.1 % Triton-X 100 0.2 % Triton-X 100
0.1 % sodium citrate 0.2 % sodium citrate
50 µg/ml propidium iodide 100 µg/ml propidium iodide

For in vitro differentiated adipocytes the protocol was modified as follows: an equal
volume of twofold concentrated Nicoletti-Buffer (see Table 3) was added directly to
culture dishes. After overnight lysis 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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Determination of cell viability via MTT (Dimethyl thiazolyl diphenyl tetrazolium)-
Assay Cell viability of SGBS cells was determined by MTT assay. After removal of
medium 600 µl of MTT-solution (1 mg/ml, dissolved in RPMI medium without phe-
nolred) were added per well and the plates were incubated for 3 h at 37°C. After
addition of 600 µl isopropanol per well, cells were gently resuspended and removed
from the plate surface. This procedure was followed by a final incubation step (30 min,
RT) under gentle shaking.

The viability was determined by measurement of light absorption at 550 nm be-
cause changes in OD (optical density) are proportional to changes in viability in this
method. An untreated standard condition (MTT-solution + isopropanol 1:1) was used
as a control and subtracted from the measured values.

2.2.4 Methods of molecular biology

Preparation of ribonucleic acid (RNA) RNA preparation from cultured cells was
performed using QIAzol lysis reagent (Qiagen). Cell cultures were lysed with 1 ml
QIAzol per 3.8 cm2 culture dish and the lysates were resuspended and transferred
to a sterile RNAse-free reaction tube. All samples were incubated for 5 min at room
temperature. After addition of 0.2 ml chloroform per 1 ml lysate the tubes were shaken
for 15 seconds and incubated for another 2-3 min at room temperature. Subsequently,
the probes were centrifuged for 15 min at 13000 rpm and 4°C. As a result of this
procedure the lysate was separated into an organic and a hydrophilic phase containing
the RNA.

The RNA containing phase was then transferred into a fresh collection tube and 0.5
ml of 75% ethanol were added and shaken. Subsequently, this solution was retransferred
into a new collection tube and centrifuged at 10000 rpm for 1 min at room temperature
before it was centrifuged with RW1 buffer and subsequently RPE buffer (from the
QIAzol kit) for 1 min at 10000 rpm each. The supernatant was discarded between
these steps. In a last step the pellets in the the collection tubes were resuspended
in 30 µl RNAse free water and centrifuged for 1 min at 10000 rpm. Then, RNA
concentrations of all samples were determined at the photometer.

Determination of RNA concentration For determination of RNA concentrations in
the samples, 2 µl of RNA solutions were diluted with 58 µl water and measured using
the Biophotometer (Eppendorf). Absorptions at 260 nm and 280 nm were determined.
An OD260 of 1.0 refers to a concentration of 40 µg/ml RNA, the final concentration is
therefore calculated as follows: RNA concentration [µg/ml] = OD260 x dilution factor
x 40.

Additionally, the absorption at 280 nm was determined to check for protein contam-
ination. The purity of RNA solutions was calculated as ratio of OD260nm/OD280nm.
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At a ratio of 1.8 to 2.0, RNA solutions were declared pure and used for cDNA synthesis.

Reverse transcription Reverse transcription is the process of synthesizing comple-
mentary DNA (cDNA) from mature (fully spliced) mRNA using the enzyme reverse
transcriptase. This enzyme operates on a single strand of mRNA, generating its com-
plementary DNA based on the pairing of RNA base pairs (A, U, G and C) to their
DNA complements (T, A, C and G respectively).

In my experiments, 1 µg RNA was diluted with water up to a final volume of 11 µl.
1 µl of random primers was added, and samples were denaturated for 3 min at 85°C in
order to remove secondary structures. Random hexamer primers contain every possible
6 base single strand of DNA and can therefore hybridize anywhere on the RNA.

After denaturation, a Master Mix as shown in Table 4 was was added to each RNA
sample. Reverse transcription was performed in the thermocycler under the given con-
ditions (see Table 4). After reverse transcription, samples were diluted with 177 µl
H2O to a final volume of 200 µl and stored at -20°C.

Table 4: Reverse transcription. (DTT, Dithiothreitol; dNTP, Deoxynucleotide triphos-
phate; RT, Reverse transcriptase)

Master Mix Conditions
5x 1st Strand Buffer 5 µl 37°C 15 min
DTT (0.1 M) 2.5 µl 45°C 30 min
dNTP (10 mM) 1 µl 50°C 15 min
Superscript RT 1 µl 95°C 2 min
H2O 1.5 µl

Quantitative Real-time Polymerase chain reaction (qPCR) Real-time PCR was
performed using LightCycler Fast Start DNA Master SYBR Green I (LightCycler Mix)
from Roche according to the manufacturer’s instructions. A Mastermix (Table 5) was
prepared for all samples.

Table 5: Mastermix.

LightCycler Mix 1.13 µl
Magnesium 0.46 µl
H2O 7.31 µl

8.90 µl

Primers were used at a concentration of 5 µM. 1.1 µl of primer (uni + rev) was aded
to 8.9 µl of Mastermix and subsequently 9.0 µl of Mastermix were added to 1.0 µl of
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cDNA per sample. Samples were transferred to reaction capillaries and real-time PCR
was performed in a LightCycler (Roche Diagnostics) using the thermocycler program:
10 min of preincubation at 95 °C followed by 40 cycles for 10 s at 95 °C, 5 s at 60 °C,
and 15 s at 72 °C. The fluorescent product was collected at the last step of each cycle.
A melting curve was acquired by heating the product to 95°C, cooling it to 60°C, and
slowly heating it at 0.2°C/s to 95°C with fluorescence collection at 0.2°C intervals.

The specificity of qPCR products was confirmed by melting curve analysis and/or
gel-based post-PCR analysis. A sample was considered positive only if it exhibited
a log-linear (exponential) phase of amplification in the fluorescence curve and either
it showed a specific peak with the melting temperature at 85°C in the melting curve
analysis or, if post-PCR analysis was performed, a specific band with the expected size
was visible on a 1.5% agarose gel. Data were analyzed using a comparative (2− ∆∆Ct)
method.

2.2.5 Biochemistry and Immunology methods

Protein extraction from Jurkat T-cells, SGBS preadipocytes and adipocytes
Protein extraction from Jurkat T-cells, SGBS preadipocytes and adipocytes was

performed using the following lysis buffer (Table 6):

Table 6: Lysis buffer. (EDTA, Ethylenediaminetetraacetic acid; DTT, Dithiothreitol)

Tris-HCl, pH 7.5 10 mM
NaCl 150 mM
EDTA 2 mM
Triton-X 100 1 %
Glycerol 10 %
DTT 1 mM
Proteinase inhibitors 1 mM

The Jurkat cell suspension was collected in 50 ml reaction tubes and pelleted by cen-
trifugation (1800 rpm, 10 min, 4°C). Supernatant was removed, pellets were washed
twice with ice-cold PBS and subsequently resuspended in lysis buffer.

The supernatant from SGBS preadipocytes seeded in 175 cm2 flasks at a density of
800000 cells/flask was collected, cells were trypsinized and added to the supernatant.
Subsequently, cells were pelleted by centrifugation (1800 rpm, 5 min, 4°C). Before cell
lysis, pellets were washed twice with ice-cold PBS and placed on ice. Then, pellets
were resuspended in lysis buffer.
For protein extraction from in vitro differentiated SGBS adipocytes the 12-well plates

were washed twice with ice-cold PBS and placed on ice. After a 20 min incubation
with lysis buffer cells were harvested off the 12-well plates into new 1.5 ml reaction
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tubes using a cell scraper.
Samples were centrifuged for 30 min at 4°C and 13000 rpm. Supernatants were

transferred into new reaction tubes and lysates were frozen at -80°C.
Protein content of cell lysates from SGBS preadipocytes and adipocytes was deter-

mined by the usage of the BCA Protein Assay Reagent Kit (PIERCE) according to
the manufacturer’s recommendations.

Western blot analysis The Western blot is an analytical method used to detect
specific proteins in a given sample of tissue homogenate or extract. Native or dena-
tured proteins are separated by gel electrophoresis by the length of the polypeptide
(denaturing conditions) or by the 3-D structure of the protein (native/ non-denaturing
conditions). In the next step, proteins are transferred to a nitrocellulose membrane
where they can be detected by antibodies specific to the target protein.

Size separation of proteins by gel electrophoresis Western blot analysis was per-
formed using the NuPAGE system (Invitrogen) according to the manufacturer’s in-
structions. For this purpose, protein lysates were thawed on ice and 20 – 80 µg/sample
were charged with the appropriate amount of loading dye. All samples were denatu-
rated for 10 min at 70°C.

The gel electrophoresis chamber was assembled and gel cassettes were placed into
the apparatus. The gel chamber was filled with running buffer (1x NuPAGE MES or
MOPS buffer, depending on the size of the investigated proteins. MES was used for
proteins size 60 to 2.5 kDa, MOPS for proteins size >200 to 14 kDa). Sample wells
were rinsed and then loaded with the protein samples and a standard marker. The
apparatus was connected to a power supply, running conditions were 200 V for 35 min
(using MES buffer) or 200 V for 50 min (using MOPS buffer).

Blotting Proteins were dry-blotted using the iBlot Dry Blotting system (Invitrogen).
Pre-run gels were removed from the cassettes, trimmed and rinsed in deionized water.
The iBlot Gel Transfer Device was assembled; the transfer stack (iBlot Transfer Stack,
Invitrogen) contained an anode stack, nitrocellulose membrane, pre-run gel, filter pa-
per, cathode stack and disposable sponge. Dry blotting was performed by running
program 3 at 23 V for 7 min. After blotting, the dry blotting stack was disassem-
bled, the membrane was trimmed, rinsed in deionized water and incubated in blocking
buffer.

Immunostaining In order to inhibit unspecific protein binding the membranes were
incubated for 1 hour in blocking buffer (prepared as indicated in Table 7 on page 25)
under gentle shaking.
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Table 7: Buffers for Immunostaining.

Washing buffer (TBST) Blocking buffer
Tris-HCl pH 8,0 10mM TBST
NaCl 150 mM + 5 % skimmed milk powder
Tween 20 0,1 %
H2O ad 1000 ml

Subsequently, membranes were washed 3 x for 10 min in washing buffer and incu-
bated overnight with primary antibody at 4°C with agitation. Primary antibodies were
prepared as recommended by the supplier. The overnight incubation was followed by
three more washing steps in TBST (10 min each) and subsequent incubation with sec-
ondary antibody conjugated to horseradish peroxidase for one hour at RT under gentle
shaking. Again, three washing steps of 10 min each in washing buffer followed this
incubation with secondary antibody.

For detection, blots were incubated in ECL Western Blotting Detection Reagence
for 1 min, wrapped in a plastic wrap and transferred to a film cassette. Blots were then
exposed to an X-ray film for the appropriate time periods to visualize the chemilumi-
nescent signal corresponding to the specific antibody-antigen reaction. Expression of
β-actin was used to verify equal loading. Films were developed and images digitalized.

2.2.6 Statistics

Statistical significance was assessed by Student’s t-test using Open Office Calc (OpenOf-
fice.org; Oracle, München). p<0.05 was considered statistically significant in compari-
son to the respective control cells.
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3 Results

I hypothesized that apoptosis sensitivity changes during adipogenic differentiation and
chose human Simpson-Golabi-Behmel syndrome (SGBS) preadipocytes and adipocytes
as an in vitro model system for investigation.

3.1 Characterization of the model system

First, I defined stages of adipogenic differentiation. In order to identify optimal time-
points for the experiments the cells were characterized morphologically and their gene
expression pattern was examined.

Morphology Adipogenic differentiation is characterized by profound changes in the
cells’ morphology (as depicted in Figure 4a on page 27). Preadipocytes on day 0 of
differentiation looked like fibroblasts and had a lengthy spindle-shaped body. Around
day 4 of differentiation the cells’ aspect began to change to spherical shape and storage
of small lipid droplets could be observed. From day 7 on the fat cells became increas-
ingly round and incorporated lipid droplets into the cytosol in a multivacuolar manner.
The cells were lipid-laden on day 14 of differentiation.

Differentiation rate SGBS preadipocytes day 0 did not show any signs of differ-
entiation such as round shape or the incorporation of lipid droplets. Approximately
60-70% of the SGBS cells on day 7 were differentiated as characterized above. On day
14, 90-97% of the fat cells were lipid-laden (Figure 4b on page 27).

Gene expression To validate these morphological assertions on a molecular level
I performed quantitative real-time polymerase chain reaction (qRT-PCR) detecting
changes in markers of adipocyte differentiation and function. I investigated the mRNA
(messenger ribonucleic acid) expression of several adipocyte marker genes: peroxisome
proliferator-activated receptor γ (PPARγ), which is the key transcription factor respon-
sible for adipogenic differentiation, glucose transporter 4 (Glut4), adipocyte protein 2
(aP2), a fatty acid binding protein, and adiponectin, an adipokine and insulin-sensitizer
(Figure 5 on page 28).

While neither Glut4-, aP2- nor adiponectin-expression could be detected on day 0,
PPARγ was expressed on a low level relative to the housekeeping gene succinate de-
hydrogenase complex subunit A (SDHA). The mRNA expression of PPARγ increased
approximately 5-fold on day 7 and the expression was further upregulated during adi-
pogenesis with the highest examined expression on day 14 being about 7.1-fold of its
original level (Figure 5a on page 28).
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(a) Morphological changes during adipogenesis of SGBS cells

(b) Differentiation rate of SGBS cells

Figure 4: Adipogenic differentiation of Simpson-Golabi-Behmel syndrome (SGBS)
cells. (a) SGBS cells were subjected to adipogenic differentiation and stained with
Oil Red O on day 0, 2, 4, 7, 11 and 14 to show accumulated lipids (magnification
100-fold). One representative experiment of three performed is shown. (b) In
parallel, the number of adherent SGBS cells of 10 visual fields on day 0, 7 and 14
of adipogenesis was counted microscopically and the differentiation rate (= ratio
of preadipocytes to adipocytes) was determined. Results are given as mean +
SEM (standard error of means) of three independent experiments performed in
triplicates.

An induction of Glut4-, aP2- and adiponectin-expression was observed on day 4 of
adipogenesis (data not shown). The Glut4 mRNA expression relative to SDHA in-
creased to 5-fold in fat cells day 7 and had increased to about 12.5-fold in cells on day
14 of differentiation (Figure 5b on page 28). This is in accordance with the effects of
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(a) PPARγ (b) GLUT4

(c) aP2 (d) Adiponectin

Figure 5: Markers of adipocyte differentiation and function. mRNA from cells of
the indicated timepoints was obtained and the expression of the adipocyte marker
genes PPARγ (a), aP2 (b), Glut4 (c) and adiponectin (d) was analyzed by qRT-
PCR. All data are related to stable housekeeping gene SDHA using ∆Ct method
and expressed as mean + SEM (standard error of means) of three independent ex-
periments. (mRNA, messenger Ribonucleic acid; PPARγ, peroxisome proliferator-
activated receptor γ; aP2, adipocyte protein 2; Glut4, glucose transporter 4; qRT-
PCR, quantitative Real-Time Polymerase Chain Reaction; SDHA, succinate dehy-
drogenase complex subunit A).

PPARγ and other transcriptional factors stimulating and inducing the adipogenic dif-
ferentiation process. The morphologically observed accumulation of small granula and
the incorporation of lipid droplets in the fat cells is a direct consequence of the activ-
ity of glucose transporters (e.g. GLUT4) which enable glucose- and insulin-dependent
processes such as glycogenesis and lipogenesis.

As aP2 is a key mediator of intracellular transport and metabolism of fatty acids
in adipose tissues it is evident that levels of aP2-expression must increase throughout
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adipogenic differentiation. Accordingly, I found in my experiments that the mRNA
expression of aP2 in cells on day 7 of adipogenesis was approximately 1.5-fold of its
level on day 4 and remained on a slightly higher level until day 14 of differentiation
(Figure 5c on page 28).

Similarily, the expression of adiponectin was augmented with the maturity of SGBS
cells. The mRNA expression levels increased dramatically on day 4 of adipogenesis
(data not shown) and had increased to 2-fold on day 7. The mRNA expression of
adiponectin relative to SDHA doubled again until day 14 of differentiation (Figure 5d
on page 28).

Based on their morphology, differentiation rate and genetic expression pattern I defined
the fibroblast-like fat cells on day 0 as preadipocytes, the lipid-incorporating cells on
day 7 as pre-mature adipocytes and the lipid-laden fat cells on day 14 as mature
adipocytes for the purpose of my experiments.

3.2 Insulin sensitivity

De novo lipogenesis Mature adipocytes are sensitive to insulin and are therefore able
to perform insulin-dependent processes such as glucose uptake and de novo lipogenesis.
As shown with real-time PCR, genes important for these processes such as the glucose
transporter Glut4 are upregulated during adipogenesis.

I performed de novo lipogenesis assays to quantify the insulin sensitivity of SGBS
cells throughout adipogenic differentiation (displayed in Figure 6 on page 30). While
the basal lipogenesis rate remained constant on days 0, 7 and 14 (medium control,
data not shown), the insulin-stimulated de novo lipogenesis increased dramatically
with higher maturation of the cells. Emax increased only slightly, but significantly
up to day 7 (Emax 1.6-fold). Emax peaked (on the last investigated day) in mature
adipocytes day 14 with a significant 4.6-fold Emax compared to preadipocytes day 0
(EC50 = 5.6 x 10-9 M, p<0.01).

This experiment confirms that the insulin sensitivity of fat cells increases dramati-
cally during the cellular maturation process.

3.3 Apoptosis sensitivity

Apoptosis is essential to remove old and pathologic cells from the organism. This
process can be induced by the binding of a death ligand to its corresponding receptor.
Here, I investigated the CD95 signaling pathway which is exemplary for death-receptor-
mediated apoptosis.
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Figure 6: De novo lipogenesis in Simpson-Golabi-Behmel syndrome (SGBS) cells.
SGBS cells were subjected to adipogenic differentiation. At the indicated time-
points cells were stimulated with increasing doses of insulin (10-10 – 10-7 M). De
novo lipogenesis was determined by measuring 14C glucose incorporation into lipid
droplets after 24 hours. Results are presented as mean ± SEM (standard error of
means) of three individual experiments performed in triplicates. ∗∗ significantly
different from control cells, p<0.01, (cpm, counts per minute).

To determine the fat cells’ response to apoptotic stimuli DAPI (4’,6’-Diaminido-2-
phenylindol) staining, cell counts, measurements of hypodiploid DNA and viability
assays were performed after stimulation of apoptosis with the agonistic monoclonal
antibody for CD95, anti-APO-1 (Apo-1), and cycloheximide (CHX).

DAPI staining First, I confirmed the occurence of apoptotic cell death after stimula-
tion with Apo-1 and CHX. For this purpose, SGBS pre-mature adipocytes were stained
with DAPI (nuclear staining) and examined via fluorescence microscopy. Figure 7 on
page 31 displays my observations.

Figure 7a shows the control, SGBS pre-mature adipocytes incubated with serumfree
basal medium for 24 hours. These cells present a normal nuclear morphology without
signs of fragmentation.

Pre-mature adipocytes after the 24-hour treatment with Apo-1 and CHX look less
viable and 25% of the cells (as assessed by microscopic counting) displayed the typical
signs of apoptosis: cytoplasm shrinkage and membrane blebbing were observed (not
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(a) Medium (b) Apo-1 + CHX

Figure 7: DAPI staining of Simpson-Golabi-Behmel syndrome (SGBS) pre-
mature adipocytes. SGBS cells were subjected to adipogenic differentiation until
day 7. Cells were incubated either with serumfree basal medium (a) or with 1 ng/ml
anti-APO-1 (Apo-1) and 10 µg/ml cycloheximide (CHX) (b). After 24 hours DAPI
(4’,6’-Diaminido-2-phenylindol) staining of nuclei was carried out and the cells were
analyzed by fluorescence microscopy. Arrows in (b) indicate apoptotic cells. One
representative experiment performed in triplicates is shown. Magnification 60-fold.

shown), nuclear condensation and fragmentation (indicated by arrows) are clearly vis-
ible in Figure 7b.

These pictures provide morphological proof that stimulation with Apo-1 and CHX
induces the apoptotic process in SGBS cells.

Morphology and cell number of SGBS cells after apoptosis induction Next,
I investigated the susceptibility of SGBS cells of different maturity stages to the in-
duction of apoptosis. Upon incubation with the apoptotic stimulans for 72 hours I
observed pronounced differences between the stimulated SGBS preadipocytes’ and ma-
ture adipocytes’ morphology by microscopic inspection. A simultaneously conducted
cell count confirmed my observation that mature SGBS adipocytes were less suscep-
tible to apoptotic stimuli than preadipocytes. Figure 8 on page 32 depicts these data
examplary.

While all the lengthy, spindle-shaped control preadipocytes (incubated in medium)
were adherent to the culture dish, cells stimulated with Apo-1 alone were mostly ad-
herent to the surface, although some rounded, inadherent cells were perceptible in the
visual field. Membrane blebbing as a sign of apoptosis was observed. These floating
cells were qualified as apoptotic, unviable cells. Cell count revealed only a slight (5%)
reduction of adherent cells. In SGBS cells stimulated with CHX alone I observed a 30%
reduction of number of adherent preadipocytes. Cells were growing less dense, with
reduced intercellular contact and larger amounts of floating apoptotic cells were visible
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(a) SGBS preadipocytes (b) SGBS mature adipocytes

(c) number of adherent SGBS fat cells

Figure 8: Apoptosis sensitivity of Simpson-Golabi-Behmel syndrome (SGBS)
preadipocytes and mature adipocytes. (a) SGBS preadipocytes and (b) ma-
ture adipocytes were incubated with either serumfree basal medium, 1 ng/ml anti-
APO-1 (Apo-1), 10 µg/ml cycloheximide (CHX) or a combination of Apo-1 and
CHX. Pictures were taken after 72 hours (magnification 100-fold). One represen-
tative experiment of three performed in triplicates is shown. (c) In parallel, the
number of adherent cells per well was determined by microscopic counting. Results
are given as mean + SEM (standard error of means). 6 visual fields were counted
per condition, ∗∗ p< 0.01 Apo-1 + CHX in d0 vs. Apo-1 + CHX in d14, (d0,
preadipocytes day 0; d14, mature adipocytes day 14).
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than in the Apo-1 stimulated dish. Finally, 100% of the preadipocytes that had been
incubated with a combination of Apo-1 and CHX were floating and thus unviable, no
adherent cells could be seen (Figures 8a, 8c on page 32).

Interestingly, mature adipocytes revealed a different picture (Figures 8b, 8c): there
was no morphological difference between control cells incubated in medium and cells
that had been incubated with Apo-1 for 72 hours. Both looked viable and adherent.
As with the preadipocytes, a slight reduction (5%) of adherent cells was observed. In
CHX-stimulated mature adipocytes only few floating cells were visible in the dish and
cell count revealed no significant reduction of adherent cells. However, the most striking
and significant difference to the preadipocytes was observed in SGBS adipocytes that
had been treated with Apo-1 and CHX. Similar to the CHX-treated adipocytes these
cells were largely adherent to the culture dish, looked viable and only a 15% reduction
of adherent mature adipocytes compared to the medium control was perceiveable.

Moreover, in additional experiments (data not shown) I observed that nearly all
of the remaining adherent cells after stimulation of apoptosis were well-differentiated
SGBS cells (as defined by morphological criteria such as the amount of lipid droplets,
size and shape of the cells). This could be observed independent of the maturity stage
(pre-mature adipocytes day 7, mature adipocytes day 14) at which the fat cells had been
stimulated. Longer incubation intervals resulted in exclusive survival of mature cells.
This demonstrates that only the fraction of already well-differentiated cells remains
adherent (and viable) despite the apoptotic stimulus while the rest of the fat cells
undergo apoptosis.

Measurement of hypodiploid DNA (Nicoletti assay) In the next step, I assesed
the SGBS cells’ susceptibility to enter apoptosis after stimulation with Apo-1 and CHX
via measurement of hypodiploid DNA with fluorescence-activated cell sorting (FACS).
DNA fragmentation, which is measured in this method, is a known late hallmark of
apoptosis induction. Figure 9 displays my findings:

In line with the previous observations from the cell counts and microscopy, human
SGBS preadipocytes showed higher rates of specific apoptosis than the in vitro differ-
entiated mature SGBS adipocytes.

In preadipocytes, after 72 hours of incubation with Apo-1 or CHX alone a low in-
crease in specific apoptosis (19 % CHX, 17 % Apo-1) was observed. However, stimula-
tion with Apo-1 and CHX for 72 hours led to a significant increase of specific apoptosis
compared to the medium control (72 % Apo-1 + CHX vs. 0 % Medium) in SGBS
preadipocytes.

The rate of specific apoptosis in SGBS mature adipocytes stimulated with only one
substance, CHX or Apo-1, was lower (17.7 % CHX, 4.3 % Apo-1) than in preadipocytes.
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Figure 9: Measurement of hypodiploid DNA. Simpson-Golabi-Behmel syndrome
(SGBS) preadipocytes day 0 (d0) and mature adipocytes day 14 (d14) were in-
cubated with either serumfree basal medium, 1 ng/ml anti-APO-1 (Apo-1), 10
µg/ml cycloheximide (CHX) or a combination of Apo-1 and CHX. After 72 h,
the content of hypodiploid DNA was determined by flow cytometry and specific
apoptosis was calculated as described in Methods. All data are expressed as mean
+ SEM (standard error of means) of four independent, triplicate experiments. ∗
p< 0.05 Medium vs Apo-1 + CHX in preadipocytes, ] p< 0.05 Apo-1 + CHX
preadipocytes vs Apo-1 + CHX mature adipocytes.

The finding of a specific apoptosis rate of only 25 % under incubation with Apo-1 and
CHX for 72 hours in in vitro differentiated human SGBS adipocytes confirmed my
earlier observations.

These data clearly demonstrate a significantly lower susceptibility for apoptosis in-
duction via the agonistic monoclonal antibody for CD95, anti-APO-1 (Apo-1) and
cycloheximide (CHX) in mature human adipocytes compared to human preadipocytes.

Methylthiazolyldiphenyl-tetrazolium bromide (MTT)-Assay I performed MTT
assays to measure the viability of treated cell cultures. Cells of different maturity
stages all showed the same tendency upon stimulation with Apo-1 and CHX (Figure
10a on page 35). Stimulation with CHX alone resulted in a slight decrease of light
absorption at 550 nm, which in this method is proportional to the cells’ viability.
Compared to the medium control stimulation with Apo-1 had no significant effect on
cell viability. A combination of all substances, though, resulted in a synergistic effect:
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(a) Cell viability after 72 hours of stimulation

(b) SGBS preadipocytes (c) SGBS mature adipocytes

Figure 10: Determination of cell viability by Methylthiazolyldiphenyl-tetrazolium
bromide (MTT)-Assay. Simpson-Golabi-Behmel syndrome cells were sub-
jected to adipogenic differentiation and on day 0, 7, 10 and 14 of differentia-
tion were incubated with either serumfree basal medium, or stimulated with 1
ng/ml anti-APO-1 (Apo-1), 10 µg/ml cycloheximide (CHX) or a combination
of Apo-1 and CHX. (a) Cell viability of preadipocytes, pre-mature adipocytes
and adipocytes day 10 and 14 of differentiation after 72 hours of stimulation.
Percentage of viability was calculated compared to the medium control for (b)
preadipocytes day 0 and (c) mature adipocytes day 14 at timepoints 24, 48 and
72 hours of stimulation. Results are given as mean + SEM (standard error of
means). One representative experiment of three performed in triplicates is shown.
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a clear reduction of cell viability.
As shown previously in the microscopic analysis and cell count, preadipocytes and

adipocytes were differently predisposed to undergo apoptosis. This effect was also very
pronounced over time. After incubation of SGBS cells with 1 ng/ml Apo-1 and 10
µg/ml CHX for 24 hours no great changes in viability could be measured, neither in
preadipocytes nor in mature adipocytes.

However, after 48 hours of stimulation preadipocytes showed a decrease of viability of
approximately 40% compared to the medium control (Figure 10b on page 35) whereas
the mature adipocytes’ viability was still over 90% at this timepoint (Figure 10c on
page 35).

After incubation with the apoptotic stimulans for 72 hours the effect was most
pronounced: a reduction of viability was evident in both preadipocytes and mature
adipocytes. The SGBS cells that had been stimulated on day 14 of differentiation, how-
ever, showed a viability reduction of only approximately 35% while the preadipocytes
that had been stimulated on day 0 of adipogenesis had lost double of that amount, ap-
proximately 70% of their viability compared to the medium control (Figures 10b and
10c on page 35). Intermediate results were obtained with pre-mature adipocytes. The
viability was reduced by approximately 40% after 48 hours and approximately 55%
after 72 hours under stimulation with Apo-1 and CHX (data not shown). These ex-
periments show that the SGBS cells’ apoptosis sensitivity decreases during adipogenic
differentiation. This enhancement of apoptosis resistance leads to higher rates of vi-
ability after stimulation of the extrinsic apoptosis pathway. Similar results to the
MTT-Assay were obtained with crystal violet staining (data not shown).

In summary, my data show that adipogenic differentiation leads to an increased
insulin sensitivity and a decreased sensitivity towards death ligand-mediated apoptosis
of human SGBS fat cells.

3.4 Molecular principles

To explain the finding of a lower sensitivity towards apoptosis in mature adipocytes I
analyzed the possible molecular principles underlying this fact. I performed Western
blot analysis of proteins and flow cytometry analysis of surface markers involved in the
process and regulation of apoptosis.

3.4.1 Molecules of the CD95-signaling cascade

Western blots Figure 11 on page 37 shows that all necessary molecules for the initia-
tion and transmission of the apoptotic signal are present in our model system. Caspases
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(Cysteine-dependent aspartate-specific proteases) 3, 8, 9 and Fas-associated Death Do-
main Protein (FADD) are constantly expressed throughout adipogenic differentiation.

Interestingly, I found that CD95 (Fas receptor), the receptor for the transmission of
the apoptotic signal into the cell, is downregulated gradually from day 0 to day 14 of
adipogenesis in SGBS cells.

Figure 11: Molecules of the CD95 signaling cascade. Simpson-Golabi-Behmel syn-
drome cells were subjected to adipogenic differentiation and protein was extracted
on day 0, 1, 4, 7, 11 and 14. Jurkat cells were used as a positive control (+). The
expression of molecules of the CD95 signaling cascade was assessed by Western
blotting. The molecular weight of the examined proteins is indicated by arrows.
ß-Actin was used as a loading control. (FADD, Fas-associated Death Domain
Protein; kDa, kilo Dalton).

Flow cytometry To further confirm downregulation of CD95 I performed flow cy-
tometry throughout a 14-day period of adipogenic differentiation. As a positive control
for differentiation SGBS cells were stained for CD36 (thrombospondin receptor), an
adipocyte-specific marker, which was significantly upregulated during the differentia-
tion process (Figure 12 on page 38).

In line with Western blot data, CD95 surface expression was downregulated signifi-
cantly (Figure 12a). By calculating the mean fluorescence intensity quotient (MFI) I
found that the MFI of CD36 increased continuously throughout maturation, reaching
an approximately 4-fold level in mature adipocytes compared to preadipocytes (Figure
12b). At the same time, a gradual reduction of CD95 on the surface of SGBS cells was
detectable. On day 4 of differentiation the MFI was only 0.8-fold of its original level.
In pre-mature adipocytes the MFI was 0.3-fold and in mature adipocytes it was even
only 0.17-fold of its original level (Figure 12b).

Via Western blot and flow cytometry I was able to demonstrate that the CD95
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(a) Expression of CD36 and CD95 on the surface of SGBS cells

(b) Mean fluorescence intensity (MFI) ratio of CD36 and CD95

Figure 12: Expression of CD95 and CD36 on the cell surface. Simpson-Golabi-Behmel
syndrome (SGBS) cells were subjected to adipogenic differentiation and stained
with specific monoclonal antibodies against CD36 and CD95 conjugated either
with FITC (fluorescein isothiocyanate) or PE (phycoerythrin) respectively on day
0, 1, 4, 7, 10 and 14. The receptor status of the cells was determined by flow
cytometry. (a) Examplary overlays of day 0, 7 and 14 display an upregulation
of CD36-positive cells (grey) and a downregulation of CD95-positive cells (black)
during adipogenesis. Control cells are represented by the black unfilled line. The
black dotted line represents the according isotype control (FITC mouse IgM κ or
PE mouse IgG1 κ). (b) The mean fluorescence intensity (MFI) ratio shows an
upregulation of CD36 and a downregulation of CD95 on the cell surface during
adipogenesis. Results are given as mean + SEM (standard error of means) of 4
individual experiments performed in duplicates. ∗ / ∗∗ significantly different from
control cells, ∗ p<0.05, ∗∗ p<0.01.

protein is downregulated in the whole cell and the receptor is also specifically down-
regulated on the SGBS adipocytes’ surface during adipogenic differentiation.
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(a) FLICE-Like Inhibitory Protein (FLIP)

(b) B-cell lymphoma 2 (Bcl-2) family

(c) Inhibitor of Apoptosis Protein (IAP) family

Figure 13: Regulators of apoptosis. Simpson-Golabi-Behmel syndrome cells were sub-
jected to adipogenic differentiation and protein was extracted on day 0, 1, 4, 7,
11 and 14. Jurkat cells were used as a positive control (+). The expression
of FLIP (a), members of the Bcl-2 family (b) and members of the IAP family
(c) during adipogenesis was assessed by Western blotting. The molecular weight
of the examined proteins is indicated by arrows. ß-Actin was used as a loading
control. (FLIPL/S, FLICE-Like Inhibitory Protein long/short; Bcl, B-cell lym-
phoma; Bcl-2, B-cell lymphoma 2; Bad, Bcl-2-associated death promoter; Bak,
Bcl-2 homologous antagonist killer; Bax, Bcl-2-associated X protein; Bcl-XL/S,
B-cell lymphoma-extra large/small; IAP, Inhibitor of Apoptosis Protein; XIAP,
X-linked IAP; c-IAP-1/2, Baculoviral IAP repeat-containing protein 2/3; kDa,
kilo Dalton.)
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3.4.2 Regulators of apoptosis

One possible mechanism to regulate apoptosis sensitivity is the regulation of proteins
such as FADD-Like Interleukin-1β Converting Enzyme (FLICE) Inhibitory Protein
(FLIP) or members of the B-cell lyphoma 2 (Bcl-2) or Inhibitor of Apoptosis Protein
(IAP) families. Therefore I examined the expression of these regulators of apoptosis in
Western blots during adipogenic differentiation (Figure 13 on page 39).

FLICE-Like Inhibitory Protein (FLIP) The apoptosis-inhibitory molecule FLICE-
Like Inhibitory Protein (FLIP) was expressed steadily in cells of all stages of matura-
tion, showing a slight increase in the expression of all examined variants, FLIPL, p43
and FLIPS from day 7 on (Figure 13a on page 39).

B-cell lymphoma-2 (Bcl-2) family I found that the investigated members of the
Bcl-2 family were differentially expressed. Figure 13b on page 39 shows that the pro-
apoptotic molecules Bad (Bcl-2-associated death promoter), Bak (Bcl-2 homologous
antagonist killer), Bax (Bcl-2-associated X protein) and Bcl-XS (B-cell lymphoma-
extra small) were expressed constantly in preadipocytes, pre-mature adipocytes and
mature adipocytes. However, the anti-apoptotic molecules Bcl-XL (B-cell lymphoma-
extra large) and Bcl-2 (B-cell lymphoma 2) were both upregulated during adipogenic
differentiation. Bcl-2 was not expressed in preadipocytes day 0 and 1. An increase in
expression of both proteins was first observed on day 4 and from day 7 on a strong
expression was seen in Bcl-2. Beginning on day 11 of differentiation a strongly increased
expression of Bcl-XL was noticed.

Inhibitor of Apoptosis Protein (IAP) family The molecules X-linked Inhibitor of
Apoptosis Protein (XIAP), Baculoviral IAP repeat-containing protein 2 (c-IAP-1) and
Baculoviral IAP repeat-containing protein 3 (c-IAP-2) were expressed at the same
constant rate throughout adipogenesis (Figure 13c on page 39). Survivin was only
expressed on days 0 and 1 of adipogenic differentiation.

In summary, my data clearly demonstrate an upregulation of the anti-apoptotic
molecules Bcl-2, Bcl-XL and FLIP and a downregulation of CD95 in SGBS fat cells
during adipogenic differentiation.
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4 Discussion

The World Health Organization (WHO) defined obesity as one of the five major health
risks in modern societies and it is evident, that with an obesity frequency of more
than 20% of the population in developed countries [127] the need to develop effective
strategies to control obesity has become acute. Adipose tissue is now regarded as an
endocrine organ that plays a key role in the regulation of food intake and total energy
homeostasis [34, 44]. Recent evidence also suggests that the adipose tissue partici-
pates actively in the pathogenesis of obesity-associated co-morbidities, for example by
increased production of proinflammatory cytokines (reviewed in [2]) underlining the
importance of a reduction of adipose tissue mass in obese individuals.

There has also been a paradigm shift concerning the regulation of the size of adi-
pose tissue mass: it has been shown that in addition to changes in adipocyte volume
(i.e. through lipogenesis and lipolysis) changes in adipocyte number occur through-
out life [3, 15, 27, 92, 120]. This causes an approximate turnover of fat cells of 10
% annually through apoptotic death of adipocytes and replacement by differentiating
progenitor cells (so-called preadipocytes) [5] and this finding has supported the idea
of apoptosis-induction in human adipocytes as a possible therapeutic target for the
pharmacological treatment of obesity. Furthermore, as an anti-apoptotic function of
insulin and a regulation of insulin sensitivity in the course of adipogenic differentiation
have been described [30, 31, 66], my investigations for this medical doctorate thesis
first focussed on the characterization of the adipocytes’ sensitivity towards the induc-
tion of apoptosis in the course of adipogenesis in our in vitro model system of human
Simpson-Golabi-Behmel syndrome (SGBS) fat cells.

4.1 Characterization of the model system

Adipogenic differentiation is a well-characterized mechanism [30, 44, 43]. Typical
changes during adipogenesis include conversion of the cells from fibroblastic to spher-
ical shape, followed by incorporation of lipid droplets into increasingly fat-laden cells
[30]. This morphological transition is paralleled by an increase in mRNA expression
of the largely adipocyte specific transcription factor peroxisome proliferator-activated
receptor γ (PPARγ), which in turn has been described as being involved in the activa-
tion of several genes, including aP2 (adipocyte Protein 2), adiponectin (an adipokine
and insulin-sensitizer) and Glut4 (glucose transporter 4) [43].

In order to find optimal timepoints for my experiments during adipogenesis I assessed
the cellular and molecular changes during the transition from human undifferentiated
SGBS preadipocytes into mature SGBS adipocytes. My morphological observations
and findings from mRNA expression analysis (Figures 4 and 5) are in line with previ-
ously reported data from murine 3T3-L1 cells as described above.
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Based on these findings and typical differentiation rates at the appropriate matura-
tion stages I defined SGBS cells day 0 as preadipocytes (0% differentiation rate), cells
day 7 of differentiation as pre-mature adipocytes (60-70% differentiation rate) and lipid
laden cells day 14 as mature adipocytes (differentiation rate > 90%) for the purpose
of my experiments.

4.2 Apoptosis sensitivity of fat cells during adipogenesis

As mentioned above, adipose tissue mass is determined by competing processes reg-
ulating both volume and number of adipocytes. Throughout life, proliferation and
differentiation of preadipocytes leads to the development of mature adipocytes in adi-
pose tissues [3, 5, 34, 120] and with it, an increase in number of fat cells. Conversely,
a reduction in adipocyte number can be achieved either through de-lipidation or de-
differentiation of adipocytes [89] or by apoptosis of fat cells as has been shown by
several groups in in vitro and in vivo studies [15, 18, 21, 31, 92, 93, 95, 96, 97].

The ability to induce apoptosis in adipocytes has been shown for some adipokines
such as leptin [15, 95], the tumor necrosis factor-α [96] and for conjugated linoleic
acids [29]. Xiao and co-workers demonstrated recently that adipocyte apoptosis may
be induced by PPARγ agonists in murine 3T3-L1 adipocytes [129] and drawn renewed
attention to apoptosis as a potential target for the treatment of obesity and obesity-
related disorders. Therefore, my first aim was a characterization of the sensitivity
of human SGBS cells towards an induction of apoptosis in the course of adipogenic
differentiation.

4.2.1 Increase of apoptosis resistance during adipogenesis

Fischer-Posovszky and co-workers were able to demonstrate that human SGBS cells
not only express death receptors necessary for the induction of apoptosis on their cell
surface but also, that after sensitization with cycloheximide (CHX), an inhibitor of pro-
tein biosynthesis, these cells undergo apoptosis in a time- and dose-dependent manner
[31]. Here, I was able to show the typical hallmarks of apoptosis nuclear chromatin con-
densation and fragmentation [68] via DAPI staining in pre-mature adipocytes, further
confirming that apoptosis takes place after stimulation with CHX and Apo-1 (Figure
7).

Experiments performed at different timepoints throughout adipogenesis revealed a
different sensitivity of preadipocytes, pre-mature adipocytes and mature adipocytes
for CD95-mediated apoptosis. Microscopic inspection of preadipocytes and mature
adipocytes (Figure 8a and b) after a 72-hour stimulation with Apo-1 and CHX revealed
that preadipocytes had all entered programmed cell death while mature adipocytes
presented unchanged in their morphology and behavior. This finding is in accordance
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with earlier observations [31]. Microscopic counting of adherent cells (Figure 8c) led to
the additional observation, that independent of the differentiation stage of the stimu-
lated fat cells, almost all remaining adherent cells after stimulation of apoptosis were
mature adipocytes. This verified my first microscopic impression of an increased resis-
tance towards apoptosis in more mature cells. Determination of specific apoptosis via
measurement of hypodiploid DNA (Figure 9) and determination of cell viability via
MTT-tests (Figure 10) confirmed these findings.

I therefore conclude, that an increase in apoptosis resistance can be observed in hu-
man SGBS fat cells during adipogenic differentiation.

An increase in resistance to apoptosis during adipogenesis has also been described
for murine 3T3-L1 cells [58, 72, 105]. Using phase-contrast light microscopy Magun et
al. observed characteristic changes of apoptosis in 3T3-L1 preadipocytes, but not in
differentiated adipocytes following serum deprivation. DNA degradation evidenced by
the presence of a cleavage pattern upon agarose gel electrophoresis revealed only 20
% as much DNA degradation after serum withdrawal in adipocyte vs. preadipocyte
cultures in their experiments [72]. In a more recent study, Kojima and collegues have
demonstrated a similar finding of apoptosis resistance. By the employment of glu-
cose oxidase, an enzyme that generates reactive oxygen species (ROS), the researchers
induced apoptosis in 3T3-L1 cells. Like in the serum-starved murine fat cells, a signif-
icantly higher apoptosis and a lower viability was seen in 3T3-L1 preadipocytes than
in differentiated adipocytes after incubation with glucose oxidase [58].

Interestingly, another study performed in 3T3-L1 cells revealed contrary results.
Tamai et al. observed a selective deletion of adipocytes, but not preadipocytes, by
stimulation with TNFα. The researchers explain this exclusive ablation of mature cells
with an inhibition of NFκB (nuclear factor kappa-light-chain-enhancer of activated B
cells) in adipocytes. Normally, active NFκB turns on the expression of cell prolif-
eration genes preventing apoptosis, but Tamai and collegues show that the activity
of NFκB is inhibited through PPARγ, a transcription factor that is upregulated in
murine and human adipocytes during adipogenesis [109]. In contrast, susceptiblity to
TNF-α-induced apoptosis had been reported by Prins et al. for preadipocytes as well
as mature adipocytes derived from human adipose tissues [94].

These evident discrepancies between findings in murine and human cells clearly show
that data derived from murine cell lines and data from human model systems are to be
compared only with caution. The reason for these discrepancies is currently unclear.
One possible explanation for diverging results could be differences in stage of differen-
tiation at the investigated timepoints of 3T3-L1 cells from human primary or SGBS fat
cells. While Tamai and collegues describe their 3T3-L1 preadipocytes to be fat-laden
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on day 4 of differentiation [109], in my work SGBS cells were classified as mature, fat
laden adipocytes on day 14 of adipogenesis (Figures 4 and 5). Another reason for these
distinctions are the methodological differences in apoptosis induction. While 3T3-L1
preadipocytes are sensitive to apoptosis induction by serum deprivation as described
above [72], human SGBS preadipocytes and adipocytes do not undergo apoptosis fol-
lowing serum withdrawal [31]. In fact, cell culture and differentiation of 3T3-L1 cells is
undertaken in the presence of 10% fetal calf serum (FCS) while SGBS cells are cultured
and differentiated under defined, serum-free conditions [30, 48]. Additionally, a resis-
tance to serum withdrawal as an apoptotic stimulus has also been shown for primary
human preadipocytes and adipocytes [31] further supporting the differences between
murine and human cells and underlining the importance of investigations in human
cell lines.

The results presented by Kojima et al. on the other hand, despite being derived
from murine cells, present a different approach as here apoptosis is induced via the in-
trinsic pathway of apoptosis through generation of oxidative stress, which is mediated
by proteins such as Bad and Bax [14, 26, 58]. These proteins are expressed in human
SGBS fat cells as well (Figure 13b). Therefore the finding of increasing apoptosis resis-
tance during differentiation could theoretically be comparable to my CD95-mediated
apoptosis experiments as both pathways are interconnected through the protein Bid
[45] resulting in the same apoptosis cascade irrespective of the initiating event.

To my knowledge, the majority of research on apoptosis sensitivity other than on
adipose tissue has been conducted in cancer cell lines and reports on non-neoplastic
tissues are rare. Most interestingly, Oliver et al. recently published data on apop-
tosis of human bone marrow mesenchymal stem cells (hMSCs) during differentiation
[83]. These cells are committed to mesenchymal cell lineages such as bone, muscle,
adipocytes and possibly neurons and form the pool that allows self-renewal of these
tissues throughout life. Notably, the authors describe that undifferentiated hMSCs
are resistant to potent apoptosis inducers at concentrations that otherwise kill cancer
cells very efficiently, namely 200 ng/ml of soluble Fas-ligand (sFasL) (for comparison:
50 ng/ml sFasL induced apoptosis in human glioma primary cultures) [83]. A high
resistance to radio- or chemo-induced cell death has previously been shown for mes-
enchymal stem cells by other groups as well [65, 78].

However, Oliver and co-workers observed a marked shift in the cells’ sensitivity
towards apoptosis inducers upon early osteogenic, neuronal and adipogenic differen-
tiation [83]. This is in accordance with my finding that precursor cells, in this case
preadipocytes, are susceptible to the induction of programmed cell death. These pre-
cursors are no longer multipotent and are one step further along differentiation than
undifferentiated MSCs. Precursor cells are committed to one tissue but yet far from
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mature.
I hypothesize that apoptosis resistance is inherent in stem cells, is reduced in precur-

sor cells and is a ’(re-)aquired’ characteristic of mature cells, which are valuable for the
organism due to their high functionality. These mature cells are again protected from
apoptosis by various mechanisms developing during differentiation which are discussed
below.

4.2.2 Increase of insulin sensitivity during adipogenesis and its association
with apoptosis of fat cells

A functional characterization of the development of SGBS cells during adipogenic dif-
ferentiation was accomplished by the measurement of insulin-stimulated de novo lipo-
genesis: a significant increase of more than 4.5-fold from day 0 to day 14 (Figure 6)
is the result of a strong increase in insulin sensitivity of fat cells especially in what is
known to be the ’terminal phase of differentiation’ [43].

Together, my data show that fat cells become less sensitive to apoptosis as they
become more sensitive to insulin in the course of adipogenic differentiation (Figures 6,
8, 9, 10) and I hypothesize that insulin might be one of the mediators of the SGBS
cells’ apoptosis resistance.

This hypothesis is strengthened by earlier findings in fat cells. Fischer-Posovszky
and collegues demonstrated that IGF-I (insulin-like growth factor 1), a structural ho-
mologue to insulin [31, 116], inhibits death-receptor mediated apoptosis in human
SGBS and primary preadipocytes and adipocytes in an autocrine manner via the IGF-
I-receptor (IGF-IR). Conversely, a blockade of the IGF-IR sensitizes preadipocytes
as well as adipocytes for death receptor-induced apoptosis, although this effect was
shown to be more pronounced in preadipocytes than in adipocytes [31]. An IGF-I me-
diated survival has also been described for brown adipocytes [79], 3T3-L1 adipocytes
[39, 67, 81, 97, 117] and other cell types [76, 91]. Additionally, an insulin-mediated
survival in several cell types has been reported [16, 25, 74, 110]. As the receptors of
IGF-I and insulin are closely related in structure and function, I hypothesize that an
anti-apoptotic effect of insulin on SGBS cells is possible in addition to the established
effect of IGF-I [31].

Recently, Bäck and co-workers demonstrated in human preadipocytes that the ratio
of insulin receptor (IR) to IGF-IR gene and protein levels increases more than 10-
fold during differentiation [11]. Similarly, Entingh-Pearsall and Kahn observed almost
constant levels of IGF-IR and a 6-fold increase of the IR during the differentiation
on the surface of brown adipocytes from mice [22]. In light of this data, the possi-
ble anti-apoptotic effect of insulin on SGBS cells might be even greater than the one
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demonstrated for IGF-I.
In my experiments I have focussed on changes during the differentiation process of

SGBS cells through a 14-day period only. Other groups have further investigated the
cellular changes during prolonged cell culture up to differentiation day 20 in 3T3-L1
adipocytes [131, 132], which are referred to as cellular aging from day 15 on. Yu and
Zhu reported cell aging to be associated with increased insulin resistance, a decrease
in glucose uptake and an impaired cell metabolism, as well as reduced leptin and
adiponectin production [131]. It would be highly interesting to explore whether these
old, insulin-resistant cells show higher rates of apoptosis upon stimulation due to lack
of insulin-survival-signaling.

The average half-life of fat cells may be considerably longer in vivo than in culture,
although this remains unknown at present due to the methodological problem of track-
ing the individual adipocytes’ age in vivo [131]. However, considering the metabolic
importance of the above mentioned processes in vivo, cellular aging might be an im-
portant factor in or leading to pathological conditions such as diabetes mellitus or the
metabolic syndrome. At this time it is unknown whether apoptosis of old, metaboli-
cally deranged cells occurs in humans due to insulin resistance.

However, it is my hypothesis that a promotion of apoptosis of aged adipocytes by
pharmaceutical treatment might be beneficial in these situations as a change in the ra-
tio of young, metabolically ’healthy’ cells to old adipocytes might improve the overall
metabolic status of the individual.

Okuno and collegues reported an interesting finding in line with my hypothesis:
they investigated the effects of troglitazone, an insulin-sensitizer, on WAT of obese
Zucker rats and found, as has been reported for humans, a normalization of mild
hyperglycemia and marked hyperinsulinemia as well as decreased plasma triglyceride
levels [82]. What is more, Okuno et al. report that troglitazone had no influence on
the total weight of WATs but increased the number of small adipocytes approximately
4-fold while it decreased the number of large adipocytes by half. Furthermore, the au-
thors observed a 2.5-fold higher percentage of apoptotic nuclei in retroperitoneal WATs
treated with troglitazone and a concomitant decrease in leptin expression [82]. These
findings show that it is possible to influence the ratio of small to large adipocytes and
that this affects the overall metabolic status of the obese individual positively, e.g. by
alleviating insulin resistance.

I therefore conclude, that the development of drugs specifically decreasing the num-
ber of large adipocytes without increasing the number of small adipocytes, for instance
via apoptosis of large adipocytes, could be an option for permanent weight loss and
provide a concomitant improvement in metabolism.
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4.3 Apoptosis resistance - the underlying molecular principles

In light of the observation that fat cells develop an apoptosis resistance during adi-
pogenic differentiation in parallel to an increased sensitivity to insulin I sought to
identify the underlying molecular mechanisms leading to this change. I therefore ex-
amined molecules involved in apoptosis by Western blot analysis and flow cytometry
at different timepoints throughout adipogenesis.

4.3.1 Molecules of the CD95 signaling cascade

First, I investigated the presence of the necessary molecules for the transduction of the
apoptotic signal into the cell after apoptosis induction via CD95 death-ligand. Assess-
ment by Western blotting of protein obtained from different maturity stages of SGBS
cells confirmed that the molecules of the CD95 signaling cascade were present in our
model system (Figure 11). Therefore, theoretically this apoptosis pathway should be
functional in the SGBS preadipocytes and adipocytes. Caspases 3, 8, 9 and FADD
were constantly expressed throughout adipogenesis.

Interestingly, the CD95 receptor was downregulated gradually from day 0 to day
14 of differentiation (Figure 11). This downregulation of CD95 was also confirmed as
significant by measurement of the CD95 surface expression by flow cytometry (Figure
12). A differing expression of CD95 in preadipocytes and adipocytes has been reported
previously [31], even a complete absence of CD95 in mature, lipid-filled adipocytes in
adipose tissue from healthy patients has been described [63]. A regulation of CD95
surface expression has also been shown for various (especially autoimmune) conditions
[27, 100] and (cancer-affected) tissues [1, 56, 73, 98, 124]. However, their pathogenesis
is mostly mediated by an upregulation of the expression of CD95.

For instance, CD95-mediated adipocyte loss has been demonstrated in autoimmune
lipodystrophy. Mimicking the increased levels of IFNγ and TNFα found in the serum
of an affected patient, but not in serum samples of healthy patients, Fischer-Posovszky
et al. showed increased expression of CD95 after IFNγ and TNFα treatment in their
in vitro model [27]. Salmaso et al. reported a gradual reduction in thyrocyte numbers
through the occurence of apoptosis via CD95 receptor activation in Hashimoto’s thy-
roiditis [100] leading to hypothyroidism. This mechanism of sensitization for apoptosis
via upregulation of CD95 expression has also been demonstrated for other cell types
such as pancreatic β-cells [124], a salivary ductal cell line [73], the seminiferous epithe-
lium [98] and cancer cell lines [1, 56]. A gradual decrease of CD95 expression in the
whole cell and on the cell surface during adipogenesis as shown in my work here, has,
to my knowledge, never been published before.
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As an upregulation of CD95 expression has been identified as a mechanism of in-
creased apoptosis sensitivity I hypothesize that a downregulation of this crucial molecule
of CD95-mediated apoptosis could in turn be responsible for the increase in apoptosis
resistance seen in differentiating and mature adipocytes.

However, it cannot be said with certainty how strong the effect of a reduction of
CD95 expression on apoptosis might be in other cell types. To this end, Giordano
et al. have investigated the CD95 expression of T and B lymphocytes from subjects
with newly diagnosed insulin-dependent diabetes mellitus (IDDM) as well as patients
with long-standing disease [41]. The group found that the cells were highly defective in
CD95 expression under this autoimmune condition and hypothesize that this reduced
expression might contribute to the pathogenesis of IDDM. The authors believe that
the impaired capacity of autoreactive lymphocytes to undergo CD95-mediated apop-
tosis might contribute to the lack of control on β-cell specific B- and T-cell clones [41],
which has been described as essential for protection from autoimmune diseases [36].
This group’s finding is therefore in line with my data suggesting an increased resistance
to apoptosis through a decreased expression of CD95.

It is important to note that CD95 has also been described to induce non-apoptotic
signaling pathways (reviewed in [88]), for example as an activator of inflammatory path-
ways, thereby contributing to metabolic dysregulation [128]. Wueest and co-workers
demonstrated recently that CD95 expression was markedly increased in adipose tissue
of both genetic and nutritional models of obesity in mice as well as in obese and diabetic
human patients. In addition, the group reported that mice deficient in CD95 expres-
sion in adipocytes (AFasKO mice) were protected from insulin resistance induced by
high-fat diet [128]. However, an effect of lack of CD95 expression on fat cell apoptosis
in adipose tissue derived from AFasKO mice has to date not been investigated. Cer-
tainly an investigation of this matter would be highly illuminating.

Taken together, my data (downregulation of CD95 on the mature adipocytes’ sur-
face in parallel to an increased insulin sensitivity) and the results presented by Wueest
and collegues (lack of CD95 in adipose tissue of AFasKO mice with lack of insulin
resistance) point to a possible effect of insulin on CD95 expression and/or vice versa.

4.3.2 Regulators of apoptosis

FADD-Like Interleukin-1β Converting Enzyme Inhibitory Protein (FLIP) As de-
scribed above, apoptosis mediated by death ligands can be modulated on various levels
of the signaling cascade. Among others, the molecule FLIP plays a crucial role in the
initiation and regulation of programmed cell death [115]. Its isoforms FLIPL and FLIPS
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are known to have differential effects on apoptosis: the latter has been established as
an anti-apoptotic molecule, while an anti-apoptotic as well as a pro-apoptotic function
have been described for FLIPL [17, 53].

SGBS cells showed a slight upregulation of the isoforms FLIPL and FLIPS and of
the cleavage product p43 with adipogenic differentiation (Figure 13a). It is possible
that this slight upregulation of both isoforms does not affect apoptosis signaling sig-
nificantly (if FLIPL is indeed pro-apoptotic). In that case the net effect on SGBS cell
apoptosis might be zero. However, it has been proposed that the dual function of
FLIPL is determined by a variety of factors, including its expression level and cellular
levels relative to caspase 8 [13] which remain unclear at present as this requires further
studies.

On the other hand, this slight increase in FLIP expression might also be involved in
the increase of apoptosis resistance in fat cells with higher maturation as the signal-
ing pathways are known to be dependent on the stoichiometry of the various molecules
[45]. An increase in FLIP expression might therefore shift the ratio of anti-apoptotic to
pro-apoptotic effectors in the direction of apoptosis resistance, (if FLIPL and FLIPS are
both in fact anti-apoptotic molecules). This hypothesis is strengthend by reports show-
ing a link between FLIP expression levels and resistance to death receptor-mediated
apoptosis. Moreover, downregulation of FLIP has been shown to result in sensitization
to death ligand-induced apoptosis by various authors [54, 99] and in our very recent
work we were able to demonstrate that downregulation of FLIP is the mechanism by
which CHX leads to a sensitization for CD95-induced apoptosis as employed and de-
scribed in this medical doctorate thesis [28]. Thus, FLIP is a promising target molecule
for the induction of adipocyte apoptosis.

B-cell lymphoma 2 (Bcl-2) family Another group of molecules involved in the reg-
ulation of apoptosis is the Bcl-2 family of proteins. The proteins Bad, Bak, Bax and
Bcl-XS are known to exert pro-apoptotic functions while Bcl-XL and Bcl-2 are widely
regarded as anti-apoptotic molecules (reviewed in [14]). However, Oliver et al. recently
published data from experiments with human bone marrow mesenchymal stem cells
(hMSCs), revealing an apoptosis resistance in undifferentiated and a higher sensitivity
to apoptosis in differentiated hMSCs. In their work the authors found a pro-apoptotic
function for Bcl-2, with its expression depending on the cellular differentiation of the
hMSCs [83]. While the group found Bcl-XL to be expressed at similar levels in undiffer-
entiated as well as in differentiated hMSCs, Bcl-2 was expressed only in differentiated
cells [83]. The undifferentiated hMSCs became susceptible to the apoptotic stimulus
upon knock-down of Bcl-XL as well as upon upregulation of Bcl-2, revealing an exclu-
sively anti-apopotic mechanism of Bcl-XL and a pro-apoptotic function of Bcl-2 during
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early differentiation.
In our human in vitro model system of SGBS fat cells I also found that the inves-

tigated members of the Bcl-2 family were differentially expressed throughout the adi-
pogenic differentiation process (Figure 13b). The pro-apoptotic molecules Bad, Bak,
Bax and Bcl-XS were expressed constantly in preadipocytes, pre-mature adipocytes and
mature adipocytes. However, the anti-apoptotic molecules Bcl-XL and Bcl-2 were both
upregulated during adipogenic differentiation. Similar to the presumable effect of the
reported upregulation of FLIP, this change in ratio of anti-apoptotic to pro-apoptotic
proteins might lead to the cooperative effect of a greater apoptosis resistance with
ongoing adipogenesis, as it is known that the stoichiometric balance of pro- and anti-
apoptotic proteins of this family seems to be crucial (reviewed in [26]). In line with
my findings, Magun and collegues described an 8.4-fold higher expression of Bcl-2 in
differentiated 3T3-L1 adipocytes compared to preadipocytes [72].

Inhibitor of Apoptosis Protein (IAP) family By investigating the IAP-family I de-
tected that the molecules XIAP, c-IAP1 and c-IAP2 were equally expressed throughout
adipogenesis (Figure 13c). These IAP proteins were orginally believed to have anti-
apoptotic effects. However, recent studies have demonstrated that all IAP proteins
except XIAP exhibit weak binding to and inhibition of caspases under physiological
conditions [19, 20, 119].

Survivin, another member of the IAP-family, was only expressed on days 0 and 1 of
adipogenic differentiation of SGBS preadipocytes. Among others, survivin is believed
to modulate apoptotic signaling through cell cycle control and proliferation (reviewed
in [118]). In my experimental setup, survivin can therefore be seen as a positive control
for the differentiation of the SGBS cells. As mitosis does not take place in differenti-
ating but only in proliferating cells it is obvious that the downregulation of survivin
presented here is part of the physiological differentiation process.
Although the understanding of the mechanisms of apoptosis inhibition by members of
the IAP-family might require further investigation, it seems that no dramatic changes
in the expression of these molecules occur in our model system during the cellular
maturation process.

I therefore conclude, that the upregulation of the anti-apoptotic molecules Bcl-2,
Bcl-XL and FLIP and the downregulation of CD95 might, at least in parts, explain the
higher resistance to apoptosis seen in mature SGBS fat cells.

50



4.4 Perspective - relevance for the clinical treatment of obesity 4 DISCUSSION

4.4 Perspective - relevance for the clinical treatment of obesity

The strategy of batteling obesity via triggering of adipocyte apoptosis could be a
promising new tool for the treatment of obesity and its associated metabolic disorders.
Especially the pharmacologic approach of a sensitization to death ligand-induced apop-
tosis of fat cells is conceivable as CD95L and other death ligands are likely to be present
in fat tissue because they are expressed by adipose tissue macrophages (ATMs). As
discussed above, these cells are recruited to the WAT via cytokines produced by the
adipose tissue (reviewed in [28]).

Based on their experiments performed with the in vitro model of human SGBS fat
cells Keuper et al. developed an elegant hypothesis of the involvement of macrophage-
derived factors such as CD95L in fat cell apoptosis [55]. As it is known that IGF-I and
insulin exert survival-effects on apoptosis of various cell types, including adipose cells
[31, 79], the group hypothesized that white adipocytes would be resistant to apoptosis
as long as they were insulin-sensitive [55]. The authors demonstrated inhibition of im-
portant insulin signaling kinases including Akt by treatment of human SGBS fat cells
with macrophage-secreted factors, thereby inducing insulin resistance and apoptosis
sensitivity. Further, Keuper et al. showed that these factors induced programmed cell
death in preadipocytes as well as in adipocytes in a dose-dependent manner [55]. There-
fore the researchers conclude, that macrophages induce apoptosis of fat cells through
the cooperative effect of their macrophage-produced death ligands (such as TNFα and
CD95L) and the increased insulin resistance of the targeted fat cells resulting from the
other macrophage-secreted factors.

However, my work reveals that fat cells have developed effective mechanisms to
protect themselves from death-receptor mediated apoptosis which render the devel-
opment of effective drugs quite challenging. Seen from an evolutionary and energy
homeostasis point of view, the finding of a higher resistance to apoptosis in mature fat
cells appears to make sense. It seems logical that a cell, which has consumed lots of
energy during maturation and which perfectly fulfills its most important function of
triglyceride storage, should protect itself from programmed cell death.

Some of the molecules that I have identified as possible causes of the apoptosis re-
sistance seen in mature, human fat cells (the reduced expression of CD95 on the cells’
surface and its global downregulation in the cell, the increase of anti-apoptotic me-
diators such as FLIP, Bcl-2 and Bcl-XL) might be potential targets for the control
of fat mass, especially as an annual fat cell turnover of approximately 10% has been
shown [3, 5]. If it would be possible to increase this rate of fat cells undergoing apop-
tosis without triggering a simultaneous counterbalancing effect through differentiation
of progenitor cells, adipocyte apoptosis could be an effective strategy for weight loss.
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Possible mechanisms to achieve this could be either the downregulation of the expres-
sion of anti-apoptotic substances produced by the cell (i.e. downregulation of Bcl-XL

or Bcl-2) or the upregulation of death ligand receptor expression (i.e CD95) on the cell
surface of adipocytes.

The induction of apoptosis as a therapeutic target remains an ambitious aim of var-
ious researchers. For example, Mader et al. identified a novel proapoptotic function
of the phytochemical resveratrol [71]. This polyphenol is present in various nutritional
items, including grapes and red wine and the group has shown that the substance works
in concert with death-receptor ligands such as CD95 antibody or TRAIL (TNF-related
apoptosis inducing ligand) to trigger apoptotic cell death in human fat cells in a highly
synergistic manner [71]. Dietary supplements with high concentrations of resveratrol
are already available on the market as a dietary consumption of adequate amounts of
resveratrol that would actually promote adipocyte apoptosis and weight reduction is
not possible.

Most interestingly, a recent study conducted on anaplastic large-cell lymphoma cells
found that resveratrol treatment enhanced the surface expression of CD95 suggest-
ing this as the possible molecular mechanism of resveratrol-triggered apoptosis [57].
It would be highly interesting to investigate whether this effect is also seen in hu-
man preadipocytes and adipocytes in addition to the described proapoptotic function
of resveratrol via SIRT1-independent sensitization to death ligand-induced apoptosis
found by Mader et al. [71].

Not only the deleterious effects of increased body weight on bones and joints, but
especially the co-morbidities resulting from excess adipose tissue give reason to worry
about obesity. It has repeatedly been shown that insulin resistance and various other
aspects of the metabolic syndrome are associated with hypertrophic, rather than hy-
perplastic obesity (reviewed in [4]). Some existing pharmacological options, such as
the thiazoidinediones, have been reported to ameliorate the metabolic consequences of
obesity, for instance by improving the insulin sensitivity of the patient [62, 82]. Inter-
estingly, these drugs have also been shown to lead to an increase in number of small
adipocytes and a significant decrease in the number of large adipocytes by apoptosis
[82]. An amelioration of this treatment effect towards higher rates of apoptosis, if last-
ing, would not only lead to a weight reduction but also to a change in adipose tissue
morphology towards more small and functional, metabolically ’healthy’ adipocytes.
What is more, and in line with my findings, the described impact of this pharmaco-
logical ’insulin-sensitization’ on adipose tissue morphology emphasizes the important
role of insulin played not only in the regulation of energy homeostasis but also in the
differentiation of human fat cells. This evidence therefore suggests insulin signaling as
a further potential target in the therapy of obesity.
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Nevertheless, adipocyte apoptosis is not undisputed as a possible target for inter-
vention against obesity. Very recently, Alkhouri et al. demonstrated apoptosis of
adipocytes as an initial event leading to adipose tissue macrophage recruitment [2].
The authors demonstrated that knockout of Bid (a key molecule in apoptosis induc-
tion) in mice resulted in a significant decrease of adipocyte apoptosis, which prevented
recruitment of ATMs and protected against the development of insulin resistance. Ad-
ditionally, the group states that hepatic steatosis can occur as a result of apoptosis of
fat cells due to increased amounts of circulating free fatty acid serum levels [2].

Although it is well-established that obesity is characterized by macrophage infil-
tration of adipose tissue and increased production of pro-inflammatory cytokines, the
exact cause for the state of low grade chronic inflammation remains incompletely under-
stood (reviewed in [2]). It is conceivable that live as well as dying fat cells secrete pro-
inflammatory and chemoattractant cytokines further influencing the interplay between
macrophages and adipocytes in WAT. In their recent work Fischer-Pososvszky et al.
investigated the impact of adipocyte apoptosis on macrophages using a mouse model
of acute fat loss through apoptosis: ’FAT-ATTAC’ mice (FAT Apoptosis Through
T riggered Activation of Caspase-8) [35]. In this model, selective apoptosis of fat cells
is induced by the application of a chemical dimerizer that brings two FK506 binding
protein-caspase-8 fusion proteins together resulting in cleavage of procaspase-8 and ini-
tiation of the apoptosis cascade [85, 102]. Fischer-Posovszky and collegues showed that
adipocyte loss by apoptosis was sufficient to recruit macrophages to the WAT. How-
ever, the type of macrophages that accumulated in WAT upon apoptosis induction
resembled the anti-inflammatory M2 macrophage phenotype that has been implicated
in tissue remodeling rather than the pro-inflammatory M1 macrophage phenotype ob-
served abundantly in adipose tissue of obese subjects [35].

The authors therefore conclude, that apoptosis in itself is a healthy process which
is essential for tissue homeostasis without causing a pro-inflammatory environment.
They hypothesize that additional factors, likely live adipocytes, are required to recruit
pro-inflammatory ATMs and sustain their pro-inflammatory response [35].

The understanding of the regulation of adipose tissue in humans, especially in patho-
logical situations such as obesity, remains an interesting and challenging topic. Many
factors on various levels (for example local inflammation that leads to macrophage ac-
cumulation into adipose tissue, but also systemic effects of adipocyte-secreted factors
such as leptin) are involved in the energy homeostasis of the body, affect other pro-
cesses such as puberty and contribute to the pathology of obesity. Further studies are
required to understand this complex cross-talk between the adipose tissue and other
organs in the human body and the identification of specific targets for a safe weight
reduction in obese individuals.
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Obesity has reached epidemic proportions in most of the Western world and its adverse
health effects create an enormous challenge generating mammoth costs for the public
health system necessitating new strategies for the treatment of the disorder. The re-
cent finding of a lifelong, high turnover rate of fat cells via apoptosis of ’old’ cells and
differentiation of new adipocytes from progenitor-cells has strengthened the idea of a
pharmacological induction of adipocyte apoptosis with the goal of weight reduction
and amelioration of metabolic complications of obesity.

Most of the existing data on molecular mechanisms during fat cell apoptosis has been
derived from murine models such as 3T3-L1 adipocytes. As findings from experiments
on mice are not always transferable to man I have investigated adipocyte apoptosis in
the human in vitro model system of Simpson-Golabi-Behmel syndrome fat cells. Here,
I was especially interested in changes of apoptosis and insulin sensitivity of the cells in
the course of adipogenic differentiation.

My data reveal a significant increase in resistance to death receptor-induced apop-
tosis with adipogenic maturation in parallel to an increased insulin sensitivity of the
cells. Molecular studies demonstrate a downregulation of the expression of the death
receptor CD95 (Fas receptor) on the surface of human fat cells during adipogenesis.
This molecule is essential for the activation of the extrinsic pathway of apoptosis as the
binding of its ligand initiates a cascade of events leading to the destruction of cellular
proteins and thus programmed cell death. Furthermore, I observed changes in the pro-
tein expression of important regulators of this molecular cascade. The anti-apoptotic
factors FLIP (FADD-Like Interleukin-1β Converting Enzyme Inhibitory Protein), Bcl-2
(B-cell lymphoma 2) and Bcl-XL (B-cell lymphoma-extra large) were gradually upreg-
ulated with increased maturation of SGBS adipocytes.

In conclusion, my findings suggest that the increased apoptosis resistance seen in
mature adipocytes can be explained by novel mechanisms of anti-apoptosis in addition
to an increase of the known anti-apoptotic effect of insulin due to increased insulin
sensitivity of the adipocytes. Here I unravel that the apoptosis resistance of human fat
cells can be partially explained by a shift of the ratio of pro- to anti-apoptotic molecules
in the cell tipping the balance towards anti-apoptosis. This medical doctorate thesis
sheds new light on the apoptotic process in human fat cells and indicates possible tar-
gets for the specific regulation of adipose tissue mass and the treatment of its related
disorders.
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