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Zusammenfassung

Zusammenfassung

Ubergewicht und Adipositas sind durch eine Zunahme des Fettgewebes sowie durch
eine vermehrte Produktion pro-inflammatorischer Faktoren, den sogenannten
Adipokinen, charakterisiert. Da Ubergewicht haufig mit Fettlebererkrankungen
verbunden ist, wird vermutet, dass Adipokine an der Entstehung der
nichtalkoholischen Fettlebererkrankung (NAFLD) beteiligt sind. Die genauen
Mechanismen sind bislang nicht vollstandig aufgeklart.

Eine VergroBRerung des Fettgewebes erfolgt Uber Hypertrophie und / oder
Hyperplasie, wobei die Hypertrophie eine vermehrte Produktion pro-
inflammatorischer Adipokine bewirkt. Die Ziele der vorliegenden Arbeit waren (1)
kleine und grofe humane Fettzellen der gleichen Person hinsichtlich ihrer
Insulinsensitivitat, ihres Transkriptoms und Proteoms zu vergleichen, (2) den Einfluss
von fettzellkonditionierten Medium sowie einzelner pro-inflammatorischer Adipokine
(TNFa, IL6, Ang IlI, PAI-1, SDF-1a, MCP-1, RANTES) auf die hepatische
Glukoseproduktion zu prufen und (3) die Wirkung von RANTES als neu etabliertes
Adipokin auf den hepatischen Glukose- und Fettstoffwechsel naher zu untersuchen.
Die Ergebnisse dieser Arbeit zeigen, dass die Fettzellgrofle per se das Insulinsignal,
die Stressantwort und die Zusammensetzung der extrazellularen Matrix (EZM) im
Fettgewebe beeinflusst. Die insulinsupprimierte hepatische Glukoseproduktion
verschlechterte sich mit wachsender FettzellgroRe und durch den Einfluss pro-
inflammatorischer Adipokine. RANTES wurde dabei als neues Adipokin erkannt,
welches sowohl den hepatischen Lipid- als auch Glukosestoffwechsel beeinflusst. Es
induziert den Erk 1/2-Signalweg sowie die Produktion von IL6 in der Leber. Eine
vermehrte Expression von IL6 und eine zeitgleiche Reduktion von C/EBPa und
SREBP-1c mRNA weisen auf ein erhohtes Fibroserisiko durch die Behandlung mit
RANTES hin.

Zusammenfassend liefert die FettzellgroRe einen besseren Hinweis auf
Ubergewichts-assoziierte Erkrankungen als das Kérpergewicht selbst. Von grofRen
Fettzellen sezernierte pro-inflammatorische Adipokine koénnen mit der Leber
kommunizieren. Somit kann bei Ubergewicht das veranderte Sekretionsmuster des
Fettgewebes den Lebermetabolismus beeinflussen und dabei zu Erkrankungen der
Leber fihren. Grofle Fettzellen und ihre Adipokine stellen daher potenzielle

Angriffspunkte fur die Therapie von NAFLD dar.
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Summary

Overweight and obesity are characterised by an expanded adipose tissue (AT) mass
as well as an increased production of pro-inflammatory factors, so called adipokines.
Since obesity is frequently associated with fatty liver disease, it is suggested that
these adipokines are potentially involved in the development of non-alcoholic fatty
liver disease (NAFLD). The exact mechanisms leading to NAFLD are currently not
completely known.

AT growth occurs through hypertrophy and / or hyperplasia, whereby hypertrophy
leads to higher secretion of pro-inflammatory adipokines. The aims of the present
study were (1) to compare small and large human adipocytes from the same subject
according to insulin sensitivity, transcriptome and proteome (2) to test the effect of
adipocyte-conditioned medium (CM) and single pro-inflammatory adipokines (TNFa,
IL6, Ang II, PAI-1, SDF-1a, MCP-1, RANTES) on hepatic glucose production, and (3)
to investigate the impact of RANTES as a newly identified adipokine on hepatic
glucose and lipid metabolism.

The present results demonstrate that fat cell size per se influences insulin signaling
and stress responses as well as extracellular matrix (ECM) composition in AT. The
insulin-suppressed hepatic glucose production was impaired by expanding adipocyte
cell size and through the influence of pro-inflammatory adipokines. RANTES was
thereby recognised as a new adipokine, which affects both hepatic lipid and glucose
metabolism. Its impact was combined with the induction of Erk 1/2 pathway and the
following production of IL6 in the liver. Enhanced expression of IL6, in addition to
decreased C/EBPa, as well as SREBP-1c mRNA indicates an increased risk for the
progression of fibrosis due to RANTES treatment.

In conclusion, adipocyte cell size rather than body weight per se is a good predictor
for obesity related dysfunctions. Large fat cells released pro-inflammatory adipokines
may cross-talk with the liver. Thus, in obesity, an altered secretion pattern from AT
can substantially contribute to changes in hepatic metabolism followed by liver
impairments. Thus, hypertrophic fat cells and their adipokines serve as potential
targets in NAFLD therapy.
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1 Introduction

1.1 Adipose tissue

AT mass of healthy normal weight men and women comprises of between 10 to
20 % and 15 to 25 % of total body weight, respectively [1]. Three different forms of fat
tissue exist: white adipose tissue (WAT), brown adipose tissue (BAT) and bone
marrow fat (yellow adipose tissue (YAT)). WAT is, however, the major form of AT [2].
Depending on its localisation a distinction is made between the subcutaneous fat
(below the skin) and the visceral fat (in the mesentery, omentum and around
abdominal viscera) [3]. The distribution of WAT strongly depends on age and sex. In
particular, visceral AT increases with age and women tend to have more
subcutaneous AT compared to men with higher amounts of visceral fat mass [4].

WAT has multiple functions in the body. It protects against mechanical and thermal
influences, is an important endocrine and secretory organ and serves as an energy
reservoir [1]. In periods of high food intake, fat cells store triglycerides (TGs)
synthesised from glucose and fatty acids (FAs) (lipogenesis), which are taken up by
adipocytes. TGs, in turn, can be mobilised during fasting periods (lipolysis) to supply
energy [5]. Lipids, mainly in the form of TGs (90 - 99 %), represent about 85 % of the
WAT weight. WAT further includes macrophages, vascular endothelial cells,
fibroblasts as well as preadipocytes (adipocyte precursor cells) and mature
adipocytes for incorporation of fat droplets. Compared to brown fat cells white

adipocytes are unilocular and have only few mitochondria [5].

1.1.1 Adipose tissue growth and adipogenesis

AT growth occurs either because of an increased number of fat cells (hyperplasia) or
an increased fat cell volume (hypertrophy) (chapter 1.2.1) [6]. While hyperplasia
mainly takes place during pregnancy, infancy and adolescence until the age of 20,

hypertrophy occurs at any time of life [7, 8]. The annual turnover rate of fat cells is
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about 10 % and happens through the generation of adipocytes from mesenchymal
stem cells as well as preadipocytes and adipocyte death [8].

Adipogenesis of white adipocytes begins with the transformation of embryonic stem
cells into multipotent mesenchymal stem cells (MSCs), which further develop into
committed white preadipocytes [9]. The presence of different adipogenic stimuli
(insulin, cyclic adenosine monophosphate (cAMP), glucocorticoids (for example
dexamethasone)) contribute to changes in the gene expression profile, which, in turn,
result in the differentiation of preadipocytes into mature white fat cells [9, 10].
Adipocyte differentiation occurs thereby through stimulating the activity of
transcription factors like CCAAT/enhancer binding protein 3 and & (C/EBPB and d)
resulting in the expression of peroxisome proliferator-activated receptor y (PPARY)
and C/EBPa. C/EBPa and PPARy regulate each other in order to preserve the
differentiation process. In addition, the transcriptional activity of PPAR vy, known as
master regulator of adipogenesis, is also controlled by the activity of adipocyte
determination and differentiation factor 1 / sterol regulatory element-binding protein-
1c (ADD1 / SREBP-1c) [11]. Finally, the transcriptional regulation of adipocyte
differentiation leads to an adipocyte specific phenotype including secretion of
adipokines (for example leptin) and insulin sensitivity through enhanced production of

glucose transporter 4 (GLUT4) and insulin receptor (IR)) [12, 11].

1.1.2 Insulin signaling in adipose tissue

Insulin is a pancreatic hormone which reduces blood glucose concentration by
stimulating glucose uptake into muscle, AT and other insulin-sensitive peripheral
organs. However, the insulin-stimulated glucose absorption occurs mainly by the
skeletal muscle and, to a lesser degree, by the liver and AT [13].

The function of insulin is mediated by binding to its receptor and the subsequent
activation of various intracellular signaling pathways. The IR is a transmembrane
receptor consisting of 4 subunits (two a- (135 kDa) and two (- (95 kDa) subunits)
[14]. The a-subunits reach the extracellular space, whereas the B-subunits pass
through the cellular membrane into the cytosol [14, 15]. The subunits are connected
by disulfide bonds [16]. Insulin binding to the a-subunits results in an altered

conformation and further autophosphorylation of tyrosine residues on the B-subunits
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[15]. After transphosphorylation, the activated IR phosphorylates several proximal
proteins, including insulin receptor substrate (IRS) proteins, GRB2-associated
binding protein 1 (Gab-1), Shc protein isoforms, SH2B adaptor protein 2 (APS) and
the proto-oncogene Casitas B-lineage lymphoma (Cbl) [17]. This leads to the
activation of three different pathways: the phosphatidylinositol 3-kinase (PI3K)-—
AKT/protein kinase B (PKB) pathway, the Cbl/ Cbl associated protein (CAP) pathway
and the Ras—mitogen-activated protein kinase (MAPK) pathway (Figure 1). While
both the PI3K and the Cbl/CAP pathway in parallel seem to regulate the GLUT4
translocation process in response to insulin, the MAPK pathway plays a role in cell
growth and differentiation [15, 18]. In the following, all three pathways are described

in detail.

Insulin

cell membrane

MAPK

GLUT4

Figure 1: Insulin signaling pathways (adapted from [19]).
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PI3K-pathway
Tyrosine phosphorylation of IRS proteins results in the binding of the PI3K complex.

Activation of PI3K and the following generation of Phosphatidylinositol (3,4,5)-
triphosphate (PIP3) cause the activation of Pl-dependent kinases. Finally, PI-
dependent kinases phosphorylate and activate the protein kinase Akt/PKB.
Phosphorylated Akt/PKB controls protein and glycogen synthesis, glucose
metabolism via GLUT4 translocation to the plasma membrane and cell survival [18]

(Figure1).

Cbl/CAP pathway
The Cbl/CAP pathway involves the insulin-stimulated phosphorylation of APS and c-
Cbl. Phosphorylated c-Cbl interacts with CAP, followed by binding to the lipid raft

protein flotillin. Thus, the adaptor protein Crk translocates to lipid rafts and binds to

the guanine nucleotide exchange protein C3G. C3G activates the small guanosine
triphosphate (GTP)-binding protein TC10. Activated TC10 is required for insulin-

stimulated GLUT4 translocation to the plasma membrane [18] (Figure 1).

MAPK pathway
The MAPK signaling cascade starts with the phosphorylation of IRS proteins / or Shc

followed by association with the growth factor receptor bound protein-2 (Grb2). Grb2,
in turn, binds and activates the guanine nucleotide exchange factor son of sevenless
(SOS). This results in the conversion of guanosine diphosphate (GDP)-Ras to GTP-
Ras. Subsequently, GTP-Ras activates the protein kinases Raf, MEK and MAPK

leading to transcriptional regulation of cell growth and differentiation [18, 20] (Figure

1).

1.2 Obesity and adipose tissue

Obesity is defined as a body mass index (BMI) of = 30 kg/m? [21]. In both
industrialised and developing countries, the number of obese subjects has

continuously increased during the last decades. In particular, more and more children
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and adolescence are obese. According to the world health organization (WHO),
approximately 43 million children with an age under five years are overweight [21].
As described before, AT growth occurs by hyperplasia and / or hypertrophy, where
adipocytes are able to increase from a fat cell size of 25 pm up to 200 um [5]. Some
studies have already shown that obesity-linked disorders are more pronounced in
hypertrophic obesity, once mean fat cell size seems to exceed a critical size [22, 23].

1.2.1 Hypertrophic adipocytes

Impaired insulin signaling

Body weight reduction is combined with a decrease in adipocyte cell size as well as
improvement of insulin sensitivity [8, 24]. Small adipocytes thereby reveal a higher
association with insulin sensitivity compared to the large ones [22, 25]. As mentioned
above, in adipocytes, insulin acts via three pathways and two of them are involved in
the GLUT4 translocation to the plasma membrane. An impaired insulin-stimulated
GLUT4 translocation, which was found in hypertrophic adipocytes [26], can lead to a
reduced glucose uptake in fat cells followed by an enhanced blood glucose level as
well as increased hepatic glucose entrance and de novo lipogenesis [27].
Furthermore, insulin functions as an inhibitor of lipolysis in AT. Large fat cells show

higher lipolytic activity compared to non-hypertrophic adipocytes [28] (see below).

Hypoxia

In AT a decreased partial pressure of oxygen (pO.) is linked to a higher percentage
of body fat and hypertrophic adipocytes are prone to hypoxic cell stress [29]. The
reasons for hypoxia in AT are increased adipocyte cell size and low AT blood flow
(ATBF) because of enhanced vasoconstriction or decreased fat tissue
vascularisation per weight [30]. Enlarged fat cells could thereby exceed the limit of
oxygen diffusion distance of 100 um [31, 32], which leads to impaired oxygen
availability. Hypoxic AT is assumed to be a reason for obesity-associated
disturbances [33]. Consequences of hypoxia are, for example, insulin resistance and

following induction of lipolysis in adipocytes [34, 35]. Furthermore, hypoxia is
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associated with impaired adipogenesis [36] and increased production of pro-
inflammatory cytokines [37, 38]. The enhanced gene expression of leptin by hypoxia
provided the basis for hypoxia-induced inflammatory response of AT in obese
individuals [39, 40].

Dysrequlated adipocyte secretion

During weight gain, adipocyte growth leads to enhanced secretion of pro-
inflammatory adipokines from the AT [41], which is suggested to cause a chronic low-
grade inflammation and subsequent obesity-related dysfunctions. To date, more than
100 factors have been identified to be produced and released by AT. These products

belong to different families of molecules and may exert a variety of actions.

Tumor necrosis factor-a (TNFa)

The first notion of the close link between obesity, insulin resistance and cytokine
release was based on a positive correlation between TNFa gene expression, fat
mass and hyperinsulinemia [42, 43]. TNFa, a cytokine primarily produced from
macrophages, causes inflammation and insulin resistance through activation of the
nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB)- or the c-Jun N-
terminal kinase (JNK) pathway [44—46]. TNFa deteriorates insulin action by the
stimulation of serine-phosphorylation of IRS-1 [47], by reduction of the amount of IR,
IRS-1 and GLUT4 [48] as well as through the inhibition of the activity of lipoprotein
lipase (LPL) [49]. TNFa knock-out mice are protected from insulin resistance despite
being obese [50]. Hypertrophic fat cells were shown to have a higher secretion of

TNFa compared to non-hypertrophic adipocytes [41, 51].

Leptin

Leptin is a peptide hormone (16 kDa) that is primarily produced in WAT. The main
function of the satiety factor leptin is to regulate energy homeostasis [52]. Obese
subjects have high plasma leptin levels despite impaired feeling of satiety due to a
leptin resistance in the brain [53].Circulating levels of leptin and its expression from
AT increase according to the amount of body fat mass and fat cell size [54, 55, 41].
High levels of leptin are associated with AT hypoxia [40]. In addition, leptin controls

the production of pro-inflammatory cytokines [56].
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Interleukin 6 (IL6)

IL6 is a cytokine which is produced at higher levels in visceral AT compared to
subcutaneous fat [57, 58]. Elevated circulating levels of IL6 correlate with obesity
[59]. The role of IL6 on metabolic is currently the subject of controversially
discussion. IL6 is a pro-inflammatory cytokine [60], but it can also be active as an
anti-inflammatory cytokine [61, 62]. Acute treatments with IL6 exhibited improved
insulin sensitivity [63], whereas chronically increased IL6 levels led to impaired
insulin sensitivity [64, 65]. IL6 negatively affects insulin signaling in adipocytes by the
induction of the suppressor of cytokine signaling 3 (SOCS-3) mRNA expression [66]
as well as the reduction of both IRS-1 and GLUT4 expression [67]. Furthermore, IL6
increases lipolytic activity in adipocytes [68] and is linked to the amount of circulating
C-reactive protein [69]. IL6 therefore plays a central role in the development of

cardiovascular disease (CVD) in obese subjects.

Angiotensinogen (Ang) / Angiotensin Il (Ang //)

Human AT produces all components of the renin-angiotensin system (RAS) including
Ang and Ang Il [70, 71]. The main function of the RAS is to regulate fluid
homeostasis and blood pressure [72]. Mice, which over-express Ang are
hypertensive [73]. Obese subjects exhibit higher expression of Ang in AT compared
to lean subjects [74]. Moreover, Ang Il, which is synthesised from Ang directly
induces the secretion of pro-inflammatory adipokines from AT and is thus involved in
the chronic low-grade inflammation state commonly observed in obesity. For
example, Ang Il induces the production of plasminogen-activator-inhibitor-1 (PAI-1)
[75], IL6, interleukin 8 (IL8) [76], leptin [77], monocyte chemotactic protein-1 (MCP-1)
and resistin from AT [78].

Plasminogen-activator-inhibitor-1 (PAI-1)

The serine protease inhibitor PAI-1 is an adipokine secreted at higher levels from
visceral compared to subcutaneous fat cells [79]. PAI-1 has anti-fibrinolytic
properties. It inhibits the activation of plasminogen by inhibiting both the tissue
plasminogen activator (tPA) and the urokinase plasminogen activator (uPA) [80].
Elevated levels of PAI-1 correlate with insulin resistance and CVD [81-83]. PAI-1-
deficient mice are protected against obesity and insulin resistance induced by a high
fat diet [84].
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Chemokines

Chemokines are chemoattractive cytokines, which play a role in the infiltration of
immune cells into inflamed tissue [85]. In obesity, the number of immune cells is
increased because of the production of chemokines from fat tissue.[86] Enhanced
penetration, especially of macrophages, induces inflammation in the tissue
contributing to insulin resistance and following obesity-related diseases [87-89].
Nearly 50 chemokines are known and are grouped into the 4 distinct families CC,
CXC, XC and CX3C. From these, the CC and the CXC chemokines constitute the
largest families [85].

One example for the CXC family is CXCL12 (stromal cell-derived factor-1; SDF-1).
According to gene splicing, two isoforms of SDF-1 exist: SDF-1a and SDF-1(3. In AT,
SDF-1 is produced by endothelial cells as well as adipocytes [90]. Different roles of
SDF-1 and its receptor CXCR4 were observed in diabetes. In mice, SDF-1 improves
pancreatic 3-cells survival and so protects against diabetes [91]. In contrast, SDF-1
is implicated in the progression of diabetes in non-obese diabetic animals (NOD)
[92]. In embryonic development deficiency of SDF-1 or its receptor CXCR4 leads to
lethality [93, 94].

CCL2 (monocyte chemoattractant protein-1; MCP-1) and CCLS (Regulated upon
Activation, Normal T-cell Expressed, and Secreted; RANTES) are members of the
CC family.

In AT, MCP-1 is secreted by non-adipocyte and adipocyte cells [95]. Visceral AT
expresses higher levels of MCP-1 compared to subcutaneous fat tissue [96].
Moreover, obese humans and animals show enhanced production of MCP-1 in AT
[86, 97]. Mice lacking MCP-1 are resistant to atherosclerosis induced by visceral fat
[98]. Furthermore, in differentiated 3T3-L1 cells, a murine adipocyte cell line, MCP-1
reduces insulin-induced glucose uptake as well as the expression of genes involved
in adipogenesis and might therefore be linked to obesity and insulin resistant-
associated diseases [97].

RANTES is expressed by T lymphocytes [99] and has a chemoattractive action
towards other T cells and monocytes [100]. Both TNFa and hypoxia increase the
production of RANTES in human adipocytes [101, 102]. In obesity and type 2
diabetes the transcriptional activity of RANTES in AT is enhanced with predominantly
higher levels in visceral compared to subcutaneous fat tissue [86, 59, 103, 104].

Furthermore, RANTES induces a pro-inflammatory environment in the tissue [105]
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and is implicated in CVD due to its involvement in the progression and composition of
atherosclerotic plaques [106]. The expression of CCL5 and its receptor CCRS5 is
linked to the development of breast cancer [107] as well as hepatic fibrosis [108]. In
contrast, RANTES protects against the human immunodeficiency-virus (HIV-1)
replication [109]. RANTES blocks the viral co-receptor CCRS on the surface of
responsive cells and inhibits thereby the infection of these cells with HIV-1 [110, 111].

Hyperlipolytic adipocytes

AT is a lipid storing organ whereby up to 99 % of the lipids are TGs [5]. In case of
exercise or in the fasting state, energy is provided by the activation of lipolysis in
adipocytes. TGs are thus hydrolysed into FFAs and glycerol. Lipolysis is regulated
via hormone-sensitive lipase (HSL), adipose triglyceride lipase (ATGL) and LPL. HSL
is responsible for catecholamine- and natriuretic peptide-stimulated lipolysis, ATGL is
implicated in basal-stimulated lipolysis [112] and LPL hydrolyses circulating TGs from
chylomicrons and very low density lipoproteins (VLDLs) into monoacylglycerol and
FFAs [113].

Different hormones and effectors can influence lipolytic activity. For example,
catecholamines induce the acute adaption of lipolysis [114], whereas TNFa and
glucocorticoids promote a chronic lipolytic response [115-117]. Insulin is a lipolysis
inhibiting hormone. In the fed state, it suppresses adipocyte lipolysis through
inhibiting HSL activity, whereas LPL activity is enhanced in AT [118]. In parallel, in
muscle cells, insulin reduces LPL activity to guide FAs towards adipocytes instead of
muscle cells [119, 120]. In obesity, the insulin-stimulated effect on LPL and HSL
activity in adipocytes is impaired [118]. Fat cells from subcutaneous AT have an
increased lipolytic action compared to those of visceral fat tissue [121]. But,
adipocytes adjusted for cell size exhibit similar lipolytic capacity in both abdominal
subcutaneous and omental fat cells since hypertrophic adipocytes have higher

lipolytic activity compared to non-hypertrophic fat cells [121, 28].
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1.3 NAFLD

NAFLD is a form of chronic liver disease. It is defined as having a fat content of more
than 5 to 10 % of liver wet weight despite only moderate (less than 20 g/d for women
and 30 g/d for men) alcohol consumption. NAFLD ranges from simple fatty liver
(steatosis), non-alcoholic steatohepatitis (NASH) and fibrosis up to cirrhosis [122].

1.3.1 Pathogenesis of NAFLD / NASH

NAFLD is closely associated with components of the metabolic syndrome (MetS)

such as obesity, type 2 diabetes and hyperlipidemia [123—125].

Currently, apart from invasive liver biopsy there are no reliable non-invasive
diagnostic methods for the diagnosis of NAFLD [126]. Because of these diagnostic
difficulties, the true prevalence of NAFLD is unknown. However, NAFLD is present in
about 20 % of the general population [127]. The frequency of NASH increases from
3 % in non-obese subjects up to 40 % in individuals with a BMI over 40 kg/m? [128].
Furthermore, there are age and gender differences in the frequency of fatty liver. In
younger populations, the prevalence of NAFLD is higher in men than in women, but
from the age of 60 years this association inverses, probably due to the hormonal
changes during menopause and following altered fat distribution as well as adipokine
production [129-132]. Additionally, the development of NAFLD is influenced by
genetic factors. Two single nucleotide polymorphisms (SNPs) in the apolipoprotein
C3 gene (C-482T and T-455C) are linked to NAFLD as well as insulin resistance
[133].

NASH represents a part within the wide spectrum of NAFLD. In 1998, the “two-hit”
hypothesis was generated to explain the development of NASH [134, 135].

The increased fat accumulation in the liver (steatosis) represents the “first hit”. Under
normal circumstances, insulin inhibits lipolysis in AT, but due to insulin resistance
HSL activity is increased leading to enhanced FFA release from fat tissue into the
circulatory system. These FFAs enter the hepatocytes (passive or via fatty acid
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transport proteins (FATPs)) [136]. It is estimated that in patients with NAFLD 75 % of
intra-hepatic lipids are from the periphery (60 % are AT-released FAs, 15 % are FAs
from diet) and 25 % come from enhanced hepatic de novo lipogenesis [137, 138].
Usually, FFAs in the liver are either oxidised for adenosine triphosphate (ATP)
synthesis or released as VLDL. During the development of NASH both are impaired,
leading to hepatic steatosis [139, 140].

The “second hit” in the development of NASH represents the progression from fatty
liver to steatohepatitis as a result of elevated hepatic FAs (lipotoxicity) and higher
secretion of pro-inflammatory adipokines.

High levels of hepatic FAs are associated with extrinsically and intrinsically induced
hepatic apoptosis [141]. While the extrinsic pathway includes the activation of death
receptors, the intrinsic pathway is induced by 1) endoplasmic reticulum (ER) stress
(chapter 1.3.2), 2) cathepsins in the cytosol as well as 3) mitochondrial dysfunctions
in terms of structural (megamitochondria with crystalline inclusions) and functional
abnormalities (cytochrome c release, accumulation of lipid peroxides, formation of
reactive oxygen species (ROS)) [141].

Pro-inflammatory adipokines were observed to induce inflammation and fibrosis in
the liver. Moreover, adipokines in the early event of liver injury can induce the
synthesis of other cytokines in the liver. For instance, TNFa stimulates the secretion
of the pro-inflammatory chemokine RANTES [101], which was found to be highly
expressed in fibrotic livers [142].

1.3.2 NASH and inflammation

Inflammation during the development of NASH may occur due to several processes
including dietary factors, ER stress, endotoxins as well as adipokines [143]. In the
following, these factors are described in detail.

Dietary factors involved in the development of NASH include trans-FAs as well as
sucrose, especially fructose. Trans-FAs are unsaturated FAs with trans-isomer
configuration and occur as a product of bacterial metabolism or food technology
[144]. Consumption of trans-FAs enhances the risk of CVD and liver damage by the

induction of inflammation, endothelial dysfunction as well as dyslipidemia [145, 146].



Introduction 12

Sucrose is a disaccharide composed of glucose and fructose. Consumption of
fructose especially is associated with the progression of NAFLD. High intake of
fructose induces intestinal bacterial overgrowth, gut permeability and endotoxin
translocation into the portal vein, which may lead to ER stress, insulin resistance and

enhanced hepatic TG content [147].

ER stress is caused by functional defects of the ER resulting in the activation of an
unfolded protein response (UPR), the endoplasmic overload response (EOR) and / or
the SREBP-pathway [148].

UPR is triggered when un- or misfolded proteins are accumulated in the ER lumen. It
is mediated by three pathways, the activating transcription factor 6 alpha (ATF6 a) -,
Inositol requiring enzyme 1 alpha (IRE1a)- as well as the PKR-like ER kinase
(PERK)-pathway, and leads to reduced protein synthesis alongside increased
expression of proteins that assist protein folding (chaperones) [141]. In patients with
NASH, UPR is activated by enhanced phosphorylation of eukaryotic initiation factor 2
(elF-2a) within the PERK pathway and the induction of JNK as well as reduction of
spliced X-box binding protein 1(XBP-1) mRNA as targets of the IRE1 pathway [149].
EOR occurs when the ER is congested with proteins and contributes to the activation
of the transcription factor NF-¢kB [150]. NF-kB in turn may induce the expression of
inflammatory mediators such as TNFa and could thereby result in the progression of
NASH [151].

The transcription factor SREBP is generated as inactive precursor and is fixed in the
ER membrane together with SREBP cleavage activating protein (SCAP), a sensor for
cholesterol, and Insig, which inhibits the translocation of SREBP into the nucleus.
Both low levels of cholesterol and ER stress-reduced protein synthesis weaken the
binding of SREBP to the ER membrane leading to its activation and binding to the
Deoxyribonucleic acid (DNA) [148, 152]. Activated SREBP, in turn, could causes

steatosis and insulin resistance because of its involvement in lipogenesis [153].

Endotoxins are lipopolysaccharides (LPS) in the outer membrane of gram-negative
bacteria. In patients with NAFLD, plasma concentrations of endotoxins are increased
(endotoxinemia) due to an enhanced intestinal permeability [154, 155]. In the liver,
LPS induce NF-«B via the toll-like receptor 4 (TLR 4) and therefore lead to liver
impairments [156].
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Adipokines involved in NAFLD are, for example, adiponectin and TNFa. Adiponectin
has anti-inflammatory properties and affects the liver through the activation of the
sirtuin 1 (SIRT1)-AMP-activated protein kinase (AMPK) pathway [157]. In NAFLD,
both the circulating level of adiponectin and expression of SIRT1 are reduced [158,
159], which may result in diminished FA oxidation, enhanced lipogenesis, apoptosis
and increased levels of pro-inflammatory cytokines like TNFa [160]. TNFa causes
insulin resistance and impairs insulin-suppressed hepatic glucose production [161].
Gluconeogenesis is defined as synthesis of glucose from non-carbohydrate sources
like lactate or pyruvate. Glucose production mainly occurs in the liver where the key
enzymes of gluconeogenesis pyruvate carboxylase, phosphoenolpyruvate
carboxykinase (PEPCK), fructose-1,6-bisphosphatase (FBPase) and glucose-6-
phosphatase (G6Pase) are expressed. Insulin inhibits hepatic glucose production,
whereas glucagon stimulates it [162]. In type 2 diabetes, hepatic gluconeogenesis is
enhanced, resulting in hyperglycemia predominantly in the fasting state [163].
Hyperglycemia in turn increases the progression of NAFLD via generation of TGs,

oxidative stress as well as pro-inflammatory mediators [164].
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2 Aim of thesis

In obesity, hypertrophic fat cells are linked to impaired insulin sensitivity of AT
resulting in hyperlipolytic activity and altered adipocyte secretion pattern.
Hyperlipolytic activity of AT leads to an increased release of FFAs into the circulation,
which in turn can further be taken up by the liver. Next to FFAs, there is also strong
evidence that secretory products of fat cells are involved in the development of
NAFLD. Several pro-inflammatory adipokines were shown to be increased in
subjects with NAFLD.

The aim of this thesis was therefore to gain a better insight into the biological
differences between hypertrophic and non-hypertrophic adipocytes as well as to
unravel the influence of increased adipocyte secreted products on hepatocytes. The
analysis aimed therefore to investigate the differences between isolated small and
large adipocytes within the same subject according to insulin sensitivity, their
transcriptome and proteome. Furthermore, the influence of adipocytes on liver
metabolism was analysed by the treatment of the rat hepatoma cell line Fao with
either adipocyte-CM or defined recombinant adipokines (TNFa, IL6, Ang Il, PAI-1,
SDF-1a, MCP-1 and RANTES) (Figure 2). The impact of RANTES as novel
adipokine was investigated in more detail according to its in vivo and in vitro effects

on hepatic metabolism.

differencesin:
insulin signaling, transcriptome
and proteome

adipocyte-CM adipocyte-CM
pro-inflammatory adipokines

/

[ liver metabolism ]

Figure 2: Schematic workflow description
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3 Materials

3.1 Recombinant proteins

Lyophilised proteins were reconstituted in phosphate buffered saline (PBS) plus
0.01 % bovine serum albumin (BSA), then aliquoted and stored at - 80 °C.

- rat TNFa purchased by ImmunoTools (Friesoythe, Germany)

- rat IL6 purchased by ImmunoTools (Friesoythe, Germany)

- human Ang Il purchased by Sigma-Aldrich (Steinheim, Germany)

- stable rat PAI-1 purchased by Molecular Innovations (Novi, Michigan, USA)

- rat SDF-1a purchased by PeproTech (Hamburg, Germany)

- rat MCP-1 purchased by ImmunoTools (Friesoythe, Germany)

- rat RANTES purchased by ImmunoTools (Friesoythe, Germany)

- murine RANTES purchased by PeproTech (Hamburg, Germany)

- human RANTES purchased by ImmunoTools (Friesoythe, Germany)

- human met-RANTES purchased by R&D (Wiesbaden-Nordenstadt, Germany)

3.2 Antibodies

Primary Catalog number; manufacturer; dilution factor (DF)

- IRS-1 #2382; Cell signaling (Frankfurt am Main, Germany); 1:1,000
- p-IRS-1 #44-816G; Invitrogen (Karlsruhe, Germany); 1:1,000

- Akt #9272; Cell signaling (Frankfurt am Main, Germany); 1:1,000
- p-Akt #9271; Cell signaling (Frankfurt am Main, Germany); 1:1,000
- Erk1/2 #9102; Cell signaling (Frankfurt am Main, Germany); 1:1,000
- p-Erk1/2 #9101; Cell signaling (Frankfurt am Main, Germany); 1:1,000
- c-Cbl #2747, Cell signaling (Frankfurt am Main, Germany); 1:1,000
- p-c-Cbl #3555; Cell signaling (Frankfurt am Main, Germany); 1:1,000
- CCR1 #7934; Santa cruz (Heidelberg, Germany); 1:250

- CCR5 #17833; Santa cruz (Heidelberg, Germany); 1:250

- GAPDH #AM4300; Ambion (Darmstadt, Germany): 1:4,000
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Secondary Catalog number; manufacturer; DF

Anti-mouse #926-68020; LI-COR Biosciences GmbH (Bad Homburg); 1:20,000
Anti-rabbit #926-32211; LI-COR Biosciences GmbH (Bad Homburg); 1:20,000
Anti-mouse #7076; Cell signaling (Frankfurt am Main, Germany); 1:1,000
Anti-rabbit #7074; Cell signaling (Frankfurt am Main, Germany); 1:1,000

3.3 Primers

Gene name

rat PEPCK

rat PEPCK

rat G6Pase

rat G6Pase

rat GAPDH

rat GAPDH
mouse IL6
mouse IL6
mouse TNFa
mouse TNFa
mouse C/EBPa
mouse C/EBPa
mouse SREBP-1c
mouse SREBP-1c
mouse Acox 1
mouse Acox 1
mouse CPT-1a
mouse CPT-1a
mouse PPARa
mouse PPARa
mouse PPARy
mouse PPARy
mouse GAPDH
mouse GAPDH
mouse ACACA

Primer Sequence (5° — 3)

Sense CATTGCCTGGATGAAGTTTGATG
Reverse GAGCAACTCCAAAAAAACCGTTT
Sense ACAGCGCCCGTATTGGTGGG
Reverse ATGGCATGGCCCGAGGGACT
Sense CCAAGGAGTAAGAAACCC
Reverse GGTGCAGCGAACTTTATT

Sense GTACTCCAGAAGACCAGAGG
Reverse TGCTGGTGACAACCACGGCC
Sense CCACGTCGTAGCAAACCACCAA
Reverse GAAGAGAACCTGGGAGTAGACAAGG
Sense TTTGCACCTCCACCTACATCCC
Reverse CCCGTGTCCTCCTATCCC

Sense ATGGATTGCACATTTGAAGACATG
Reverse AGAGGAGGCCAGAGAAGCAG
Sense GAGATGGATAATGGCTACCTGAAG
Reverse AAACCATGGTCCCATATGTCAGC
Sense GTCCCAGCTGTCAAAGATACCG
Reverse ATGGCGTAGTAGTTGCTGTTAACC
Sense CCAGTACTTAGGAAGCTGTCCG
Reverse TATTCGACACTCGATGTTCAGGG
Sense AGAGTCTGCTGATCTGCGAGC
Reverse CGGATCGAAACTGGCACC
Sense CCTGGAGAAACCTGCCAAGTATG

Reverse GAGTGGGAGTTGCTGTTGAAGTC
QT01554441 (Qiagen, Hilden, Germany)
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3.4 Buffer recipes

3.4.1 Cell culture

Krebs-Ringer-phosphate buffer

Culture medium for adipocytes

(KRP)pH 7.4
- 126.8 mM NaCl

- 12.3 mM NaH,PO,
- 5.1 mM KCl

- 1.3 mM MgSO4

- 1.4 mM CaCl,

Proliferation medium (PM)

for preadipocytes

- 1:1 vol/vol DMEM/F12

- 33.0 uM Biotin

-17.0 uM D-panthotenate

- 1.0 % Pen/Strep (10,000 U/ml)
- 2.5 % Fetal calf serum (FCS)-F

-132.0 nM Insulin

- 10.0 ng/ml Epidermal growth factor (EGF)
- 1.0 ng/ml Fibroblast growth factor (FGF)

Induction medium (IM)

for preadipocytes

- DM for preadipocytes
- 1 uyM Rosiglitazone

- 25 nM Dexamethasone

- 1:1 vol/vol Dulbecco’s modified Eagle's
medium (DMEM) no glucose / Ham F12

- 0.22 mM Biotin

- 3.3 mM Sodium-pyruvate

- 1 % Penicillin / Streptomycin (Pen/Strep)
(10,000 U/ml)

Differentiation medium (DM)

for preadipocytes

- 1:1 vol/vol DMEM/F12

- 33 uM Biotin

- 17 uM D-panthotenate

-1 % Pen/Strep (10,000 U/ml)
- 66 nM Insulin

-1nMT3

- 0.1 uM Hydrocortison

- 10 pg/ml Transferrin

Frozen medium for preadipocytes

- PM for preadipocytes
- 10 % Dimethyl sulfoxide (DMSO)

- 250 uM 3-isobutyl-1-methylxanthine (IBMX)

PM for Fao cells

- DMEM (25 mM glucose)
-10 % FCS-Gold

-1 % Pen/Strep (10,000 U/ml)
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3.4.2 Kinetic assays

Glycerol-3-phosphate dehydrogenase (GPDH) activity:

GPDH-buffer Triethanolamin (TRAM)-buffer

- 50 mM Tris-HCI pH 7.4 pH7.5

- 1 mM Ethylenediaminetetraacetic acid (EDTA) - 1 M Triethanolamin-HCI

- 1 mM Mercaptoethanol -25mM EDTA

Master-Mix per sample Nicotinamid-Adenin-Dinucleotid-
- 50 ul TRAM-Buffer Hydrogen (NADH)

- 10 pl of 5 mM Mercaptoethanol - 12 mM NADH in TRAM-Buffer
- 5 ul NADH

Sample-mix

- undifferentiated cells: 80 ul Sample + 350 pl auga bidest + 65 pyl Master-Mix
- differentiated cells: 40 ul Sample + 390 ul auga bidest + 65 pl Master-Mix

Lactate dehydrogenase (LDH) activity:

Tris/NaCl NADH
-81.22 mM Tris - 0.24 mM NADH in Tris/NaCl
- 200 mM NaCl

Sodium pyruvate

- 9.72 mM Sodium pyruvate in Tris/NaCl

Hepatic glucose production:

Glucose production buffer pH 7.4:

- glucose-free DMEM

- 20 mM Sodium lactate

- 2 mM Sodium pyruvate

- 15 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
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3.4.3 Gene expression studies

50 x Tris acetate EDTA (TAE) buffer pH 8
-242 g Tris

- 57.1 ml of 100 % Acetic acid

- 100 ml of 5 M EDTA pH 8

- ad aqua bidest to 1 |

3.4.4 Proteomic studies

Radioimmunoprecipitation assay (RIPA)-lysis buffer

- 50.0 mM Tris-HCL pH 8.0

- 150.0 mM NacCl

- 0.2 % Sodium dodecyl sulfate (SDS)

-1 % NP-40

- 0.25 % Sodium deoxycholat

-1 mMEDTA

- 1 tablet / 10 ml buffer PhosSTOP

- 1 tablet / 10 ml buffer Complete Mini

- 1 mM Phenylmethanesulfonylfluoride (PMSF) (immediately before use)

Buffer A for mass spectrometry (MS):

- 0.1 % Acetic acid in aqua bidest

Buffer B for MS:

- 0.1 % Acetic acid in acetonitrile

Pre-column for MS:
- RepoSil-pur C18-AQ (Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, Germany)
- 20 mm x 50 ym, self packed

Analytic column for MS:
- RepoSil-pur C18-AQ (Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, Germany)
- 400 mm x 50 um, self packed
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Preparation of 1 running gel for SDS-polyacrylamide gel electrophoresis (PAGE)

- 30 % Acrylamid / Bis-acylamid

- 1.5 M Tris-HCI pH 8,8

-10 % SDS

- aqua bidest

- Tetramethylethylendiamin (TEMED)

- 10 % Ammonium persulfate

5 % stacking gel

- 0.33 ml of 30 % Acrylamid / Bis-acylamid
- 0.5 ml of 0.5 M Tris-HCI pH 6,8

- 20 yl of 10 % SDS

- 1.17 ml aqua bidest

-2 ul TEMED

- 15 pl of 10 % Ammonium persulfate

Tris-buffered saline-Tween 20 (TBST)
-2.42 g Tris

- 8 g NaCl

-1 % Tween 20

- ad aqua bidest to 1 |

Transfer buffer semi-dry-blot
-3.03 g Tris

- 14.4 g Glycin

- 200 ml Methanol

- ad aqua bidest to 1 |

7.5 % gel
1.5 ml
1.5 ml

60 pl

3.0ml

2 ul
62 pl

10 % gel 12.5 % gel
20ml 2.5ml
1.5 ml 1.5 ml
60 pl 60 pl
2.5 ml 2.0ml

2 ul 2 ul
62 pl 62 pl

Sample loading buffer (5x)

- 300 mM Tris-HCL pH 6.8
-5 % SDS

- 40 % Glycerin

- 0.05 M Dithiothreitol (DTT)
-2.5mM EDTA

- 0.01 % Bromophenol blue

SDS-Page running buffer

- 14.4 g Glycin

-3 g Tris

-1gSDS

- ad aqua bidest to 1 |

Transfer buffer wet-blot

-2.4 g Tris ph 8.3

- 11.25 g Glycin

- 200 ml Methanol

-2 ml of 10 % SDS

- ad aqua bidestto 1 |

Blocking solution semi dry blot (fat cells and Fao cells): 3 % BSA in TBST

Blocking solution semi dry blot (mouse liver): 5 % Skim milk in TBST

Blocking solution wet blot: 2 % Enhanced chemiluminescence (ECL) in TBST
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3.4.5 Staining solutions

4' 6-diamidino-2-phenylindole (DAPI):
- DAPI: 1 ug DAPI in Methanol

- Blocking solution: 10 % Goat serum in PBS

QOil Red O:
- 0.3 % Oil Red O in 60.0 % Isopropanol

Coomassie staining:

Dyeing solution: - 2.5 g Coomassie Blue G-250
- 45 % Methanol
- 10 % Acetic acid
- 45 % aqua bidest

Decolorizing solution: - 10 % Acetic acid
- 30 % Methanol
- 60 % aqua bidest
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4 Methods

4.1 Adipocyte culture

4.1.1 Isolation and fractionation of primary human adipocytes

AT samples were obtained from subjects undergoing elective abdominal surgery. All
subjects were healthy and did not suffer from acute infections or metabolic diseases.
The procedure was approved by the ethical committee of the Technische Universitat
Muanchen, Germany.

After surgery, AT samples were immediately transported to the laboratory in
DMEM/F12 containing 1 % Pen/Strep. Connective tissue and visible blood vessels
were removed and digested in KRP containing 100 U/ml collagenase and 4 % BSA
fraction V for 60 min at 37 °C in a shaking water bath (80 rpm). Afterwards,
adipocytes were filtrated twice through a nylon mesh with a pore size of 2,000 ym
and 250 um (VWR, Darmstadt, Germany), respectively, followed by two washing
steps with PBS. Immediately after isolation fat cells were separated according to their
cell size as described by Skurk et al. [41]. 10 pl of isolated adipocytes were pipetted
onto a slide and the diameter of 100 fat cells from each fraction (total fat cell fraction
(TF), small fat cell fraction (F1), large fat cell fraction (F4)) was determined by light
microscopy (Leica Microsystems GmbH, Wetzlar, Germany). Fat cell volume (V) was

calculate from the radius (r) using the equation V = 4/31r>.

4.1.2 Culturing of primary human adipocytes

Isolated fat cells were cultured in T75 culture flasks (BD, Heidelberg, Germany).
Cells were cultured at a dilution of 1:6 (10 ml of fat cells + 50 ml of medium). To
reduce cell stress, the first medium was changed after 30 min followed by culturing
for the next two days at 37 °C in an incubator with a humidified atmosphere of 5 %
carbon dioxide (CO;). Medium was changed every day to allow adipocytes to recover

from preparation.
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4.1.3 Preparation of human adipocyte-CM

Adipocyte-CM was generated by culturing primary human adipocytes for 16 hours.
Following, medium from each fat cell fraction was collected and cleared from cell
debris by centrifugation (10 min, 1,000 x g, 4 °C) and filtration (0.20 um pore size;
Sartorius, Gottingen, Germany). For further experiments, sterile CM was diluted 1 : 2
in DMEM (5.6 mM glucose) supplemented with 1 % BSA.

4.2 Preadipocyte culture

4.2.1 Isolation and differentiation of primary human preadipocytes

Primary human preadipocytes were prepared as described previously [165]. Isolated
preadipocytes were cultured in T75 flasks (BD, Heidelberg, Germany) in PM. The
medium was changed every second day until cells reached confluence. Cells were
collected by treatment with Trypsin/EDTA solution at 37 °C for 5 min followed by an
addition of FCS-medium to interrupt trypsin activity. After determination of the cell
number, aliquots of 500,000 cells/ml were frozen and stored in liquid nitrogen until
further work. For differentiation studies, cells were thawed by addition of PM followed
by seeding them in 6 well culture plates (BD, Heidelberg, Germany) (250,000 cells
per 6 well plate). Cells were cultured at 37 °C in an incubator with a humidified
atmosphere of 5 % CO,. PM was changed on the next day and following every
second day. After they reached confluence preadipocytes were induced with |IM.
After 3 days medium was changed to DM, which was refreshed every third day.

4.2.2 GPDH activity

The activity of the enzyme GPDH increases during adipocyte differentiation [166].
GPDH was therefore used as an indicator for adipogenesis. The enzyme GPDH
together with the coenzyme NADH+H'/NAD"® catalyses the reversible reaction
between dihydroxyacetone phosphate (DHAP) and glycerol-3-phosphate [162]. The

maximal absorption of NADH+H" is at 260 nm and 340 nm whereas NAD" has its
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maximal absorption at 260 nm [167]. The reduction of NADH+H" and therefore of the
absorption at 340 nm reflects the amount of converted dihydroxyacetone phosphate.
The activity of GPDH can be calculated by a decrease in absorbance at 340 nm.

For the assay, cells were washed twice in cold PBS before they were harvested in
GPDH-Buffer. Cell solution was stored in -80°C untili measurement. For
determination of GPDH activity, GPDH samples were sonicated for 7 sec at
29 % power on ice (BANDELIN electronic, Berlin, Germany) and centrifuged
(10,000 x g, 10 min, 4 °C). Then, the sample-mix was prepared in a cuvette and put
into a DU 800 UV/Vis spectrophotometer (Beckman Coulter, Krefeld, Germany). 5 ul
of 20 MM DHAP were added and the measurement was immediately started at
340 nm. GPDH activity was normalised by protein content, which was determined by
the RCDC-Assay Kit (Bio Rad, Munich, Germany).

4.3 Hepatocyte culture

The rat hepatoma cell line Fao was kindly obtained from the University Medical
Center Hamburg-Eppendorf (UKE, Hamburg, Germany). Fao cells were maintained
in PM at 37 °C in an incubator with a humidified atmosphere of 5 % CO; in air. Cells
were grown in T75 flasks (BD, Heidelberg, Germany) and PM was changed two
times a week. Confluent cells were split by washing twice with PBS following
treatment with Trypsin/EDTA solution for 5 min at 37 °C. Trypsin/EDTA reaction was
stopped by adding PM. One part of the resulting cell suspension was diluted 1: 10
with PM to get a maintenance culture. For the experiments, Fao cells were grown in
6-, 12-, 48- or 96-well cell culture plates (BD, Heidelberg, Germany). After they
reached 80 % of confluence, cells were incubated for 24 hours in DMEM (5.6 mM

glucose) supplemented with 10 % FCS and 1 % Pen/Strep.

4.4 Murine liver tissue

All procedures applied were performed by Dr. Ramona Pais and were conducted
according to the German guidelines for animal care and approved by the state ethics
committee under the reference number 55.2-1-54-2532-67-11. Thus, 16-17 week old
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C57BL/6 mice were maintained at 22 + 2 °C on a 12 : 12 hour light/dark cycle with ad
libitum access to tap water and standard rodent chow (SSniff GmbH, S5745-E702).
Animals were divided into two groups. The RANTES-treated group received a daily
intraperitoneal (ip) injection of recombinant murine RANTES (10 ug in 200 pl PBS)
for 4 consecutive days, while the control group received the same volume of PBS
alone. At day 4 mice were detracted of food for 6 hours (from 7.30 - 13.30) with only
ad libitum access to water. For an oral glucose tolerance test, each group was
additional divided into two groups. 6 g/kg glucose or water were given orally
immediately after the injection of RANTES/PBS. After 10 min, mice were
anaesthetized with isoflurane and blood samples were obtained from the retro-orbital
sinus following which they were culled by cervical dislocation. The liver was

immediately isolated and snap frozen in liquid nitrogen until further analysis [168].

4.5 Adipocyte proteome

Liquid chromatography—tandem mass spectrometry (LC-MS/MS) technique is an
analytic tool, which combines the separation of the sample through liquid
chromatography (LC) with their following characterization by multiple steps of MS.
The basic function of MS is to generate and detect ions. Components of MS are an
ion source, a mass analyser as well as a detector. Samples are put into the sample
introduction system followed by producing gaseous ions in the ion source. In the
analyser ions are separated according to their mass-to-charge ratio (m/z), which can
be detected and recorded as relative abundance of each ionic species [169].

To investigate differences in the protein composition between F1 and F4 an
unlabeled LC-MS/MS analysis was performed. Therefore, isolated and fractionated
fat cells were homogenized by grinding in liquid nitrogen. RIPA-buffer was added and
the suspensions were treated with ultrasound (7 sec; 29 % power on ice (BANDELIN
electronic, Berlin, Germany)) to optimise cell disruption. Samples were incubated on
ice for 30 min and then centrifuged at 10,000 x g (10 min, 4 °C) and following at
40,000 x g (60 min, 4 °C). The resulting supernatants were used for proteomic
studies. Protein concentration of each sample was determined using the BCA Protein

Assay Kit (Thermo Fisher Scientific, Bonn, Germany).
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All following steps were done in the lab of Prof. Kuster by Fiona Pachl (Technische
Universitat Munchen, Freising-Weihenstephan, Germany). Samples were lyophilised
and dissolved in NuPage LDS Sample buffer supplemented with 50 mM DTT to a
final concentration of 5 ug/ul. Afterwards, samples were reduced for 30 min at 70 °C
and then alkylated by adding 4 yl of 200 mM iodacetamide (IAA) for 30 min in the
dark. 100 pg of each sample were separated by NuPage 4 - 12 % Bis Tris Gel and
each sample line was then cut into 12 slices for further digestion by trypsin.
Quantitative high-performance liquid chromatography- electrospray ionization-
tandem mass spectrometry (HPLC-ESI-MS/MS) was performed using a nanoLC-ultra
HPLC (Eksigent, Darmstadt, Germany) coupled with an Orbitrap Elite Hybrid MS
mass analyzer (Thermo Fischer Scientific, Schwerte, Germany). Peptide samples
were applied to a pre-column in buffer A before transferring to the analytic column.
Segmentation was done in a 2 hr-gradient of 2 - 35 % buffer B with a flow rate of
300 nl/min. At the end the eluate was injected into the mass analyzer using
electrospray. MS full scan was done in the orbitrap analyzer in a mass range of 300 -
1300 m/z. Peptides were further fractionated by higher energy collisional
dissociation (HCD) with normalised collision energy for HCD activation of 30. For
protein identification data files from mass analysis were processed with Mascot
Distiller 2.3.2 (Matrix Science, London, UK) and further transferred to Mascot 2.2.04.
The resulting data file was analysed by proteome software Scaffold 3.1.2 (Proteome
Software, Portland, OR, USA) where proteins were identified via database IPl.human
version 3.6.8. Protein quantification was performed using Progenesis Software 4.0
(Nonlinear Dynamics, Newcastle upon Tyne, UK) and the statistical evaluation was
done with paired t-test. For further investigations and in order to compare the results
from proteomic and transcriptomic study accession number were converted into
Gene IDs using DAVID (Database for Annotation, Visualisation and Integrated
Discovery) [170, 171], NCBI (National Center for Biotechnology Information,
Rockville Pike, Bethesda MD, USA (http://www.ncbi.nlm.nih.gov/gene)) as well as
UniProt [172]. After removal of duplicate homologous proteins the proteome was
analysed by Genomatix Software Suite (Genomatix Software GmbH, Munic,
Germany (http://www.genomatix.de)) and PathVisio 2.0.11 [173] with pathways from
wikipathways Homo_sapiens_Curation-AnalysisCollection_gpml (2010-11-04) gene
database Hs_derby 20110601.bridge [174].
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4.6 Adipocyte transcriptome

DNA microarrays were used for the measurement of gene expression in mature
human adipocytes. GeneChips® from Affymetrix were the first commercial arrays for
gene expression analysis [175]. Affymetrix GeneChips are quartz chips with
oligonucleotides of 25 nucleotides in length (probes), which are complementary to a
gene specific sequence in the sample. Each probe (perfect match) belongs to a
negative control (mismatch, point mutation in the 13™ position). Both are summarised
as one probe pair. Each gene is represented by 11 to 20 probe pairs the so called
probe set [176]. Isolated sample ribonucleic acid (RNA) is first transcribed into double
stranded complementary DNA (cDNA) and further into biotin-labeled complementary
RNA (cRNA). The cRNA is next fragmented and added to the chip resulting in
hybridization to complementary sequences on the array. For analysis, Streptavidin-
Phycoerythrin is used to stain the incorporated biotin-labeled nucleoside
triphosphates (NTPs), which can be further detected by a confocal laser scanner.
The position and intensity of a probe set explains the expression rate of a single
gene [177].

To examine differences between the gene expression pattern of small and large fat
cells adipocytes were lysed in Trizol (1 ml Trizol per 1 ml adipocytes) and stored at
- 80 °C until further RNA extraction. The Trizol-cell mixture was homogenised with a
needle prior to the incubation with 400 pl chloroform for 5 min and following
centrifugation at 12,000 x g at 4°C for 15 min. The aqueous layer was collected and
supplemented with cold 96 % ethanol. RNA isolation was further done according to
the RNeasy Mini Kit protocol (Qiagen, Hilden, Germany). The RNA concentration
was quantified spectrophotometrically (Tecan, Mannedorf, Switzerland). For RNA
quality the RNA Integrity Number (RIN) was measured using the Agilent 2100
Bioanalyzer protocol (Agilent Technologies, Waldbronn, Germany). The RIN value
(range from 10 (intact) to 1 (totally degraded)) of our samples was always > 8. All
following steps were done by Dr. Martin Irmler (Helmholtz Zentrum, Munchen,
Germany). Total RNA (> 100 ng) was amplified using the Ambion WT Expression Kit
and the WT Terminal Labeling Kit (Affymetrix, Santa Clara, CA, USA). Amplified
cDNA was hybridized on Affymetrix Human Gene 1.0 ST DNA microarrays
(Affymetrix, Santa Clara, CA, USA). Arrays were stained (Fluidics script

FS450_0007) and scanned according to the Affymetrix expression protocol and
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subsequently analysed by the Affymetrix Expression Console software. Statistical
analyses were performed employing the statistical programming environment R (R
Development Core Team [178]) implemented in CARMAweb [179]. Genewise testing
for differential expression was done using the paired limma t-test in combination with
the Benjamini-Hochberg multiple testing correction (False discovery rate (FDR) <
10%). After removal of duplicate homologous genes the transcriptome was analysed
by the use of the Genomatix Software Suite (Genomatix Software GmbH, Mlnchen,
Germany (http://www.genomatix.de/)) and PathVisio 2.0.11 [173] with pathways from
wikipathways Homo_sapiens _Curation-AnalysisCollection_gpml (2010-11-04) gene
database Hs_derby_20110601.bridge [174].

4.7 Adipokine secretion

The sandwich enzyme-linked immunosorbent assay (ELISA) is a method to quantify
proteins by the use of antibodies. The capture antibody, a monoclonal antibody
specific for the protein (antigen) of interest, is pre-coated to a microplate surface.
Standards and samples bind to this antibody, whereas unbound antigens are washed
away. Next, an enzyme-labelled detection antibody specific for the antigen, is added.
Through the use of a substrate, which is converted by the enzyme, a colour signal is
generated. The protein amount is detectable as intensity of the colour [180].

The secretion pattern of primary human preadipocytes during differentiation with and
without RANTES was measured using ELISAs for human leptin and adiponectin
(R&D, Wiesbaden-Nordenstadt, Germany) as well as IL6 (eBioscience, Frankfurt,
Germany). Samples were diluted prior to the measurement and according to the

manufacturers recommendations.

Adiponectin - undifferentiated adipocyte day O diluted 1 : 1
- undifferentiated adipocyte day 3 diluted 1 : 25
- differentiated adipocytes day 9 diluted 1 : 500
- differentiated adipocytes day 18 diluted 1 : 100
IL6 - undifferentiated adipocyte day 0 diluted 1 : 50
- undifferentiated adipocyte day 3 diluted 1: 2

- differentiated adipocytes day 9 and 18 diluted 1 : 1
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Leptin - adipocyte differentiation day 0 - 18 diluted 1 : 1

4.8 Hepatic glucose production

Glucose release from Fao cells was determined with an enzymatic assay kit. Glucose
was oxidised by glucose oxidase into gluconic acid and hydrogen peroxide. In the
presence of hydrogen peroxide the enzyme peroxidase converted o-dianisidine into a
coulored product, which was spectrophotometrically detectable.

For effects of adipocyte-CM on hepatic glucose output, Fao cells were washed two
times with PBS and treated with adipocyte-CM. After 20 hours Fao cells were
washed three times with PBS and incubated in glucose production buffer without or
with insulin or db-cAMP/dexamethasone (db-CD) for 6 hours. For effects of
adipokines on hepatic glucose release, Fao cells were washed two times with PBS
and incubated in DMEM (5.6 mM glucose) with 0.5 % BSA and supplemented
without or with adipokines. After 24 hours cells were washed three times with PBS
and incubated in glucose production buffer without or with adipokines, insulin or db-
CD for 6 hours.

Glucose production buffer was collected and glucose output from Fao cells was
measured using the colorimetric Glucose (GO) Assay Kit (Sigma-Aldrich, Steinheim,
Germany). Fao cells were washed twice with ice cold PBS and lysed in 0.2 M sodium
hydroxide (NaOH). Protein concentration was determined using DC-BioRad protein
assay kit (Bio-Rad Laboratories GmbH, Munich, Germany). Glucose production was
normalised to protein content and is presented as percent changes of untreated

controls.

4.9 Gene expression

The quantitative real time polymerase chain reaction (QRT-PCR) is considered to be
a sensitive technique for the detection of gene expression levels. Quantification
accomplished for example by measurement of increasing fluorescence signal from
SYBR Green which binds to the double stranded DNA (dsDNA). Each PCR cycle
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consist of denaturation of dsDNA to single-stranded DNA (ssDNA) followed by primer
annealing and the extension step. The products of the previous cycle are used as
matrices for the next cycle. The PCR process comprises up to 40 amplification cycles
[181].

For RNA isolation of Fao cells, cells were washed two times with PBS and incubated
in DMEM (5.6 mM glucose) with 0.5 % BSA. After 24 hours cells were washed three
times with PBS and incubated in DMEM (5.6 mM glucose) without or with adipokines,
insulin or db-CD for 6 hours. Next, cells were washed twice with ice cold PBS and
total RNA was extracted and purified according to the manufacturers protocol
(Macherey-Nagel GmbH & co. KG, Duren, Germany). For RNA isolation of mouse
liver, frozen tissue was transferred to a 2 ml vial and 1 ml Trizol was added. The
Trizol-tissue mixture was ground and homogenised with a needle. Sample was next
incubated with 400 pl chloroform for 5 min and centrifuged at 12,000 x g at 4°C for
15 min. The aqueous layer was taken out in a fresh reaction tube and supplemented
with cold 96 % ethanol. RNA isolation was further done according to the RNeasy Mini
Kit protocol (Qiagen, Hilden, Germany).

Concentration and purity of isolated RNA was measured spectrophotometrically
(Tecan, Mannedorf, Switzerland). cDNA synthesis of 1 ug of total RNA was
performed using the high-capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Darmstadt, Germany). The reaction mix was further put into a thermal
cycler (Biometra, Gottingen, Germany) with the following program: 10 min at 25 °C;
120 min at 37 °C; 5 sec at 85 °C and « at 4 °C. cDNA was diluted 1:5 (rPEPCK,
rG6Pase) or 1:2 (mTNFa, miL6, mACACA, mAcox1, mCPT-1a, mPPARaq,
mPPARy, mSPREBP-1c, mC/EBPa) in PCR-water prior to qRT-PCR in the
realplex2.0 Cycler system (Eppendorf, Hamburg, Germany). qRT-PCR program
started with an initial denaturation step of 15 min at 95 °C followed by 15 sec at
95 °C, 30 sec at 60 °C and 30 sec at 72 °C for a total of 40 cycles. Subsequently, a
melting curve analysis was performed (95 °C for 15 sec, 60 °C for 15 sec, gradual
heating up to 95 °C within 20 min, 95 °C for 15 sec). Gene expression levels were
calculated as described previously [182]. Target gene expression was normalised to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which was used as an
endogenous control and amplified in parallel in the same run as the target gene.
gRT-PCR products were visualised by agarose gel electrophoresis. A 2 % agarose

gel was made in TAE-buffer with ethidium bromide. Samples were mixed with DNA
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loading dye and 12 pyl of those mixes were separated by electrophoresis. For
reference a DNA ladder was used.

4.10 Intrahepatic triglyceride assay

Intrahepatic TGs were determined with an enzymatic assay kit. Isolated TGs were
fragmented into glycerol and FAs under the catalytic influence of lipases. Glycerol
was further converted to glycerolphosphate by glycerol kinase and to
dihydroxyacetone phosphate and hydrogen peroxide by glycerolphosphate oxidase.
Subsequently, hydrogen peroxide together with 4-aminoantipyrine and 4-
chlorophenol were transformed by the enzyme peroxidase to form the coloured
compound quinoneimine, which is spectrophotometrically detectable.

Frozen mice livers were pulverised and admitted in 0.9 % sodium chloride (NaCl).
Afterwards, total TGs were extracted from homogenate by hydrolysation using
ethanolic 0.5 M potassium hydroxide (KOH) at 71 °C for 30 min. Then, 0.15M
magnesium sulfate (MgSO,) was added. The solution was mixed and centrifuged for
10 min at 13,000 x g. TGs were quantified using the triglycerides liquicolor™" kit
(Human GmbH, Wiesbaden, Germany). Spectrophotometric measurement at 500 nm
was done using DU 800 UV/Vis spectrophotometer (Beckman Coulter GmbH,
Krefeld, Germany). The amount of intrahepatic TGs was normalised to the protein
content of the pulverised liver, which was assessed by the BCA protein assay
(Thermo Fisher Scientific, Waltham, MA).

4.11 Western blot analysis

The western blot technique was developed in 1979 and is used to detect and quantify
specific proteins in a sample probe [183]. The traditional western blot includes the
separation of denatured proteins by SDS-PAGE according to their sizes. By the use
of electroblotting the negatively charged and separated proteins are transferred from
the gel onto a membrane. A primary antibody against the protein of interest is used to
detect its antigen on the membrane. The following secondary horseradish peroxidase
(HRP)-conjugated antibody binds to the membrane bound primary antibody.
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Hydrogen peroxide and the chemiluminescent substrate luminol are added to the
blot. Consequently, HRP converts luminol to an exit state product that emits light.
The emitted light can be detected by a photographic film [167].

Liver samples were lysed in RIPA-Buffer and fat cells in Bio Rad lysis buffer
supplemented with PMSF. Samples were kept on ice for 1 hour prior to centrifugation
at 10,000 x g (10 min, 4 °C). Protein lysate was carefully taken off with a needle and
put into a fresh reaction tube. Protein concentration was measured using the BCA
Protein Assay Kit (Thermo Fisher Scientific, Bonn, Germany). Remaining sample was
mixed with loading buffer and kept at 96 °C for 5 min. Each sample was separated by
SDS-PAGE and transferred to either nitrocellulose membrane (Whatman GmbH,
Dassel, Germany) (fat cell samples) or polyvinylidene fluoride (PVDF) membrane
(Zefa-Laborservice, Harthausen, Germany) (mouse liver samples). Transfer was
carried out by semi-dry blotting (Biometra, Gottingen, Germany) for p-Akt/PKB,
Akt/PKB, p-Erk1/2, Erk1/2, CCR1, CCR5 and GAPDH or by a wet-blot (BioRad,
Munich, Germany) for p-IRS-1, IRS-1, p-c-Cbl, c-Cbl and GAPDH. Membranes were
blocked in blocking solution and incubated with primary antibodies overnight. Next,
the secondary antibody was added to the membrane for 1 hour following protein
detection with Odyssey infrared imaging system (LI-COR Biosciences GmbH, Bad
Homburg, Germany) or ECL Advanced solution. GAPDH or Coomassie staining with
following decolourizing were used for loading control. Protein quantification was done
using Odyssey Software version 3.0 and ImagedJ (National Institute of Health, USA,
http://rsb.info.nih.govV/ij), respectively.

4.12 Cell staining

4.12.1 Oil Red O staining

Oil Red O is a diazo lipophilic dye used to visualise lipid droplets [184].

For staining of lipid droplet formation during adipogenesis cells were washed two
times with cold PBS. Next, they were fixed by 3.7 % formaldehyde for 1 hour prior to
the staining with Oil Red O for an additional hour. Afterwards, adipocytes were
washed two times again with ice cold PBS and stored in fresh PBS at 4 °C. For

staining of lipid droplets in treated Fao cells, cells were incubated for 48 hours in
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DMEM (5.6 mM glucose) with 0.5 % BSA and supplemented with RANTES or
palmitate (0.3 mM in 99 % methanol). Next, hepatocytes were washed two times with
cold PBS and fixed by 3.7 % formaldehyde for 1 hour before staining with Oil Red O
for 1 hour. Afterwards, cells were washed two times with ice cold PBS and stored in
fresh PBS at 4 °C. Fat accumulation was visualised using Leica DM IL light
microscopy (Leica Microsystems GmbH, Wetzlar, Germany). The amount of Oil Red
O was further quantified in the hepatoma cell line Fao by extracting the dye with
100 % isopropanol for 15 min. Oil Red O intensity was quantified

spectrophotometrically (Tecan, Mannedorf, Switzerland) at 492 nm.

4.12.2 DAPI-staining

DAPI is a fluorescent dye which passes through cell membranes and binds to
adenine-thymine rich regions in the DNA [185]. DAPI staining was therefore used for
labeling cell nuclei.

Adipocytes were fixed with ice cold methanol for 5 min at 4 °C. Methanol was
subsequently removed and cells were washed two times with PBS before adding the
blocking solution for 30 min at room temperature (RT). After three washing steps with
PBS cells were incubated in the dark with DAPI at RT for 5 min. Adipocytes were
washed and stored in PBS until fluorescence microscopy with the Leica DMI4000 B
(Leica Microsystems GmbH, Wetzlar, Germany). The amount of DAPI stained nuclei
was analysed using ImagedJ (National |Institute of Health, USA,

http://rsb.info.nih.gov/ij).

4.13 Cell viability

4.13.1 LDH activity in adipocytes

Fat cell viability was assessed by the measurement of LDH activity. LDH is an
enzyme in the cell cytoplasm, which catalyses together with the coenzyme NADH+H"
the reversible conversion of pyruvate to L-lactate [162]. LDH could be used as a cell

stress marker since it is released into the culture medium upon cell lysis. The activity
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of LDH can be determined by a decrease of NADH+H" and therefore of the
absorption at 340 nm.

12.5 pl fat cell infranatant and 625 ul NADH were mixed in a cuvette. Afterwards, the
reaction was started by adding 125 ul of sodium pyruvate. The linear decrease in
absobance at 339 nm was measured spectrophotometrically (Beckman Coulter
GmbH, Krefeld, Germany) for 10 min.

4.13.2 MTS-Assay on hepatocytes

Fao cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Living cells
produce NADPH and NADH by dehydrogenase enzymes and are therefore able to
convert MTS into a colored formazan product [186]. The amount of produced
formazan correlate positively with the number of metabolically active cells and can be
further quantified spectrophotometrically at 490 nm.

Fao cells were treated with adipokines as described in chapter 4.8. At the end of the
incubation period, medium was changed to fresh DMEM (5.6 mM glucose). The
CellTiter 961 AQueous One Solution Cell Proliferation Assay® (Promega, Mannheim,
Germany) was used to detect cell viability. The reduction of MTS tetrazolium to
formazan was quantified after 1.5 hours at 490 nm by spectrophotometric analysis
(TECAN, Mannedorf, Switzerland).

4.14 Statistical analysis

Data are expressed as mean + standard error (SE) of the experiments measured in
duplicates. Statistical analyses were performed by one-sample t-test, one way
analysis of variance (ANOVA), two way ANOVA or Student’s t-test. The null
hypothesis was rejected at the 0.05 level. Experiments were replicated independently
as indicated. All statistical analyses were performed with GraphPad Prism version
4.00 for Windows (GraphPad Software, San Diego California, USA,
http://www.graphpad.com).
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Results

5.1 Adipocyte characterisation

5.1.1 Adipocyte cell sizes in the study population

Fat cells of 80 patients were isolated and cell size was determined. Mean age of the
patients was 41.5 + 1.5 years and the mean BMI was 25.7 £+ 0.5 kg/mz. Adipocyte cell
sizes positively correlated with the BMI (Figure 3). However, although higher BMI

resulted in larger fat cell diameters the association levels off at a BMI greater

30 kg/m?.
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Figure 3: Distribution of

mean fat cell

size (pl) according to BMI. Adipocyte
cell size of 80 patients (72 females (m)
and 8 males (A)) was assessed by
microscopically measuring as well as
calculating the volume. Adipocyte cell
size was plotted in dependence of BMI.
(nonparametric correlation; P = 0.1317;

***p < 0.001)

For analysing differences between hypertrophic and non-hypertrophic fat cells

isolated adipocytes from 18 subjects (Table 1) were separated into F1 and F4 due to

their floating properties. Isolated adipocytes before fractionation are called TF. Mean

fat cell sizes significantly differed between the fractions. Fat cells in F4 were 2.4-fold

larger compared to fat cells in F1 (Figure 4).

Table 1: Sample characteristics for insulin signaling studies in fractionated adipocytes.

sex age (y) BMI F1 cell size (pl) TF cell size (pl) F4 cell size (pl)
(kg/m?)
16f;2m | 41.6+34 26.7+1.0 343.2+35.2 521.7+73.6 840.4 + 100.5
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Figure 4: Distribution of adipocytes according

to fat cell size (pl). Isolated fat cells of 18
patients were separated into small (F1) and large
(F4) adipocytes. Results are means + SE of fat
cell size of F1, TF and F4 (one-way ANOVA
followed by Tukey post-test *p<0.05, ***p<0.001).

Collagenase digestion to obtain isolated fat cells causes stress to the cells. In order

to avoid influences of this cell stress on further experiments, fat cells were cultured

for 32 hours. Consequently, LDH activity was 4.2-fold lower after 32 hours compared

to 16 hours of culture (Figure 5).
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Figure 5: LDH activity of TF in dependence of
the fat cell culture period. Isolated fat cells were
cultured for 16 hours and 32 hours, respectively
prior to the collection of fat cell infranatants. LDH
activity was measured as described in Methods.
Results are means + SE of 7 independent
experiments (Student’s t-test **p<0.01).

5.1.2 Insulin signaling in fractionated adipocytes

Insulin signaling in hypertrophic adipocytes was hypothesised to be impaired

compared to those in non-hypertrophic fat cells. To analyse whether insulin

sensitivity and fat cell size are interrelated insulin signaling from F1, TF and F4 was

investigated.
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Fractionated adipocytes were cultured and subsequently stimulated with or without
100 nM insulin for 10 min before protein was isolated. The protein concentration from
each cell fraction was measured and an increased protein amount by enlarged
adipocyte size was observed. The protein concentration of F4 was 2.2-fold higher

compared to F1 normalised for fat cell number (Figure 6).

2.5-
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S 8 15
ég_ 15
S S 10 Figure 6: Protein [ mg/ml] of 1 x 10° adipocytes
L o separated according to cell size. Isolated fat cells of
© o 18 patients were separated into small (F1) and large (F4)
o S 0.59 adipocytes. Results are means + SE of protein
concentration of 1 x 10° fat cells in F1, TF and F4
0.0 (statistical analysis between F1 and F4: Student’s t-test
F1 TF F4 ***n<0.001).

As protein content of mature adipocytes substantially varied, total as well as
activated IRS-1, Akt, Erk 1/2 and c-Cbl were quantified by western blot analysis with
GAPDH as internal control (see Methods) [187] and then corrected by protein

concentration of 1 x 10° fat cells.

The amount of total IRS-1 was 2.5-fold, of Akt 2.6-fold, of Erk 1/2 2.6-fold and of c-
Cbl 2.5-fold lower in F4 compared to F1 after adjustment by protein (Figure 7B).
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Figure 7: Fat cell size dependent effect on total IRS-1, Akt, Erk 1/2 and c-Chl. 30 pg of the total

protein from F1, TF and F4 was separated by SDS-Page and analysed by western blot with GAPDH
as internal control. Quantitative analysis of total IRS-1 (n = 16), Akt (n = 17), Erk 1/2 (n = 17) and c-Cbl
(n = 16) before (A) and after (B) adjustment by protein concentration of 1 x 10° fat cells is shown as
means + SE (statistical analysis between F1 and F4: Student’s t-test *p<0.05; **p<0.01; n.s. means
statistically not significant).

Density ratio of both F1 and F4 showed significant activation of p-IRS-1 (F1: 5.4-fold;
F4: 4.4-fold), p-Akt (F1: 2.7-fold; F4: 1.9-fold) and p-c-Cbl (F1: 1.2-fold; F4: 1.2-fold)
by insulin. Furthermore, in the TF insulin markedly induced phosphorylation of IRS-1
(3.5-fold) as well as of Akt (2.8-fold). Phosphorylation of Erk 1/2 by insulin was 1.4-
fold higher in F1 compared to TF. In addition, insulin-stimulated phosphorylation of c-

Cbl was 1.2-fold lower in F1 compared to F4 (Figure 8A).

After normalisation of the density ratios by protein concentration of 1 x 10° fat cells,
the amount of insulin-phosphorylated IRS-1 was 2.5-fold, of Akt 2.6-fold and of Erk
1/2 1.8-fold higher in F1 compared to F4. Moreover, compared to F4 the quantity of
phosphorylated c-Cbl was higher in F1 at both before (3.1-fold) and after (2.8-fold)
stimulation with insulin. Concerning TF, the amount of insulin-phosphorylated IRS-1,
Akt and Erk 1/2 was markedly lower compared to F1 (p-IRS-1: 1.6-fold; p-Akt: 1.9-
fold; p-Erk 1/2: 1.7-fold). Furthermore, insulin significantly phosphorylated IRS-1 (5.8-
fold) and Akt (4.4-fold) in F1, but not in F4. There was, however, no significant
activation of p-Erk 1/2 and p-c-Cbl by insulin in both small and large fat cell fraction
(Figure 8B).
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Figure 8: Effect of insulin on phosphorylation of IRS-1, Akt, Erk 1/2 and c-Cbl in dependence of

fat cell size. Fractionated fat cells were treated with or without 100 nM insulin for 10min. 30 ug of the
total protein was separated by SDS-Page and analysed by western blot with GAPDH as internal
control. Quantitative analysis of phosphorylated IRS-1 (n = 16), Akt (n = 17), Erk 1/2 (n = 17) and c-
Cbl (n = 12) before (A) and after (B) adjustment by protein concentration of 1 x 10° fat cells is shown
as means * SE (two-way ANOVA followed by Bonferroni post test *p<0.05; **p<0.01; ***p<0.001).
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As there exists a significant association between BMI and fat cell size in the study
population (Figure 3), the amount of insulin-stimulated p-IRS-1, p-Akt, p-Erk 1/2 and
p-c-Cbl in dependence of BMI was investigated. The tissue donors were therefore
divided into two groups (BMI < 26 kg/m? and BMI > 26 kg/m?) with an approximately

similar sample size (Table 2).

Table 2: Characteristics of the samples used for insulin signaling in fractionated adipocytes in
dependence of BMI.

Group Mean Sex | Age | Flcellsize | TF cellsize | F4 cell size p-value
according to BMI ) (PN (PN (ph) fat cell
BMI (kg/m?) | (kg/m?) size
Flvs.F4
<26 234 6f | 421 212.7 346.3 622.3 0.0143
(median: 23.7) +0.7 1m | £55 +20.8 +37.0 +122.0
> 26 294 9f;, | 42.3 418.2 544 4 893.2
(median: 27.5) 1.2 1m | £49 1421 +64.8 +110.6 00006

In F1 of both BMI groups a significantly enhanced phosphorylation of IRS-1 (low BMI:
7.2-fold; high BMI: 3.5-fold) by insulin was identified. In addition, phosphorylation of
IRS-1 was significantly increased through the action of insulin in both TF (3.2-fold)
and F4 (5.2-fold) of the higher BMI group. Furthermore, independence of BMI, the
amount of insulin-stimulated p-IRS-1 was markedly higher in F1 compared to F4 (low
BMI: 3.1-fold; high BMI: 1.5-fold) as well as in F1 compared to TF (low BMI: 1.6-fold;
high BMI: 1.4-fold) (Figure 9A). After allocation according to BMI, the significant
insulin-induced phosphorylation of Akt in F1 (Figure 8B) was only observed in the
high BMI group (2.7-fold). Also in this group, the amount of p-Akt by insulin was 1.7-
fold higher in F1 compared to TF as well as in F1 compared to F4. However, in the
BMI group < 26 kg/m?, insulin-induced phosphorylation of Akt was 6.7-fold higher in
F1 than in F4 (Figure 9B). Compared to F4, insulin-stimulated p-Erk 1/2 was
significantly higher in non-hypertrophic adipocytes of both BMI groups (low BMI: 1.9-
fold; high BMI: 1.8-fold). In addition, the amount of p-Erk 1/2 was 1.7-fold higher in F1
compared to TF of the high BMI group (Figure 9C). Concerning c-Cbl, in the low BMI
group, the amount of p-c-Cbl was higher in F1 compared to F4 at both before (4.0-
fold) and after (3.5-fold) treatment with insulin. (Figure 9D).
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Figure 9: Fat cell size and BMI dependent effects on insulin-stimulated phosphorylation of A)

IRS-1, B) Akt, C) Erk 1/2 and D) c-Cbhl. Isolated and fractionated fat cells were treated with or without
100 nM insulin for 10 min. 30 ug of the total protein was separated by SDS-Page and analysed by
western blot with GAPDH as internal control. Quantitative analysis of phosphorylated IRS-1, Akt, Erk
1/2 and c-Cbl was corrected by protein concentration of 1 x 10° fat cells and following separated
according to BMI. Results are means = SE (two-way ANOVA followed by Bonferroni post test *p<0.05;
**p<0.01; ***p<0.001).

5.1.3 Proteome and transcriptome of fractionated adipocytes

In order to analyse differences in the proteomic and transcriptomic profile of
hypertrophic and non-hypertrophic human adipocytes, protein and RNA of F1 and F4
were extracted as described in Methods. Proteome from five sample pairs were
measured by LC-MS/MS. For seven sample pairs the transcriptome was analysed by
Affymetrix GeneChip (Table 3).

Table 3: Sample characteristics for LC-MS/MS and microarray analysis, respectively.

Samples BMI2 sex age (y) F1 cell size F4 cell size p-value
used for (kg/m*) (pl) (pl) fat cell size
F1vs. F4

LC-MS/MS 246+06 | 5f | 40473 295.6 +43.1 903.6+ 944 0.0050
Microarray 242+08 | 7f | 41.1+£5.0 270.1 + 36.4 780.0 £ 106.9 0.0021

By LC-MS/MS 2233 protein hits were identified. Ratios between F4 and F1 of each
subject were calculated and ratios = 1.3 in at least three of five subjects were used
for following analysis. 453 proteins fulfilled these conditions, whereby 290 proteins
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were down-regulated and 163 proteins were up-regulated in F4. The statistical
analysis with paired t-test (p<0.05) exhibited 23 significantly regulated proteins,
where 17 proteins are down- and 6 proteins are up-regulated. All proteins found were
analysed by PathVisio 2.0.11. [173, 174] according to p<0.05 and ratio = 1.3. Six
proteins were involved in the main regulated pathways (z score of at least 2) (Table
4).

Table 4: Main regulated pathways and significantly regulated proteins within the pathways in
F4 vs. F1 analysed by LC-MS/MS. Proteome of isolated and fractionated fat cells was first analysed
by LC-MS/MS and further by PathVisio.

protein protein name ratio | p-value | main regulated biological
symbol pathways process
PSMA4 | Proteasome subunit, 1.45 | 0.0294 | Proteasome Regulation of
alpha type, 4 degradation cellular amino acid
I= metabolic process
.3 PSMDS8 | Proteasome 26S 1.50 | 0.0330 | Proteasome Regulation of
23 N subunit, non-ATPase, 8 degradation cellular amino acid
3 metabolic process
© | NDUFS4 | NADH dehydrogenase | 49.03 | 0.0075 | Oxidative ATP synthesis
(ubiquinone) Fe-S phosphorylation | coupled electron
protein 4 transport
GBP1 | Guanylate-binding 0.46 | 0.0439 | Type Il interferon | Cytokine-mediated
. £ protein 1 signaling (IFNy) | signaling pathway
‘é B <« SRSF3 | Serine/arginine-rich 0.51 | 0.0075 | mRNA RNA splicing
s ‘—g - splicing factor 3 processing
2 SF3B5 | Splicing factor 3b, 0.15 | 0.0069 | mRNA RNA splicing
= subunit 5 processing

By microarray analysis 29,096 probe sets were found. The statistical analysis (cut of
FDR < 10 %) resulted in 358 genes with an at least 1.3 fold different transcriptional
rate between F1 and F4. 92 out of these 358 genes were down-regulated and 266
genes were up-regulated in F4 compared to F1. An additional specification of these
358 genes with p<0.05 exhibited 130 significantly regulated genes with 34 down-
regulated genes and 96 up-regulated genes. All found genes were further analysed
by PathVisio 2.0.11. [173, 174] according to p<0.05 and ratio 2 1.3 (FDR < 10 %). 24

genes were involved in the main regulated pathways (z score of at least 2) (Table 5).
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In order to investigate the posttranscriptional regulation in fat cells on adipocyte
protein composition, results of both analyses, microarray and LC-MS/MS, were
compared using VENNY [188]. All found regulated genes (FDR < 10 %; ratio = 1.3)
linked to all found regulated proteins (ratio = 1.3) finally resulted in ten similarities. In
each case four of the hits were down- or up-regulated in both transcriptional and
protein analyses. Two findings were dissimilarly regulated in microarray vs. LC-
MS/MS analyses (Table 6). An additional specification of these comparisons by

p<0.05 resulted in no accordances.

Table 6: Genes and proteins which were regulated in both analyses - LC-MS/MS and microarray
analysis. All regulated genes (FDR < 10 %; ratio = 1.3) and proteins (ratio = 1.3) were compared by
Venn-diagram. Proteins which are regulated by p<0.1 in both analyses are printed in bold. HSPBG:
heat shock protein beta-6; GSTM2: glutathione S-transferase mu 2; RAB9A: ras-related protein Rab-
9A; PYGM: glycogen phosphorylase, muscle form; ERO1L: endoplasmic oxidoreductin-1-like protein;
LMCD1: LIM and cysteine-rich domains 1; COL6A3: collagen type VI alpha 3; NID2: nidogen 2; CTSC:
cathepsin C; DPYSL2: dihydropyrimidinase-like 2.

up-regulated in F4 transcriptome (T) down-regulated in F4 transcriptome (T)

symbol p-value (T; P) ratio (T; P) symbol p-value (T; P) atio (T; P)

lated i HSPB6 0.098; 0.076 1.37;2.59
up-regulated in i )

GSTM2 0.085; 0.373 1.45; 1.39

F4 ' ' ERO1L 0.090; 0.403 0.76; 1.57

proteome (P) RABYA 0.079; 0.320 1.38; 2.63

PYGM 0.061; 0.545 1.59; 2.65

q lated COL6A3 0.083; 0.161 0.57; 0.32
own-regulate . .
. NID2 0.094; 0.010 0.69; 0.61
in F4 . . ; ;
LMCD1 0.011; 0.617 1.41; 0.60 cTSC 0.073: 0.055 0.68: 0.38

proteome (P)

DPYSL2 0.048; 0.603 0.73; 0.45
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5.2 Hepatic glucose production

The rat hepatoma cell line Fao was used for measurements concerning hepatic
glucose output. Establishment of the glucose production assay is shown in appendix
8.6. Since hepatic glucose production from Fao cells was reducible by insulin and
increasable by cAMP and dexamethasone, the following controls were used to
evaluate changes in hepatic glucose output: 1) untreated Fao cells, 2) cells treated
with 100 nM insulin and 3) Fao cells treated with 100 yM/100 nM db-CD.

5.2.1 Effect of adipocyte-CM on hepatic glucose production

CM of fractionated adipocytes from five women was obtained as described in
Methods. Mean age of the patients was 49.8 £+ 6.6 years (range: 31 — 66 years), the
mean BMI was 28.3 + 2.6 kg/m? (range: 20.9 — 36.3 kg/m?) and the mean fat cell size
was 403.6 £ 79.1 pl for F1 and 733.8 £ 120.0 pl for F4, respectively.

Compared to untreated cells (100 %) insulin significantly decreased (66.6 + 6.7 %)
and db-CD significantly increased (140.1 £ 7.9 %) hepatic glucose output (Figure 10).

2001
150- —— Figure 10: Basal-, insulin - and db-CD-
stimulated hepatic glucose output in Fao
cells treated with adipocyte culture
—

medium. Fao cell were treated for 20 hours
with culture medium for adipocytes prior to
incubation in glucose production buffer
504 supplemented with or without insulin or db-CD
for 6 hours. Glucose release was measured
as described in Methods. Results are means
+ SE of 6 independent experiments (one-
100 nM insulin -+ - sample t-test to the untreated control

100 yM100 NMdb-CD - -+ "p<0.01;p<0.001)

hepatic glucose output
(% of untreated control)
'_\
o
Q
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Hepatic glucose release from Fao cells treated with F1-CM positively correlated with
adipocyte cell size. Independent of the fat cell fraction, insulin-suppressed glucose

output was attenuated by expanding cell size. In F1- and F4-treated hepatocytes db-

CD-stimulated glucose release was unaffected by cell size (Figure 11).
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Figure 11: Basal- (A), insulin - (B) and db-
CD- (C) stimulated glucose output from
Fao cells in dependence of adipocyte-
CM from F1 (e) and F4 (o). Fao cell were
treated for 20 hours with adipocyte-CM prior
to incubation in glucose production buffer
supplemented with or without 100 nM
insulin  or 100 yM/100 nM db-CD for
6 hours. Glucose release was measured as
described in Methods. Results are means *
SE of 5 independent experiments (linear
regression; P: p-value; n.s. means
statistically not significant).

5.2.2 Impact of defined adipokines on hepatic gluconeogenesis

In order to specify the effects of adipocyte-CM on hepatic glucose release, seven
defined adipokines were selected and analysed according to their influence on
hepatic gluconeogenesis. All adipokines were examined regarding their acute

(6 hour-treatment) and chronic (30 hour-treatment) effect on hepatic glucose output



Results

48

as well as their impact on gene expression of the two key enzymes of

gluconeogenesis PEPCK and G6Pase.

Compared to untreated cells (100 %) insulin significantly decreased (65.4 £ 1.8 %)

and db-CD significantly increased (141.2 £ 4.9 %) hepatic glucose output from Fao

cells (Figure 12). Transcriptional level of PEPCK was 5.8-fold decreased by insulin

and 5.3-fold increased by db-CD. Concerning G6Pase gene expression, it was 20.4-
fold reduced by insulin and 2.8-fold enhanced by db-CD (Figure 13).

200+

1504

1004
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hepatic glucose output
(% of untreated control)

o
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100 uM/100 nM db-CD

100 nM insulin

PEPCK
relative gene expression

100 puM/100 nM db-CD

A)

Figure 12: Basal-, insulin - and db-CD-
stimulated hepatic glucose output from
Fao cells. Fao cell were treated with or
without insulin or db-CD for 6 hours. Glucose
release was measured as described in
Methods. Results are means = SE of 45
independent experiments (one-sample t-test to
the untreated control ***p<0.001).

G6Pase
relative gene expression

B)

Figure 13: Basal-, insulin - and db-CD-stimulated PEPCK (A) and G6Pase (B) gene
Fao cells were treated with insulin or db-CD for 6 hours. PEPCK and
G6Pase mRNA levels were measured as described in Methods. Results are means + SE of
40 / 34 independent experiments (one-sample t-test to the untreated control ***p<0.001).

expression in Fao cells.
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Basal hepatic gluconeogenesis

Basal hepatic glucose release measured by control cells (100 %) was significantly
decreased by TNFa (39.6 £16.5 %), SDF-1a (68.4+2.2%) and RANTES
(76.7 £ 4.5 %) after 30 hours of incubation (Figure 14).

Basal PEPCK gene expression was significantly enhanced by IL6 (1.8-fold) and
MCP-1 (1.6-fold), whereas RANTES significantly reduced PEPCK mRNA level (1.1-
fold) (Figure 15A). G6Pase gene expression was significantly down-regulated by
both TNFa (4.4-fold) and IL6 (1.4-fold) as well as by the chemokine MCP-1 (1.2-fold)
(Figure 15B).
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10°M rhAng Il (n = 5),
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Figure 15: Effect of adipokines on PEPCK (A) and G6Pase (B) gene expression in Fao cells. Fao
cells were treated for 6 hours with 25 ng/ml rrTNFa (n = 5), 200 ng/ml rrlL6 (n=5), 10° M rhAng Il
(n =4), 100 ng/ml rrPAI-1 (n = 4), 400 ng/ml rr'SDF-1a (n = 4), 400 ng/ml rrMCP-1 (n = 4) or 100 ng/ml
rMRANTES (n2=9). PEPCK and G6Pase mRNA levels were measured as described in Methods.
Results are means + SE (one-sample t-test to the untreated control *p<0.05; **p<0.01; ***p<0.001).

Insulin-suppression of hepatic gluconeogenesis

Insulin-suppressed hepatic glucose output (65.4 + 1.8 %) was significantly impaired
by IL6 (98.1 £ 13.0 %) and MCP-1 (82.2 + 7.4 %) after 6 hours as well as by Ang Il
(89.7 £ 11.3 %) after 30 hours of treatment. In contrast, after 30 hours of incubation
insulin-reduced glucose release was further decreased by TNFa (38.3 £ 15.1 %),
PAI-1 (44.2 £ 11.1 %) and RANTES (55.1 + 3.9 %) (Figure 16).

The insulin-suppressed PEPCK gene expression was significantly impaired after
treatment with TNFa (1.7-fold), IL6 (1.9-fold), Ang Il (1.4-fold), SDF-1a (1.5-fold) and
MCP-1 (1.6-fold). In turn, the insulin-stimulated reduction of PEPCK mRNA was
significantly enhanced by PAI-1 (1.9-fold) and RANTES (2.0-fold) (Figure 17A).
Insulin-suppressed G6Pase mRNA was only influenced by TNFa and PAI-1. TNFa
caused a 2.8-fold and PAI-1 a 1.6-fold enhanced reduction of G6Pase gene

expression compared to insulin alone (Figure 17B).
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Figure 17: Effect of adipokines on insulin-stimulated PEPCK (A) and G6Pase (B) gene
expression in Fao cells. Fao cells were treated for 6 hours with 25 ng/ml rrTNFa (n = 5), 200 ng/ml
rrlL6 (n = 5), 10° M rhAng Il (n =4), 100 ng/ml rrPAI-1 (n = 4), 400 ng/ml rrSDF-1a (n = 4), 400 ng/ml
rrfMCP-1 (n=4) or 100 ng/ml rfRANTES (n =9) supplemented with 100 nM insulin. PEPCK and
G6Pase mRNA levels were measured as described in Methods. Results are means + SE (Student’s t-
test to the insulin-stimulated control *p<0.05; **p<0.01; ***p<0.001).
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db-CD-stimulated hepatic gluconeogenesis

All adipokines incubated for 30 hours significantly affected db-CD-stimulated glucose
release from Fao cells. The db-CD-stimulated glucose output (141.2 £ 4.9 %) was
reduced by TNFa (46.2 £ 6.5 %), IL6 (81.8 £ 27.6 %), PAI-1 (86.7 £ 12.6 %), SDF-1a
(91.6 £ 16.4 %), MCP-1 (102.4 + 20.0 %) and RANTES (116.5 + 7.8 %). In contrast,
Ang Il (187.8 £ 35.7 %) further enhanced db-CD-stimulated glucose release (Figure
18).

The db-CD-stimulated transcription of PEPCK was significantly reduced by Ang Il
(1.9-fold) and RANTES (2.3-fold). In contrast, SDF-1a significantly increased (1.4-
fold) the db-CD-stimulated PEPCK gene expression (Figure 19A).

The db-CD-stimulated G6Pase mRNA level was significantly down-regulated by
TNFa (2.3-fold), IL6 (2.2-fold), Ang Il (2.0-fold), PAI-1 (2.5-fold) and RANTES (2.9-
fold). In turn, SDF-1a significantly increased (1.6-fold) db-CD-stimulated gene
expression of G6Pase (Figure 19B).
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Figure 19: Effect of adipokines on db-CD-stimulated PEPCK (A) and G6Pase (B) gene
expression in Fao cells. Fao cells were treated for 6 hours with 25 ng/ml rrTNFa (n = 5), 200 ng/ml
rrlL6 (n = 5), 10° M rhAng Il (n =4), 100 ng/ml rrPAI-1 (n = 4), 400 ng/ml rrSDF-1a (n = 4), 400 ng/ml
rrfMCP-1 (n = 4) or 100 ng/ml rrRANTES (n = 9) supplemented with 100 uM/100 nM db-CD. PEPCK
and G6Pase mRNA levels were measured as described in Methods. Results are means + SE
(Student’s t-test to the db-CD-stimulated control *p<0.05; **p<0.01; ***p<0.001).

5.3 Impact of RANTES on Fao cells

5.3.1 Expression of receptors for RANTES on Fao cells

RANTES acts mainly through the receptors CCR1 and CCRS5. Thus, the existence of
both receptors in Fao cells was measured. CCR1 was clearly detectable in Fao cells,
whereas CCRS5 wasn’t present in these cells. In contrast, both CCR1 and CCR5
were detectable in human primary adipocytes, which served as a positive control
(Figure 20).
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Figure 20: Western blot analysis of CCR1
and CCR5 in Fao cells. 20ug of total
protein of Fao cells (1) as well as primary
human adipocytes (2) were separated on
SDS-polyacrylamid gels and transferred to a
nitrocellulose membrane. CCR1 and CCR5
were detected by western blot analysis as
described in Methods. The figure shows one
representative blot out of 3 independent
experiments.

5.3.2 Impact of RANTES on hepatic gluconeogenesis in Fao cells

After CCR1 was proven in the rat hepatoma cell line Fao, the specificity of the effects

of RANTES on hepatic glucose metabolism was investigated by the use of met-
RANTES, a CCR1/CCR5 antagonist. Details of effects of different met-RANTES

concentrations on gluconeogenesis in Fao cells are shown in appendix 8.8. Met-

RANTES at 200 ng/ml was applied on Fao cells 1 hour prior to the treatment with
RANTES. The additional administration of met-RANTES was capable to reverse the
effects of RANTES on hepatic glucose release as well as PEPCK and G6Pase

mMRNA levels (Figure 21).
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Figure 21: Antagonism of RANTES-induced effects on hepatic glucose output (A) as well as
PEPCK (B) and G6Pase (C) gene expression by met-RANTES. Fao cells were treated with met-
RANTES, which was added 1 hour prior to rrRANTES incubation for 30 hours. Both glucose release
and gene expression were measured as described in Methods. Results are means + SE of at least 5
independent experiments (one-sample t-test or one-way ANOVA followed by Tukey post test *p<0.05;
***p<0.001).

5.3.3 Impact of RANTES on hepatic lipid accumulation in Fao cells

To examine the impact of RANTES on hepatic lipid metabolism lipid accumulation in
Fao cells was measured after treatment with RANTES. Palmitate (C 16:0), a
saturated FA, was used as a positive control for induction of intracellular hepatic lipid

accumulation [189]. In result, recombinant RANTES increased hepatic lipid content in
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Fao cells by 1.2-fold and palmitate by 1.7-fold when compared to the control cells
(Figure 22).

control - 0.3 mM palmitate

0.25- Figure 22: Impact of RANTES and
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o] 0.101 extracted and quantified using
Q spectrometric analysis (B). Black
5 0.054 scale bars in pictures indicate
100 ym. Results are means + SE of
0.00 4 - 5 independent experiments (one-
100 ng/ml RANTES - + - way ANOVA followed by Tukey post
B) 0.3 mM palmitate - -+ test 7p<0.01; **p<0.001).

5.4 Impact of RANTES on primary mouse liver

5.4.1 Expression of receptors for RANTES on primary mouse liver

Next to the effect of RANTES on the cell culture model Fao, the impact of RANTES
on primary mouse liver was investigated.
First, mice livers were analysed concerning their content of CCR1 and CCRS5. In

contrast to the rat hepatoma cell line Fao both CCR1 and CCR5 were detectable in
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primary mouse liver as well as primary human adipocytes, which served as a positive
control (Figure 23).

50 kDa CCR5

CCR1 37 kDa

Figure 23: Western blot analysis of CCR1 and CCR5 in mouse liver. 20 ug of total protein of mice
livers (1 and 2) as well as primary human adipocytes (3) were separated on SDS-Page and
transferred to a PVDF membrane. CCR1 and CCR5 were detected by western blot analysis as
described in Methods.

5.4.2 Impact of RANTES on lipid metabolism in mouse liver

In order to analyse the impact of RANTES on hepatic lipid metabolism in vivo, TG
content in the liver of PBS or RANTES-treated mice was measured as described in
Methods. In comparison to livers of PBS-treated mice TG content was 19.9 £ 8.3 %
higher in livers of mice treated with RANTES for 4 days (Figure 24).
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Due to the fact that RANTES increased hepatic lipid content in vitro and in vivo,
expression of genes involved in hepatic lipid metabolism was analysed in mice livers.
Next to the expression of Acox 1, CPT-la, PPARa, PPARy and ACACA only
SREBP-1c and C/EBPa were significantly affected by RANTES compared to the
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control. The transcriptional level of C/EBPa and SREBP-1c was thereby 1.5-fold and
1.4-fold, respectively, lower in the livers of RANTES-treated mice (Figure 25).
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Figure 25: Impact of RANTES on expression of genes associated with hepatic lipid metabolism

in mouse liver. Mice were treated with PBS or rmRANTES for 4 days prior to liver isolation. Total
RNA from mice without glucose administration was prepared and analysed as described in Methods
by using a primer specific to Acox1, CPT-1a, PPARa, ACACA, SREBP-1c, C/EBPa and PPARYy. A)
genes involved in FA oxidation; B) genes involved in FA synthesis; C) other genes involved in lipid
metabolism. Results are means + SE of 4 - 5 independent liver samples (Student’s t-test *p<0.05).
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5.4.3 Impact of RANTES on insulin signaling in mouse liver

Insulin has an essential role in maintening glucose and lipid homeostasis and as
differences in hepatic glucose and lipid metabolism has been observed by RANTES,
the impact of RANTES on insulin signaling was analysed. Insulin acts on the cells via
two major pathways: the Akt/PKB pathway and the MAPK pathway. Both,
phosphorylation of Akt and Erk 1/2 as part of the MAPK pathway were quantified in
mice livers. Although not statistically significant, RANTES decreased activation of Akt
(1.4-fold). In contrast, activation of Erk 1/2 was significantly increased due to
treatment with RANTES (2.8-fold) (Figure 26).
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Figure 26: Effect of RANTES on phosphorylation of Akt and Erk1/2 in primary mouse liver. Mice

were treated with rmRANTES or PBS for 4 days prior to liver isolation. Liver of mice without glucose
administration were lysed and 20 pg of total protein was separated by SDS-Page and analysed by
western blot analysis as described in Methods. Results are means + SE of 3 (control) and 6 (treated),
respectively independent liver samples (Student’s t-test **p<0.01).
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5.4.4 Impact of RANTES on inflammation in mouse liver

As in vivo RANTES was recognised to induce phosphorylation of Erk 1/2 in the liver,
gene expression of the pro-inflammatory adipokines TNFa and IL6 was investigated.
Indeed RANTES increased the transcription of IL6 (2.1-fold), but the mRNA level of
TNFa was significantly 1.6-fold reduced by RANTES (Figure 27).

TNFa IL6
0.9 31
— — Figure 27: Impact of RANTES on
adipokine gene expression in
mouse liver. Mice were treated with
PBS or rmRANTES for 4 days prior
to liver isolation. Total RNA from
mice without glucose administration
was prepared and analysed as

relative gene expression

0.3 1- described in Methods by using a
primer specific to TNFa and IL6.
Results are means + SE of 3 - 4
independent liver samples (Student’s
0.0 0 t-test *p<0.05; **p<0.01).
ip RANTES -+ -+

5.5 Impact of RANTES on preadipocyte differentiation

Since RANTES significantly reduced gene expression of C/EBPa and SREBP-1c the
impact of RANTES on adipogenesis was investigated. Primary human preadipocytes
from eight healthy subjects were isolated. Mean age of the patients was 42.0 + 4.2
years and the mean BMI was 23.9 +0.6 kg/m?% Isolated preadipocytes were
differentiated until day 18 with or without administration of 100 ng/ml RANTES. Fresh
RANTES was given to the cells every third day. GPDH activity as a marker for
adipocyte differentiation was determined at day 0, 3, 9 and 18. Compared to control
cells RANTES increased adipocyte differentiation activity. This was statistically
significant at day nine where GPDH activity was 1.4-fold enhanced by RANTES.
Even though adipogenic capacity between RANTES-treated adipocytes and control
cells was not significantly different at day 18, mean GPDH activity was furthermore
1.7-fold increased through the incubation with RANTES (Figure 28 and 29).
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day O day 3 day 9 day 18

Figure 28: Oil Red O staining of human preadipocytes treated with RANTES during the
differentiation period.  Primary human preadipocytes were differentiated without (A) or with
administration of 100 ng/ml rhRANTES (B) until day 18. Cells were stained with Oil Red O at day 0, 3,
9 and 18. Pictures were taken by light microscopy. Black scale bars in pictures indicate 100 ym.
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Figure 29: GPDH activity in human
300- maturing preadipocytes treated with
RANTES during the differentiation
period. Primary human preadipocytes
were differentiated without (control) or
200+ with 100 ng/ml rhRANTES for time
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To exclude alterations in GPDH activity as a result of changes in adipocyte cell
number, fat cell number was determined using DAPI staining. Adipocyte cell number
was comparable between RANTES-stimulated and unstimulated cells (Figure 30).
Higher GPDH activity in RANTES treated cells was therefore not caused by
increased proliferation in these cells.
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Figure 30: Impact of RANTES on fat cell number of differentiated human adipocytes at day 9.
Primary human preadipocytes were differentiated with or without 100 ng/ml rhRANTES. Cells were
stained with DAPI (A) and cell number was calculated using Image J (B). Black scale bars in pictures
indicate 100 um. Results are means + SE of 4 independent experiments.

Adipogenesis is accompanied by changes in the secretory pattern of fat cells. The
influence of RANTES on the production of adiponectin, IL6 and leptin during
adipocyte differentiation was determined. RANTES had no impact on the secretion of

adiponectin, IL6 and leptin during adipogenesis (Figure 31).
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Figure 31: Effect of RANTES on adipokine secretion in human differentiating preadipocytes.

Primary human preadipocytes were differentiated without or with 100 ng/ml rhRANTES. Supernatants
were harvested at day 0, 3, 9 and 18 and secretion of adiponectin (A), IL6 (B) and leptin (C) was
determined by ELISA as described in Methods. Results are means + SE of 5 independent

experiments.
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6 Discussion

One of the most common liver diseases is NAFLD. Obesity and type 2 diabetes are
closely associated with NAFLD. The exact mechanisms leading to NAFLD are
unclear, but there is strong evidence that factors secreted by AT are involved. The
aim of this thesis was to obtain a better insight into the relation between adipocytes,

especially adipocyte cell size, and NAFLD.

6.1 Metabolic function of adipocytes

The present study was the first one comparing small and large adipocytes from the
same subject concerning their insulin sensitivity as well as proteome- and gene
expression profile. A major finding was that fat cell size rather than BMI has an
impact on adipocyte metabolism, because all differences were observed in normal
weight subjects with a significant distinction in fat cell size between small and large

adipocytes.

6.1.1 Insulin signaling in small and large adipocytes

In the present study, the amount of total IRS-1, Akt, Erk 1/2 and c-Cbl was reduced in
enlarged adipocytes after adjustment by protein. Furthermore, compared to large fat
cells, small adipocytes exhibited a significant activation of IRS-1 and Akt by insulin.
The stronger insulin-stimulated phosphorylation of IRS-1 in small adipocytes was, in
addition, detected in normal weight subjects and overweight subjects. However, the
activation of IRS-1 by insulin in small cells of overweight subjects was not as high, as
observed in the lean BMI group (7.2-fold vs. 3.5-fold), which could be caused by a
higher mean fat cell size of F1 in this BMI group. A similar effect was seen for insulin-
stimulated phosphorylation of Akt, although a significant activation of Akt in small
adipocytes was only observed in the overweight group. This is based on a high
standard of deviation in the normal weight group due to the data of one single

person. Exclusion of this person results in a significant insulin-induced
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phosphorylation of Akt in small but not in large adipocytes of both BMI groups (data
not shown). Thus, adipocyte cell size has an influence on insulin signaling per se
and, in addition, cell size seems to be a better predictor of insulin sensitivity than
BMI. This is in agreement with the finding that obesity by itself does not always lead
to diabetes [190]. Furthermore, Kovacs et al. showed that the expression of IRS1 is
markedly lower in obese compared to lean non-diabetic Pima Indians [191]. A
reduced amount of IRS-1 is further associated with insulin resistance and low
expression of GLUT4, contributing to attenuated insulin-induced glucose uptake in fat
cells [192]. Frank et al. also compared insulin signaling between small and large
adipocytes within the same subjects. Unlike the present work, they found no
differences in the amount of IRS-1 as well as in the insulin-stimulated
phosphorylation of IRS-1 and Akt 1 in the two cell fractions. On the contrary, GLUT4
translocation was induced by insulin in small but not in enlarged fat cells [26].
Comparison between Franck et al. and the present work exhibited heterogeneities
with regard to the study population and analysis. For example, in the current work it
was clearly shown that hypertrophic fat cells have twice as much protein as non-
hypertrophic adipocytes. The results of the present study were subsequently
corrected for protein concentration of 1 x 10° fat cells. Both studies are confronted in
Table 7.

Table 7: Comparison between the study from Franck et al. [26] and the present work.

Parameter Present work Franck et al.

Study population
for IRS-1 and Akt

- 18 healthy adults
- mean BMI: 27 + 1 kg/m?

- 6 medicated adults
- mean BMI: 30 + 6.4 kg/m?

analysis -mean age: 42+ 3y -mean age: 60+ 19y
Adipocyte according to their floating by the use of two different
separation properties filter pore sizes

Culturing of - in culture medium supple- - in 1:1 vol/vol culture medium /

isolated fat cells

mented with biotin and
sodium pyruvate

- 5 mM glucose

- 2 days (37 °C, 5 % COy)

KRP
- 12.5 mM glucose

- overnight ( 37 °C, 10 % COy)

Insulin treatment

100 nM for 10 min

10 nM for 10 min
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Protein analysis - added per lane: equal - added per lane: equal fat
by SDS-Page amounts of total protein cells volumes per fraction
- internal control: GAPDH - internal control: B-actin

Concerning the CbI-CAP pathway, which has recently been discussed as an
alternative pathway for GLUT4 translocation by insulin, an insulin-induced Cbl-
phosphorylation was not detected in primary human fat cells, neither in small nor in
enlarged adipocytes. An additional separation according to BMI also showed no
activation of c-Cbl by insulin in both fat cell fractions. The results of the present study
therefore contradict those of Kimura et al., who exhibited a reduced insulin-stimulated
phosphorylation of Cbl and GLUT4 translocation in 3T3-L1 adipocytes over-
expressing a CAP mutant [193]. In contrast, the current work is in agreement with the
findings from Mitra et al. [194]. A suppression of c-Cbl, CAP and Crkll via siRNAs did
not compromise the stimulated effect of insulin on GLUT4 translocation in
adipocytes. Furthermore, glucose uptake in primary mouse adipocytes from wild type
mice as well as c-Cbl knock-out mice was comparable after stimulation with different
insulin concentrations [194]. Cbl can be phosphorylated on four different tyrosine
residues: Y371, Y700, Y731 and Y774 [195]. In most studies investigating Cbl-
phosphorylation, general tyrosine-phosphorylated proteins are recognised [196, 197].
However, phosphorylation of Cbl on Y700 and Y774 offers docking sites for Crkll
[198, 199, 195]. In the present study a Y774 specific antibody was used. In
conformity with JeBailey et al. who investigated the time-dependent Y774-
phosphorylation of Cbl by insulin in 3T3-L1 cells [200], insulin does not induce Cbl
activation. These data propose that in primary human adipocytes, phosphorylation of
c-Cbl is not induced by insulin unless the Cbl-Crkll interaction in adipocytes is
mediated by other tyrosine residues, as investigated in this work. However, in the
present study the amount of basal and insulin-stimulated p-c-Cbl was higher in small
than in large fat cells. Moreover, after separation according to BMI this finding was
lost in the overweight BMI group, suggesting that the Cbl-CAP pathway plays a role
in adipocyte metabolism. In 3T3-L1 preadipocytes, Metformin stimulates an AMPK-
mediated Cbl-Cap pathway independently of insulin. This activation results in the
translocation of GLUT4 to the plasma membrane [201]. Furthermore, AMPKa2
knock-out mice have enlarged adipocytes and are obese [202]. Thus, the Cbl-CAP
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pathway seems to be an insulin-independent alternative pathway for GLUT4

translocation in human adipose tissue.

Another insulin-induced pathway is the MAPK pathway, which was also investigated.
MAPKs play an important role in proliferation and differentiation, where Erk 1
especially is important for initiating adipocyte differentiation [203]. Activation of Erk is
furthermore associated with insulin resistance. It diminishes the expression of IR,
IRS-1 and -2 as well as their phosphorylation [204]. In the present study, Erk 1/2 was
not markedly activated by insulin in both fat cell fractions, but the insulin-induced
phosphorylation of Erk 1/2 was significantly higher in small compared to large fat
cells. In contrast, the basal phosphorylated Erk 1/2 was similar between both cell
fractions. Additional separation according to BMI displayed that the differences
between small and enlarged adipocytes exist in patients with lower and with higher
BMI, suggesting a metabolic involvement of this pathway in adipose tissue
metabolism. Activation of Erk signaling is linked to changes in fat cell size [205] and
consequently occurs primarily in larger fat cells. Furthermore, fat cells of diabetic
patients display enhanced basal phosphorylation of MAPKs compared to healthy
controls. In contrast, insulin-induced activation of Erk 1/2 occurs in healthy people,
but not in subjects with type 2 diabetes [206]. Thus, the higher insulin-induced
phosphorylation of Erk 1/2 in small fat cells could indicate reduced insulin sensitivity

with increasing adipocyte cell size.

6.1.2 Proteomic and transcriptomic profile in small and large adipocytes

A relationship between hypertrophic adipocytes and obesity-related dysfunctions has
been observed in many studies (chapter 1.2.1), but there is limited knowledge about
differences in protein transcription between small and large adipocytes. In this study,
453 proteins and 358 genes were detected at different levels in small compared to
large fat cells, demonstrating that cell size per se may alter adipocyte function.

In proteomic analysis NDUFS4 was the highest up-regulated protein in large
compared to small adipocytes. NDUFS4 is an essential subunit of the mitochondrial

membrane respiratory chain complex | [207] and plays a role in oxidative
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phosphorylation. It functions in the transfer of energy/electrons from NADH, produced
by the oxidation of sugars and fats, to the respiratory chain for ATP synthesis [208].
Increased amounts of NDUFS4 in enlarged adipocytes might therefore be caused by
higher energy supply in these cells. However, during oxidative phosphorylation, ROS
are produced, which in turn may contribute to oxidative stress and subsequently to
the damage of cells and proteins [208]. Damaged or misfolded proteins are further
degraded by the proteasome, which seem to be more active in large compared to
small fat cells, too. Thus, although increased levels of unfolded proteins and
subsequent ER stress were already described for obesity and insulin resistance
[209], the present study indicates that fat cell size per se is a potential mediator
between the link of ER stress and obesity as well as insulin resistance. Furthermore,
in the present work a cell size dependent influence on the posttranscriptional
regulation through lower amounts of SRSF3 and SF3B5 in enlarged adipocytes was
observed. Both splicing factors are implicated in RNA processing and splicing. A
potential link between alternative splicing and obesity as well as insulin resistant was
already described [210, 211]. The results of the present study now indicate that cell
size per se might play an important role in the posttranscriptional regulation of genes

implicated in human disease.

This finding leads, in turn, to the question of what happens to the gene expression
profile. DNA microarray analysis exhibited that more genes were up- than down-
regulated in large adipocytes. Moreover, most of them are involved in response to
stress. Especially, the acute-phase proteins SAA were highly expressed in enlarged
fat cells. SAAs are apolipoproteins produced at high levels in AT [212]. They are
elevated in inflamed tissues where they play a role in the recruitment of immune cells
to the inflammatory site and they are related to insulin resistance [213, 214]. In 2006,
genetic distribution between small and large adipocytes was first analysed by Jernas
et al. [215]. They categorised genes which were up-regulated in hypertrophic fat cells
and found that most of these genes are involved in inflammatory processes.
Moreover, SAA proteins were also in the focus of Jernas et al. and they supposed
that SAAs are implicated in the relationship between enlarged adipocytes and type 2
diabetes [215]. Since in the present study, SAAs were in addition highly expressed in
large fat cells with impaired insulin sensitivity, the assumptions before are clearly

confirmed by our results.
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Another finding in the present study was the noticeably higher expression of c-Jun in
large compared to small adipocytes. Moreover, c-Jun was represented in most of the
up-regulated pathways, like wnt-signaling pathway, MAPK signaling pathway,
apoptosis and senescence. c-Jun is a transcription factor activated by the MAPK
JNK. JNK, in turn, is implicated in the development of obesity and insulin resistance
[216]. Thus, a potential link between hypertrophic adipocytes and type 2 diabetes

was further validated.

Although a higher stress level in large compared to small adipocytes was observed
by proteomic and transcriptomic analyses, results of both examinations were
additionally directly compared. As expected, a higher stress response in large
compared to small fat cells was detected. This was shown by elevated levels of
HSPB6 protein content and gene expression. HSPB6, also known as HSPZ20,
belongs to the small heat shock proteins and it is highly up-regulated in response to
oxidative stress [217, 218]. Furthermore, both gene and protein amount of CTSC
were decreased in large compared to small adipocytes. CTSC, also known as
dipeptidyl peptidase |, is a protease expressed during adipogenesis and in immune-
related cells [219, 220]. It plays an important role in innate and adaptive immune
processes and loss of function in CTSC leads to an impaired immune defense [221].
Investigations on AT gene expression in response to short-term overfeeding revealed
a decline of CTSC in lean subjects, whereas no changes were observed in obese
people. The authors therefore hypothesised that the reduction of CTSC in lean
subjects might protect cells in response to an energy excess [222]. Thus, in relation
to the present results, a reduced level of CTSC in hypertrophic adipocytes could
indicate both a reduced immune defence and lower protection against energy
overhang in these cells.

A maijor finding in this study was a reduction of COL6A3 and NID2 at mRNA and
protein level. Both are components of the basal lamina and are therefore involved in
ECM remodeling. Obesity seems to be associated with destabilisation of the ECM.
Especially obesity-related hypoxia may play an important role in this process,
because of its impact on enzymes for ECM-protein-processing [223, 224]. In 3T3-
F442A adipocytes hypoxia increases the production of MMPs [225]. MMPs are

enzymes that catalyse the splitting of peptide bonds into proteins. They degrade
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proteins of the ECM and are important for function of cell surface receptors and
cytokine activity [226—228]. In the microarray analysis of the present work, higher
expression of MMP19 in large compared to small adipocytes was observed. Since
COL and NID are substrates of MMP19 [224], less amounts of these factors in this
study are still in agreement with higher MMP19 gene expression in F4. Hence, fat
cell size per se plays a critical role in ECM composition. Furthermore, these results
could indicate in turn that hypoxia occurs in enlarged adipocytes. Previously, it was
shown that ob/ob mice lacking COL6 exhibit larger adipocytes with improved whole
body energy homeostasis [229]. In the present study, COL6 was reduced in the large
fat cells of healthy non-obese subjects, but hypertrophic adipocytes were related to

enhanced stress response and insulin resistance.

Results of both analyses are summarised in Figure 32.

insulin sensitivity and ECM stability

inflammationand stress response

small adipocyte large adipocyte

Figure 32: Overview about cell size dependent effects in adipocytes.
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6.2 Metabolic function of adipocyte-CM on hepatocytes

In this study, a relationship between stress response and adipocyte cell size was
observed by proteomic and transcriptomic analysis. This is in line with findings from
fat cell size dependent adipokine secretion, where enlarged adipocytes secrete more
pro-inflammatory adipokines [41]. Such a chronic low-grade inflammation caused by
AT may influence hepatic and peripheral glucose metabolism.

In the present work, basal hepatic glucose output from Fao cells incubated with CM
from small fat cell fraction positively correlated with fat cell size. However, in the large
adipocyte group a significant increased glucose release by fat cell size was missing.
Interestingly, compared to the basal glucose output in both fat cell fractions, a
significant cell size dependent increase of db-CD-stimulated hepatic glucose release
was absent. This leads to the assumption that an enhanced adipocyte cell size
causes a reduction rather than a stimulation of hepatic glucose output. In contrast, in
the present study, independent of the fat cell fraction insulin-suppressed glucose
output worsened with enhanced adipocyte cell size. Consequently, fat cell size per se
is associated with impaired insulin-suppressed glucose release from cultured
hepatocytes. In obese non-diabetic subjects, gluconeogenesis is enhanced
compared to the leaner ones. The endogenous glucose output is however similar
between both obese and lean patients, because of a reduced glycogenolytic flux in
obese patients [230]. In contrast, diabetic subjects exhibit hyperglycemia via an
increase of both hepatic gluconeogenesis and glycogenolysis [231]. In the current
work, the influence of adipocyte-CM on hepatic glycogenolysis was not examined.
Nevertheless, alongside reduced insulin sensitivity in adipocytes by increasing cell
size, there is evidence to suggest that fat cell size have, in addition, a negative

impact on hepatic insulin action and could therefore contribute to hyperglycemia.
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6.3 Metabolic function of adipokines on hepatocytes

Since in the present study hepatic glucose release from Fao cells treated with
adipocyte-CM from large fat cell fraction did not markedly correlate with increasing
cell size, an enhanced glucose output by pro-inflammatory adipokines was not
assumed. Indeed, in the present study basal hepatic glucose release was rather
reduced after incubation with TNFa, IL6, PAI-1, SDF-1a, MCP-1 and RANTES for 30
hours. However, basal effects of adipokines were not always statistically significant.
Db-CD-stimulated hepatic glucose output was additively used to examine the effects
of adipokines on hepatic glucose production. In that case, all effects on basal glucose
production became significant by additionally treating with db-CD. Thus, the pro-
inflammatory adipokines TNFa, IL6, PAI-1, SDF-1a, MCP-1 and RANTES led to a
significant reduction of hepatic glucose output. Ang Il was the only one which showed
an increased hepatic glucose production in a time-dependent manner. These results
are in line with previous publications. While TNFa and SDF-1a suppress hepatic

gluconeogenesis [232, 233], Ang Il was shown to induce it [234, 235].

An important finding was that most of the adipokines-induced impact on hepatic
glucose output was especially combined with a reduction of G6Pase mRNA level.
G6Pase is a gluconeogenic key enzyme that catalyses the conversion of glucose-6-
phosphate (G6P) into free glucose. Its transcription is induced by glucagon (via
cAMP) as well as glucocorticoids (dexamethasone) and in contrast, is inhibited by
insulin [162]. A TNFa-induced suppression of G6Pase mMRNA was already shown,
but it was indicated that this inhibition is not mediated by the insulin-induced
pathways [236]. TNFa rather suppresses the G6Pase promoter activity by temporary
over-expression of NFxB [236] and can thereby lead to an impaired hepatic glucose
production. Furthermore, depletion of G6Pase gene expression by TNFa was
described to be combined with enhanced glycogenolysis [237], which might in turn
increase hepatic glucose output. It is however assumed that the produced glucose-6-
phosphate (G6P) is used for FA synthesis [237]. Glycogenolytic activity was also
described for IL6 [238] and Ang Il [239] which exhibited a reduced db-CD-stimulated
G6Pase mRNA level as well. Ang Il induced hyperglycemia [240] might therefore be

caused by enhanced gluconeogenesis and glycogenolysis.
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In the present study, SDF-1a was the only adipokine, which caused an increased db-
CD-stimulated expression of G6Pase with distinctly reduced hepatic glucose
production in parallel. A reduced db-CD-stimulated gluconeogenesis by SDF-1 was
previously shown, but this was associated with additional suppression of both
PEPCK and G6Pase transcription [233]. A reason for this disagreement could be that
in the current study Fao cells were used to investigate hepatic gluconeogenesis,
whereas Liu et al. analysed the impact of SDF-1 on primary hepatocytes [233]. The
amount of CXCR4, a SDF-1a specific receptor, was not measured in Fao cells of this
study, but it was published that these cells express low amounts of CXCR4 [241].
Thus, the differences could be caused by the reduced responsiveness of the

hepatoma cells used in the present study.

Next to the db-CD-stimulated glucose release from Fao hepatoma cells, the insulin-
suppressed hepatic glucose output was also investigated in the current work. Since
in this study fat cell size correlates with an impaired insulin suppression of glucose
release, an impact of pro-inflammatory adipokines on insulin-stimulated glucose
output was assumed. Indeed, in the present study TNFa, IL6, Ang Il, SDF-1a and
MCP-1 attenuated insulin action in hepatocytes measured by PEPCK gene
expression. The impairment of insulin action was thereby mostly reflected by
elevated glucose production after 6 hours of adipokine exposure. An exception
represented again Ang |l, where the significant inhibition of insulin-reduced glucose
release occurred after an incubation of 30 hours. Interestingly, compared to the
observation that the adipokine-affected db-CD-stimulated glucose release was
primarily related to changes in the G6Pase gene expression, effects on insulin-
induced hepatic glucose output were mostly associated with PEPCK gene
transcription. PEPCK is a gluconeogenic key enzyme in the earlier stage of
gluconeogenesis. It converts oxaloacetate into phosphoenolpyruvate and CO, [162].

For some of the investigated adipokines an impact on insulin-suppressed hepatic
gluconeogenesis was already published. For example, TNFa and Ang Il were shown
to debilitate insulin-induced Akt phosphorylation in hepatocytes [161, 242]. SDF-1
was reported to activate insulin- independent Akt/PKB, contributing to decreased
PEPCK and G6Pase gene expression [233]. Up to now and to the best of our
knowledge, there are no data concerning the direct effect of SDF-1a on insulin-

inhibited gluconeogenesis. In this study both PEPCK and G6Pase mRNA levels
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were, however, also not decreased by SDF-1a alone, which might be, as mentioned
above, caused by less responsiveness of the FAO cells. Thus, the SDF-1a
attenuated insulin action should be confirmed by the use of other hepatocyte cell
models. Little investigation has been made concerning the impact of MCP-1 on
insulin-stimulated hepatic glucose production. It is known, that mice that over-
express MCP-1 in AT are insulin resistant and have higher liver TG content
compared to control mice [243]. Moreover, MCP-1 induced steatosis is associated
with higher hepatic G6Pase and PEPCK gene expression [243, 244]. Thus, an
impaired insulin-suppressed hepatic gluconeogenesis by MCP-1 is in line with earlier
publications.

The effect of IL6 on hepatic insulin action is still controversially described. While
Inoue et al. showed an IL6-mediated improvement of hepatic glucose production
[245], Kim et al. observed an impaired insulin-suppressed hepatic glucose output by
IL6 [246] and is therefore in agreement with the results of the present work.

Unlike the other adipokines, PAI-1 and RANTES caused a further reduction in both,
insulin-suppressed PEPCK gene expression and hepatic glucose output. To the best
of my knowledge the direct effects of both PAI-1 and RANTES on hepatic
gluconeogenesis were currently not investigated. Since RANTES is markedly up-
regulated in patients with NAFLD [108, 247] the effect of RANTES on liver
metabolism was analysed in a more detailed way (chapter 6.3.1).

In view of the data presented in this study so far, the following working hypothesis
concerning the influence of both adipocyte-CM and adipokines on liver metabolism

was developed (Figure 33).
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Figure 33: Working hypothesis of the influence of hypertrophic fat cells on liver metabolism.
Hypertrophic adipocytes secrete pro-inflammatory adipokines which stimulate (+) glycogenolysis and
induce insulin resistance (IR) in hepatocytes. Insulin resistance in turn attenuates insulin-suppressed
hepatic gluconeogenesis (HGNG). Thus, both increased glycogenolysis and HGNG lead to an
enhanced amount of glucose-6-phosphate (G6P) in hepatocytes. The produced G6P is further used
for FA synthesis or converts to glucose, which can be released into the circulation contributing to
higher blood glucose level.

6.3.1 Metabolic function of RANTES on hepatic metabolism

In the current study, it was shown that RANTES incubation for 30 hours resulted in
decreased hepatic glucose release independent of co-incubation with insulin or db-
CD. Moreover, the stronger reduction of insulin-suppressed glucose output by
RANTES was linked to lower PEPCK mRNA levels. Accordingly, based on the
previous results, where changes in db-CD-stimulated hepatic glucose output were
linked to G6Pase gene expression and insulin affected glucose production to PEPCK
gene transcription, RANTES seems to improve the insulin effect on hepatocytes.
However, phosphorylation of Akt was unaffected by RANTES in the current work.
Another signaling pathway of insulin in the liver involves the phosphorylation of Erk

1/2. It was described that activation of ERK1/2 in hepatocytes is negatively controlled
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by cAMP [248]. Since in the present study RANTES significantly decreased db-CD-
stimulated glucose output, an enhanced activation of Erk 1/2 was expected. Indeed,
compared to the control mice, RANTES significantly increased phosphorylation of

Erk 1/2 in mice livers.

In astrocytes, RANTES decreases the amount of intracellular cAMP and activates
Erk 1/2 followed by the production of pro-inflammatory mediators like TNFa and IL6
[249]. The enhanced phosphorylation of Erk 1/2 in the current study was, however,
combined with a significantly decreased expression of TNFa. TNFa induces the
production of RANTES in the liver [250]. The suppressed transcription of TNFa by
RANTES could therefore be caused by a negative feedback mechanism. In contrast,
RANTES-induced activation of Erk 1/2 in the present work was related to an
increased IL6 mRNA level, which in turn could influence the hepatic glucose
production. In the present in vitro study, IL6 treatment for 6 hours attenuated insulin
action on both hepatic glucose output and PEPCK gene expression. Hence, impaired
insulin sensitivity in the liver could also be secondarily induced by RANTES through
the synthesis of IL6. Furthermore, the expression of IL6 is up-regulated in patients
with NASH compared to those with simple steatosis or normal biopsies [251].
Moreover, IL6 has direct effects on lipid metabolism in hepatocytes by decreasing

gene expression of the transcription factor SREBP-1c [252].

Normally, SREBP-1c regulates FA synthesis and is therefore expressed at elevated
levels in fatty liver [253, 254]. An advanced NASH is, however, rather associated with
a reduction of SREBP-1c gene [255]. In this study, RANTES treated mice showed
increased hepatic TG content with enhanced expression of IL6 and, in addition,
decreased levels of SREBP-1c mRNA. Thus, RANTES might play an important role
in an advanced NASH and subsequent fibrosis.

Furthermore, a suppressed expression of SREBP-1c is associated with the absence
of C/EBPa [256]. Disruption of C/EBPa increases the risk of fibrosis through
activating hepatic stellate cells (HSCs) [257], which in addition, express RANTES in
order to prompt their proliferation and migration [258]. Activated HSCs, in turn,
produce components of the extracellular matrix contributing to fibrosis [259].
Moreover, a reduced C/EBPa gene expression induces hypoglycemia and decreases
the expression of both PEPCK and liver glycogen synthase (GS) [260]. In the present
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study, C/EBPa mRNA level in the mouse liver as well as hepatic glucose production
and PEPCK gene expression in the Fao cells were significantly reduced following
RANTES treatment. Thus, a potential link between RANTES and the progression
towards liver fibrosis is further supported.

Next, C/EBPa is an adipogenic key factor and plays an essential role in lipid
metabolism. Ablation of C/EBPa in adult mice caused the development of a fatty liver
due to decreased rates of hepatic FA oxidation and apolipoprotein synthesis [261]. In
this study TG content in the liver of RANTES treated mice was increased, but this
was not associated with changes in the expression of genes involved in FA oxidation.
In contrast, RANTES increased differentiation of primary human preadipocytes. The
exact mechanism for RANTES-induced TG accumulation could not be explained by
the present study. One possibility could be, however, a decreased hepatic lipid
release by diminished ApoB secretion upon RANTES treatment. Further study is
necessary to investigate the impact of RANTES on hepatic TG accumulation in more

detail.
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7 Conclusion and Outlook

The present study confirms that rather fat cell size than obesity per se plays an
important role in the development of metabolic dysfunction. Adipocyte hypertrophy
causes an impairment of insulin signaling, which is predominantly mediated through
the IRS-1 / Akt-pathway in human adipocytes. Furthermore, enlargement of
adipocytes is associated with a higher stress response and changes in the ECM
composition, which may lead to disturbances also in other organs. We therefore
tested whether fat cell size affects glucose production in the liver. To the best of our
knowledge, this study was the first to demonstrate a direct effect of fat cell size on
db-CD- and insulin-stimulated hepatic glucose output. Contrary to our expectations,
hepatic glucose production did not increase with growing fat cell volume as well as
after treatment with pro-inflammatory adipokines. However, due to our results an
enhanced hepatic glycogen breakdown is assumed and an impaired insulin
suppressed glucose production was observed by both expanding adipocyte cell size
and pro-inflammatory adipokines. We therefore suggest that fat cell size rather than
obesity per se positively correlates with hepatic insulin resistance and consequently
with hepatic de novo lipogenesis as well as elevated blood glucose levels.
Nevertheless, in order to get evidence the results have to be replicated by the use of
selective antagonists and with regard to the glycogen content.

In the present work it was also demonstrated for the first time that both PAI-1 and
RANTES have a direct impact on hepatic glucose metabolism. Their effect was
moreover unlike to the other adipokines. Both seem to enhance the insulin-
suppressed effect on hepatic glucose production. RANTES was selected and
investigated in more detail. Interestingly, RANTES affected both hepatic lipid and
glucose metabolism. Hepatic lipid content was increased in vivo and in vitro after
treatment with RANTES and this was associated with the induction of Erk 1/2
phosphorylation in the liver. An increased activation of Erk 1/2 was further combined
with the production of IL6 as well as a decreased gene expression of C/EBPa and
SREBP-1c, which could indicate an increased risk for the progression of fibrosis due
to RANTES treatment. Since circulating RANTES levels are increased in obese and
NAFLD patients, this chemokine could contribute to the progression of liver disease

and serves therefore as a potential target for NAFLD therapy.
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In conclusion, these results enable more insights into the relationship between fat cell
size and obesity related diseases, like NASH. Fat cell size per se was thereby shown
to be a better predictor than BMI. Although, measurement of BMI is still easier
compared to the determination of fat cell size, these results can be helpful for the

development of new diagnostic tools.
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db-cAMP Sigma-Aldrich, Steinheim, Germany
Deoxycholat Sigma-Aldrich, Steinheim, Germany
Dexamethasone Sigma-Aldrich, Steinheim, Germany
DHAP Sigma-Aldrich, Steinheim, Germany

DMEM (no glucose, 5.6 mM and 25 mM
glucose)

Invitrogen, Karlsruhe, Germany

DMEM /F12 (1:1) (17.5 mM glucose)

Invitrogen, Karlsruhe, Germany

DMSO

Carl Roth, Karlsruhe, Germany

DNA loading dy

Promega, Mannheim, Germany

D-panthotenate

Sigma-Aldrich, Steinheim, Germany

DTT Omnilab, Bremen, Germany

ECL Amersham, Freiburg, Germany
ECL Advanced solution GE Healthcare, Munich, Germany
EDTA Merck, Darmstadt, Germany

EGF ImmunoTools, Friesoythe, Germany
Ethanol J.T.Baker, Deventer, Netherlands
Etidiumbromid Omnilab, Bremen, Germany

FCS-F Invitrogen, Karlsruhe, Germany
FCS-Gold PAA, Colbe, Germany

FGF ImmunoTools, Friesoythe, Germany
Formaldehyd Carl Roth, Karlsruhe, Germany
glucose-free DMEM Sigma-Aldrich, Steinheim, Germany
Glycin Merck, Darmstadt, Germany
Glycerin Merck, Darmstadt, Germany

Goat serum PAA, Cdlbe, Germany

HamF12 Invitrogen, Karlsruhe, Germany
HEPES Sigma-Aldrich, Steinheim, Germany
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Hydrocortison

Sigma-Aldrich, Steinheim, Germany

IBMX Serva, Heidelberg, Germany

Insulin Sigma-Aldrich, Steinheim, Germany

lodacetamid Sigma-Aldrich, Steinheim, Germany

Isopropanol Merck, Darmstadt, Germany

KCL Merck, Darmstadt, Germany

KOH VWR, Darmstadt, Germany

Mercaptoethanol Sigma-Aldrich, Steinheim, Germany

Methanol Riedel-de Haén, Seelze, Germany

MgSO4 Merck, Darmstadt, Germany

NaCl Merck, Darmstadt, Germany

NaCl 0.9 % B. Braun Melsungen AG, Melsungen,
Germany

NADH Applichem, Darmstadt, Germany

NaH,PO, Merck, Darmstadt, Germany

NaOH J.T.Baker, Deventer, Netherlands

NP-40 Sigma-Aldrich, Steinheim, Germany

NuPage Sample buffer & Bis Tris Gel

Invitrogen, Karlsruhe, Germany

Oil Red O

Serva, Heidelberg, Germany

PAA/BisAA Carl Roth, Karlsruhe, Germany
Palmitic Acid Sigma-Aldrich, Steinheim, Germany
PBS Biochrom, Berlin, Germany

PCR water (Nuclease-free water) Sigma-Aldrich, Steinheim, Germany
Pen/Strep PAA, Cdlbe, Germany

PhosSTOP Roche, Grenzach-Wyhlen, Germany

Phenylmethanesulfonylfluoride (PMSF)

Sigma-Aldrich, Steinheim, Germany

Protein ladder

BioRad, Munich, Germany

Rosiglitazone

Sigma-Aldrich, Steinheim, Germany

SDS

Omnilab, Bremen, Germany

Skin milk

Carl Roth, Karlsruhe, Germany

Sodium-lactate

Sigma-Aldrich, Steinheim, Germany

Sodium-pyruvate

Sigma-Aldrich, Steinheim, Germany

SYBR green ROX Mix

Thermo Scientific, Schwerte, Germany

13

Sigma-Aldrich, Steinheim, Germany

TEMED

Carl Roth, Karlsruhe, Germany

Transferrin

Sigma-Aldrich, Steinheim, Germany

Triethanolamin-HCL

Sigma-Aldrich, Steinheim, Germany

Tris-Hcl Sigma-Aldrich, Steinheim, Germany
Trizol Invitrogen, Karlsruhe, Germany
Trypsin Promega, Mannheim, Germany
Trypsin/EDTA PAA, Colbe, Germany

Tween 20 Sigma-Aldrich, Steinheim, Germany
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8.4 Set-ups for LC-MSMS

mass analysis

- MS1 active gain control

- MS2 active gain control

- MS1 resolution

- MS2 resolution

- Precursor selection method

protein identification

- Database

- Enzyme

- Max. missed cleavage sites
- Fixed modifications

- Variable modifications

1.000,000 per injection time 100 ms
10,000 per injection time 100 ms
30,000 (at 400 m/z)

15,000

top 15

IPI_v3_68_PFAM FASTA

Trypsin

2

Carbamyidomethyl

Oxidation (Met), Acetyl (N-terminus)

- Quantification None

- Peptide tolerance 1+ 10 ppm

-#13C 1

- MS2 tolerance 1+ 0.02 Da

- Peptide charge 2+, 3+

- Mass value Monoisotopic

- Instrument ESI-FTICR

Scaffold filter criteria

- Minimum identification percentage for protein 80 %

- Number of unique peptides required

- Minimum identification percentage for peptides 50 %
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8.5 LC-MS/MS and microarray data

All regulated proteins (ratio = 1.3) and all
d and confronted.

tudy.

icroarray s
1.3) were summar

Results from LC-MS/MS and mi

Table 8

Ise

io >

rat

regulated genes (FDR < 10 %
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8.6 Establishment of the glucose production assay

Three different cell culture models - human hepatoma cell line HepG2 and Huh7 as
well as rat hepatoma cell line Fao - were tested regarding their potency for hepatic
glucose production. Only the rat hepatoma cell line Fao showed expressive glucose
release and was therefore chosen for the experiments.

To optimize the glucose production assay, Fao cells were pre-treated in DMEM for
24 hours with different glucose concentrations supplemented with 0.5 % BSA.
Glucose production was determined after an additional incubation in glucose
production buffer for 2, 4, 6, 9 or 24 hours. Pre-incubation with a glucose
concentration of 5.6 mM resulted in the best time-dependent increase in glucose

output and was therefore used for the experiments (Figure 34).
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Figure 34: Time dependent hepatic glucose output in Fao cells after pre-incubation with

different glucose concentrations.  Fao cells were incubated in a culture medium containing 0, 1, 2 or
4.5 g/l glucose supplemented with 0.5 % BSA for 24 hours. Cells were washed and were further
cultured in glucose production buffer for 0, 2, 4, 6, 9 or 24 hours. Glucose release was measured and
normalised by protein content. Each column represents the mean + SE of 3 independent experiments.

For maximum effects of insulin and db-CD on hepatic glucose output, Fao cells were
incubated for 4 different time points in glucose production buffer supplemented with
or without insulin or db-CD prior to the measurement of glucose output calculated as

absolute values or as percentage of untreated control (Figure 35).



Appendix 99

701
‘g’_ 60-
g 50 1
3 3 401
S £ 30
(S
.g ZO-D.D.I Il‘
8
S 10 |l|
e
O-
incubation time (hours) 4 6 8 12
100 nM insulin -+ - -+ - -+ - -+ -
A) 100 yM/100 nMdb-CD - - + - -+ - -+ - -+
200+
ECE\ —
5 g 150- —t—
© 0
% 9 * **
S & 10045 " e
20
> B
Q35 J
g.,g 50
28
O-
incubation time (hours) 4 6 8
100 nM insulin -+ - -+ - -+ - - -
B) 100 uM/100 nMdb-CD - - + - + - -+ - -+
Figure 35: Time dependent effect of insulin and db-CD on hepatic glucose output. Fao cells

were incubated in DMEM (5.6 mM glucose) plus 0.5 % BSA for 24 hours. Cells were washed and
further treated with or without insulin and db-CD, respectively in glucose production buffer for 4, 6, 8 or
12 hours. Glucose release was measured and normalised by protein content. Data are shown as
absolute values (A) or as percentage of untreated control cells (B). Results are means + SE of 3
independent experiments (one-sample t-test *p<0.05; **p<0.01).

After 6 hours and 8 hours hepatic glucose output in Fao cells was significantly
decreased by insulin (60.3 £ 2.6 %; 71.9 £ 3.0 %) and significantly increased by db-
CD (153.9£6.6 %; 134.4 £ 6.9 %) . However, the relatively effects of insulin and db-
CD on hepatic glucose release were higher after 6 hours compared to 8 hours
(Figure 35). For further experiments cells were incubated for 6 hours in glucose

production buffer with or without insulin and db-CD, respectively.
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8.7 Fao cell viability in dependence of adipokines

Cell viability was tested for all adipokines prior to the experiments and calculated as
changes compared to the untreated control in percent. The cell viability of untreated
control cells were set to 100 %. None of these adipokines showed toxic effects in the
respective range tested (Figure 36).

control control
25 ng/ml TNF ¢ 4 ) |
200 ng/ml 1L6+ H
10° M Ang |14 |
100 ng/ml PAI-1- H I1
400 ng/ml SDF-q H
400 ng/ml MCP-1+ | H
100 ng/ml RANTES -
0 25 50 75 100 0 25 50 75 100
cell viability cell viability
(% of untreated control) (% of untreated control)
A) B)
Figure 36: Cell viability of Fao hepatoma cells after treatment with different adipokines. Fao

cells were incubated with adipokines for 6 hours (A) and 30 hours (B), respectively. Cell viability was
measured by MTS-assay and was calculated as percentage of untreated control (100 %). Results are
means + SE of 3 independent experiments.

8.8 Effect of met-RANTES on hepatic gluconeogenesis

In order to exclude self-standing effects of met-RANTES three different
concentrations of met-RANTES were tested regarding their impact on hepatic
glucose output as well as on gene expression of PEPCK and G6Pase, respectively
(Figure 37). 200 ng/ml met-RANTES had no effect on hepatic glucose release as well
as PEPCK and G6Pase mRNA and was therefore used to confirm the influence of

RANTES on hepatic gluconeogenesis.
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Figure 37: Impact of met-RANTES on hepatic glucose output (A) as well as gene expression of
PEPCK (B) and G6Pase (C). Fao cells were treated with different met-RANTES concentrations for 31
hours in order to analyse their impact on hepatic glucose output or for 7 hours to investigate their
effect on PEPCK and G6Pase gene expression. Both glucose release and PEPCK and G6Pase gene
expression were measured as described in Methods. Results are means = SE of at least 3
independent experiments (one-sample t-test to the untreated control and one-way ANOVA to the
insulin- or db-CD-stimulated control *p<0.05; **p<0.01; ***p<0.001).
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