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Abstract

The peroxisome proliferator-activated receptor gamma (PPARYy) is the ‘master regulator’
of adipogenesis and adipocyte gene expression, and represents an effective
pharmacological target for the treatment of insulin resistance and type 2 diabetes
mellitus. Activation and modulation of its function plays an important role on overall
treatment effectiveness and the side effect profile. Full PPARy agonists, known as
thiazolidinediones (TZDs) are currently used in the clinic. Unfortunately, they are
associated with diverse side effects, like weight gain and an increased risk for
cardiovascular events. To circumvent these side effects associated with the full
agonism, intensive investigation was performed during the last years to create drugs
which exhibit a combination of partial activation and selective receptor modulation.

Besides its blood pressure lowering property, the AT;-receptor blocker telmisartan was
shown to be a partial agonist of PPARy with beneficial metabolic effects in vitro and
in vivo. In previous work of our group, comprehensive structure-activity relationship
studies were analyzed to reveal the importance of different parts of the telmisartan
structure and various moieties. These studies were the foundation for the here
presented thesis, investigating the biochemical and biological effects of the most
promising structures. Telmisartan-derived PPARy agonists (agonists 1, 2 and 3) with
partial and full agonism were selected and analyzed for differential cofactor interaction,
differential gene expression and glucose uptake. The degree of PPARy activity was
characterized by a differentiation assay performed with 3T3-L1 cells and by a PPARy
transactivation assay using Cos-7 cells transiently transfected with pGal4-hPPARyYDEF,
pGal5-TK-pGL3 and pRL-CMV. Interaction with the coactivators SRC1, PGC-1a and
TRAP220, and the corepressor NCoR1 were determined using TR-FRET assays.
Furthermore, microarray and qPCR analyses were performed to elucidate the gene
expression profile of 3T3-L1 cells after stimulation with telmisartan-derived compounds.
Moreover, glucose uptake was measured in mature adipocytes differentiated from 3T3-
L1 cells after incubation with the indicated compounds and *H-labeled deoxy-glucose.
Telmisartan-derived PPARYy agonists demonstrated a distinct cofactor interaction and
MRNA expression profile from their corresponding control substances pioglitazone and

telmisartan.
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In addition, compounds with new modifications on the telmisartan structure were
characterized for their PPARy activation potential and cofactor interaction. These
compounds contain a benzimidazole (agonists 4-5 and 4-6), benzothiophene (agonists
5-5 and 5-6) or benzofuran (agonists 6-5 and 6-6) moiety either at position 5 or 6 of the
benzimidazole core structure. The shift of the benzofuran or benzothiophene moiety
from position 5 to position 6 increased both, potency and efficacy, and also increased
cofactor recruitment/ release. Conclusively, all new agonists demonstrated in vitro
characteristics of SPPARyMs, and therefore, present promising results for future in vivo

experiments.
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Zusammenfassung

Der Peroxisomen-Proliferator-aktivierte Rezeptor gamma (PPARYy) ist der ,master
regulator” der Fettzelldifferenzierung und Adipozytengenexpression, und reprasentiert
ein effektives pharmakologisches Ziel fur die Behandlung von Insulinresistenz und
Diabetes Typ 2. Die Aktivierung und Modellierung der Rezeptorfunktion spielt eine
bedeutende Rolle in der Gesamteffizienz der Behandlung und dem
Nebenwirkungsprofil. Die volle Aktivierung von PPARYy durch Thiazolidindione (TZDs),
welche in der Klinik eingesetzt werden, ist mit verschiedenen Nebenwirkungen, wie
Gewichtszunahme und einem erhdohtem Risiko fur Herz-Kreislauf Erkrankungen,
verbunden. In den letzten Jahren wurde intensive Forschung durchgefuhrt, um
Medikamente mit verbesserter Wirkung und Vertraglichkeit herzustellen, welche PPARy
partiell und selektiv aktivieren und modulieren.

Neben seiner blutdrucksenkenden Wirkung ist der AT -Rezeptorblocker Telmisartan
auch ein partieller Agonist fur PPARy mit vielversprechenden metabolischen
Eigenschaften in vitro und in vivo. In vorhergehenden Arbeiten unserer Gruppe wurden
umfangreiche Studien zur Struktur-Wirkbeziehung durchgefuhrt, um die Bedeutung der
Struktureinheiten von Telmisartan und unterschiedlicher Seitengruppen im Hinblick auf
ihre PPARYy aktivierenden Effekte aufzudecken. Diese Studien lieferten die Grundlage
fur diese Arbeit, bei der biochemische und biologische Effekte der interessantesten
Substanzen untersucht wurde. Zunachst wurden unterschiedliche telmisartanbasierte
PPARy Agonisten (Agonist 1, 2 und 3) ausgewahlt und bezlglich selektiver
Kofaktorwechselwirkungen, differentieller Genexpression und Glukoseaufnahme
untersucht. Der Grad der PPARy Aktivitat wurde mit Hilfe eines Differenzierungsassays
unter Verwendung von 3T3-L1 Zellen, und eines PPARy Transaktivierungsassays mit
Cos-7 Zellen, welche transient mit pGal4-hPPARgDEF, pGal5-TK-pGL3 und pRL-CMV
transfiziert wurden, ermittelt. Wechselwirkungen mit den Koaktivatoren SRC1, PGC-1a
und TRAP220, und dem Korepressor NCoR1 wurden mit TR-FRET untersucht.
Microarray und gPCR Analysen wurden durchgefuhrt, um das Genexpressionsprofil von
3T3-L1 Zellen nach Stimulation mit telmisartanbasierten Substanzen zu ermitteln.
AuRerdem wurde die Glukoseaufnahme von ausgereiften Adipozyten der 3T3-L1

Zellinie nach Inkubation mit den Substanzen und *H-markierter Deoxyglukose
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gemessen. Die telmisartanbasierten Substanzen zeigten, im Vergleich zu den
Kontrollen Pioglitazon und Telmisartan, abweichende Kofaktorwechselwirkungen und
ein differenzielles mMRNA-Expressionsprofil.

Desweiteren wurden Substanzen mit neuen Modifizierungen der Telmisartanstruktur
bezlglich ihrer PPARy-aktivierenden Eigenschaft und Kofaktorwechselwirkungen
charakterisiert. Diese Substanzen haben eine Benzimidazol (Agonist 4-5 und 4-6),
Benzothiophen (Agonist 5-5 und 5-6), oder Benzofuran (Agonist 6-5 und 6-6)
Seitengruppe entweder an Position 5 oder Position 6 des Benzimidazolgrundkorpers.
Die Verlagerung der Benzothiophen oder Benzofuran Seitengruppe von Position 5 nach
Position 6 verstarkte sowohl Potenz und Effizienz, als auch Kofaktorrekrutierung. Alle
neuen telmisartanbasierten Substanzen zeigten die in vitro Eigenschaften selektiver
PPARy Modulatoren, und sind daher vielversprechende Substanzen fur zukunftige

in vivo-Experimente.
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1 Introduction
1.1 Energy metabolism and glucose homeostasis

The ingestion of food provides the fundamental source of energy for basic cellular
maintenance, physical activity and adaptive thermogenesis. To assure constant function
of the cells, energy must be supplied to cells and tissues continuously. It can either be
provided directly from ATP or indirectly from the cellular respiration of glucose, fatty
acids, ketone bodies and other organic molecules. These molecules are ultimately
obtained from food, or during fasting state, from the glycogen, fat and protein stored in
the body. When cellular ATP concentrations rise because more energy is available than
can be immediately used, ATP production is inhibited and glucose is converted into
glycogen and fat. The major fuel depots are represented by the liver, adipose tissue and
skeletal muscle [1]. In time of energy demand, stored substrates can be interconverted
to meet the energy needs of the body (figure 1). If possible, the body tends to conserve
its protein reserves and to draw on fat reserves preferentially, to keep muscle mass.

Glycogen
l T storedin:
liver, skeletal muscle
Glucose

I

— Glycerol Glyceraldehyde 3-phosphate

<+
_ _ lT . storedin:
Trigly ceride — Lacticacid s Pyruvic acid skeletal muscle
storedin: — Fattyacids =  AcetylCoA — Aminoacids " | Protein
adipose tissue \
,//' l Urea
Ketone
bodies

Figure 1: Interconversion of glycogen, fat and protein.
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Fat represents the major form of energy storage in the body. Storage of fuel in form of
triglycerides is advantageous over storage in form of glycogen, because triglycerides
release four to five times more energy when oxidized than equivalent amounts of
glycogen. Furthermore, lipids are stored very compactly to keep body weight in an
adequate range. Most tissues can use fatty acids as their primary, if not sole, source of
metabolic energy. Depending on differences in cellular enzyme content, organs differ in
the metabolic fuels they prefer as substrates for energy production. Resting skeletal
muscle for example, use fatty acids as their favored energy source. In contrast, the
brain has an almost absolute requirement for glucose. [2].

Metabolic fuels are distributed among tissues via the bloodstream. Maintaining constant
levels of circulating energy substrates is a sophisticated process regulated by the
endocrine system. Insulin and glucagon, released by pancreatic cells, play a prominent
role in metabolic homeostasis. The rise in blood glucose level after a meal stimulates
beta cells to secrete insulin and inhibits the secretion of glucagon from alpha cells.
Insulin decreases glucose production from the liver and increases glucose uptake as
well as utilization and storage in fat and muscle tissue. Insulin also stimulates cell
growth and differentiation, and promotes the storage of substrates in fat, liver and
muscle by stimulating lipogenesis, glycogen and protein synthesis. Simultaneously,
insulin inhibits catabolism of these molecules. On the other hand, glucagon is the
counter-regulating hormone to increase the blood glucose level, when it falls under the
normal range of about 4 to 7 mmol/liter [3].

1.2 Adipose tissue

Adipose tissue plays a central role in whole body energy homeostasis and is an
important endocrine organ [4]. Adipose tissue is specialized connective tissue that is
widely distributed within the body. In humans, it is located around internal organs
(visceral fat) and most prevalently, as deposits beneath the skin (subcutaneous fat).
Adipose tissue is composed of several cell types, with the highest percentage of cells
being adipocytes. Other cell types that contribute to the structural integrity include
fibroblasts, macrophages and pre-adipocytes, which are not yet filled up with lipid [5].
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Adipocytes are considered to originate from fibroblast-like precursor cells that
differentiate into adipocytes under the appropriate stimulatory conditions [6, 7],
described later. Some adipocytes appear during embryonic development, and their
number increases greatly after birth. The size of adipose tissue mass is a function of
both adipocyte number and size. An increase in adipose tissue mass can occur by
hyperplastic growth, which is an increase in cell number and occurs primarily by mitotic
division in precursor cells. Additionally, adipose tissue mass can also increase by
hypertrophic growth, which is an increase in the size of adipocytes. This increase in size
primarily takes place by lipid accumulation within the cell. Once new adipocytes are

formed, they remain throughout life. Only a reduction in size is possible [1].

Adipose tissue contains many small blood vessels. This blood supply provides sufficient
support for the active metabolism of adipocytes [8]. The primary role of adipocytes is to
synthesize and store triglycerides during periods of caloric excess and to mobilize these
energy depots in form of free fatty acids and glycerol during periods of nutritional
deprivation. Adipose tissue produces and secretes adipocytokines acting on the central
nervous system and peripheral tissues to modulate lipid and carbohydrate metabolism
[9-11]. Adipocytokines include e.g. leptin, adiponectin, TNF-a and resistin which are
involved in the regulation of feeding behavior, inflammation and energy metabolism [12],
[13]. The differentiation of adipocytes is a complex process accompanied by
coordinated changes in morphology, hormone sensitivity and gene expression. These
changes are regulated by several transcription factors, activated at different stages of
adipocyte differentiation, like C/EBPs, PPARy and ADD1/SREBP1c. Not only
adipogenic transcription factors but also hormones and other secreted proteins affect
adipocyte differentiation. For example, insulin and IGF-1 are well known to play a key
role in adipocyte differentiation in vivo and in vitro [14].
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1.3 Obesity and related health conditions
1.3.1 Prevalence

During the last decades, a shift towards an increase in body weight has been reaching
global epidemic proportions. The rising process reflects the profound changes in society
and in behavioral patterns of communities over years. Economic growth, modernization,
urbanization and globalization of food markets are just some of the forces thought to
underlie the epidemic. Increased consumption of more energy-dense, nutrient-poor
foods with high levels of sugar and saturated fats, combined with reduced physical
activity, have led to obesity rates that have risen three-fold or more since 1980 in some
areas of North America, the United Kingdom, Eastern Europe, the Middle East, the
Pacific Islands, Australasia and China. The obesity epidemic is not restricted to
industrialized societies. Moreover, its increase is often faster in developing countries
than in the developed world. Often coexisting in developing countries with under-
nutrition, obesity is a complex condition with serious social and psychological
dimensions, affecting all ages and socioeconomic groups. Obesity was identified as a
major contributor to the global burden of chronic disease and disability. The WHO
reported 2003 more than one billion adults worldwide as overweight with at least 300
million of them as clinically obese [15, 16].

The prevalence of overweight and obesity is commonly assessed by using a
measurement called the body mass index (BMI), defined as the weight in kilograms
divided by the square of the height in meters (kg/m?). The WHO classifies people with a
BMI over 25 kg/m? as overweight and people with a BMI over 30 kg/m? as obese.

During the past 22 years there has been a dramatic increase in obesity in the United
States, shown in figure 2. In 2008, about 32.2% adult men and 35.5% adult women
were considered to be obese in the US [17]. In 2010, data collected through the
Behavioral Risk Factor Surveillance System by the Center for Disease Control and
Prevention show 12 U.S. states (Alabama, Arkansas, Kentucky, Louisiana, Michigan,
Mississippi, Missouri, Oklahoma, South Carolina, Tennessee, Texas, and West Virginia)
with a prevalence of obesity of 30% or higher, and no state had a prevalence of less
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than 20% [18]. Ten years before, all states showed a prevalence rate of less than 25%.
Similar trends have been recognized for European countries [19, 20].

1990 2000 2010

[ ] Nopata [_] <t0% [] 10%-14% [15%-19% [ ] 20%-24% [ 25%-20% [ =30%

Figure 2: Obesity trends among U.S. adults from 1990 to 2010. Percent of obese with a BMI = 30 [18].

Importantly, obesity seems to be a burden of much younger age, which is linked with a
high number of obese children and adolescents. In 2010, the prevalence of obesity in
children and adolescents in the US was 16.9% [21]. Hence, childhood obesity is already
epidemic in some areas in the world and on the rise in others. Worldwide, about 17.6
million children under five were estimated to be already overweight in 2003 [16].

Only a comprehensive approach in public health policy can offer any realistic prospect
of averting an accelerating epidemic health development [22].

1.3.2 Metabolic Syndrome

Obesity is the direct result of an imbalance between energy intake and energy
expenditure. Although adipocytes are specifically designed to store energy and easily fill
up with fat, the morphological changes associated with adipose tissue growth are not
without consequences for the organism as a whole [23].
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The excessive fat accumulation in adipose tissue, liver and other organs strongly
predispose to the development of metabolic changes that increase overall morbidity
risk. The non-fatal, but debilitating health problems associated with obesity include
respiratory difficulties, chronic musculoskeletal problems, skin problems and infertility.

More life-threatening problems fall into four main areas:

- cardiovascular diseases (hypertension, myocardial infarction and stroke) [24],

- conditions associated with insulin resistance and diabetes mellitus type 2 [25],

- gallbladder disease [26],

- certain types of cancer, especially hormonally related and large-bowel
cancers [27].

Visceral obesity, which is characterized by excess fat storage in and around the
abdomen, is the primary cause for metabolic abnormalities. The expanded fat mass has
an accelerated lipolytic activity, and releases increased amounts of free fatty acids
(FFA) and pro-inflammatory cytokines (e.g. IL-6 and TNFa) into the circulation.
Consequently, due to the missing suppressive effect of insulin hepatic gluconeogenesis
becomes active. The resulting high blood glucose levels directly affect insulin release
from R-cells, leading finally to impaired insulin secretion, hyperglycemia, insulin
resistance, and accumulation of triglycerides in peripheral tissue [28, 29]. In most
cases, mild insulin resistance can be compensated by an increase in insulin secretion
[30]. However, under consistent impaired glucose tolerance or aggravation, R-cell
dysfunction can occur and manifest into diabetes mellitus type 2 [31]. As mentioned
before, adipocyte tissue not only expands in mass, but also in adipocyte size. The
hypertrophic adipocytes create regional areas of microhypoxia which leads to the
increased expression of HIF-1a and both, downstream activation of JNK1 and IKK/NF-
kKB pathways as well as ER stress in adipocytes. The subsequent inflammatory
response includes increased cytokine and chemokine release and recruitment of
macrophages, which themselves release pro-inflammatory cytokines and induce insulin

resistance via paracrine and endocrine effects [32].
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Furthermore, insulin contributes to the formation of hypertension by activating the
sympathetic nervous system and inducing sodium reabsorption in the kidneys. High
levels of circulating FA, pro-inflammatory and pro-thrombotic (e.g. PAI-1)
adipocytokines, and low levels of HDL cholesterol increase the risk for cardiovascular
diseases [28]. An overview of the pathophysiologic interaction between adipose tissue

and other metabolic relevant tissues underlying the metabolic syndrome is presented in

figure 3.
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Figure 3: Pathophysiologic interaction responsible for manifestation of the metabolic syndrome

[28 modified]. VLDL, very low-density lipid; HDL, high-density lipid; LDL, low-density lipid; FFA, free fatty

acid; PAI-1, plasminogen activator inhibitor 1; M®, macrophage.
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A combination of the above named medical conditions that come together in a single
individual is termed metabolic syndrome or syndrome X. The criteria of diagnosis can
be slightly different depending on the group of experts doing the defining.

The U.S. National Cholesterol Education Program’s (NCEP) Adult Treatment Panel
(ATP) 111 (2001), for example, requires at least three of the following criteria to set the

diagnosis [33]:

- blood pressure = 130/85 mmHg

- central obesity: waist circumference = 102 cm (male), =2 88 cm (female)
- dyslipidaemia: TG =2 1.695 mmol/l (150 mg/dl)

- dyslipidaemia: HDL-Cholesterol < 40 mg/dl (male), < 50 mg/dl (female)
- fasting plasma glucose 2 6.1 mmol/I (110 mg/dl)

The World Health Organization criteria (1999) in contrast, require presence of diabetes
mellitus, impaired glucose tolerance, impaired fasting glucose or insulin resistance, and

two of the following criteria:

- blood pressure: = 140/90 mmHg

- dyslipidaemia: TG =2 1.695 mmol/l and HDL-Cholesterol < 0.9 mmol/l (male),
< 1.0 mmol/l (female)

- central obesity: waist:hip ratio > 0.90 (male); > 0.85 (female), and/or body mass
index > 30 kg/m?

- microalbuminuria: urinary albumin excretion ratio 2 20 mg/min or

albumin:creatinine ratio = 30 mg/g

This variability leads to confusion and absence of comparability between studies.
Nevertheless, there is agreement that the metabolic syndrome is a major public health
challenge worldwide and consistent evidence stresses the need for intervention [34].
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1.3.3 Treatment

The metabolic syndrome represents a complex disease which acquires a multi-factorial
therapy. Most important is the implementation of healthy lifestyle changes to reduce
body weight. It should include a balanced diet and an increase in physical activity.
Studies indicate that moderate weight losses (10%) and even short periods of exercise
(30 minutes per day) already have enormous effects on glucose levels and lower
cardiovascular risk factors, such as blood pressure and lipids [35, 36]. But, if lifestyle
changes alone don’t show beneficial improvement of the symptoms, a pharmacological
therapy has to be applied [37].

Several drugs are available to specifically target selective conditions of the metabolic
syndrome. For example, lipid resorption by the gastrointestinal tract can be prevented
by lipase inhibitors (e.g. Orlistat) [38], statins (e.g. Simvastatin, Lovastatin) lower
cholesterol levels [39], and administration of AT-receptor antagonists (e.g. Telmisartan,
Losartan), ACE inhibitors (e.g. Ramipril, Captopril) or Calcium antagonists (e.g.
Verapamil) lower blood pressure [40, 41]. However, the key strategy to treat the
metabolic syndrome is the improvement of insulin sensitivity to prevent the
manifestation of diabetes mellitus type 2. It can be achieved by treatment with
Metformin which is used to block gluconeogenesis in the liver and triglyceride synthesis
[42]. Another important group of drugs to increase insulin sensitivity are
thiazolidonediones (TZDs: e.g. Pioglitazone, Rosiglitazone). They reveal their beneficial
effect via activation of the nuclear receptor PPARYy [43].

Considering the high complexity of the metabolic syndrome and associated risk factors,
a combination of different therapies is often necessary for the treatment [44].
Unfortunately, these combinational therapies are not able to achieve beneficial effects
for all components of the metabolic syndrome and bear the risk for more side effects
and negative drug-drug interaction. Hence, latest research focused on a more general
approach to meet the requirement for appropriate intervention. Adipose tissue is in the

center of these investigations.
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1.4 Peroxisome Proliferator-Activated Receptors (PPARSs)
1.4.1 PPAR family and structure

PPARs are ligand-activated transcription factors and belong to the superfamily of
nuclear hormone receptors (NRs) [45]. Their name derived from the ability of chemical
substances (e.g. fibrate hypolipidemic drugs and xenobiotics), later refered as
peroxisome proliferators (PP), to increase the size and number of hepatic peroxisomes
in rodents. Furthermore, these agents activated transcription of genes involved in
peroxisomal [3-oxidation by the expression of a receptor, termed PPARa [46].
Subsequent cloning events identified more members of this family, but only activation of
PPARa resulted in peroxisome proliferation in rodents [47].

There are three PPAR subtypes which are classified by the committee (V. Laudet,
J. Auwery, J.-A. Gustafsson, W. Wahli) for the nomenclature of NRs: NR1C1 [PPARa],
NR1C2 [PPAR®%/ PPARMR] and NR1C3 [PPARY] [48].

All PPARs share the molecular domain structure of most NRs. They are composed of
an N-terminal domain (NTD) with ligand-independent activation function, a DNA-binding
domain (DBD), a hinge region and a ligand-binding domain (LBD) with ligand-
dependent activation function (figure 4). DNA-binding occurs through two highly
conserved zinc fingers in the DBD, and requires dimerization with members of the
retinoid X receptor (RXR) family. Heterodimerization between PPARs and RXRs is
ligand-independent and relies on interfaces in the DBD and the LBD between the two
receptors. Transactivation by the PPARs can be mediated through both the ligand-
dependent AF2 region in the highly conserved LBD and through the ligand-independent
AF1 region in the NTD. A very mutable hinge region connects DBD and LBD, and is
responsible for protein flexibility [49, 50].
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Figure 4: Domain structure of NRs [51 modified]. NTD, N-terminal domain; DBD, DNA-binding domain;

LBD, ligand-binding domain; AF, activation function.

PPAR subtypes are located on different chromosomes. They are highly conserved
between men and mouse, and their DBD and LBD protein sequences share a high

degree of homology among the subtypes (figure 5) [52, 53].
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Figure 5: Domain structure of murine PPAR subtypes [53 modified]. Comparisons among the different

domains are expressed as percent amino acid identity, using PPARS as a reference. DBD, DNA-binding

domain; LBD, ligand-binding domain.

In human and mouse, PPARYy exhibits three isoforms by alternate promoter usage and
splicing. While PPARy1 and PPARy2 differ in additional 28 (mouse) and 30 (human)
amino acids at the NTD of the PPARy2 protein [54], PPARy3 mRNA encodes the same
protein like PPARy1, but is controlled by an alternative promoter [55].
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1.4.2 Mechanism

The PPAR:RXR heterodimer binds to specific target sites either within intragenic
regions or the proximal promoter region of target genes [56]. The consensus binding
motif is called peroxisome proliferator response element (PPRE) and represents a DR1
element consistent of two hexanucleotide direct repeats of the sequence 5-AGGTCA-3’
separated by a single nucleotide spacer [57, 58]. The orientation of the receptor binding
is favored by the interaction between the hinge region of PPAR and the moderately
conserved 5’ flanking sequence of the PPRE [56]. An illustration of the binding mode is

shown in figure 6.
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Figure 6: Mode of DNA-binding of the PPAR:RXR heterodimer to the PPRE. PPAR is occupying the 5°
and RXR is occupying the 3’ half-site of the PPRE. NTD, N-terminal domain; DBD, DNA-binding domain;

LBD, ligand-binding domain; AF, activation function; PPRE, peroxisome proliferator response element.

The activity of the receptor complex is controlled by ligand binding and cofactor
interactions, and can be further modulated by post translational modifications. PPARs
are activated by fatty acids and fatty acid derivatives, whereas RXR is activated by fatty
acids or 9-cis retinoic acid [59, 60]. Ligand binding to the AF2 domain of PPAR activates
the receptor by inducing a conformational change of helix 12 of the LBD and generating
a charge clamped hydrophobic cavity. In the inactive state, helix 12 enables interaction
with conserved CoRNR-box motifs (LXXI/HIXXXI/L) of corepressors which inhibit
transcriptional activity [61]. After ligand binding, corepressors dissociate from the LBD
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and give room for the co-activator complex. Recruitment of the coactivator complex is
mediated by a conserved LXXLL motif which is present in the majority of the
coactivators [62].

The cofactor complex involves a large number of proteins with multiple enzymatic
activities to control transcription. Mechanisms of action include: interaction with
chromatin via histone acetyltransferases (HAT) or histone methyltransferases (HMT),
recruitment of the polymerase machinery, and crosstalk with other transcription factors.
Cofactors not only transactivate, but also transrepress the activity of target genes.
Examples for cofactors which mediate PPAR’s repressive activity are SMRT and NCoR.
Both factors contain histone deacetylase (HDAC) activity to enforce a tight chromatin
structure and therefore repress gene transcription [63]. The exchange of the
corepressor complex with a coactivator complex is mediated by corepressor associated
F-box/ WD-40 proteins (transducin B-like 1 (TBL1) and TBL1-related protein 1 (TBLR1))
by ligand-dependent recruitment of the ubiquitin/ 19S proteasome system [64].

As mentioned before, PPARs can be activated ligand-dependent via the AF2 region, but
also via the AF1 region [65]. However, conditions of non-stimulated activation are
difficult to distinguish from binding and activation of endogenous ligands, since available
concentrations of these ligands and there potency for PPAR activation are still unknown
[66]. Nevertheless, presence of a PPAR ligand stabilizes the coactivator complex and
thereby increases transactivation. A simplified overview of ligand-dependent and -
independent PPAR activation is demonstrated in figure 7. Several members of different
coactivator families are known to interact with PPARs [67]:

- Steroid receptor coactivator (SRC) family
(HAT activity)
- Cyclic-AMP responsive element binding (CREB) protein (CBP)/ p300 family
(HAT activity)
- PPARYy coactivator-1 (PGC-1) family
(recruitment of proteins with HAT activity)
- Mediator complex
(recruitment of RNA polymerase Il machinery)
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Due to a spatiotemporally orchestrated assembly of cofactors, the complex can act in a
highly specific manner. Furthermore, post translational mechanisms, like
phosphorylation, ubiquitination and sumoylation influence the function of PPARs [68].
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Figure 7: Ligand-dependent and -independent activation of PPAR target genes [66 modified]. The
PPAR:RXR heterodimer can associate with corepressor and coactivator complexes. Binding of a ligand

dramatically increases transactivation.

1.4.3 Function

PPARs are ‘lipid sensors’ and play key roles in the regulation of lipid metabolism,
inflammation, development and differentiation [69]. The three PPAR subtypes share

basic mechanistic functions due to an overlapping group of activating ligands, but also
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have highly unique functions because of selective modulation by e.g. cofactors, as
described above, and differential expression profiles [66, 69, 70].

PPARa is predominantly expressed in the liver, but can also be found to a lesser extent
in kidney, heart and muscle [71]. In response to prolonged fasting, increased amounts
of FAs are released from adipose tissue and transported into the liver, where they
activate PPARa. Controlling FA oxidation and generating ketone bodies as an energy
source for peripheral tissue is most crucial in PPARa function [72]. Furthermore, plasma
triglyceride levels are decreased, and HDL levels are increased, resulting in improved
insulin sensitivity [73]. Consequently, PPARa-null mice are unable to meet energy
demands during fasting and develop hepatic steatosis, hypoglycemia and severe
hypoketonemia [72]. PPARa regulates the peripheral circadian oscillator of the liver and
itself is controlled by the core-circadian protein CLOCK [74, 75].

PPARS is ubiquitously expressed, with highest levels in placenta and intestine [71]. It
plays an important role as an activator of FA oxidation and energy homeostasis in
skeletal muscle, heart, pancreatic R-cells and adipose tissue [76, 77]. Moreover, PPARY
mediates glucose oxidation in the heart and glucose uptake and storage in the muscle.
Activation with synthetic PPARS ligands regulates glucose-stimulated insulin secretion
in pancreatic -cells, suppresses macrophage derived inflammation [78], and increases
formation of type 1 fibers in muscle tissue [79]. Furthermore, it is involved in wound
healing by enhancing keratinocyte survival [80].

Highest levels of PPARy are found in adipose tissue, where it is necessary for
differentiation and function of white and brown adipocytes. PPARY is directly involved in
activation of the entire adipocyte gene program, and therefore termed as the ‘master
regulator’ of adipogenesis [81, 82]. Ectopic expression of PPARYy in fibroblasts induces
an adipocyte-specific gene expression that trigger morphological differentiation and lipid
droplet formation, which involves a transcriptional cascade with members of the CAAT/
enhancer binding protein (C/EBP) family [83, 84]. Furthermore, PPARYy activation is
associated with FA transport, and triglyceride synthesis and breakdown. Pertinent with
that, there is a redistribution of fat mass, from visceral to healthier subcutaneous fat.

Decreased production of adipocytokines, (like TNF-a and resistin), which cause insulin
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resistance [85, 86], and increased expression of the anti-diabetic protein adiponectin,
result in improved whole-body insulin sensitivity [87].

Homozygous PPARy-null mice die during embryogenesis, due to placental insufficiency,
but can be rescued by tetraploid chimeras with wild type placentas. However, rescued
mutants still exhibit a lethal pathologic phenotype with hepatic steatosis and complete
lack of adipose tissue [88]. Conditional PPARy knock-out in the muscle causes
secondary insulin resistance in liver and adipose tissue [89]. Hence, PPARYy plays an
important role in maintaining glucose homeostasis. In vitro, embryonic fibroblasts
derived from PPARy-null fetuses fail to differentiate into adipocytes [90]. Consistent with
these observations, dominant-negative PPARy mutations in humans lead to partial
lipodystrophy, hypertension and insulin resistance [91].

While PPARy2 is exclusively expressed in white adipose tissue, PPARy1 is more
abundant and can also be found in small and large intestine, kidney, liver, spleen and
muscle [92]. PPARy1 promotes various anti-inflammatory capacities. It inhibits the
expression of pro-inflammatory proteins, like INOS, TNF-a, IL-6 and IL-13, and
mediates the differentiation of alternatively activated macrophages, with preference for
the IL-10 producing M2 type [93, 94].

Overall, PPARYy activation seems to have beneficial effects on the main features of the
metabolic syndrome and therefore, is an area of active investigation with great effort
during the last years.

1.5 PPARYy activation
1.5.1 Endogenous ligands

A variety of FAs (preferentially polyunsaturated FAs) and eicosanoids bind PPARYy.
Examples are arachidonic acid derivatives, like 15-Deoxy-A 12,14-Prostaglandin J2
(PGJ2), and linolic acid derivatives, like 9-HODE or 13-HODE [69, 95]. Most of these
ligands bind PPARy with low affinity and their concentration in target cells might be
insufficient for activation of the receptor [96]. An alkyl phospholipid, which is an
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oxidation product of LDL, was demonstrated to be a high affinity ligand for PPARy and
is discussed to play a role in PPARy expression in atherosclerotic plaques [97].
Moreover, cellular 5-hydroxytryptamine (serotonin) metabolites were identified as
natural ligands and able to activate PPARy in adipocytes and macrophages [98].
Concerning the pivotal function of PPARy during adipogenesis the presence of an
unidentified ligand with high affinity is most likely [99]. The enzymes xanthine
oxidoreductase and retinol saturase seem to be involved in the production of this
endogenous ligand [100, 101]. However, the concrete underlying mechanism is not yet
understood [59].

1.5.2 Synthetic ligands

TZDs, also known as glitazones, are synthetic ligands for PPARYy, introduced in the late
1990s. They demonstrate a class of drugs used for the treatment of diabetes mellitus
type 2. TZDs exert beneficial effects on the lipid profile either by promoting triglyceride
storage in adipose tissue, or by enhancing adiponectin production. Moreover, peripheral
insulin resistance is reduced and pro-inflammatory cytokine levels decreased [102,
103]. There are different members of this class: troglitazone, rosiglitazone and
pioglitazone, with slightly different characteristics.

Troglitazone (Rezulin®) became withdrawn from the market in the year 2000 due to
severe hepatotoxicity [104]. Next generation glitazones were rosiglitazone (Avandia®)
and pioglitazone (Actos®). They are either used in monotherapy or in combination with
metformin or sulfonylurea. Rosiglitazone moderately decreases TG levels, while
pioglitazone increases HDL levels [105]. However, glitazones are associated with
certain side effects, like weight gain, fluid retention, edema formation, fractures, or an
increased risk for myocardial infarction [106—108]. In 2011, rosiglitazone was withdrawn
from the European market due to an increased risk of cardiovascular events, and put
under selling restriction in the U.S. In the same year, Germany and France suspended
the sale of pioglitazone, because of its association with bladder cancer during long-term
treatment [109].
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Several synthetic ligands for PPARy have been developed within the last decade. Some
examples are L-tyrosine derivatives [110], FMOC-L-Leucine [111], and indomethacin
and other non-steroidal anti-inflammatory drugs [112].

1.5.3 Selective PPARy Modulators (SPPARyMs)

Intensive investigation was performed in order to identify drugs with a better side effect
profile. First strategies focused on the development of more potent and specific
activators of PPARYy, to reduce unspecific interaction by decreasing the dose during
treatment. Unfortunately, strong activation exacerbated unwanted side-effects [113]. In
contrast, genetically reduced expression levels of the receptor improved insulin
sensitivity. Heterozygous PPARy-KO mice were shown to be more insulin sensitive than
WT mice [114]. These observations guided the development of partial activators. They
are characterized by a lower efficiency at saturating concentrations than a full agonist,
like pioglitazone [115].

Further research on PPARy agonists gained from parallel works performed on the
estrogen receptor and its tissue-specific modulation. For example, the estrogen receptor
ligand tamoxifen behaves like an agonist in bone and the cardiovascular system, but
reveals antagonistic effects in breast tissue [116]. The principle of this mode of action is
based on selective modulation of receptor conformation by natural or synthetic ligands,
in general called ‘selective nuclear receptor modulators’. Depending on their chemical
structure, these modulators induce a specific allosteric conformational change of the
receptor resulting in selective recruitment of cofactors critical for the specific regulation
of target gene transcription. The available set of cofactors varies by cell type and cell
state and adds an additional regulatory level to the modulation of receptor activity [117,
118].

Hence, ideal modulators for PPARy would be potent and highly efficacious inducers for
anti-diabetic gene expression with low potency or low maximal activity of genes
promoting adipose generation, loss of bone mineral density, fluid retention and
congestive heart failure [119].



Introduction 34

Newly synthesized drugs combine partial activation and selective modulation of PPARy
to achieve best therapeutic outcome (improving insulin sensitivity, decreasing
dyslipidemia and inflammation), while preventing negative side effects.

FMOC-L-Leucine is a PPARYy agonist with very low potency, but similar efficacy than
rosiglitazone. It induces selective co-factor recruitment, leading to reduced
adipogenesis and improved glucose tolerance and insulin sensitivity in diet-induced
glucose-intolerant mice and diabetic db/db mice [111].

In 2006, halofenate was demonstrated to be a SPPARyM with low affinity, and
antagonizes rosiglitazone action. In insulin resistant ob/ob mice and obese zucker rats,
halofenate reduces glucose and insulin levels comparable to rosiglitazone in absence of
body weight increases. It mediates the displacement of corepressors (NCoR and
SMRT), but recruits the coactivators p300, CBP and TRAP220 in a very weak manner
compared to rosiglitazone [120]. In the 1970s, halofenate was tested in two clinical trials
and found to lower triglyceride levels, but with weak effects on plasma glucose levels in
diabetic patients [121, 122]. The (-) enantiomer of halofenate, MBX-102 (metaglidasen)
improved metabolic outcome without weight gain and is currently in a clinical trial [123].

Another SPPARyM with selective cofactor recruitment is FK614. It favors the
recruitment of PGC-1a over CBP and SRC1 when compared to rosiglitazone.
Hyperglycemia, hypertriglyceridemia and insulin resistance and glucose tolerance are
improved in diabetic animal models. Adipogenesis is not decreased [124-126]. FK614
advanced to phase Il clinical trials, but was discontinued when no therapeutic effects

were demonstrated.

The high numbers of compounds which are currently in development or in a preclinical
stage [127] emphasize the significance of this research field.

Another group of compounds which are shown to be partial activators for PPARy are
angiotensin Il type 1 (AT4)-receptor blockers (ARBs) [128]. They are established and
widely used for the treatment of high blood pressure [129]. In 2004, several ARBs were
shown to exhibit partial PPARy activating properties (telmisartan > irbesartan >

losartan). The highest potency among the ARBs was demonstrated with telmisartan.
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Furthermore, telmisartan induced a selective cofactor recruitment and gene expression
pattern, distinct from pioglitazone, and therefore is considered to be a SPPARyM. In
vivo experiments demonstrated that diet-induced obesity mice treated for 10 weeks with
telmisartan have improved insulin sensitivity and glucose tolerance without gaining
weight compared to the pioglitazone treated control group [130]. Several clinical studies
support the conclusion that telmisartan has beneficial effects on glucose and lipid
metabolism. Treatment of diabetic patients with telmisartan (40-80mg/day) for 6 months
reduced serum glucose and triglyceride levels compared with baseline. Furthermore,
telmisartan had an excellent tolerability profile [131]. Similar results were achieved in
another clinical trial. There, patients were treated with telmisartan (80mg/day) for
3 months, and fasting plasma glucose and insulin resistance, as well as blood pressure
were decreased [132]. Due to its anti-hypertensive characteristics and its anti-diabetic
properties, telmisartan can act as bimodal drug and might be able to improve several
conditions of the metabolic syndrome like insulin resistance, and might protect from

cardiovascular events.

Because of these promising effects, our group decided to create more potent
SPPARyMs based on the telmisartan structure.

During a first project period detailed structure-activity relationship (SAR) studies were
performed to elucidate an essential structural scaffold for PPARy activation [133],

shown in figure 8.
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Figure 8: Telmisartan structure and minimum requirement for PPARYy activation. (A) Chemical structure

of telmisartan; (B) Chemical structure of the 1-(biphenyl-4-ylmethyl)-1H-benzimidazole scaffold



Introduction 36

Furthermore, structures with different modifications at position 2, 4, 5 and 6 of the core
structure were synthesized and analyzed regarding their structure-activity relationship
activating the PPARy-LBD. Results demonstrated that the elongation of the alkyl chain
at position 2 of the benzimidazole core, especially the length of the propyl chain, was
important for potency and activation. Presence of the methyl group at position 4 induced
partial activation [134]. And changes at positions 5 and 6 of the core scaffold were
shown to have influence on efficacy [135].

1.6 Aim of this study

The purpose of this work for a second project period was to deepen the knowledge
about the mode of action of modified telmisartan derivatives. Therefore, the following

compounds with different PPARy agonism:

- telmisartan and a partial agonist like telmisartan
- pioglitazone and a full agonist like pioglitazone

- an agonist with higher potency than pioglitazone

were selected and analyzed regarding differences in cofactor interaction, differential
gene expression and glucose uptake.

Furthermore, the importance of position 5 and 6 of the telmisartan scaffold was further
characterized. Newly designed compounds with specific moieties at position 5 or
position 6 were analyzed regarding potency and efficacy for PPARy transactivation, and
correlation between PPARYy activation and cofactor recruitment.

Findings of this work should contribute to the current understanding of PPARYy
modulation and the development of anti-diabetic drugs.
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2 Material and Methods
2.1 Material
2.1.1 Compounds

Synthetic compounds were synthesized by M. Goebel at the Institute of Pharmacy,
Freie Universitat, Berlin/Germany. The chemical structure and molecular weight of the
compounds and telmisartan is shown in figure 9.

The angiotensin-IlI receptor antagonist telmisartan provided the basic structure for the
development of new compounds. Former PPARy-telmisartan SAR-studies revealed the
1-(biphenyl-4-yImethyl)-1H-benzimidazole as an essential core of telmisartan, which is
necessary for minimum activation of PPARy [133]. Based on these core structure
(highlighted in blue, figure 1), 9 compounds with different moieties at position 2, 4, 5 and

6 were synthesized.

Telmisartan was purified and recrystallized from tablets (80mg) by M. Goebel [133].
Agonist 1 represents the core structure and contains, like telmisartan, a methyl group at
position 4. This methyl group is not present in agonists 2 to agonists 6-6. Agonist 3,
agonist 4-5 and agonist 4-6 have an elongation of the alkyl-chain at position 2. In both,
agonist 2 and 3, the central benzimidazole of telmisartan was replaced with an 1H-
naphto[2,3-d]imidazole.

Agonists 4 to 6 contain a benzimidazol moiety (agonists 4), a benzothiophene moiety
(agonists 5) or a benzofuran moiety (agonists 6) either at position 5 or 6. All compounds
were solved and diluted in DMSO.
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telmisartan
MW =514.62 g/mol

agonist 2
MW = 420.51g/mol

agonist 4-5
MW = 528.13 g/mol
contains 0.75 H,0

agonist 5-5
MW = 502.63 g/mol

agonist 6-5
MW = 486.56 g/mol

Figure 9:

COOH

agonist 1
MW = 384.48 g/mol
contains 0.3 H,0

agonist 3
MW = 434.58 g/mol

agonist 4-6
MW = 434.58 g/mol

agonist 5-6
MW = 502.63 g/mol

agonist 6-6
MW = 495.57 g/mol
contains 0.5 H,0

Chemical structures of analyzed compounds and telmisartan. The minimum requirement for

PPARYy activation is highlighted in blue. Modifications of the telmisartan structure are highlighted in red.
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2.1.2 Chemicals and substances

Ampicillin, Sigma-Aldrich, Hamburg, Germany
B-Mercaptoethanol, Sigma-Aldrich, Hamburg, Germany
Calcium chloride, Merck, Darmstadt, Germany

dNTPs (10mM), Promega, Mannheim, Germany
Dexamethason, Sigma-Aldrich, Hamburg, Germany
D-(+)-Glucose, Sigma-Aldrich, Hamburg, Germany

Dimethyl sulfoxide, 299.9%, Sigma-Aldrich, Hamburg, Germany

Dulbecco’s Modified Eagle Medium (DMEM), 4.5 g/l glucose, GIBCO® Life
Technologies, Karlsruhe, Germany

Ethanol, absolute, J.T. Baker,Griesheim, Germany

Fetal Bovine Serum, GIBCO® Life Technologies, Karlsruhe, Germany
*H-labeld D-(+)-Glucose, GE Healthcare Europe GmbH, Munich, Germany
HEPES, Promega GmbH, Mannheim, Germany

Insulin, human, 10mg/ml, Sigma-Aldrich, Hamburg, Germany
Isobutylmethylxanthin, Sigma-Aldrich, Hamburg, Germany

Isopropanol, 299%, J.T. Baker,Griesheim, Germany

Kalium chloride, Merck, Darmstadt, Germany

LB Agar Miller(10g tryptone, 10 NaCl, 5g yeast extract, 15g agar), Becton Dickensen,
Sparks, USA

LB Broth Miller (10g tryptone, 10 NaCl, 5g yeast extract), Becton Dickensen, Sparks,
USA



Material and Methods 40

Lipofectamine™ 2000, Invitrogen, Karlsruhe, Germany

M-MLV Reverse Transcriptase, Promega, Mannheim, Germany

M-MLV Reverse Transcriptase 5x Reaction Buffer, Promega, Mannheim, Germany
Magnesium chloride, Merck, Darmstadt, Germany

Magnesium sulfate, Merck, Darmstadt, Germany

Oil-Red O stain, BIOTREND Chemikalien GmbH, Kdoln, Germany

Opti-MEM® |, GIBCO® Life Technologies, Karlsruhe, Germany

OptiPhase Supermix Cocktail, PerkinEImer, Rodgau, Germany

PEG 6000/8000, Thermo Fisher Scientific, Rochester, USA

Penicillin/Streptomycin, Biochrom AG, Berlin, Germany

Pioglitazone, Enzo Life Sciences Inc., Farmingdale, USA

Phosphate buffered saline (PBS) 1x, GIBCO® Life Technologies, Karlsruhe, Germany
Power SYBR® Green PCR Master Mix, Life Technologies GmbH, Darmstadt, Germany
Random Primers, Promega, Mannheim, Germany

Recombinant Rnasin® Ribonuclease Inhibitor, Promega, Mannheim, Germany
Sodium chloride, Merck, Darmstadt, Germany

Sodium dihydrogen phosphit, Merck, Darmstadt, Germany

Sodium hydroxide, Merck, Darmstadt, Germany

Telmisartan, Boehringer Ingelheim GmbH, Ingelheim, Germany

Trypsin/EDTA, PAA Laboratories GmbH, Pasching, Austria

Ultra Pure Water, Biochrom AG, Berlin, Germany
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2.1.3 Kits

Agilent RNA 6000 Nano Kit, Agilent Technologies, Waldbronn, Germany
Dual-Luciferase® Reporter Assay System, Promega GmbH, Mannheim, Germany
lllumina® TotalPrep™ RNA Amplification Kit, Applied Biosystems, Darmstadt, Germany
LanthaScreen™ Terbium Instrument Control Kit, Invitrogen, Karlsruhe, Germany

LanthaScreen™ TR-FRET PPAR gamma Coactivator Assay Kit, Invitrogen, Karlsruhe,
Germany

MouseWG-6 v2.0 Expression BeadChip Kit, lllumina, Eindhoven, Netherlands
NucleoSpin® RNA I, MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany

QIAGEN Plasmid Maxi Kit, QIAGEN GmbH, Hilden, Germany

2.1.4 Biological material

Chemically competent prokaryotic cells:

- E. coli Top10 (genotype: F- mcrA A(mrr-hsdRMS-mcrBC) ¢80/acZAM15 AlacX74
recA1 araD139 A(araleu)7697 galU galK rpsL (StrR) endA1 nupG), Invitrogen,
Karlsruhe, Germany

Eukaryotic cell lines:

- 3T3-L1 (CL-173 Mouse embryonic fibroblast cell line), ATCC-LGC Standards
GmbH, Wesel, Germany

- COS-7 (African green monkey kidney fibroblast-like cell line, SV40 transfected),
Institute of Tumorpathology, University Hospital Charité-Berlin/Germany.
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2.1.5 Plasmids

Plasmids were a kind gift of B. Staels/Institut Pasteur, Lille/France and contain a

ampicillin resistance gene.

- pGal4-hPPARYDEF
- pGal5-TK-pGL3
- pRenilla-CMV

2.1.6 Cofactor peptides

Cofactor peptides are labeled with fluorescein and purchased from Invitrogen,
Karlsruhe, Germany. Coactivators contain LXXLL-motif.

NCoR1-DPASNLGLEDIIRKALMGSFDDK
SRC1-GPQTPQAQQKSLLQQLLTE
PGC-1a-EAEEPSLLKKLLLAPANTQ
TRAP220-NTKNHPMLMNLLKDNPAQD
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2.1.7 gPCR primers

Primers, shown in table 1, are specific for mouse genome and anneal at 60°C. They are

exon-exon spanning to distinguish between amplification from remaining genomic DNA

and RNA amplification. All primers were synthesized with the primer 3 program and

blasted at www.ncbi.nlm.nih.gov/BLAST for unspecific binding within the mouse

genome.

Table 1: Index of gPCR primers.

Gene Sequence Manufacturer
forward

18S 5’-CCT GAG AAA CGG CTA CCA CAT TIB MOLBIOL GmbH, Berlin,
reverse Germany
5-TTC CAA TTA CAG GGC CTC GA
forward

adiponectin 5-TCC GGG ACT CTACTACTTCTCTTACCAC Humboldt—UniverSity, Institut of
reverse Genetics, Berlin, Germany
5-GTC CCC ATC CCCATACACCTG
forward

ap2 5’-TGG AAG ACA GCT CCT CCT CG Sigma-Aldrich, Hamburg,
reverse Germany
5'-AAT CCC CAT TTACGC TGATGA TC
forward

CD36 5-GAT TAA TGG CAC AGA CGC AGC Humboldt-University, Institut of
reverse Genetics, Berlin, Germany
5-TCC GAA CAC AGC GTA GAT AGA CC
forward

PGC-1a 5-CAT TTG ATG CAC TGA CAG ATG GA Humboldt-University, Institut of
reverse Genetics, Berlin, Germany
5-CCG TCA GGC ATG GAG GAA
forward

PPARYy2 5-TGG GTG AAACTC TGG GAGATT C Humboldt-University, Institut of
reverse Genetics, Berlin, Germany
5’-GAG AGG TCC ACA GAG CTG ATT CC
forward

resistin 5-TCATTT CCCCTCCTTTICCTTT Humboldt-University, Institut of

reverse
5-TGG GAC ACAGTGGCATGCT

Genetics, Berlin, Germany
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2.1.8 Equipment and consumables

-20°C freezer, Liebherr GmbH, Biberach an der Riss, Germany
-80°C freezer, Electrolux GmbH, Nurnberg, Germany

Adhesive transparent foil for PCR plates (QPCR), SARSTEDT AG & Co, Mumbrecht,
Germany

Agilent 2100 Bioanalyzer, Agilent Technologies, Waldbronn, Germany
Analytical balance, Sartorius AG, Gottingen, Germany

Autoclave, Systec GmbH, Wettenberg, Germany

Bacterial incubator, ISS, Cookeville, USA

Centrifuges:

- Centrifuge 5810 R, Eppendorf AG, Hamburg, Germany
- Galaxy Mini centrifuge, Merck eurolab GmbH, Bruchsal, Germany

- Sorvall RC 5C Plus Centrifuge , Phoenix Equipment,Inc., Rochester, USA
Disposable plastic material:

- 6-well, 12-well and 96-well plates, SARSTEDT AG & Co, Mumbrecht, Germany

- 384 Well Low Volume Black Round Bottom Polystyrene NBS™ Microplate,
CORNING B.V. Life Sciences, Amsterdam, Netherlands

- Cell culture flasks (T25, T75, T175), SARSTEDT AG & Co, Mimbrecht, Germany

- Cell scraper, SARSTEDT AG & Co, Mumbrecht, Germany

- Combitips plus® for Multipette® stream, several sizes, Eppendorf AG, Hamburg,
Germany

- Cryo tubes, 2ml, Thermo Fisher Scientific, Rochester, USA

- Falcon tubes (15ml and 50ml), Becton Dickinson GmbH, Heidelberg, Germany

- Luminometer tubes, Sarstedt AG und Co., Numbrecht Germany

- Petri dishes, Nunc GmbH & Co. KG, Langenselbold, Germany

- Real-time plates, SARSTEDT AG & Co, Mumbrecht, Germany



Material and Methods

45

- Steril pipettes, SARSTEDT AG & Co., Numbrecht Germany

- Scintillation vial (6ml), PerkinElmer, Rodgau, Germany

- Tips for micropipettes, several sizes, VWR International GmbH, Darmstadt,
Germany

- Tubes (0,5ml; 1ml; 1,5ml; 2ml), SARSTEDT AG & Co, MUmbrecht, Germany

Drigalski-spatula, A. Hartenstein GmbH, Wurzburg, Germany
Filter for PerkinElmer EnVision® Multilabel Plate Reader:

- Emission filter 1: wavelength 495nm/ bandwidth 10nm, PerkinElmer, Rodgau,
Germany

- Emission filter 2: wavelength 520nm/ bandwidth 25nm, PerkinElmer, Rodgau,
Germany

- Excitation filter: wavelength 340nm/ bandwidth 60nm, PerkinElmer, Rodgau,

Germany
Freezing container, Nalgene® Mr. Frosty, Sigma-Aldrich, Hamburg, Germany
Fume hood, Kottermann, Uetze/Hanigsen, Germany
Gas burner, International Biological Laboratories, Haryana, India
Glass bottles, several sizes, VWR International GmbH, Darmstadt, Germany
Gloves:

- Latex examination gloves, Emerson & Co. S.r.L., Genoa, ltaly

- Nitrile gloves, Ansell Healthcare, Brussels, Belgium
HERA cell 150 CO2 incubator, Thermo Fisher Scientific, Rochester, USA
Ice machine, Scotsman, Milan, ltaly
LightCycler for Real-Time PCR Mx 3000 P, Stratagene, Amsterdam, Netherlands

NanoDrop Spectrophotometer 1000, PEQLAB Biotechnologie GmbH, Erlangen,
Germany
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Neubauer counting chamber, Marienfeld GmbH, Lauda-Konigshofen, Germany
PerkinElmer EnVision® Multilabel Plate Reader, PerkinElmer, Rodgau, Germany
Phase contrast microscope and camera, Olympus GmbH, Hamburg, Germany
pH-meter, HANNA instruments, Kehl am Rhein, Germany

Pipettes:

- Micropipettes, several sizes, Gilson, Middleton, USA
- Pipette boy, Gilson, Middleton, USA
- Multipette® stream, Eppendorf AG, Hamburg, Germany

Pump for cell culture, KNF Laboport, Freiburg-Munzingen, Germany

Racks, several sizes, several companies

Refrigerators, Liebherr GmbH, Biberach an der Riss, Germany

Rocking platform, PerkinElmar GmbH, Rodgau — Jugesheim, Germany

Steril filter (0.2um), Schleicher & Schuell, Dassel, Germany

Steril laminar flow chambers holten, Thermo Scientific, Ashville, USA

Sirius Luminometer, Berthold Detection Systems GmbH, Pforzheim, Germany
Thermo-mixer, Eppendorf AG, Hamburg, Germany

Vortex-mixer, Scientific Industries, Bohemia, USA

Wallac Model 1409 liquid scintillation counter, PerkinElmer, Rodgau, Germany

Water bath, GE Healthcare, Munich, Germany
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2.1.9 Computer software and internet programs

Primer sequence program:
- Primer 3, Whitehead Institute for Biomedical Research, USA
Program to draw chemical structures:

- ACD/ChemSketch Version 12.01, Advanced Chemistry Development Inc.,
Toronto, Canada

- MarvinSketch 5.4.0.0, Chem Axon, Budapest, Hungary
Software for 2100 Agilent Bioanalyzer:

- 2100 Expert Software, Agilent Technologies, Waldbronn, Germany
Software for figures and statistics:

- GraphPad Prism 5.01, GraphPad Software, Inc., La Jolla, USA
Software for luminometer and spectrophotometer:

- FB12/Sirius PC Software, Montreal Biotech Inc., Dorval, Canada
- NanoDrop 1000 v.3.5.2, PEQLAB Biotech GmbH, Erlangen, Germany

Software for microarray and qPCR analysis:

- Cluster 3.0 and TreeView 1.60, University of California, Berkeley, USA

- GenomeStudio Gene Expression Module, lllumina, Eindhoven, Netherlands
-  MxPro-Mx3000P v.4.10 Build 389, Stratagene, Amsterdam, Netherlands

- Partek Genomic Suite version 6.5., Partek Incorporated, St. Luis, USA

- R program version 2.14.1 containing lumi and limma packages, University of
Auckland, Auckland, New Zealand

Software for PerkinElmer EnVision® Multilabel Plate Reader:

- Wallac EnVision® Manager software, PerkinElmer, Rodgau, Germany
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2.2 Methods
2.21 Cell-lines
2.2.1.1 Culture and differentiation of 3T3-L1 cells

Adipocyte-differentiation experiments were performed with 3T3-L1 mouse embryonic
fibroblasts purchased from the American Type Culture Collection. Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and
1% Penicillin-Streptomycin at 37°C and 5% CO,. The special characteristic of this cell
line is its potential to undergo adipogenesis after distinct hormonal stimulation. To keep
the ability for differentiation, cells were passaged at 80-90% confluency until start of the
experiment and not used higher than passage 12.

For each time point or treatment group, cells were seeded as triplicates into 6-well
plates unless otherwise indicated. Two days after 3T3-L1 cells reached 100%
confluency (day 0), adipogenesis was initiated by stimulation with culture medium
containing 50mM Isobutylmethylxanthine, 2mM Dexamethasone and 10mg/ml Insulin
for 3 days. Thereafter, medium was replaced with full supplemented DMEM with
10mg/ml Insulin and cells were incubated for another 3 days. Differentiation was
accomplished after additional 3 days incubation with full supplemented DMEM.

To monitor morphological changes, pictures were taken at day 0, day 3, day 6 and day
9 during differentiation.

2.2.1.2 Culture of COS-7 cells

COS-7 cells were a kind gift of the Institute of Tumorpathology, University Hospital
Charité-Berlin/ Germany. Medium- and culture conditions are the same like for 3T3-L1
cells. COS-7 cells were splitted at 90-100% confluency and used for experiments
between passages 5 to 12.
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2.21.3 Freezing and thawing of adherent cell-lines

After receiving cell-lines from a vendor or other institutes, cells were cultured to increase
its biological mass and frozen as aliquots. Keeping cryo-stocks enables to work with low
passages and provides backup in case of contamination. To prepare cells for freezing,
the monolayer was rinsed once with warm 1x PBS to remove traces of FBS which
would inhibit enzymatic action. Afterwards, cells were incubated with trypsin/ EDTA until
they were detached from the plastic surface. To prevent any destruction of the cell
surface, full supplemented medium was added immediately and cells were transferred
to a falcon tube and centrifuged at 800rpm for 3min. Medium containing trypsin/EDTA
was aspirated, cells were resuspended in 10% DMSO full supplemented medium and
aliquoted in cryo-tubes. DMSO serves as anti-freezing agent and prevents rupture of
the cells during a slow freezing process in freezing-containers in a -80°C freezer. After
one day, tubes can be transferred to nitrogen for long-term storage.

Thawing has to be fast, to protect cells from toxic exposure to 10% DMSO. Hence, the
cell suspension was warmed-up in a 37°C water-bath and transferred to a falcon tube.
To adjust the osmotic pressure, full supplemented medium was added drop wise.
Afterwards, cells were centrifuged at 800rpm for 3min, DMSO containing medium was
aspirated and cells were resuspended with full supplemented medium.

2.2.2 Bacterial cells
2.2.21 Generation of chemically competent bacterial cells

Fresh overnight culture of chemically competent Top10 cells was used to inoculate
100ml of sterile LB broth and grown under constant shaking at 37°C. At an ODgyo Of
approximately 0.4 to 0.6 the cell suspension was centrifuged at 4000rpm for 10min. The
supernatant was discarded and the cell pellet was resuspended in 7.5ml TSB medium
containing 5% DMSO, 10mM MgSO,, 10mM MgCl; and 10% PEG 6000/8000 in LB
broth. Cells were incubated on ice for 1h and afterwards aliquoted, frozen in nitrogen
and stored at -80°C.
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2.2.2.2 Transformation and plasmid extraction

Plasmids are retransformed into bacteria in order to amplify larger quantities of it.
Therefore, chemically competent Top 10 cells were slowly thawed on ice and carefully
mixed with 5-10ng pGal4-hPPARyYDEF,pGal5-TK-pGL3 or pRenilla-CMV plasmid DNA,
respectively. The suspension was kept on ice for 30min to get the DNA stick to the
bacteria surface. During a heat-shock of 42°C for 1min, plasmid DNA is forced into the
cells. Afterwards, tubes were put back on ice. Prewarmed SOC medium (2% w/v bacto-
tryptone, 0.5% w/v bacto-yeast extract, 10mM NaCl, 2.5mM KCI, 10mM MgClz, 20mM
glucose) was added and cell suspensions were shaken at 37°C. After 1h, cell
suspensions were spread on LB agar plates containing 100mg/ml ampicillin and kept
upside down at 37°C overnight. 5ml of LB broth were inoculated with a single colony of
each transformation, respectively, and grown under constant shaking at 37°C overnight.
At the next day, cell suspensions were transferred to 500ml of sterile LB broth each,
containing 100mg/ml ampicillin and grown under constant shaking at 37°C to an ODego
of approximately 0.4 to 0.6. Then, plasmid DNA was extracted with a QIAGEN Plasmid
Maxi Kit according to the instructions of the manufacturer. At the end, plasmid DNA was
resolved in ultra pure water, concentrations were measured and plasmids were stored
at -20°C.

2.2.3 Luciferase assay
2.2.3.1 Transient transfection and stimulation of COS-7 cells

Purpose of this assay is to determine PPARy-activity after dose-dependent stimulation
of COS-7 cells with different PPARy agonists under the use of bioluminescence
reporters.

In a pretest, plate size and cell number was established. Consequently, all experiments
were performed in 96-well plates, due to saving material in a high throughput screening
and a good growth behavior of COS-7 cells in 96-well plates. Optimized density of
COS-7 cells was 1x10° cells/ 96-well.
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Cells were seeded and incubated at 37°C for 20h. Prior to transfection, medium was
replaced with serum free medium, and cells were transfected with 0.25ul Lipofectamine
2000, 4.5ng pGal4-hPPARYDEF, 45ng pGal5-TK-pGL3 and 3ng pRenilla-CMV in 25pl
Opti-MEM according to the Invitrogen transfection protocol. After 4h, full supplemented
medium containing the synthesized compounds, pioglitazone, telmisartan and vehicle
(DMSO) were added in a dose-dependent manner, and luciferase activity was
measured after 36h.

2.2.3.2 Measurement of luciferase activity

Dual-luciferase reporter assay (Promega) was performed according the manufacturer’'s
protocol. Briefly, cells were washed with 1x PBS. Buffer was removed and immediately
replaced with 30ul 1x Passive Lysis Buffer (PLB) per well. After 15min shaking at RT on
a rocking platform, plates were shock frozen at -80°C to complete lysis. In the
meantime, Luciferase Assay Buffer and Stop&Glo Reagent were prepared as indicated
in the protocol. Both reagents need to have the same temperature during the whole
measurement according to prevent variances in the results. Cell debris would interfere
with the measurement and had to be spinned down. With regard to transfection
efficiency, appropriate amounts of PLB lysate were transferred to luminometer vials and
measurement of firefly luciferase activity and renilla luciferase activity was performed
with a single injector luminometer for 10sec respectively. Renilla luciferase was used for
normalization and should be equal within ftriplicates. It is independent on firefly
luciferase activity. Relative light units were determined by the ratio of firefly luciferase
activity/ renilla luciferase activity.

Since firefly luciferase gene and PPARYy promoter are connected in pGal4-hPPARYDEF,
firefly luciferase activity can be directly correlated with PPARYy activity.
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2.2.4 Oil-Red O staining

Murine 3T3-L1 preadipocytes were maintained in DMEM with 10% fetal bovine serum
and differentiated by a modified protocol as described before. Briefly, postconfluent
preadipocytes were treated for 3 days with complete medium containing 1uM
dexamethasone and 0.17uM insulin, but no IBMX. After medium change, cells were
incubated with insulin (0.17uM) for further 3 days and with only complete medium for
another 3 days. During the whole stimulation time, medium contained the synthesized
compounds, pioglitazone, telmisartan or vehicle (DMSQO) at 3 different concentrations
(0.1uM, 1uM and 10uM), respectively. At day 9 of differentiation, cells were washed with
1x PBS and intracellular triglyceride content was stained with Oil-Red O. After 1h
incubation at 37°C, cell layer was washed and plates were scanned for documentation.

Preparation of Oil-Red O solution:

For Qil-Red O stock solution, 0.7g Oil-Red O was solved in 200ml 100% 2-propanol and
stirred at RT overnight. At the next day, the solution was filtered (0.2um) and stored at
4°C. To prepare Oil-Red O working solution, 6 parts of stock solution were mixed with 4
parts of ultra pure water. The solution had to sit at RT for 20min and was filtered again
(0.2um), without aspirating the precipitate. The working solution had to be prepared
freshly prior to use.
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2.2.5 Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET)

TR-FRET is used to analyze protein-protein or DNA-DNA interaction. After labeling both
items with a suitable pair of fluorophores, a donor-fluorophore can be excited and is
capable of transferring energy to an acceptor-fluorophore. The intensity of that signal
depends on the distance between donor and acceptor. The higher the signal, the
stronger is the binding of both items.

In order to analyze the influence of dose-dependent PPARy ligand binding on
corepressor release and coactivator recruitment, cell free LanthaScreen TR-FRET
PPARy Coactivator Assay was used as described in the instructions of the
manufacturer. It's a sensitive and robust technique using a delay of 100usec after
excitation (TR=time resolved) to overcome interference from background fluorescence,

light scatter and other interfering sources. The assay principle is shown in figure 10.

Excitation 340nm

Emission
520nm
} s ————ly FITC
Ligand Cofactor
Tb%< C_. TbJ@—>Tb=< O
PPARy-LBD Emission
495nm

Figure 10: Principle of the PPARy agonist dependent coactivator recruitment assay [136 modified].
Ligand binding induces a conformational change in helix 12 of the PPARy-LBD (Tb labeled), causing an
increase of the affinity of the LBD to a cofactor peptide (FITC labeled). Excitation of Tb induces an energy

transfer to FITC, if both fluorophores are in close proximity. Tb=terbium, FITC=fluorescein

Briefly, recombinant PPARYy ligand-binding domain (LBD) is tagged with glutathione
S-transferase (GST) and could be recognized by an anti-GST antibody. Dilution series
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of the synthesized compounds, pioglitazone and telmisartan were produced in triplicates
and mixed with PPARy-LBD and anti-GST antibody in black 384 well-plates. Incubation
time prior to measurement was 1h. Maximum concentration of pioglitazone represented
the positive assay control and DMSO served as negative control. Binding of the agonist
induced a conformational change of the PPARy-LBD, resulting in an increased affinity
for coactivator peptides. In this assay, cofactor peptides are labeled with fluorescein.
Close proximity of terbium and fluorescein increased FRET-signal. Fluorescence
intensities were measured with a filter-based EnVision plate reader and FRET-signal
was calculated by the ratio of the emission signal at 520nm (fluorescein) and 495nm
(terbium). Instrument settings consist with the specifications of the manufacturer for
LanthaScreen assays and were tested with LanthaScreen Tb Instrument Control Kit as
described in the manufacturer’'s instructions. The Z'-factor was calculated using the
equation of Zhang et al. [137]. It indicates the robustness of an assay and is considered
to be an excellent assay with values between 0.5 and 1, while a theoretical ideal assay
is represented by 1. Calculated Z’-values of this experiment were between 0.5 and 0.7.
Plate reader and software was kindly provided by the Department of Medicine/
Hepatology and Gastroenterology of the University Hospital Charité, Berlin/Germany.

2.2.6 Reverse transcription and gPCR

Quantitative real-time PCR is a sophisticated method to analyze gene expression. Cells
were cultured and differentiated with PPARYy ligands as indicated above. Afterwards,
cells were gently washed with ice-cold 1x PBS and directly lysed and homogenized.
Extraction and purification of total RNA was accomplished using NucleoSpin® RNA Il Kit
according to the protocol provided by Macherey-Nagel. RNA concentration was
determined with a spectrophotometer and samples were adjusted to 1ug/ul. Since RNA
can be easily degraded by Rnases, cDNA was synthesized by reverse transcription
using M-MLYV reverse transcriptase, Rnasin and dNTPs from Promega according to the
manufacturer’s instructions. Next, cDNA was subjected to quantitative PCR
amplification with gene-specific primers in the presence of a fluorescent dye (SYBR®
Green, Applied Biosystems). Sample mix and thermal profile are shown in figure 11.
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Figure 11: Sample mix and thermal profile for gPCR. Annealing temperature was adjusted depending

on the primer sequence.

The measurement was performed with the LightCycler Mx 3000 P by Stratagene.

During adipogenesis, preadipocytes undergo dramatic morphologic and metabolic
changes. Therefore, several genes (e.g. 3-actin, 18S, ubiquitin C) were tested for
housekeeping purposes (data not shown). Analysis with the 18S ribosomal RNA
revealed constant results. Thus, normalization to 18S was used to calculate the relative
abundance of sample mRNA.

2.2.7 Microarray
2.2.71 Sample preparation and labeling

An expression BeadChip Kit was performed to obtain detailed knowledge about PPARy
ligand-related gene expression during adipogenesis. Therefore, 3T3-L1 cells were
differentiated with newly designed PPARy agonists, pioglitazone and telmisartan as
described above. Due to the results of the PPARy-transactivation assay, a ligand
concentration of 10uM was chosen for the experiment. At day 6 of differentiation, RNA
of three technical replicas were extracted as explained under 2.2.6.
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The integrity and quantity of total RNA was analyzed using the Agilent RNA 6000 Nano
Kit and measured with the Agilent Bioanalyzer as indicated in the instructions of the
manufacturer. Electropherograms from the ladder and one sample, representative for all
measured RNA samples, are shown in figure 12.
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Figure 12: Electropherogram of total RNA quality. RNA integrity and concentration was measured with a
Bioanalyzer. Suitable quality of the sample is characterized by well-defined peaks of the 18S and 28S

ribosomal subunits. FU=Fluorescence Unit

To validate the treatment response, RNA was reverse transcribed into cDNA with
M-MLV Reverse Transcriptase kit and expression of 18S, adiponectin, ap2, resistin and
CD36 was measured by quantitative real-time PCR as indicated under 2.2.6.

An amount of 400ng/11pl total RNA was biotinylated and amplified with the lllumina®
TotalPrep™ RNA Amplification Kit according the manufacturer’s instructions. The basic
principle of this assay is shown in figure 13. Concentration of labeled cRNA was
measured with a spectrophotometer and adjusted for hybridization to 10ug/11pl.
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Figure 13: Overview of lllumina’s TotalPrep RNA amplification. Tthe first strand of cDNA was
synthesized by reverse transcription. Afterwards, single-stranded cDNA was converted to a double-strand
template and purified. Next, multiple copies of cRNA containing biotinylated nucleotides were synthesized
and in a final step purified for direct use in hybridization arrays. Picture was modified from lllumina’s

TotalPrep RNA amplification manual.

2.2.7.2 Hybridization

Biotinylated samples were transferred to the Max Delbrick Center, Berlin-Buch/
Germany and hybridization was performed by G. Born at the microarray facility of Prof.
Hubner with lllumina’s Whole Genome MouseWG-6 v2.0 Expression BeadChip Kit
according the manufacturer’s instructions. More than 45 200 transcripts, derived from
the National Center for Biotechnology Information Reference Sequence (NCBI RefSeq)
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database (Build 36, Release 22), the Mouse Exonic Evidence Based Oligonucliotide
(MEEBO) set and protein-coding sequences described in the RIKEN FANTOM2
database, were included.

The BeadChips contained oligonucleotides which were immobilized to beads and held
in microwells on the surface of an array substrate. The design of a bead-probe bound to
cRNA is shown in figure 14, and the application of samples on a BeadChip is
demonstrated in figure 15. During hybridization BeadChips and cRNA was incubated for
15h at 58°C. Afterwards, chips were washed and incubated with Cy3-Streptavidin which
binds to biotinylated cRNA, hybridized to the BeadChip. To detect signals, chips were
excited during a scanning process and light emissions were recorded. (figure 15). Data
were obtained with lllumina’s Bead Array Reader/ GenomeStudio using the decode files
of the chips to reveal the name and position of each transcript.

Biotin labeled cRNA

bead probe

Figure 14: Bead-probe design for direct hybridization [138 modified]. Each bead is linked to 29-mer
address sequences and a 50-mer transcript sequence, which can be recognized by biotin-labeled cRNA

samples.

microarray 1: pioglitazone samples
microarray2 telmisartan samples
microarray 3: agonist 1 samples
microarray 4: agonist 2 samples
microarray 5: agonist 3 samples

microarray 6: DMSO samples

Figure 15: Sample application on lllumina’s MouseWG-6 v2.0 Expression BeadChip.
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2.2.7.3 Data analysis

Microarray raw data were further processed with the program R using the packages
lumi and limma. Lumi package was used for log, transformation, quantile normalization
and background subtraction. Fold-changes were calculated by probe wise division of
the expression values from the experimental condition by the expression values from
the control condition. Experimental conditions were samples derived from cells treated
with pioglitazone, telmisartan, agonist 1, agonist 2 and agonist3, whereas control
conditions represented the DMSO control. Group comparism was implemented with
limma package. Finally, a logarithmic transformation was performed for each data point
according to the formula: fold change = log, (signal experimental condition/ signal
control condition). The Benjamini-Hochberg procedure was consulted for false discovery
rate (FDR) multiple testing corrections [139]. All genes possessing an mRNA level with
a log, fold-change smaller -1 and higher than 1, and a p-value of < 0.01 were
considered to be statistically significant.

The intersection of different microarray data sets were presented in venn diagrams
using limma package. And principle component analysis (PCA) was determined using
the Partek Genomic Suite program.

The cluster analysis was done for data sets of intersected genes with the Cluster Eisen
software and the TreeView program according to Eisen et al. [140]. The results were
calculated as the mean of triplicate fold-change values, and displayed in a hierarchical
cluster for genes with in increased or decreased mRNA level. To elucidate selective
gene expression, results were displayed in a mean hierarchical cluster profile.

Furthermore, selective groups of genes were uploaded to DAVID (Database for
Annotation, Visualization and Integrated Discovery; www.david.niaid.nih.gov) and
further analyzed for gene onthology and pathway enrichment. The biological function of
differentially expressed genes was determined with www.ncbi.nlm.nih.gov/pubmed and

www.ncbi.nlm.nih.gov/omim.
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2.2.8 Glucose uptake

3T3-L1 cells were cultured as triplicates in 12-well plates and differentiated as described
under 2.2.1.1. Mature adipocytes were treated with 10uM synthesized compounds,
pioglitazone and telmisartan. For glucose up-take measurement, adipocytes were
washed twice with warm 1x PBS and starved for 2h with medium without FBS.
Afterwards, cells were washed with Krebs-Ringer Buffer (pH 7.4, 25mM HEPES,
130mM NaCl, 5mM KCI, 2.5mM CaCly, 2.5mM NaH;PO3, 1.2mM MgCl,) and incubated
in Krebs-Ringer Buffer containing 0.1mM deoxyglucose with and without 100nM insulin
for 30min. For the last 6min of incubation, a mixture of 0.1mM deoxyglucose and 0.5uCi
®H-labeld deoxyglucose was added. To stop glucose up-take, cell culture plates were
put on ice pads and cells were washed twice with ice-cold 1x PBS. Cells were lysed in
300ul 1IN NaOH immediately. To determine up-take of radioactively labeled glucose,
100ul of the lysate were mixed with 5ml of scintillation solution and counts were
measured for one minute per sample with a R-counter. Scintillation solution with 100l
labeled glucose mixture was used to control °H-labeld deoxyglucose activity.
Scintillation solution without lysate served as negative control and values were

subtracted from the measured sample values.

2.2.9 Statistical analysis

Unless differently indicated experiments were done in triplicates and repeated at least
three times. All data represent means + SD and were considered to be statistically
significant at p<0.05. Glucose uptake and qPCR results were statistically analyzed by
parametric student’s t-test or ANOVA with post hoc test (Bonferroni) where appropriate.
As mentioned above microarray data were statistically analyzed according the
Benjamini-Hochberg procedure. TR-FRET and transactivation data represent the mean
of three independent experiments measured in triplicates. TR-FRET data were
normalized to 1 and transactivation data were normalized to 100% for the maximum
PPARYy activation by pioglitazone. ECsp-values and area under the curve (AUC) was
calculated with GraphPad Prism 5.01.
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2.2.10 Lipophilicity

Based on the chemical structure, lipophilicity of pioglitazone, telmisartan and the
synthesized compounds was calculated for ph7.4 with MarvinSketch 5.4.0.0. The
chemical structures were drawn with ACD/ ChemSketch.
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3 Results
3.1 Morphological changes during 3T3-L1 differentiation

3T3-L1 cells are mouse embryonic fibroblasts, which represent a well-established
in vitro model for studies on adipose tissue and screening of potential adipogenic
agents [141, 142]. During differentiation 3T3-L1 cells underwent a distinct morphological
change from preadipocyte-like fibroblasts to a mature adipocyte-like phenotype.
Pictures of the different stages during 3T3-L1 differentiation are shown in figure 16.

Figure 16: Morphological changes of 3T3-L1 cells during differentiation into adipocytes. 3T3-L1
preadipocytes were grown to confluence and differentiated into mature adipocytes with a medium
containing dexamethasone, insulin and pioglitazone. Phase-contrast-microscopic pictures were taken at

day 0, day 3, day 6 and day 9 (200x magnification).
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At day 3 during differentiation, cells started to pull together and easily detached from the
surface of the flask. At day 9 of differentiation, the cells appeared fully rounded and
possessed numerous large lipid spheres. At this stage, 3T3-L1 cells were considered to
be mature adipocytes.

3.2 Triglyceride accumulation in 3T3-L1 adipocytes

Intracellular lipid spheres within adipocytes differentiated from 3T3-L1 cells were
visualized with Oil-Red O staining (figure 17). Oil-Red O is a lysochrome diazo dye to
specifically stain neutral triglycerides and cholesterol lipids. The degree of the staining is
acknowledged to be directly proportional with the degree of differentiation [57].
Triglyceride accumulation was exclusive in 3T3-L1 adipocytes, and absent in 3T3-L1

preadipocytes.

Figure 17: Qil-Red O staining in 3T3-L1 preadipocytes and adipocytes. Cells were differentiated into
adipocytes for 9 days as previously described. Intracellular triglycerides were stained with Oil-Red O.
Phase-contrast-microscopic pictures (400x magnification) were representative for at least three

independent experiments and were taken at day O (preadipocytes) and day 9 (adipocytes).
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3.3 Expression of PPARy2 mRNA in 3T3-L1 preadipocytes and adipocytes

Adipogenesis is a complex cellular process regulated by PPARy [143]. PPARy2 mRNA
became highly expressed in 3T3-L1 adipocytes compared to preadipocytes, as shown
in figure 18. Therefore, the expression level of PPARy could be directly correlated with
the degree of differentiation and the degree of triglyceride accumulation.

* k%
800 ~

600 -

400 ~

200

relative mRNA expression of PPARy2
(normalized to 18S)

3T3-L1 3T3-L1
preadipocytes adipocytes

Figure 18: Expression of PPARy2 mRNA in 3T3-L1 preadipocytes and adipocytes. 3T3-L1
preadipocytes were differentiated into adipocytes for 9 days as previously described. Total RNA of
preadipocytes and adipocytes was extracted and analysed by qRT-PCR for murine PPARy2. Data were
normalized against 18S expression. Error bars represent the mean (+ SD) of three independent

experiments performed in triplicates. *** p < 0,001
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3.4 PPARYy activation by partial and full agonists
3.4.1 PPARYy transactivation by partial and full agonists

For in vitro analysis, three compounds based on the structure of telmisartan were
chosen to investigate the consequences of partial (telmisartan-like agonist) and full
(pioglitazone-like agonist) PPARy activation, and activation of PPARy with a more
potent agonist than pioglitazone.

From the first project period preliminary results were obtained about the influence of
certain modifications on PPARYy activity. Using this knowledge, compounds with known
or anticipated agonistic action were selected and compared with pioglitazone and
telmisartan, respectively. To confirm the correct selection of compounds the degree of
PPARYy activation was measured with a luciferase transactivation assay using Cos-7
cells transiently transfected with pGal4-hPPARyYDEF and pGal5-Tk-pGL3. The basis of
this system was the interaction of the Gal4 transcription factor fused with the hPPARYy-
LBD and the Gal4 DBD. Dose-response curves are shown in figure 19A and structures
of the selected compounds are shown in figure 19B. Pioglitazone was used as positive
control and maximum activation was set to 100%. The basic scaffold of the telmisartan
structure was chosen to represent the partial (telmisartan-like) agonist, here referred to
as agonist 1. It achieved the same efficacy like telmisartan, but with less potency.
Replacing the benzimidazole scaffold of agonist 1 with an 1H-naphto[2,3-d]imidazole in
agonist 2 dramatically increased potency and efficacy compared to telmisartan, and
turned it into a pioglitazone-like agonist for PPARy. Potency of agonist 2 was very
similar to the potency of pioglitazone. However, efficacy was lower (75% maximum
activation; table 1). Based on the structure of agonist 2, but with an elongated alkyl
chain, agonist 3 further increased potency and efficacy. Hence, agonist 3 became a full
agonist, and more potent than pioglitazone. ECso- and maximum activation values are

demonstrated in table 2.
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Figure 19: PPARy-activation induced by agonists 1, 2 and 3 measured with transactivation assay.
(A) COS-7 cells transiently transfected with pGal4-hPPARyDEF and pGal5-Tk-pGL3 were stimulated with
the synthesized compounds 1, 2 and 3, and the reference substances pioglitazone (maximum activation
was set to 100%) and telmisartan in a dose-dependent manner. Firefly luciferase activity was measured
after 36h and normalized with activity of co-transfected pCMV-Renilla. Data points represent the mean

(xSD) of three independent experiments. (B) Chemical structures of compounds 1, 2 and 3.

Dose-response curves of agonist 1 (published as compound 5) and agonist 2 (published
as compound 9) confirmed results from Goebel et al. [133, 134].
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Table 2: Overview of ECs-values and efficacy after transactivation of the hPPARy-LBD with agonist 1, 2
and 3, and control PPARy agonists. Data represent the mean of three independent experiments
calculated with GraphPad Prism 5.01 by the use of the dose-response curves (figures 19A). The maximal

activation shows the highest relative PPARy-activation triggered by the compounds in comparison to

pioglitazone (=100%).

Compound ECso [UM] efficacy [%]
Pioglitazone 0.83 100
Telmisartan 2.53 62
agonist 1 9.90 58
agonist 2 0.40 75
agonist 3 0.27 100
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3.4.2 Differentiation of 3T3-L1 cells by partial and full agonists

Oil-red O staining demonstrates another technique for the assessment of cellular
PPARy activation. Overall, dose-dependent differentiation of 3T3-L1 cells (figure 20)
confirmed the results from the transactivation assay. Pioglitazone and telmisartan were
confirmed to be full and partial agonists for PPARY, respectively. Absence of triglyceride
accumulation in 3T3-L1 cells after treatment with DMSO proved that the activation of
PPARy was triggered by pioglitazone, telmisartan or the analyzed agonists. The
differentiation pattern of agonist 2 and agonist 3 was similar to the degree of
differentiation obtained with pioglitazone at 1uM and 10uM, but slightly weaker at 0.1uM
treatment. And agonist 1 was confirmed to be a partial agonist like telmisartan with a
lower differentiation pattern at 1uM, indicating a lower potency.

0,1uM 1uM 10uM

Pioglitazone

Telmisartan

DMSO

agonist 1

agonist 2

agonist 3

Figure 20: Differential PPARYy-ligand dependent adipocyte differentiation with partial and full agonists.
3T3-L1 cells were differentiated with pioglitazone, telmisartan and the agonists 1, 2 and 3 in three
different concentrations (0.1uM; 1uM; 10uM). After 9 days Oil-Red O staining was performed. Picture is

representative for three independent experiments.
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3.4.3 Lipophilicity of specific partial and full agonists

Lipophilicity is one of the predominant factors influencing the pharmacokinetic behavior
of a drug. It strongly affects absorption, distribution, metabolism and excretion of the
pharmacological agent. Compounds with high lipophilicity are preferentially distributed
to hydrophobic compartments. They passively and non-selectively diffuse the cell
membrane to reach their intended target, but are often intensively metabolized.
Compounds with low lipophilicity largely depend on active transport into the cell,
however are more tissue selective with less adverse effects. Thus, an intermediate
distribution coefficient (clogD-value) would be beneficial for optimal absorption,
distribution, metabolism and excretion of a drug [144, 145].

Lipophilicity values of pioglitazone, telmisartan and the three agonists are shown in
table 3. Modifications of the selected telmisartan-based compounds lowered clogD-
values compared to telmisartan, and even to pioglitazone: telmisartan > pioglitazone >

agonist 3 > agonist 2 > agonist 1.

Table 3: Lipophilicity of three selected synthesized compounds, pioglitazone and telmisartan.

Lipophilicity is represented by clogD-values and was determined with MarvinSketch 5.4.0.0.

Compound clogD (pH 7.4)
Pioglitazone 1.97
Telmisartan 2.34
agonist 1 1.64
agonist 2 1.80

agonist 3 1.95
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3.4.4 Cofactor interaction of partial and full agonists

As described in detail above, transcriptional regulation of PPARYy target genes is highly
dependent on the interaction of cofactors with the PPARy-LBD. In this study, we were
interested in differences of ligand-dependent corepressor release/ coactivator
recruitment induced by graded PPARYy activators. Therefore, nuclear cofactor PPARYy-
LBD binding studies using TR-FRET were performed. The dose-dependent release
pattern of corepressor NCoR1 after binding to PPARYy is shown in figure 21.
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Figure 21: Release of cofactor NCoR1 by TR-FRET with partial and full agonists. Fluorescein-labeled
corepressor NCoR1 was incubated with PPARY ligand-binding domain protein labeled with terbium in the
presence of increasing concentrations of the agonists 1, 2, 3, pioglitazone or telmisartan. FRET-signal
was calculated as a ratio of 520nm (fluorescein) to 495nm (terbium) and was decreased upon ligand
activated co-repressor displacement. Data were normalized to 1 and represent the mean (£SD) of three

independent experiments.

Telmisartan and agonist 1 (telmisartan-like agonist) exhibited the same dose-dependent

release of NCoR1, as well as pioglitazone and agonist 2 (pioglitazone-like agonist).
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Binding of agonist 3 mediated a slightly more pronounced release of NCoR1 than
pioglitazone, also demonstrated by a smaller area under the curve (AUC) compared to
the other ligands (table 4).

Table 4: AUC for cofactor NCoR1 dissociation with partial and full agonists determined by TR-FRET
assay. Data represent the mean of three independent experiments calculated by the use of TR-FRET
dose-response curves of figure 21. Values were analyzed with GraphPad Prism 5.01 using the bottom

baseline of each curve.

Compound AUC
Pioglitazone 1.815
Telmisartan 1.878
agonist 1 1.916
agonist 2 1.916
agonist 3 1.697

A higher baseline of agonist 2 compensated the stronger release of corepressor NCoR1
and created the same AUC-value like agonist 1. Furthermore, coactivator peptides for
SRC1 (steroid receptor coactivator 1), PGC-1a (PPARy coactivator 1 a) and TRAP220
(thyroid hormone receptor-associated protein 220) were used for FRET assay. They
represent members of the most important coactivator families which were shown to
interact with PPARy. SRC1 stimulates transactivation by histone acetyltransferase
activity [146], PGC-1a induces a conformational change of the receptor permitting the
binding of SRC1 and CBP/p300 [147], and TRAP220 is required for stable association
of PPARy with the mediator complex which facilitates recruitment of polymerase 1l [148].
Results of ligand-induced interaction of these coactivators with the PPARy-LBD are
shown in figures 22-24.
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Strongest recruitment of SRC1 was induced by pioglitazone (figure 22). Agonist 2 and
agonist 3 reached the same saturated level of SRC1 at 10uM, which was slightly lower
compared to pioglitazone. However, agonist 3 presented a more pronounced effect than
pioglitazone at intermediate concentrations. Telmisartan was hardly able to recruit
SRC1, and the telmisartan-like agonist (agonist 1) didn’t recruit SRC1.
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Figure 22: Recruitment of cofactor SRC1 by TR-FRET with partial and full agonists. Fluorescein-labeled
coactivator SRC1 was incubated with PPARYy ligand-binding domain protein labeled with terbium in the
presence of increasing concentrations of the synthesized compounds 1, 2, 3, pioglitazone or telmisartan.
FRET-signal increased when terbium and fluorescein are in close proximity. Recruitment of SRC1 was
calculated as a ratio of 520nm (fluorescein) to 495nm (terbium). Data were normalized to 1 and represent
the mean (+SD) of three independent experiments.
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The highest dose-response curve for PGC-1a recruitment was detected with agonist 3
(figure 23). Lower recruitment levels were obtained with pioglitazone and pioglitazone-
like agonist (agonist 2), whereas their dose-response curves were almost identical.
Recruitment of PGC-1a by telmisartan was very weak, and only detectable at high
ligand concentrations. Agonist 1 was not able to recruit PGC-1a.
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Figure 23: Recruitment of cofactor PGC-1a by TR-FRET with partial and full agonists. Fluorescein-
labeled coactivator PGC-1a was incubated with PPARy ligand-binding domain protein labeled with
terbium in the presence of increasing concentrations of the synthesized compounds 1, 2, 3, pioglitazone
or telmisartan. FRET-signal increased when terbium and fluorescein are in close proximity. Recruitment
of PGC-1a was calculated as a ratio of 520nm (fluorescein) to 495nm (terbium). Data were normalized to

1 and represent the mean (+SD) of three independent experiments.
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The coactivator TRAP220 was strongly recruited by pioglitazone (figure 24). Only half of
this level was achieved with agonist 2 and agonist 3 in saturated conditions. However,
the recruitment of TRAP220 with agonist 3 was higher with agonist 2, and similar to
pioglitazone at intermediate concentrations. Telmisartan was hardly able to recruit
TRAP220, and agonist 1 didn’t show any interaction with the coactivator TRAP220.
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Figure 24: Recruitment of cofactor TRAP220 by TR-FRET with partial and full agonists. Fluorescein-
labeled coactivator TRAP220 was incubated with PPARYy ligand-binding domain protein labeled with
terbium in the presence of increasing concentrations of the synthesized compounds 1, 2, 3 pioglitazone
or telmisartan. FRET-signal increased when terbium and fluorescein are in close proximity. Recruitment
of TRAP220 was calculated as a ratio of 520nm (fluorescein) to 495nm (terbium). Data were normalized

to 1 and represent the mean (xSD) of three independent experiments.
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An overview of the results from the FRET assay is shown in table 5. The highest
AUC-value represented the strongest coactivator recruitment.

Table 5: AUC-values for recruitment of the coactivators SRC1, PGC-1a and TRAP220 with partial and
full agonists determined by TR-FRET assay. Data represent the mean of three independent experiments
calculated from TR-FRET dose response curves shown in figure 22-24. Values were analyzed with

GraphPad Prism 5.01 using the bottom baseline of each curve. n.r.: no recruitment

AUC
Compound SRC1 PGC-1a TRAP220
Pioglitazone 0.463 1.114 3.494
Telmisartan 0.098 0.515 0.206
agonist 1 n.r. n.r. n.r.
agonist 2 0.252 1.206 1.884
agonist 3 0.525 1.758 2.841

Agonist 1 was not able to recruit any of the three coactivators. However, pioglitazone,
agonist 2 (pioglitazone-like PPARYy agonist) and agonist 3 (PPARy agonist more potent
than pioglitazone) revealed a preference for TRAP220 > PGC-1a > SRC1. Telmisartan
instead, preferred PGC-1a > TRAP220 > SRCH1, but all three of them in a weak manner.

3.4.5 Gene expression during adipogenesis induced by partial and full agonists
3.4.5.1 Expression of PPARYy target genes at day 6 during 3T3-L1 differentiation

Further interest concerned differences in gene expression of partial and full PPARy
activators. Therefore, known PPARYy target genes which were involved in energy
metabolism were selected for pilot experiments. 3T3-L1 cells were differentiated with

the indicated compounds (pioglitazone, telmisartan, agonist 1, agonist 2, agonist 3 at
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10uM). Day 6 during differentiation was chosen for measurement of mMRNA expression.
At that time point, 3T3-L1 cells were not completely differentiated by full PPARy
agonists, but were already dedicated to a committed cell-fate. Furthermore, PPARy
MRNA expression is still increasing at day 6 [149]. In mature adipocytes, PPARy
agonists were shown to auto-regulate receptor expression, probably to protect the cell
from hyperactivity [150]. Strongest down-regulation of PPARy expression was observed
with full PPARy agonists [151].

Depending on different PPARYy activation potential of the indicated compounds, cells
resided in a diverse differentiation status. These status can be monitored in the gene
expression of ap2 (figure 25B). The ap2 protein is a carrier for FAs, responsible for their
transfer between extra- and intracellular membranes, and expression of ap2 gradually
increases during adipogenesis [152]. Data from gRT-PCR confirmed transactivation
results. Highest mMRNA expression of ap2 was measured after treatment with agonist 3.
Expression level of ap2 was slightly lower with pioglitazone and agonist 2 treatments,
and telmisartan and agonist 1 showed only half of the ap2 expression level or lower,

compared to pioglitazone.

Adiponectin is exclusively secreted from adipose tissue into the bloodstream and
regulates energy homeostasis, glucose and lipid metabolism [153]. High adiponectin
expression was shown to be beneficial against insulin resistance and type 2 diabetes
mellitus [154]. Adiponectin mRNA expression was up-regulated by pioglitazone,
telmisartan, agonist 2 and agonist 3 (figure 25A). Agonist 1 treated cells showed only
low adiponectin mMRNA expression at day 6 during differentiation.

Resistin is a cytocine secreted by adipose tissue in rodents [155]. Evidence of in vivo
experiments connected elevated resistin levels with the development of insulin
resistance [86]. Expression of resistin mMRNA with agonist 2 and agonist 3 was higher
during differentiation of 3T3-L1 cells at day 6, than with pioglitazone and telmisartan
treatment. Resistin expression with agonist 1 was considerably lower than with
telmisartan, and even more pronounced than with pioglitazone (figure 25C).
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Another gene selected for pilot studies was CD36. CD36 is an integral membrane
glycoprotein which is involved in FA and glucose metabolism. Mice deficient for CD36
exhibit a defect in FA uptake by several tissues and develop insulin resistance [156,
157]. During differentiation of 3T3-L1 cells, CD36 mRNA expression was directly
correlated to the activation status of PPARYy (figure 25D).

To resume, expression of mRNA for all four genes was dependent on the level of
differentiation.
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Figure 25: mRNA expression of PPARy target genes at day 6 of 3T3-L1 differentiation. 3T3-L1
preadipocytes were differentiated with agonists 1, 2, 3, pioglitazone or telmisartan as previously
described. Total RNA was extracted at day 6 during differentiation and relative mRNA expression of
murine (A) adiponectin, (B) ap2, (C) resistin and (D) CD36 was analyzed by quantitative real-time PCR.
Data were normalized against 18S expression. Error bars represent the mean (£ SD) of three
independent experiments performed in triplicates. ** p < 0.01 vs. DMSO; *** p < 0.001 vs. DMSO; n.s. not

significant
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3.4.5.2 Transcriptome analysis at day 6 during 3T3-L1 differentiation

Global transcriptional microarray analyses using lllumina’s MouseWG-6 v2.0
Expression BeadChip Kit were performed to detect differentially expressed genes
independent of the differentiation status of the cells. Six microarrays were performed in
triplicates and fold-changes were calculated versus the DMSO control chip (table 17).
Additionally, table 17 containes the number of genes with a signicicantly changed
mRNA level and a cut off log, fold-change < -1 or > 1 and a p-value < 0.01.

Table 6: Overview about the data set of microarray analyses. 3T3-L1 cells were differentiated with
medium containing dexamethasone (1 pM), insulin (0.17 pyM), and pioglitazone (10uM), telmisartan
(10uM), agonist 1 (10uM), agonist 2 (10uM) or agonist 3 (10uM), respectively. At day 6 during
differentiation mRNA was extracted and pepared for hybridization on lllumina’s MouseWG-6 v2.0
Expression BeadChip. Resulting data were related to DMSO and analyzed using the program R.
Calculated fold-changes with a log, cut off value < -1 or > 1 and p-value < 0.01 were considered as
significant. The number of genes with an altered mRNA level for each data set is shown in the last

column.
Dat ; Combinai Number of
ata se ombination differentially expressed genes
1 Pioglitazone vs. DMSO 1348
2 Telmisartan vs. DMSO 669
3 agonist 1 vs. DMSO 589
4 agonist 2 vs. DMSO 1169
5 agonist 3 vs. DMSO 1185

The microarray expression data were characterized by using principal component (PC)
analysis. PC mapping reduces dimensionality of transformed data to reveal its variance
in the most informative point of view. PC 1 predominantly discriminated DMSO from the
other samples, since cells treated with DMSO didn't undergo adipogenesis.

Furthermore, both PCs discriminated telmisartan and agonist 1 samples from
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pioglitazone, agonist 2 and agonist 3 samples. Hence, telmisartan and agonist 1
(group 1), as well as pioglitazone, agonist 2 and agonist 3 (group 2) demonstrated a
similar gene expression profile (figure 26).
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Figure 26: Principal component analysis of microarray analyses. PCA shows the internal structure of the
gene expression dataset for 3T3-L1 cells treated with pioglitazone, telmisartan, agonists 1, 2, 3 or DMSO
for 6 days. PC 1 represented the greatest dataset variance with 37.2%. PC 2 shows with 13.2% the
second greatest data set variance. PCA was performed using Partek Genomic Suite.

The further aim was to find differentially expressed genes between all performed and
analyzed microarrays. Therefore, an intersection between all data sets was generated.
In total 463 genes were detected, as shown in a venn diagram demonstrated in
figure 27. From 463 genes, 69 genes were hypothetically and functionally
uncharacterized, and for that reason excluded from further analyses. The intersected
genes were further investigated regarding differential gene expression independent of
differentiation. Genes which didn’'t pursue the following differentiation pattern of
strongest activation by agonist 3 and pioglitazone > agonist 2 > telmisartan > agonist 1
were selected.
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data set 1: Pioglitazone vs. DMSO
2 1348 genes

data set 2: Telmisartan vs. DMSO
2 669 genes

data set 5: agonist 3 vs. DMSO
> 1185 genes

data set 3: agonist 1 vs. DMSO
> 589 genes

data set 4: agonist 2 vs. DMSO
2 1169 genes

Figure 27: Venn diagram showing the intersection of differentially expressed genes. 3T3-L1 cells were
differentiated with pioglitazone (10uM), telmisartan (10uM), agonist 1 (10uM), agonist 2 (10uM) or
agonist 3 (10uM), respectively. At day 6 during differentiation mMRNA was extracted and pepared for
hybridization on lllumina’s MouseWG-6 v2.0 Expression BeadChip. Numbers were calculated using the

program R.

Due to morphological and functional changes during adipogenesis most of the
394 genes were either implicated in metabolic (163 genes, p-value 1.2E-6) or in cellular
processes (198 genes, p-value 4.2E-6). Several pathways, including the citrate cycle,
pyruvate metabolism, PPAR signaling, FA metabolism and arachidonic acid metabolism
were involved and hierarchically clustered. The expression level of these genes is
demonstrated in a heat map shown in figure 28.
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Figure 28: Heat map representing the gene expression level of 3T3-L1 cells after treatment with partial
and full PPARy agonists at day 6 during differentiation. Microarray data sets were generated using R
programming. The 394 genes were clustered with Cluster-TreeView. Data represent the mean of three
technical replicas. (p-value < 0.01 and log,-fold chance < -1 or > 1)

All 394 genes exhibited an increased mRNA level compared to DMSO. However,
different shades of red in the heat map indicate different expression levels. For easier
detection and a more clear representation of selective gene expression, mean
hierarchical clustering was applied. Results are shown in figure 29. For mean clustering,

the mean expression level of all treatment groups was calculated for each gene.
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Expression lower and expression higher than the mean were displayed in different
colors. Furthermore, the hierarchy showed a strong relationship between the regulated

genes of data set 2 and 3, and a strong relationship between data set 1, data set 4 and
data set 5.

)
"

agonist 1
telmisartan
pioglitazone
agonist 3
agonist 2

low mean high

up-regulation

Figure 29: Heat map representing mean hierarchical clustering. 3T3-L1 cells were treated with different
PPARy agonists, and mRNA was extracted at day 6 during differentiation. The microarray data-set was
generated using R (p-value < 0.01 and log,-fold chance < -1 or > 1). Differentially regulated genes of the
intersection of all five treatment groups were hierarchically mean-clustered with Cluster-TreeView,

applying the mean gene expression of all treatment groups for each gene. Data represent the mean of
three technical replicas.
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Genes which play a role in energy metabolism and which were found to an increased
MRNA level by the different PPARy agonists were chosen, and are shown in figure 30.
Corresponding fold-changes were summarized in table 7.

agonist 1
telmisartan
pioglitazone
agonist 3
agonist 2

agonist 1
telmisartan
pioglitazone
agonist3

*
- agonist2

APOC4

PGC-1alpha
FFAR2

* %

CcYB561

PDZKA1

* % bk

TFRC

APOC3

low mean high

up-regulation

Figure 30: Mean hierarchical cluster and selective gene expression. 3T3-L1 cells were treated with
different PPARy agonists, and mRNA was extracted during day 6 of differentiation. Microarray data was
processed using R programming (p-value < 0.01 and logy-fold chance < -1 or > 1), and mean

hierarchically clustered. Emphasized genes are selectively expressed and involved in metabolic
processes.
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Table 7: Fold-change of differentially expressed genes.
log: fold-change over DMSO

RefSeq Symbol Name

agonist1 telmisartan pioglitazone agonist 3 agonist 2
NM_007805 CYB561 cytochrome b-561 2,41 2,89 2,49 5,06 5,26
NM_011638 TFRC transferrin receptor 471 477 4 44 6,42 6,36
NM_001146001 PDZK1 PDZ domain containing 1 5,15 4,77 5,58 8,10 8,91
NM_008904 PGC-1a PPAR gamma coactivator 1 alpha 4,62 3,37 7,54 474 5,19
NM_023114 APOC3 apolipoprotein C-IIl 6,86 9,14 8,71 9,93 11,98
NM_007385 APOC4 apolipoprotein C-IV 7,14 9,20 13,01 8,66 13,93
NM_001168512 FFAR2 free fatty acid receptor 2 13,47 10,90 42,37 20,72 22,42

Genes differentially regulated within group 1 (telmisartan-like activation) or group 2

(pioglitazone-like activation) were considered to be differentially expressed. Most of the

genes listed on table 11 play a role in lipid metabolism. The biological function of these

genes will be described in the discussion (4.1). Expression of cofactor PGC-1a

measured by qgPCR confirmed microarray expression data (figure 31). High PGC-1a

expression was determined after pioglitazone treatment, but not in cells after treatment

with the agonists 2 and 3. Although these three compounds are full activators of

PPARYy, they differentially induced PGC-1a mRNA expression level.
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Figure 31: mRNA expression of PGC-1a at day 6 during differentiation with different PPARy agonists.
Data was analyzed by qPCR and normalized against 18S expression. Error bars represent the mean
(x SD) of three independent experiments performed in triplicates. *** p < 0.001 vs. DMSO; ** p < 0.01 vs.
DMSO; n.s. not significant

3.4.6 Glucose uptake with partial and full agonists

Besides the skeletal muscle, adipose tissue is the primary target of insulin-mediated
glucose uptake. Basal glucose transport is very low, however, after an insulin stimulus
glucose transporters are translocated from the cytoplasm to the plasma membrane,
effecting glucose transport into the cell. The concentration gradient is the major
determinant of glucose flux. In adipose tissue, GLUT4 is the predominant contributor of
insulin-induced glucose transport. Yet, GLUT1 is expressed to a lower extent. In insulin
resistant cells glucose transport is strongly attenuated and recruitment of glucose
transporters to the plasma membrane is decreased in presence of insulin [158, 159]. To
compare insulin sensitivity after treatment with different PPARy agonists, mature
adipocytes differentiated from 3T3-L1 cells were stimulated with the indicated
compounds for 72h. Results are shown in figure 32. In the basal state glucose uptake
was increased with pioglitazone and pioglitazone-like PPARYy activators (pioglitazone,
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agonist 2, agonist 3), but not with telmisartan and the telmisartan-like PPARy activator
(agonist 1). Uptake of glucose into adipocytes with insulin stimulation was increased in
all treatment groups, but represented highest significant results with pioglitazone

incubation.
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Figure 32: Deoxyglucose uptake in mature 3T3-L1 adipocytes after incubation with PPARy agonists for
72h. Cells were differentiated into mature adipocytes with medium containing dexamethasone, insulin and
IBMX for 9 days and incubated with pioglitazone or telmisartan, agonist 1, 2, 3, DMSO (at 10uM
respectively) for 72h. To determine glucose uptake, cells were stimulated with and without insulin and
incubated with *H-labeled deoxy-D-glucose. Radioactivity was measured with a (-counter. Data was
normalized to DMSO treatment without insulin stimulation. Results are representative for 3 independent
experiments performed in duplicates. Treatment without insulin stimulation: # p < 0.05 vs. DMSO; ## p <
0.01 vs DMSO; Treatment with insulin stimulation: * p < 0.05 vs. DMSO; ** p < 0.01 vs. DMSO; *** p <
0.001 vs. DMSO.
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3.5 PPARYy activation — importance of position 5 and 6 of the telmisartan scaffold

3.5.1 Relevance of position 5 and 6 of the telmisartan scaffold for PPARy

transactivation

In previous work of our group, a selection of telmisartan-derived compounds with
different lipophilic moieties at position 5 or 6 of the telmisartan scaffold was
demonstrated to influence PPARYy activity [135]. To get closer insight into the relevance
of these positions, six compounds with benzimidazole (agonists 4), benzofurane
(agonists 5) or benzothiophene (agonists 6) moieties either at position 5 or position 6 of
the telmisartan scaffold were used for the investigation. The first number in the
nomenclature stands for the compound number, and the second number represents the
position of the moiety. Dose-response curves for PPARy activation by agonists 4-5 and
4-6 with a benzimidazole moiety are shown in figure 33. Transactivation assays were
performed as described above. Since agonist 4-6 possesses almost the same structure
like telmisartan, their dose-response curves for PPARYy transactivation were identical.
The shift of the benzimidazole moiety from position 6 to position 5 implemented an
identical dose-response curve to telmisartan and agonist 4-6 in low concentrations, but
a decreased efficacy.

The replacement of the benzimidazole moiety with a benzofuran moiety at position 6
increased efficacy and potency compared to telmisartan (figure 34). Potency was even
more pronounced compared to pioglitazone, but efficacy remained lower than efficacy
of pioglitazone. The shift of the benzofuran moiety to position 5 strongly decreased
potency and efficacy, although potency was still higher compared to telmisartan.

The presence of a benzothiophene moiety at position 6 also increased efficacy and
potency compared to telmisartan (figure 35). The dose-response curve was very similar
to the curve of pioglitazone, but with a slightly lower efficacy. The shift to position 5
decreased efficacy and potency similar to agonist 5-5.
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Figure 33: PPARy-activation induced by agonists 4-5 and 4-6 measured with transactivation assay.
(A) Cos-7 cells transiently transfected with pGal4-hPPARYDEF and pGal5-Tk-pGL3 were stimulated with
the synthesized compounds 4-5 and 4-6, and the reference substances pioglitazone (maximum activation
was set to 100%) and telmisartan in a dose-dependent manner. Firefly luciferase activity was measured
after 36h and normalized with activity of cotransfected pCMV-Renilla. Data points represent the mean

(xSD) of three independent experiments. (B) Structure of agonists 4-5 and 4-6 with benzimidazole moiety.
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Figure 34: PPARy-activation induced by agonists 5-5 and 5-6 measured with transactivation assay.
(A) Cos-7 cells transiently transfected with pGal4-hPPARYDEF and pGal5-Tk-pGL3 were stimulated with
the synthesized compounds 5-5 and 5-6, and the reference substances pioglitazone (maximum activation
was set to 100%) and telmisartan in a dose-dependent manner. Firefly luciferase activity was measured
after 36h and normalized with activity of co-transfected pCMV-Renilla. Data points represent the mean

(xSD) of three independent experiments. (B) Structure of agonists 5-5 and 5-6 with benzofuran moiety.
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Figure 35: PPARy-activation induced by agonists 6-5 and 6-6 measured with transactivation assay.
(A) Cos-7 cells transiently transfected with pGal4-hPPARYDEF and pGal5-Tk-pGL3 were stimulated with
the synthesized compounds 6-5 and 6-6, and the reference substances pioglitazone (maximum activation
was set to 100%) and telmisartan in a dose-dependent manner. Firefly luciferase activity was measured
after 36h and normalized with activity of co-transfected pCMV-Renilla. Data points represent the mean
(xSD) of three independent experiments. (B) Structure of agonists 6-5 and 6-6 with benzothiophene

moiety.
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A summary of ECsp-values and efficacy for all newly designed compounds, pioglitazone
and telmisartan is demonstrated in table 8. All telmisartan-derived compounds showed
lower ECsp-values compared to the telmisartan ECsp-value. Except from agonist 4-6 the
ECso-values were even lower compared to the ECsp-value of pioglitazone. Best results
were obtained with agonists 5-5 and 5-6 containing a benzofuran moiety. The
ECso-value of agonist 5-6 was almost 10-times lower than the pioglitazone ECso-value.

Table 8: Overview of ECs-values and efficacy after transactivation of the hPPARy-LBD with newly
synthesized and control PPARYy agonists. Data represent the mean of three independent experiments
calculated with GraphPad Prism 5.01 by the use of the dose response curves (figures 33-35). The
maximal activation shows the highest relative PPARYy-activation triggered by the compounds in

comparison to pioglitazone (=100%).

Compound ECso [UM] efficacy [%]
Pioglitazone 0.83 100
Telmisartan 2.53 62
agonist 4-5 0.55 41
agonist 4-6 1.99 69
agonist 5-5 0.14 26
agonist 5-6 0.09 87
agonist 6-5 0.23 34

agonist 6-6 0.37 90
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3.5.2 Relevance of position 5 and 6 of the telmisartan scaffold for the
differentiation of 3T3-L1 cells

Oil-Red O staining (figure 36) confirmed the results from the transactivation assay.

Experiments were performed as described before.

Pioglitazone

Telmisartan

DMSO

agonist 4-5

agonist 4-6

agonist 5-5

agonist 5-6

agonist 6-5

agonist 6-6

Figure 36: Differential PPARy-ligand dependent adipocyte differentiation with compounds 4-5/6, 5-5/6
and 6-5/6. 3T3-L1 cells were differentiated with pioglitazone, telmisartan and the agonists 4-5/6 to 6-5/6 in
three different concentrations (0.1uM; 1uM; 10uM). After 9 days Oil-Red O staining was performed.

Picture is representative for three independent experiments.
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Pioglitazone and telmisartan served as control and confirmed the differentiation pattern
of a full and a partial agonist. Vehicle treatment didn’t induce differentiation.

In accordance with results from the PPARYy-transactivation assay, cells treated with
compound 5-6 and 6-6 exhibited the highest degree of adipocyte differentiation, and
therefore the highest degree of PPARYy activation. All other partial agonist showed a
similar differentiation pattern like telmisartan. At 10uM, agonist 4-6 was more efficicous
than agonist 4-5.

3.5.3 Lipophilicity of agonists with different moieties at position 5 and 6

Lipophilicity increased considerably with the new compounds compared to telmisartan
(table 9). Highest clogD-values were obtained with the agonists 5-5 and 5-6.

Table 9: Lipophilicity of newly synthesized compounds, pioglitazone and telmisartan. Lipophilicity is

represented by clogD-values, determined with MarvinSketch 5.4.0.0.

Compound clogD (pH 7.4)
Pioglitazone 1.97
Telmisartan 2.34
agonist 4-5 4.51
agonist 4-6 4.51
agonist 5-5 5.39
agonist 5-6 5.39
agonist 6-5 4.46

agonist 6-6 4.46
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3.5.4 Relevance of position 5 and 6 for cofactor interaction

Cofactor interaction with the PPARy-LBD after binding of the newly designed ligands
was studied using FRET assay as described before. At first, release of corepressor
NCoR1 was elucidated and dose-response curves were demonstrated in figure 37.
Compounds with strong PPARYy activation properties like 5-6 and 6-6 showed a strong
dose-dependent release of NCoR1.

An overview of calculated AUC-values for corepressor release is listed in table 10.
Strongest release was represented by the lowest AUC, and could be sorted from strong
to weak release: agonist 5-6 > agonist 6-6 > agonist 5-5 > agonist 6-5 > pioglitazone >
agonist 4-5 > telmisartan > agonist 4-6.

Table 10: AUC-values for release of corepressor NCoR1 with newly synthesized compounds
determined by TR-FRET assay. Data represent the mean of three independent experiments calculated
by the use of TR-FRET dose response curves in figure 37. Values were analyzed with GraphPad Prism

5.01 using the bottom baseline of each curve.

Compound AUC
Pioglitazone 1.815
Telmisartan 1.878
agonist 4-5 1.858
agonist 4-6 2.031
agonist 5-5 1.654
agonist 5-6 1.305
agonist 6-5 1.823

agonist 6-6 1.652
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Figure 37: Release of cofactor NCoR1 with agonists 4-5/6, 5-5/6 and 6-5/6 by TR-FRET. Fluorescein-
labeled corepressor NCoR1 was incubated with PPARYy ligand-binding domain protein labeled with
terbium in the presence of increasing concentrations of pioglitazone, telmisartan and the synthesized
compounds (A) agonists 4-5/6; (B) agonists 5-5/6 and (C) agonist 6-5/6. Data were normalized to 1 and
represent the mean (xSD) of three independent experiments.
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Consistent with observations from FRET experiments of the first part of this thesis,
PPARYy activity seemed to be directly correlated with the degree of corepressor release
and coactivator recruitment. Dose-response curves after treatment of PPARy agonists
with modifications of the telmisartan scaffold at position 5 and 6 are presented in
figure 38 for SRC1 recruitment, figure 39 for PGC-1a recruitment, and figure 40 for
TRAP220 recruitment.

SRC1 was not recruited by the agonists 4-5 and 4-6, agonist 5-5 and agonist 6-5.
Furtheremore, there was only weak recruitment with these agonists for TRAP220 and
PGC-1a in high concentrations. On the other side, strong PPARy agonists like agonist
5-6 and 6-6 strongly recruited SRC1, PGC-1a and TRAP220. However, in high
concentrations recruitment of TRAP220 was stronger with pioglitazone than with agonist
5-6 and 6-6.
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Figure 38: Recruitment of cofactor SRC1 with agonists 4-5/6, 5-5/6 and 6-5/6 by TR-FRET. Fluorescein-
labeled coactivator SRC1 was incubated with PPARYy ligand-binding domain protein labeled with terbium

in the presence of increasing concentrations of the synthesized compounds (A) agonists 4-5/6, (B) 5-5/6

and (C) 6-5/6, pioglitazone or telmisartan. FRET-signal increases when terbium and fluorescein are in

close proximity. Recruitment of SRC1 was calculated as a ratio of 520nm (fluorescein) to 495nm

(terbium). Data were normalized to 1 and represent the mean (+SD) of three independent experiments.
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Recruitment of cofactor PGC-1a with agonists 4-5/6, 5-5/6 and 6-5/6 by TR-FRET.

Fluorescein-labeled coactivator SRC1 was incubated with PPARYy ligand-binding domain protein labeled

with terbium in the presence of increasing concentrations of the synthesized compounds (A) agonists

4-5/6, (B) 5-5/6 and (C) 6-5/6, pioglitazone or telmisartan. FRET-signal increases when terbium and

fluorescein are in close proximity. Recruitment of SRC1 was calculated as a ratio of 520nm (fluorescein)

to 495nm (terbium). Data were normalized to 1 and represent the mean (+SD) of three independent

experiments.
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Figure 40: Recruitment of cofactor TRAP220 with agonists 4-5/6, 5-5/6 and 6-5/6 by TR-FRET.
Fluorescein-labeled co-activator SRC1 was incubated with PPARYy ligand-binding domain protein labeled
with terbium in the presence of increasing concentrations of the synthesized compounds (A) agonists
4-5/6, (B) 5-5/6 and (C) 6-5/6, pioglitazone or telmisartan. FRET-signal increases when terbium and
fluorescein are in close proximity. Recruitment of SRC1 was calculated as a ratio of 520nm (fluorescein)
to 495nm (terbium). Data were normalized to 1 and represent the mean (+SD) of three independent

experiments.
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Table 11 shows an overview of TR-FRET results for coactivator recruitment. The
agonists 5-6 and 6-6 present the same recruitment preference for TRAP220 > PGC-1a
> SRC1 like pioglitazone. Agonists 5-5 and 6-5 weakly recruited TRAP220, but not
PGC-1a or SRC1, and the agonists 4-5 and 4-6 weakly recruited PGC-1a and
TRAP220, but not SRCA1.

Table 11: AUC-values for recruitment of the coactivators SRC1, PGC-1a and TRAP220 with newly
synthesized agonists determined by TR-FRET assay. Data represent the mean of three independent
experiments calculated by the use of TR-FRET dose response curves shown in figure 38-40. Values were
analyzed with GraphPad Prism 5.01 using the bottom baseline of each curve. n.r.: no recruitment

AUC
Compound SRC1 PGC-1a TRAP220
Pioglitazone 0.463 1.114 3.494
Telmisartan 0.098 0.515 0.206
agonist 4-5 n.r. 0.365 0.207
agonist 4-6 n.r. 0.236 0.285
agonist 5-5 n.r. n.r. 0.334
agonist 5-6 1.432 3.367 4.842
agonist 6-5 n.r. n.r. 0.315

agonist 6-6 1.159 2.338 3.602
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4 Discussion
4.1 Telmisartan-derived structures are selective PPARy modulators

Telmisartan is a well-tolerated drug which blocks the ATs-receptor [160], but also acts
as a partial agonist for PPARy [130]. Modifications on the telmisartan core structure
were performed to improve its effectiveness on PPARYy regarding potency and selective
receptor activation. Goebel et al. (2009, 2010) analyzed the influence of different
moieties at position 2, 4, 5 and 6 on PPARYy activity [133—135]. With continuative studies
presented in this thesis, cofactor interactions, mMRNA expression and glucose uptake of
partial and full telmisartan-derived PPARy activators were compared. First of all,
potency and efficiency of these compounds activating the PPARy-LBD were verified by
the PPARYy transactivation assay and confirmed with the 3T3-L1 differentiation assay.
The compounds activated PPARYy in the following order: agonist 1 < telmisartan <
agonist 2 < pioglitazone < agonist 3. Results of both techniques correlated, and
provided the foundation for further studies. Differential receptor modulation was
characterized by selective cofactor recruitment or release and selective gene
expression. The large PPARYy-binding pocket was demonstrated to offer several binding
possibilities and enough space for cofactor interaction [161]. Using TR-FRET assay, a
strong PPARYy activation was found to be correlated with a strong cofactor interaction
after incubation with full PPARy agonists. While agonist 1 as a weak agonist for PPARy
hardly recruited any of the investigated coactivators, agonist 3 which represented a very
potent and efficacious activator strongly recruited the coactivators SRC1, PGC-1a and
TRAP220. Furthermore, the release of corepressor NCoR1 was stronger with full
agonists, than with weak agonists. Although agonist 3 is a more potent full PPARy
agonist than pioglitazone, its coactivator recruitment was slightly stronger for PGC-1a
recruitment, similar for SRC1 and lower for TRAP220 compared to pioglitazone. Thus,
the degree of cofactor recruitment does not directly correlate with the degree of PPARy
activity. The binding mode of compounds to the PPARy-LBD is the crucial factor
influencing cofactor interaction and receptor activation. Bruning et al. (2007)
demonstrated that partial agonists bind via independent mechanisms of helix 12 [162].
In contrast, stabilizing helix 12 is required for full agonist activity [163]. Recently,
Hughes et al. (2012) published results related to the dynamics of ligand binding [164].
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They performed NMR studies and proposed that a conformational disorientation, due to
the ability of ligands to sample different binding modes, contributes to reduced receptor
activation [164] and therefore lead to an unfavorable conformation for cofactor binding.
These findings were supported by Amano et al. (2012), who investigated the binding
mode of telmisartan and PPARy [165]. Crystallization showed that telmisartan formed
only one intermolecular hydrogen bond (Tyr473) with the LBD, suggesting a weaker
binding. Furthermore, the propyl group changed the position of His323, which impaired
the recruitment of coactivator peptides [165]. In 3D pharmacophore-driven docking
studies performed by Goebel et al. (2010), demonstrated that agonist 3 has a very high
binding stability [135], which reflected its full receptor activation property and its strong
ability to interact with cofactors.

In a next step, microarray and gPCR was used to investigate the gene expression level
in 3T3-L1 cells after stimulation with telmisartan-derived partial and full PPARy agonists.
To elucidate the detailed effect of the compounds on adipogenesis a time point during
differentiation was chosen to extract RNA. The dissimilar differentiation status of the
cells, dependent on the degree of PPARYy activation, represented the major challenge
for data analysis to determine selective gene expression. PCA mapping demonstrated
the differentiation status in the following order: agonist 1, telmisartan < agonist 2,
agonist 3, pioglitazone. These results reflected the degree of oil-red O staining from the
differentiation assay and clearly distinguished between partial and full PPARy activation.
Expression levels of genes which didn’t fit into this pattern were considered to be
selectively expressed. To compare expression levels between the partial and full
telmisartan-derived PPARy agonists at day 6 during differentiation, 394 annotated
genes (p-value < 0.01 and log,-fold chance < -1 or > 1) which were commonly regulated
by all of the compounds were in the focus of the investigation. Due to tremendous
morphological changes during differentiation, it was not surprising that all of these
genes were up-regulated. Moreover, seven genes involved in glucose and FA
metabolism were chosen and shown to be selectively expressed. The APOC3 and
APOC4 genes encode for lipid binding proteins which belong to the apolipoprotein gene
family [166, 167]. APOCS is able to inhibit the lipoprotein lipase, and therefore inhibits
hepatic uptake of TG-rich particles [168]. Null-mutations of APOC3 in human resulted in



Discussion 103

lower fasting and postprandial serum triglycerides, higher levels of HDL-cholesterol and
lower levels of LDL-cholesterol [169]. The results from the microarray performed for this
thesis demonstrated an increased mRNA level of APOCS after treatment with agonist 2
and 3 compared to pioglitazone, suggesting a contribution of agonist 2 and agonist 3 to
the manifestation of hypertriglyceridemia. TFRC protein is involved in iron uptake, and
therefore important for erythrocyte and neuronal development [170], and fundamental
for osteoclast activation [171]. FFARZ2 regulates lipid plasma levels via binding of short-
chain FAs [172], PGC-1a regulates glucose and lipid homeostasis [173]. And PDZK1
plays a critical role in cholesterol metabolism by regulating the HDL receptor [174].
Regarding CYB561 biological function, CYB561 KO-mice were found to have a
decreased circulating glucose level [175]. The mRNA levels of CYB561, TFRC and
PDZK1 were increased with agonists 2 and 3 compared to pioglitazone treatment, and
decreased for FFAR2 with agonists 2 and 3 compared to pioglitazone mRNA levels.
However, the mechanisms involved in insulin resistance are complex, and require the
interaction of several genes and signaling pathways (section 1.3.2). Whether differential
expression of the indicated genes contributes to improved or impaired insulin sensitizing

effects compared to TZDs needs to be elucidated in an in vivo model.

Basal glucose uptake in adipocytes derived from 3T3-L1 cells was significantly
increased after stimulation with pioglitazone, agonist 2 and agonist 3. In presence of
insulin intracellular glucose levels increased in all treatment groups compared to basal
levels due to translocation of GLUT4 to the cell membrane. The effect was stronger with
PPARYy agonists, compared to DMSO treatment. However, the increase was not very
pronounced and only significant for pioglitazone treated cells. One possibility for the
lack of higher glucose levels might be a saturated level of intracellular glucose and an
elevated excretion of glucose via GLUT1 [176].

In a second project part, the effects of sterioisomers with different moieties at position 5
or position 6 of the telmisartan scaffold on PPARYy activity and cofactor interaction were
investigated. With a benzofuran or a benzothiophene moiety, position 6 has a huge
impact on both potency and efficacy of PPARYy activity, but also on corepressor release
and coactivator recruitment. This effect was not observed with the benzimidazole moiety
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at position 6, suggesting that agonist 4-6 might have a completely different binding
mode than agonists 5-6 and 6-6. The dose-responses for PPARYy activation with agonist
6-6 were almost identical to the dose-responses with pioglitazone. However, their
interactions with cofactors were different. Agonist 6-6 strongly released corepressor
NCoR1 and highly efficaciously recruited the coactivators SRC1, PGC-1a and TRAP220
compared to pioglitazone. Similar results for cofactor interaction were obtained with
agonist 5-6. The related compounds with a benzofuran or a benzothiophene moiety at
position 5 of the telmisartan scaffold were partial agonists for PPARy. They didn’t recruit
any of the tested coactivators.

Conclusively, structure modifications around the telmisartan scaffold which were
analyzed in this thesis created compounds with different PPARy activation potential with
SPPARYM characteristics in vitro.

4.2 Side effects of PPARYy activation

As already mentioned in the introduction, the central problem in treating insulin
resistance with TZDs is the frequent occurrence of side effects [177, 178]. In clinical
studies, full activation of PPARy by TZDs was highly associated with weight gain [179,
180]. However, the mechanisms underlying TZD-induced weight gain are not
completely understood. It is still in debate, if the activation of the PPARYy receptor or
rather the distinct binding and conformational change of PPARYy after TZD treatment is
responsible for the observed increase in weight. The concept of selective receptor
modulation by different compound structures pointes towards the latter. In fact, the
dogma in nuclear receptor modulation of the last decade assumed that different cofactor
recruitment causes different or less side effects. Therefore, the strategy of the research
field in the last years was to enforce the development of partial modulators.
Furthermore, Rosen and Spiegelman (2006) pointed out that ‘having more fat cells does
not make an animal fatter’, but ‘in the absence of altered energy balance, an increase in
adipogenesis will result in smaller fat cells with no change in total adiposity’ [181]. Since
PPARYy activation and adipocyte differentiation are directly correlated, full agonists

(agonists 2, 3, 5-6 and 6-6) derived from the telmisartan core-structure induced strong
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differentiation of 3T3-L1 cells similar to pioglitazone. However, weight gain is a complex
mechanism and an increase in adipogenesis may only be a small part of it. Moreover, it
was shown that mice treated with TZDs increase weight via fluid retention resulting in
edema formation [182]. These processes are at least partially explained by activation of
PPARYy in the collecting duct of the kidney, followed by up-regulation of the Na
transporter ENaC or water channels (aquaporins) and subsequent fluid retention [183].

In addition, PPARy is also expressed in regions of the hypothalamus where it
contributes to the central regulation of energy balance [184, 185]. Neuron-specific
PPARy-KO mice challenged with a HFD exhibited a reduced food intake and increased
energy expenditure, resulting in reduced weight gain compared to floxed mice.
Treatment of neuron-specific PPARy-KO mice with rosiglitazone didn’t increase weight
either, but also didn’t increase hepatic insulin sensitivity [186]. In 2011, Ryan et al.
represented an important correlation between PPARYy in the central nervous system
(CNS) and diet-induced obesity [187]. They specifically activated PPARy with TZDs or a
viral-regulated PPARYy fusion gene in the hypothalamus of rats, and found a higher
chow intake and a higher body weight after treatment with rosiglitazone for 4h, and also
twice as much body fat 4 weeks after virus infusion [187]. Following on these findings a
PPARYy agonist should only moderately activate PPARYy in the brain to prevent massive
weight gain due to an enhanced hunger feeling, but should keep a certain activation
level to maintain its anti-diabetic effects.

As already mentioned before, other side effects reported to be caused by PPARy
activation via TZDs is loss of bone mineral density, and therefore a higher risk for
fractures [108], and an increased risk for cardiovascular events [107]. Whether or not
the newly synthesized compounds contribute to the risk of these conditions remains
unclear. However, their influence on hypertension which is the mayor contributor to
cardiovascular diseases is discussed in the next chapter.

A new strategy for the development of anti-diabetic drugs was established by the group
of B. Spiegelman and published by Choi et al. (2010) [188]. They detected an obesity-
related activation of Cdk5, which resulted in phosphorylation of PPARy at serine 273.
Phosphorylation of PPARYy at this specific position was associated with a decrease in



Discussion 106

anti-diabetic gene expression (e.g. down-regulation of insulin-sensitizing adiponectin
levels). Furthermore, they demonstrated in vitro and in vivo that Cdk5-mediated
phosphorylation of PPARy was blocked by the PPARYy ligands rosiglitazone and
MRL24, and that this effect was completely independent of PPARy agonism [188]. In
2011, Choi et al. described novel synthetic compounds, which completely lack PPARy
agonism, but still block the Cdk5-mediated phosphorylation of PPARy [189]. These
compounds (SR1664, SR1824) were derived from telmisartan-related compounds
published by Lamotte et al. (2010) [189, 190]. Compound SR1664 was shown to
possess anti-diabetic activity without causing fluid retention and weight gain in insulin
resistant mice. Hence, the occurrence of many of the known side effects is a
consequence of classical PPARy agonism. Specifically blocking Cdk5-mediated
phosphorylation of PPARy might be the explanation for the success of PPARy
modulators in the treatment of insulin resistance [189]. Consequently, preventing
phosphorylation of PPARYy at position serine 273, and low PPARYy activity is favorable
for the development of anti-diabetic drugs. Whether the blockage of phosphorylation of
PPARYy by new compounds holds any therapeutic value has to be seen in the future.

4.3 Dual pharmacology of telmisartan-derived structures

Telmisartan as an ATs-receptor blocker and partial agonist for PPARy bares a
simultaneous opportunity for prevention and treatment of diabetes and cardiovascular
risk factors in patients with the metabolic syndrome. However, concentrations
necessary for PPARy activation are in the yM-range (maximum efficacy at 10-20uM)
[130], while AT4-receptor blockage is achieved in the nM-range [191]. Under normal
circumstances typical telmisartan plasma concentrations (at around 0.54uM) are about
10-fold lower than the PPARy ECso [128]. Small clinical trials have demonstrated that
telmisartan was able to decrease free plasma glucose and insulin levels in patients with
metabolic syndrome after 3 months 80mg daily-dose [192]. In another clinical trial,
patients with metabolic syndrome were treated for 14 weeks with a high-dose of
telmisartan. PPARy target gene expression was induced in monocytes, but pro-
inflammatory serum cytokine levels (IL-6) were not reduced [193]. In both clinical trials,
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improvements in the metabolic syndrome were reasonably attributed due to the weak
activity of telmisartan at PPARy. Thus, telmisartan does only have minor effects via
PPARYy signaling in humans.

Therefore, we and others modified the telmisartan structure to obtain lower ECsp-values.
Except from agonist 1, all telmisartan-derived compounds from this thesis exhibited
lower ECsp.values compared to telmisartan, and except from agonist 4-6 they were even
lower than with pioglitazone. Strongest potency was measured with the agonists 5-5
(0.14pM ECsp-value, 26% maximum activation) and 5-6 (0.09uM ECsp-value, 87%
maximum activity). Unfortunately, agonist 5-6 lost the partial agonism. In 2010, Lamotte
et al. published very potent (<0.001uM) telmisartan-derived partial PPARy agonists by
replacing the central benzimidazole ring with an indole [190]. The AT antagonism was
completely abolished. In vivo, their most potent compound showed a similar decrease of
plasma glucose and triglyceride levels compared to the full PPARy agonist, but with less
pronounced weight gain [190]. Furthermore, Casimiro-Garcia et al. (2011) presented
telmisartan analogous with a central imidazol ring [194]. Their compound 2| was
identified as potent dual agonist for both receptors (ATi ICs0=1.6nM, PPARy
ECs50=0.212uM, 31% maximum PPARYy activity). However, AT, ICso of compound 2| was
3-fold higher compared to telmisartan (AT1 [C50,=0.49nM) [194].

In fact, several studies observed a down-regulation of AT;-receptor expression and
ACE activity after PPARy activation [195-197]. Previous studies done by M. Goebel,
showed a negative correlation between PPARYy activation and AT-receptor blockage of
selective telmisartan-derived compounds (unpublished data). The same correlation is
present with most of the compounds published in Casimiro-Garcia et al. (2011) [194].
Consistent with these observations, agonists 5-5 (26% maximum PPARYy activity) and
6-5 (34% maximum PPARYy activation) might still be able to block the AT4-receptor.

4.4 Further application options

PPARy ligands have a potential benefit value beyond the treatment of insulin
resistance. As already mentioned PPARYy is not only expressed in adipocytes, but can
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also be found in many other tissues like small and large intestine, macrophages, kidney,
liver, spleen and muscle [92].

Several publications reported about the anti-inflammatory function of PPARy [198, 199].
PPARYy ligands were shown to inhibit macrophage inflammatory genes, such as TNFaq,
MMP-9 and IL-13, and therefore seem to be of therapeutic value for atherosclerosis or
rheumatoid arthritis  [200]. Moreover, TZDs were capable of reducing
lipopolysaccharide-induced neuroinflammation and neuronal death in vitro by a PPARy
dependent mechanism [201]. Hence, treatment with PPARy agonists might influence
the progression of neurodegenerative diseases (e.g. multiple sklerosis, parkinson's and

alzheimer's diseases) in a positive manner.

Furthermore, PPARY is expressed in many different cancers, including colon, breast
and prostate cancer with almost equivalent levels to normal adipose tissue [82]. In
metastatic breast adenocarcinomas, activation of PPARy with TZDs caused
differentiation of preadipocytes and induced changes in breast epithelial gene
expression associated with a more differentiated, less malignant state and a reduction
in growth rate [202]. Treatment of prostatic adenocarcinomas with troglitazone as well
inhibited cell growth [203]. Indeed it was recently published that the interaction of
PPAR-y agonist troglitazone and recombinant IFN-3 antagonizes survival pathways
induced by STAT-3-dependent escape pathways in pancreatic cancer cell lines. The
effect was associated with cell cycle arrest in GO/G1 phase and an increase in
autophagic cell death [204].

Hence, activation of PPARy with synthetic ligands possesses further possibilities for
disease intervention. So far, neither compounds reported in this thesis, nor previously
reported telmisartan-derived compounds from our group were tested in other disease
models, but due to their excellent ECso-values might as well be promising compounds in
other diseases.
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4.5 Conclusion and outlook

SAR studies confirmed partial and full PPARy activation potential for agonist 1,
agonist 2 and agonist 3 respectively. TR-FRET assays and gene expression analyses
revealed differential cofactor interactions and differential mMRNA expression levels for
these compounds, characterizing them as SPPARyMs. Additionally, the importance of
position 5 of the telmisartan scaffold for partial PPARy activation was discovered.
Further modifications should be performed on position 5 to further increase potency, but
with similar efficacy as compound 5-5 and 6-5. Apart from that, the newly designed
compounds with modifications at position 5 or 6 of the telmisartan scaffold provided
beneficial ECso- and lipophilicity values that make them highly competitive to PPARYy
agonists from the literature. Conclusively, results from this thesis provide essential and
promising information for the investigation of the side effect profile in vivo.
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