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Zusammenfassung

Das Fettgewebe wurde lange Zeit nur als ein Depot zur Speicherung von Lipiden
angesehen. Mittlerweile ist jedoch hinreichend bekannt, dass es sich hierbei ebenso um ein
endokrines Organ handelt, welches eine groBe Anzahl von Proteinen und bioaktiven
Peptiden, auch Adipokine genannt, sezerniert. Diese Adipokine beeinflussen Prozesse wie
Metabolismus, Inflammation und Koagulation. Im Krankheitsbild der Adipositas wird die
physiologische Funktion des Fettgewebes durch die Hypertrophie der Adipozyten und die
chronische Inflammation innerhalb des Fettgewebes gestért. Die Fehlfunktion des
Fettgewebes fiihrt zu einer veranderten Produktion und Sekretion der Adipokine, welche
wiederum zahlreiche periphere Gewebe wie Leber, Skelettmuskel und Blutgefde sowohl
endo- als auch parakrin beeinflussen. Im Kontext der Adipositas wurde dem Fettgewebe eine
Schlisselrolle in der Pathogenese des Type 2 Diabetes und kardiovaskularer Erkrankungen
zugeschrieben. Bis heute ist jedoch das Sekretom der Adipozyten noch nicht vollstandig
aufgeklart, so dass fortlaufend neue Adipokine entdeckt und validiert werden. In einer
vorrausgegangenen Proteom-Analyse des Sekretoms humaner Adipozyten konnte unsere
Arbeitsgruppe losliches DPP4 (sDPP4) als neues Adipokin identifizieren. DPP4 ist ein
ubiquitar expremiertes Oberflachenprotein mit Protease-Aktivitdt, welches vor allem durch
die Degradierung der Inkretinhormone als wichtiger Regulator des Blutzuckerspiegels
bekannt ist. Durch Abspaltung von der Zellmembran wird eine l6sliche Form dieses Proteins
im Plasma und in anderen Korperflissigkeiten freigesetzt. Demzufolge war das erste Ziel
dieser Dissertation, sDPP4 als neues Adipokine zu charakterisieren und zu validieren. Hierbei
konnten wir zeigen, dass wahrend der Adipozytendifferenzierung die Freisetzung von sDPP4
deutlich ansteigt und dass Adipozyten hauptsachlich fir die Freisetzung von sDPP4 aus dem
Fettgewebe in die Blutzirkulation verantwortlich sind. Die Untersuchung verschiedener
Fettdepots zeigte, dass DPP4 am hochsten im viszeralen Fettgewebe adipdser Patienten
exprimiert wird. Dementsprechend wies das Serum adiposer Patienten erhohte Level von
sDPP4 auf, welche zudem mit Parametern des Metabolischen Syndroms korrelierten. Endo-
und parakrine Effekte dieses Proteins konnten in Form einer sDPP4-induzierten
Verminderung der Insulin Signalweiterleitung in Adipozyten und Skeletmuskelzellen

aufgezeigt werden.



Es ist hinreichend bekannt, dass die mit Adipositas einhergehende Expansion des
Fettgewebes negativen Einfluss auf die Zellen der GefaBwand, besonders auf glatte
Muskelzellen, auslibt. Daher befasste sich das zweite Ziel dieser Arbeit mit der Untersuchung
direkter Effekte sDPP4s auf humane vaskulare glatte Muskelzellen. Hierbei charakterisierten
wir einen neuen sDPP4-induzierten und Rezeptor-vermittelten Signalweg. Unter
Verwendung physiologischer DPP4 Konzentrationen zeigte sich sowohl eine kurzzeitige als
auch eine langerfristige Aktivierung von ERK1/2. Zusatzlich wurde eine DPP4-vermittelte
Phosphorylierung der NF-kB Untereinheit p65 beobachtet. Als Folge der ERK und NF-kB
Aktivierung induziert sDPP4 sowohl die Expression von iNOS als auch die Freisetzung von
pro-inflammatorischen Zytokinen wie IL-6, IL-8 und MCP-1. In Ubereinstimmung mit dem
sDPP4-induzierten Stress-Signal, flihrte sDPP4 zu einer erhdhten Proliferation und zur
Verminderung der Insulin-Signalweiterleitung in vaskuldaren glatten Muskelzellen. Alle
direkten Effekte von sDPP4 auf die verschiedenen Signalwege, Proliferation und
Inflammation konnten vollstandig durch die enzymatische Inhibition von DPP4 verhindert
werden. In Anbetracht der DPP4-induzierten Signalwege und durch bioinformatische Analyse
stellte sich sDPP4 als moglicher Agonist des Protease-aktivierten Rezeptors 2 heraus. Durch
die Hemmung der Genexpression und Einsatz eines spezifischen Antagonisten dieses
Rezeptors konnten die sDPP4-induzierten Effekte auf die Proliferation und Inflammation
vollstandig inhibiert werden.

Ein weiteres Thema dieser Arbeit befasste sich mit dem atherogenen Einfluss des
gesamten Adipozytensekretoms in Form von konditioniertem Medium (CM) auf
differenzierte vaskuldre glatte Muskelzellen. CM steigerte die Expression des fir glatte
Muskeln specifischen a-Aktins, des miRNA-143/145 Clusters und verminderte deutlich die
Insulin-vermittelte Phosphorylierung von Akt und seinem Substrat eNOS. Zudem fihrte das
CM zu einer vermehrten Phosphorylierung von SMAD2 und p38, welche beide in Verbindung
mit der Induktion des miRNA-134/145 Clusters stehen. Demzufolge konnte sowohl die durch
CM bedingte Induktion des miRNA-143/145 Clusters als auch die Inhibition der Insulin-
vermittelten Akt und eNOS Phosphorylierung durch pharmakologische Inhibition von Alk-
4/5/7 und p38 verhindert werden. Die Transfektion von vaskuldren glatten Muskelzellen mit
Precursor miRNA-143, jedoch nicht mit Precursor miRNA-145, resultierte in einer
verminderten Insulin-vermittelten Akt und eNOS Phosphorylierung. Die Inhibition des

Insulins Signalweges sowohl durch CM als auch miRNA-143 war mit einer reduzierten
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Expression von oxysterol-binding protein-related protein 8 (ORP8) assoziiert. Letztendlich
fihrte die Inhibition der ORP8 Expression ebenfalls zu einer verminderten, Insulin-

vermittelten Akt Phosphorylierung in vaskularen glatten Muskelzellen.

Zusammenfassend lasst sich sagen, dass sDPP4 als neues Adipokin charakterisiert und
validiert wurde. Ebenfalls wurde das atherogene Potential sowohl dieses neuen Adipokins
als auch des gesamten Adipozytensekretoms auf Ebene der vaskuladren glatten Muskelzellen
untersucht. Hierbei stellte sich heraus, dass sDPP4 moglicherweise eine Rolle als molekularer
Link zwischen Adipositas und dem Metabolischen Syndrom sowie kardiovaskuldren
Erkrankungen spielt. Zudem konnte mit der Untersuchung der miRNAs ein neuer Aspekt in
dem komplexen Crosstalk zwischen Adipozyten und glatten Muskelzellen der GefaBwand

aufgezeigt werden.

iii



Summary

Adipose tissue has long been seen as a passive lipid storage depot but it is now
considered as an endocrine organ releasing a large number of proteins and bioactive
peptides, the so-called adipokines. These adipokines affect several processes, such as
metabolism, inflammation and coagulation. In obesity, adipocyte hypertrophy and the
chronic low-grade inflammation within adipose tissue affects its normal physiological
function. Adipose tissue dysfunction results in an altered production and secretion of
adipokines, which in turn affects several peripheral tissues in an endo- and paracrine manner
such as liver, skeletal muscle and the vasculature. Thus, in the context of obesity, adipose
tissue has gained considerable interest as a key player in the pathogenesis of several
metabolic diseases, such as type 2 diabetes and cardiovascular disease. However, the
secretome of adipocytes remains still incompletely characterized and the discovery and
validation of new adipocyte-derived factors is still in progress. With comprehensive
proteomic profiling of the human adipocyte secretome our working group previously
identified soluble DPP4 (sDPP4) as novel adipokine. DPP4 is a ubiquitously expressed cell-
surface protease, which is widely known for its role in glycaemic control through catabolism
of incretin hormones. Due to shedding from the membrane, a soluble form of DPP4 lacking
the cytoplasmatic tail and the transmembrane region can be found in plasma and other body
fluids. Therefore, the first aim of this thesis was to further characterize and validate sDPP4 as
novel adipokine. Here, we demonstrated that sDPP4 release is considerably increased during
adipocyte differentiation. Comparison with preadipocytes and adipose tissue macrophages
showed that adipocytes most likely represent the major source of sDPP4, which is released
from the intact organ into the circulation. Comparing different fat depots, DPP4 shows the
highest expression in visceral adipose tissue of obese patients. Accordingly, circulating levels
of sDPP4 were increased in obesity and correlate with parameters of the metabolic
syndrome. Furthermore, sDPP4 exerts autocrine and paracrine effects as shown by impaired
insulin signaling in adipocytes and skeletal muscle cells.

It is well accepted that expanded fat mass in obesity negatively affects cells of the
vascular wall, especially smooth muscle cells. Therefore, the second objective of this thesis
was to study direct effects of sDPP4 on human vascular smooth muscle. We characterized a

novel sDPP4-induced and receptor-mediated signaling cascade. Using physiological
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concentrations of sDPP4, we observed a short- as well as a long-term activation of ERK1/2.
Additionally, sDPP4 treatment induced phosphorylation of the NF-kB subunit p65.
Downstream of ERK and NF-kB, sDPP4 leads to iNOS induction and increased expression and
release of pro-inflammatory cytokines, such as interleukin-6, interleukin-8 and monocyte
chemoattractant protein-1. In accordance with sDPP4-induced stress and inflammatory
signaling, sDPP4 stimulates proliferation and impairs insulin signaling in vascular smooth
muscle cells. All direct effects of sDPP4 on signaling, proliferation and inflammation were
completely prevented by enzymatic inhibition of sDPP4. Bioinformatic analysis and signaling
signature induced by sDPP4 suggest that sDPP4 might be an agonist for protease-activated
receptor 2. After silencing of this receptor and using a receptor antagonist, sDPP4-induced
proliferation and inflammation was totally abolished.

A further topic of this work was to address the atherogenic impact of the whole
secretory output of human adipocytes in terms of conditioned medium (CM) on
differentiated human vascular smooth muscle cells. CM increased the expression of smooth
muscle a-actin, and the miRNA-143/145 cluster, but markedly impaired the insulin-mediated
phosphorylation of Akt and its substrate endothelial nitric oxide synthase (eNOS).
Furthermore, CM promoted the phosphorylation of SMAD2 and p38, which have both been
linked to miRNA-143/145 induction. Accordingly, the induction of miRNA-143/145 as well as
the inhibition of insulin-mediated Akt- and eNOS-phosphorylation was prevented when
vascular smooth muscle cells were treated with pharmacological inhibitors for Alk-4/5/7 and
p38 before the addition of CM. Transfection of vascular smooth muscle cells with precursor
miRNA-143, but not with precursor miRNA-145, resulted in impaired insulin-mediated
phosphorylation of Akt and eNOS. This inhibition of insulin signaling by CM and miRNA-143 is
associated with a reduction in the expression of the oxysterol-binding protein-related
protein 8 (ORP8). Finally, knock-down of ORP8 resulted in impaired insulin-mediated
phosphorylation of Akt in hVSMC.

In conclusion, sDPP4 was characterized and validated as novel adipokine. Furthermore,
the atherogenic impact of this novel adipokine and of the whole secretory output of
adipocytes was investigated on the level of vascular smooth muscle cells. In this context, we
identified sDPP4 as a promising candidate linking obesity to the metabolic syndrome and
cardiovascular disease. The presented work also illustrated miRNAs as novel players in the

complex crosstalk between adipocytes and vascular smooth muscle cells.
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CHAPTER 1: General Introduction

1.1. Obesity

Overweight and obesity are characterized by abnormal or excessive fat accumulation
that may impair health (1). Overweight in adults has been defined as a body mass index
(IBMI]; the weight in kilograms divided by square of height in meters) of 25.0-29.9 kg/m?” and
obesity as a BMI of 30 kg/m2 or higher. Overweight and obesity have reached epidemic
proportions globally along with an adoption of a westernized lifestyle characterized by a
combination of excessive food intake and inadequate physical activity. According to the
World Health Organization (WHO) worldwide obesity has nearly doubled since 1980 and is
now so common within the world’s population that it is replacing undernutrition and
infectious diseases as the most significant contributor to ill health. In 2008, more than 10%
of the world’s adult population was obese. But also the prevalence of overweight and
obesity in children is dramatically increasing in the last three decades. In 2011, more than 40
million children under the age of 5 were overweight. Once considered a high-income country
problem, overweight and obesity are now increasing in low- and middle-income countries,
particularly in urban settings. Thus, it is not surprising that more than 30 million overweight
children are living in developing countries and 10 million in developed countries. Overweight
and obesity in adolescence are strong determinants for obesity and related morbidity and
mortality in later life, with 50-80% of obese adolescents becoming obese as adults (2;3).
Since at least 2.8 million adults die each year as a result of being overweight or obese,
obesity became the fifth leading risk for global deaths. Obesity causes or exacerbates many
health problems, both independently and in association with other diseases including type 2
diabetes mellitus (T2D), coronary heart disease, certain forms of cancer, and sleep-breathing
disorders. Thus, 44% of the diabetes burden, 23% of the ischaemic heart disease and
between 7% and 41% of certain cancers are attributable to overweight and obesity. Some of
these pathophysiologic sequelae, especially T2D and cardiovascular disease (CVD), can be
linked to obesity-associated insulin resistance (4). Although there is a strong relationship
between obesity and insulin resistance (5-8), not all obese patients are insulin resistant
(9;10). Data from the European Group for the Study of Insulin Resistance suggest that nearly

25% of obese individuals [BMI>35 kg/m?] are insulin sensitive (8;10).
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Nevertheless, under normal conditions, the pancreatic islet B-cells increase insulin
release sufficiently to overcome the reduced efficiency of insulin action, thereby maintaining
normal glucose tolerance (11-13). Thus, most obese, insulin-resistant individuals do not
develop hyperglycaemia. Since obesity and its related comorbidities are costly to treat,
obesity clearly has a considerable economic impact and has emerged as one of the most
serious public health concerns in the 21st century. Conservative estimates of the economic
costs of obesity in developed countries are between 2 and 7% of the total health costs,
which represents a significant expenditure of national health-care budgets (14). Obesity is a
complex disease with multifactorial etiology, including behavioral, environmental and
genetic factors. From a series of family, twin and adoption studies the genetic contribution
to obesity in humans has been established and the estimated heritability of BMI seems to
range between 50 and 90% (15). Not surprisingly, many obesity gene variants appear to be
involved in pathways affecting energy homeostasis. Although the susceptibility to obesity is
determined largely by genetic factors it is hypothesized that the environment determines
phenotypic expression (16). The environmental influences act most likely through the
physiological mediators of energy intake and expenditure. This means that globally there has
been an increased intake of energy-dense foods that are high in fat; and an increase in
physical inactivity due to the increasingly sedentary nature of many forms of work, changing
modes of transportation, and increasing urbanization. Thus, obesity treatment and sustained
weight loss is most successful with a combination of decreased food intake and physical

activity (17).

1.1.1. Adipose Tissue

Adipose tissue (AT) is the primary storage organ for excess energy. The classical functions
of AT are to insulate and cushion the body, to store free fatty acids (FFA) after food intake,
and to release FFAs during periods of fasting to ensure sufficient energy availability (18).
While the role of AT as a central source of energy has been recognized for centuries, in the
past decade it has become increasingly clear that AT also displays characteristics of an
endocrine organ releasing a number of AT-specific factors, known as adipokines. For that

reason AT is actively involved in physiological processes such as angiogenesis, adipogenesis,



extracellular matrix dissolution and reformation, steroid metabolism, immune response and
energy homeostasis (19).

Typically, only one third of the AT is constituted by adipocytes and the remaining part is
represented by the stroma-vascular fraction of fibroblasts, endothelial cells, macrophages
and preadipocytes (20). During positive caloric balance lipid storage capacity is buffered by
AT growth resulting in an increase in adipocyte number (hyperplasia) as well as enhanced
adipocyte volume (hypertrophy). In growth stages, AT is increased mainly through
hyperplasia. In the adult life, adipocytes initially undergo hypertrophy, which normally
triggers AT paracrine signaling for the purpose of adding functional fat cells and towards
maintaining AT physiologic functions during increased energy storage (21-23). Nevertheless,
with aging the capacity of preadipocytes to become fully functional mature adipocytes
declines (24). Thereby the inability of an individual to increase cell numbers by this process
contributes to the development of metabolic diseases (25). However, the pathogenesis of
metabolic diseases is significantly influenced not only by the increased storage of lipids
(adipocyte hypertrophy versus hyperplasia), but also where the lipids are stored (26). The
adipose organ includes two major discrete anatomical depots, namely subcutaneous and
visceral AT. Subcutaneous adipose tissue (SAT) is the depot below the skin in the abdominal
region and stores >80% of total body fat in the body. A layer of connective tissue (Scarpa’s
fascia) separates deep from superficial SAT. These subcutaneous layers are functionally
distinct and independently correlate with metabolic complications of obesity (27). Visceral
adipose tissue (VAT), which represents approximately 20% of total body fat is associated
with digestive organs, and include the omental (covered by the peritoneum), the mesenteric
(associated with the intestine), and epiploic (along the colon) AT. Visceral AT accumulation is
the fat depot most characterized as being associated with an increased risk of metabolic
disease (28). Location is one of the more important reasons why different fat depots have
different pathogenic potential. Only VAT has a direct connection with the liver and secretes
various adipocyte factors (such as FFA and adipokines) into the portal vein. In addition,
mobilization of FFAs is more rapid from visceral than from subcutaneous fat cells because of
the higher lipolytic activity in visceral adipocytes. Thus, VAT probably contributes
significantly to the FFA levels in the systemic circulation. Therefore patient populations
described as metabolically healthy (no metabolic disease), but obese, often have less visceral

AT distribution than obese patients with metabolic disease (29;30). Conversely, patients who
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are metabolically obese (those with metabolic disease), but normal weight, often have more

VAT than individuals of similar weight without metabolic diseases (30).

1.1.2. Adipose tissue-derived factors

It is now well established that AT plays a critical role in the maintenance of energy
homeostasis through secretion of a large number of proteins, including cytokines such as
adiponectin, resistin, leptin, visfatin, IL-6, TNFa, Retinol-Binding Protein-4 (RBP4) and
components of the renin—angiotensin system. These adipokines are able to act at both the
local (autocrine and/or paracrine) and systemic (endocrine) level. Thus, adipokines enable an
interaction of the AT with central as well as peripheral organs such as the brain, liver,
pancreas, vasculature and skeletal muscle to control diverse processes, including food
intake, energy expenditure, carbohydrate and lipid metabolism, blood pressure, blood
coagulation, and inflammation (31-33) (Figure 1). Although the expression and secretion of
many adipokines is high in adipocytes, expression of only a few is consistently restricted to
adipocytes. Of these, adiponectin shows the most restricted expression pattern, with few
reports of its expression in cells other than adipocytes, except under conditions of extreme
hepatic steatosis, during which time the entire adipogenic cascade is induced in hepatocytes
(34). Other AT-derived factors, such as leptin, exhibit expression patterns that are less
adipocyte-specific (35;36), and several adipokines, such as resistin and visfatin, are produced
by several other tissue-types as well (37-39). Much research in this area has focused on
leptin and adiponectin, two prototypical adipokines that show beneficial effects on several
physiological processes.

Leptin was first identified in 1994 as the product of the ob gene (40) and is mainly
produced by adipocytes and in low levels by the gastric fundic epithelium, intestine, skeletal
muscle, mammary epithelium, placenta, and brain (41). Adipocytes secrete leptin in direct
proportion to AT mass as well as nutritional status, and this secretion is greater from
subcutaneous relative to visceral AT (42;43). Leptin expression and secretion are also
regulated by a variety of other factors, including insulin, glucocorticoids, tumor necrosis
factor a (TNFa), FFA and peroxisome proliferator-activated receptor-y agonists. Leptin
regulates energy metabolism by increasing energy expenditure and decreasing energy

consumption thereby acting as a metabolic signal for satiety. In addition to its central
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effects, leptin also acts peripherally to directly increase hepatic lipid oxidation and lipolysis in
skeletal muscle and adipocytes (44;45). The leptin receptor is a member of the interleukin
(IL) 6 receptor family of class | cytokine receptors (46-48) and is expressed in both the CNS
and periphery (49). Leptin also has significant effects on human type | proinflammatory
immune responses. Accordingly, leptin deficient mice are resistant to a wide range of
autoimmune diseases and display features of immune deficiency (50).

Adiponectin was independently characterized in 1995 and 1996 by four groups using
different methods (51). Adiponectin is known to enhance insulin sensitivity, to decrease
influx of non-esterified FAs, to increase FA oxidation in liver and muscle, and to decrease the
expression of adhesion molecules within the vascular wall, resulting in a decrease in
atherogenic risk (51). These diverse molecular actions of adiponectin are mediated by its
receptors, AdipoR1 and AdipoR2. AdipoR1 is ubiquitously expressed, whereas AdipoR2 is
only present in mouse liver. Adiponectin circulates in serum as a range of multimers from
low molecular weight trimers to high-molecular-weight dodecamers (52-54). It is a highly
abundant plasma protein with serum concentrations varying from 2 to 10 ug/ml (55) even
though it has a rapid plasma turnover (53).

Beside those beneficial adipokines, there are also adipokines like resistin and RBP4, both
linked to the development of insulin resistance. Resistin is expressed within adipocytes in
rodents (56) and by stromal-vascular macrophages and preadipocytes in humans (57). A
causal role for resistin in glucose homeostasis is mainly based on studies in experimental
animals with altered serum resistin levels. For example, administration of mouse resistin
results in severe hepatic but not peripheral insulin resistance, suggesting that acute resistin
treatment blunts hepatic insulin action (58). By contrast, reducing circulating resistin
protects against obesity-induced hyperglycemia, primarily by restoring hepatic insulin
responsiveness (56;59;60). Together, these studies suggest that, in rodents, resistin may
counterbalance the insulin sensitizing effects of adiponectin, but its role in humans and the
underlying molecular mechanism of action are not completely understood.

RBP4 was first reported to be an adipokine in 2005 (61) and is mainly released by visceral
AT (62), although the major source of circulating RBP4 is liver. RBP4 has been shown to
produce systemic insulin resistance by impairing insulin signaling in skeletal muscle (61) and

in adipocytes (63), leading to increased glucose production in the liver (61).



However, adipocytes are not the only source of these inflammatory cytokines secreted
from AT. AT cells from the stromal-vascular fraction, and in particular resident macrophages,
are also responsible for the chronic inflammatory responses observed in obesity (64). Unlike
the adipokines described above, TNFa and IL-6 are mainly produced by macrophages and
exert potent paracrine effects on a variety of adipose tissue functions (65).

TNFa is an immunomodulatory and pro-inflammatory cytokine that undergoes cleavage
by metalloproteinases and is released into the circulation as soluble, mature TNFa molecule
(66). Although mature white adipocytes are capable of producing TNFa, macrophages from
the stromal-vascular fraction of AT are the primary source of adipose tissue-derived TNFa. In
obesity, elevated TNFa levels are due to an increased infiltration of AT by macrophages (64).
TNFa inhibits lipogenesis, increases lipolysis, increases leptin secretion, decreases
adiponectin secretion, decreases glucose transporter-4 expression, and impairs insulin
signaling in adipocytes (67;68).

IL-6 is secreted by adipose tissue and enters the circulation (69;70). Thus, plasma IL-6
levels are increased in obesity and T2D and are positively correlated with plasma FFA levels
and with body mass (71;72). Although approximately 30% of IL-6 detected in plasma is
attributed to production from white AT (69), most of the adipose tissue-derived IL-6 is
produced by cells of the stromal-vascular fraction. In vitro, IL-6 increases leptin secretion,

reduces adiponectin secretion and increases lipolysis (73).
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Figure 1: Adipose tissue as an endocrine organ.

Adipocytes secrete numerous proteins with endocrine functions designated as adipokines that
regulate glucose metabolism in peripheral tissues, insulin secretion, inflammatory response and
blood pressure, among others. Imbalanced secretion of some of these adipokines is associated with
obesity. PAI-1, plasminogen activator inhibitor-1; TNFa, tumor necrosis factor a; IL, interleukin; MCP-
1, monocyte chemotactic protein-1; RBP4, Retinol-Binding Protein-4 (modified from (74))

1.1.3. Adipose tissue dysfunction

Adipocytes have a particularly large capacity to synthesize and store triacylglycerides
(TAG) during feeding, as well as to hydrolyse and release triglycerides as FFAs and glycerol
during fasting (75;76). With the development of obesity, AT becomes increasingly
dysfunctional due to an overload with TAG and a decreased buffering capacity for lipid,
especially in the postprandial state (77). Consequently, circulating levels of FFA are elevated
and non-ATs such as skeletal muscle, pancreatic islets and the liver tend to accumulate these
lipid fuels in the form of TAG when the capacity to oxidize fatty acids is not sufficient (78).
Numerous studies suggest that TAG accumulation in liver and skeletal muscle may play an
important role in the development of insulin resistance and/or impaired insulin secretion in

obese individuals. Furthermore, increased delivery of fatty acids to the liver leads to higher
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glucose production and reduced insulin clearance by the liver resulting in conditions such as
glucose intolerance, hyperlipidemia, and hyperinsulinemia, respectively (78).

In the progression of obesity, adipocytes undergo hypertrophy to meet the need for
additional fat storage capacity. Adipocyte size can increase up to 140-180 um in diameter
during the development of obesity (79) but the capacity for adipocyte hypertrophy is limited.
Since the diffusion distance for oxygen is at most 100 um (80), enlarged adipocytes endure
less than adequate oxygen supply and subsequently hypoxia occurs. Both hypoxia and
adipocyte hypertrophy are associated with the dysregulation of its endocrine function (81-
83). AT of obese insulin-resistant subjects is characterized by increased expression and/or
secretion of pro-inflammatory molecules, including TNF-a (84-87), IL-6 (84;85;88;89),
plasminogen activator inhibitor-1 (PAI-1) (90;91) and leptin (84;92-94). Conversely, the
insulin-sensitizing and anti-inflammatory factor adiponectin is downregulated in obese and
insulin resistant humans (95-97). A variety of adipokines that may link obesity to insulin
resistance are upregulated in enlarged human and rodent adipocytes (98-100). Furthermore,
in vitro it has been shown that large adipocytes seem to differentially express pro-
inflammatory and anti-inflammatory factors compared to smaller adipocytes, with a shift
toward dominance of pro-inflammatory adipokines (101). Especially, monocyte
chemoattractant protein-1 (MCP-1) has been shown to play an important role in
macrophage infiltration in AT. MCP-1 is a chemokine and member of the small inducible
cytokine family, which plays a crucial role in monocyte and lymphocyte recruitment to sites
of injury and infection (102). MCP-1 is produced by macrophages, endothelial cells and
adipocytes (102;103), and its expression is closely related to the number of residing
macrophages (104). Therefore, adipocytes are contributing to the infiltration of AT by
inflammatory cells resulting in the obesity associated chronic low-grade inflammation
(105;106). AT of lean subjects usually consists of approximately 5-10% macrophages,
whereas in obese patients, macrophage content in AT can be as high as 50% of the total
number of cells (107). Furthermore, macrophage-secreted factors like TNFa and IL-6 impair
human fat cell differentiation (108) and induce inflammatory events in 3T3-L1 adipocytes by
activating the nuclear factor kappa B (NF-kB) pathway (109). Therefore, macrophage
infiltration in AT in obesity could be integral to the inflammatory response in this tissue and

to the development of insulin resistance.



1.2. Obesity-related disorders

The burden of obesity on health extends across multiple organ systems and diseases
with an increased risk of insulin resistance, T2D, fatty liver disease, atherosclerosis,
degenerative disorders including dementia, airway disease and some cancers (110). Over the
past decade, the search for a potential unifying mechanism behind the pathogenesis of
obesity-associated diseases has revealed a close relationship between the state of excess AT
and chronic low-grade inflammation. The metabolic syndrome describes a cluster of several
obesity-related metabolic conditions that increase the risk for CVD and T2D (111;112).
According to the International Diabetes Federation, the metabolic syndrome is defined as
elevated waist circumference in combination with at least two further features such as high
fasting triglycerides levels, low high density lipoprotein (HDL) cholesterol levels, high blood
pressure and elevated fasting blood glucose levels. Subjects with metabolic syndrome have a
three times higher risk of suffering a heart attack or stroke, twice of dying from such an
event, and fivefold greater risk of developing T2D when compared to people without the

metabolic syndrome (113).

1.2.1. Type 2 diabetes

Diabetes mellitus is defined as a metabolic disorder characterized by chronic
hyperglycaemia resulting from defects in insulin secretion, insulin action, or both. This in
turn leads to disturbances of carbohydrate, fat and protein metabolism. The current
diagnostic criteria for diabetes mellitus are (1) a fasting plasma glucose value > 126 mg/d|,
(2) a random plasma glucose value = 200 mg/dl, (3) or if the plasma glucose value 2 hours
after a 75 g oral load of glucose is over 200 mg/dl. According to the International Diabetes
Federation, 371 million people lived with diabetes in 2012 worldwide and this is expected to
rise to 552 million by 2030 (114). Most people with diabetes live in low- and middle-income
countries, and these countries will also see the greatest increase over the next 19 years
(114). Equally alarming and less well known is the fact, that only around one half of these
people are known to have the condition. In 2012 4.8 million people died of diabetes and 471

billion US dollar were spent in the health care system due to diabetes. Diabetes mellitus can
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be categorized into two major types, type 1 and T2D. Type 1 diabetes mellitus, also known as
insulin-dependent diabetes mellitus, accounts for 5-10 % of all diabetic patients and results
from an auto-immune destruction of the pancreatic insulin-producing B-cells. Since type 1
diabetic patients have only little or no endogenous insulin secretory capacity, they require a
lifelong insulin therapy. T2D, formerly noninsulin-dependent diabetes mellitus, is the
commonest form of diabetes and is characterized by chronic hyperglycemia due to insulin
resistance, following increasing and then declining insulin production, and eventual
pancreatic B-cell failure (115;116). In the initial stages of the disease, the pancreatic B-cell
compensates the peripheral insulin resistance by secreting an increased amount of insulin.
During this compensatory hyperinsulinaemic phase, progressive B-cell dysfunction occurs
(117). As a consequence, the insulin secretory reserves cannot compensate for the defects in
peripheral insulin action anymore and overt diabetes results. Thereafter, insulin resistance
results in decreased glucose uptake by the muscle and AT, altered lipogenesis, and increased
glucose output by the liver. Elevated circulating levels of lipids and glucose might exacerbate
the peripheral insulin resistance and damage the insulin-producing B-cells ending up in a
vicious cycle (Figure 2). In the advanced state of the disease, hyperglycemia can cause
microangiopathies (diabetic nephro-, retino-, and neuropathy) and macroangiopathies
(atherosclerosis, stroke) (118). T2D is generally attributed to a combination of genetic and
environmental factors. Genome-wide association scans and candidate gene approaches now
have identified 64 genetic variants associated with T2D (119) that are mainly related to -cell
dysfunction, with fewer involved in pathways related to insulin resistance independent of
obesity (120;121). Although numerous diabetes-associated genes have been identified, the
known genes are estimated to predict only 15% of T2D (122). Thus, environmental factors
are largely responsible for the modern day epidemic of T2D. It is well accepted that obesity
and physical inactivity are the major risk factors for the development of T2D (123). Therefore
in many cases weight reduction, an increase in daily energy expenditure and anti-

hyperglycaemic agents are sufficient to achieve adequate glycaemic control.
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Figure 2: Association between obesity and type 2 diabetes.

The chronic low-grade inflammation in adipose tissue and the increased release of pro-inflammatory
adipokines in obesity lead to insulin resistance in peripheral organs. Subsequently, hepatic
gluconeogenesis is increased while glucose uptake by muscle is decreased, both resulting in
hyperglycemia. Insulin resistance in AT is associated with elevated FFA levels due to increased
lipolysis. The increased glucose levels together with the elevated FFA levels can synergize to further
adversely affect B-cell health and insulin action ending up in a vicious cycle that leads to the
development of T2D. FFA, Free Fatty Acids (modified from (124))

1.2.1.1. Insulin signaling

Despite periods of feeding and fasting, plasma glucose remains in a narrow range
between 4 and 7 mM in metabolically normal individuals (125). This tight control is governed
by the balance between glucose absorption from the intestine, production by the liver and
uptake and metabolism by peripheral tissues. Insulin increases glucose uptake in muscle and
AT, and inhibits hepatic gluconeogenesis. Thus, insulin acts as the primary regulator of blood

glucose concentration. Insulin also stimulates cell growth and differentiation, and promotes
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the storage of substrates in AT, liver and muscle by stimulating lipogenesis, glycogen and
protein synthesis, and inhibiting lipolysis, glycogenolysis and protein breakdown (125)
(Figure 3). But also in not classical insulin-sensitive tissues like vasculature, insulin plays an
important role in vasorelaxation and endothelial cell function.

Insulin is first synthesized as a single polypeptide called pre-proinsulin in the B cells of
the pancreatic islets of Langherhans. Pre-proinsulin is formed by sequential synthesis of a
signal peptide, the B-chain, the connecting C-peptide and the A-chain comprising a single
chain of 100 amino acids. The signal peptide directs the nascent polypeptide chain to the
rough endoplasmic reticulum (RER). After translocation into lumen of the RER, the signal
peptide is cleaved and proinsulin is formed (126). Once in the RER, proinsulin undergoes
appropriate folding so that the disulfide linkage between the A- and B- chains of insulin are
correctly aligned (127). After its assembly in the endoplasmic reticulum, proinsulin is
transported to the trans-Golgi network where proinsulin enters immature secretary vesicles
and is cleaved to yield insulin and C-peptide. Insulin forms zinc-containing hexamers which
are insoluble and represent the storage form of insulin (128). When mature granules are
secreted into the circulation by exocytosis, insulin, and an equimolar ratio of C-peptide are
released. Once the hexamers are secreted from the B-cell and diffuse into the blood down
their concentration gradient, a combination of electrostatic repulsion and decreased
concentration of insulin favors the dissociation of insulin into its monomeric form. The
monomer consists of 51 amino acids with a molecular weight of 5.8 kDa and is the active
form of insulin.

Insulin mediates its actions through binding to the insulin receptor. The insulin receptor
belongs to a subfamily of receptor tyrosine kinases that includes the insulin-like growth
factor (IGF)-I receptor and the insulin receptor-related receptor (IRR) (129). The insulin
receptor is a tetrameric protein consisting of two a- and two B- glycoprotein subunits linked
by disulfide bonds and is located on the cell membrane (130). Insulin binds to the
extracellular a-subunit leading to derepression of the kinase activity in the B-subunit
followed by transphosphorylation of the B-subunits and a conformational change that
further increases kinase activity (129). This enables tyrosine phosphorylation of intracellular
substrate proteins, including members of the insulin receptor substrate family (IRS1/2/3/4)
(131), the Shc adapter protein isoforms, signal regulatory protein (SIRP) family members,

GRB2-associated-binding protein 1 (Gab-1), Cbl (casitas B-lineage lymphoma), and accessible
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pedestrian signals (APS) (132). The tyrosine phosphorylation of IRS family members
generates docking sites for several SH2-containing proteins (131) including important
enzymes such as phosphatidylinositol 3-kinase (PI3K) and phosphotyrosine phosphatase 2
(SHP2), and other proteins that lack enzymatic activity but which link IRS-1 and other
intracellular signaling systems, e.g. the adaptor protein growth factor receptor-bound
protein 2 (Grb2) which connects with the rat sarcoma protein (RAS) pathway.

PI3K consists of a p110 catalytic subunit and a p85 regulatory subunit that possesses two
SH2 domains that interact with tyrosine-phosphorylated motifs in IRS proteins (133). By
rapid increase in trisphosphorylated inositol (PIP3) concentration, PI3K activates serine and
threonine kinases such as Akt/protein kinase B (PKB) and the atypical protein kinase C (aPKC)
(130). Akt has received much attention due to its ability to phosphorylate proteins that
regulate lipid synthesis, glycogen synthesis, cell survival, and protein synthesis (130). The Akt
kinase exists as three different isoforms, all of which are activated by phosphorylation on
Threonin 308 and Serin 473 (130). Upon insulin stimulation, Akt localizes near the plasma
membrane, where it becomes phosphorylated. The activated enzyme has the ability to
induce translocation of the glucose transporter GLUT4 from intracellular stores to the
plasma membrane. v-SNAREs and t-SNAREs have been identified to facilitate GLUT4 vesicle
translocation. VAMP-2 is the main v-SNARE found in GLUT4 vesicles. The main t-SNAREs
found in the plasma membrane of insulin-sensitive tissues are syntaxin 4 and SNAP-23 (134).

RAS operates as a molecular switch, stimulating a serine kinase cascade through the
stepwise activation of Raf, MEK and extracellular signal regulated kinase (ERK). Activated ERK
is translocated into the nucleus, where it catalyses the phosphorylation of transcription
factors such as p62', initiating a transcriptional program that leads to cellular proliferation
or differentiation (135). Thus broadly, PI3K mediates metabolic effects of insulin, e.g. cellular

glucose uptake, while RAS mediates mitogenic effects of insulin (130).
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Figure 3: Principal components of the insulin signaling pathway.

Activation of the insulin receptor by insulin induces autophosphorylation of the receptor, creating
docking sites for downstream interacting proteins, such as IRS 1-4. These are themselves
phosphorylated and provide further docking sites for SH2 domain-containing proteins. This results in
the activation of three major pathways, the PI3K, CAP/Cbl/Tc10 and the MAPK pathway, allowing the
transmission of the signals that result ultimately in the diverse biological effects of insulin (modified
from (125)) .

1.2.1.2. Impact of adipose tissue-derived factors on Insulin resistance

Insulin resistance is a condition characterized by the impaired action of insulin in insulin-
sensitive target tissues such as the liver, muscle and AT. The phenotypes of insulin resistance
include, reduced glucose uptake in muscle and AT, increased lipolysis in AT, and increased
glucose production and output by the liver (136). In most cases insulin resistance is believed
to be manifest at the cellular level via post-receptor defects in insulin signaling. These
defects can occur at many levels, with decreases in receptor concentration and kinase
activity, the concentration and phosphorylation of IRS-1 and -2, PI3K activity, glucose

transporter translocation, and the activity of intracellular enzymes (132). Furthermore, there
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are inhibitory molecules for insulin signaling such as the protein tyrosine phosphatase 1B
(PTP1B), the suppressor of cytokine signaling (SOCS) and the growth factor receptor bound
protein 10 (Grb10) that suppress insulin signaling by inducing insulin receptor
dephosphorylation, physical blocking of substrate phosphorylation, and degradation of the
insulin receptor and/or IRS (137). Nevertheless, activation of the MAP kinase pathway by
insulin is not reduced in the insulin resistant state.

Obesity has been shown to increase insulin resistance and the risk of T2D (136).
However, the loss of AT also leads to metabolic disorders that result in severe states of
insulin resistance and potential diabetes (138). These findings indicate that AT may not only
be a target of insulin, but that it may also influence whole-body insulin sensitivity. In fact,
adipokines secreted by AT signal to other organs, including the brain, liver, skeletal muscle
and the cardiovascular system, to modulate their insulin sensitivity (139). Some adipokines,
such as adiponectin (140), apelin (141) and vaspin (142) can improve insulin sensitivity,
whereas others have a role in producing insulin resistance, such as RBP4 (61), TNFa (86) and
resistin (56). Adiponectin may be the most biologically active adipokine in improving insulin
sensitivity (140). Stimulation of adenosine monophosphate kinase and inhibition of acetyl
coenzyme A carboxylase may be key factors in adiponectin signaling resulting in decreased
hepatic glucose production, increased fatty acid oxidation and glucose uptake in muscle
(143). These metabolic effects might be the primary mechanisms by which adiponectin
enhances insulin sensitivity. In humans, there is an inverse relationship between in vivo
insulin sensitivity and plasma levels or adipocyte release of adiponectin (144-146). In
addition, low level of adiponectin displays an independent risk factor for development of
T2D (147) and appears before T2D is manifested (148).

Conversely, pro-inflammatory adipokines like TNF-a, IL-6 and IL-1B induce SOCS1/3,
thereby enhancing the degradation of IRS1/2 through E3 ubiquitin ligase activation (149).
Another mechanism to induce insulin resistance is the IRS phosphorylation on serine or
threonin residues that negatively affects the binding of IRS to the insulin und IGF-1 receptors
(150). Thus, pro-inflammatory adipokines are able to inactivate IRS through the activation of
serine/threonine kinases like IKKB kinase, c-Jun NH,-terminal kinase (JNK), protein kinase C-6
(PKC-8) and ERK. IKK and JNK are the major cascades activated in response to inflammatory
signals and desensitize the insulin signaling cascade. In response to TNFa, JNK1 promotes the

phosphorylation of Ser307 of IRS-1 which interferes with the interaction of IR and IRS-1, thus
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preventing insulin-induced Tyr phosphorylation of IRS-1 (151). Indeed, JNK1-deficient mice
show decreased adiposity and significantly improved insulin sensitivity (152). IKKB is part of
the IKK complex that phosphorylates the inhibitor of NF-kB, IkB. This results in degradation
of IkB, allowing the activation of NF-kB (153). Heterozygous deletion of IKKB (IKKB”_)
protects against the development of insulin resistance during high-fat diet (HFD) and in

ob/ob mice (150;154;155). Both pathways are activated in obesity, not only in

obese Lep
response to adipokines, but also by increased FFA concentrations and oxidative stress (156).
The list of IRS kinases implicated in the development of insulin resistance is growing rapidly,
concomitant with the list of potential Serin/Threonin phosphorylation sites in IRS proteins

(157).

1.2.1.3. Anti-hyperglycaemic agents in the treatment of type 2 diabetes

Maintaining glycaemic levels as close to the non-diabetic range as possible has been
demonstrated to have a substantial impact on diabetes-related complications, including
retinopathy, nephropathy, and neuropathy (158-160). When lifestyle changes fail to reduce
glucose levels to the desirable range, the conventional approach is to begin therapy with an
oral anti-hyperglycaemic agent. Glycated hemoglobin (HbAlc) levels reflect the average
plasma glucose concentration over prolonged periods of time and are therefore a suitable
indicator for blood glucose control. The most recent glycaemic goal recommended by the
American Diabetes Association is, in general, an HbA1C level of less than 7% (161;162). More
stringent HbA1C levels of 6.5% or less have been proposed by earlier guidelines (163);
however, studies have found these lower glycaemic targets to be associated with either
excess CVD mortality (at HbA1C <6%) or to have no benefit on primary CVD outcomes
(164;165). Treatment options have greatly expanded in the past two decades. Thus, the
development of new classes of glucose-lowering medications to supplement older drugs
(insulin, sulfonylureas, metformin) has certainly broadened the palette of available
treatments and possible combinations. Available agents reduce glucose levels often through
a variety of mechanisms and can be divided into two major categories: 1. Agents that

improve insulin sensitivity (Biguanides and Thiazolidinediones (TZDs)) and 2. Agents that
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increase circulating insulin levels (Sulfonylureas (SU), glucagon-like-peptide 1 (GLP-1)

receptor agonists and dipeptidyl peptidase 4 (DPP4) —Inhibitors).

Agents that improve insulin sensitivity

The only biguanide available in most parts of the world and a cornerstone of T2D
treatment is metformin. Metformin has been shown to increase insulin sensitivity and
enhance glucose uptake (166) thereby consistently lowering HbA1C by 1-2% (167). Although
it is known that metformin reduces hepatic glucose production by stimulating AMP-activated
protein kinase, an enzyme that plays a role in the expression of hepatic gluconeogenic genes
(168), the exact mechanism remains unknown. Other nonglycemic benefits have been
reported, including improvements in fibrinolysis (169), inflammatory markers, and
endothelial function (170). Notably, metformin as monotherapy remains the only agent
associated with the potential for weight loss (171-173). Although lactic acidosis is rarely
reported, metformin should be used with caution in elderly diabetic individuals with renal
impairment. Gastrointestinal side effects may occur, especially if therapy is initiated at

higher doses.

TZDs (pioglitazone, rosiglitazone, troglitazone, ciglitazone) are peroxisome proliferator—
activated receptor y activators that enhance insulin sensitivity in peripheral tissues and
reduce hepatic glucose production (168). The HbA1C lowering effect of the TZDs is
equivalent and typically in the same range as that achieved by the SU or metformin
(174;175). The most common adverse effects associated with TZDs include weight gain by
increasing subcutaneous adiposity and fluid retention. The latter complication usually
manifests as peripheral edema, although new or worsened heart failure may occur.
Pioglitazone is the only remaining TZD for prescription after the restricted use of
rosiglitazone recommended by Food and Drug Administration (FDA) due to increased

cardiovascular events reported with this compound (176).

Agents that increase circulating insulin levels

SU are generally well tolerated and lower glucose levels via enhancing insulin secretion
by the pancreatic B cell. Treatment with SU agents generally yields a mean absolute HbA1C

reduction of 1-2% (177-179). The major adverse effect associated with sulfonylureas is
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hypoglycemia, with severe episodes (accompanied by coma or seizures) being infrequent
and more common in elderly patients (180).

Incretin hormones, the major ones being glucose-dependent insulinotropic peptide (GIP)
and GLP-1, are involved in the regulation of blood glucose and insulin and glucagon secretion
(181). Both GLP-1 and GIP are glucose-dependent hormones that are released from
endocrine cells in the small intestine when glucose levels rise above fasting levels and that
indirectly stimulate insulin secretion by activating G protein—coupled receptors on
pancreatic B-cells (180). GLP-1 also reduces the secretion of glucagon, a hormone produced
by the pancreas that stimulates the liver to convert glycogen to glucose. Additionally, GLP-1
is known to have central effects, including a reduction in gastric emptying and appetite, and
an increased sensation of satiety. Due to rapid inactivation by the proteolytic enzyme
dipeptidyl peptidase-4, the actions of GLP-1 and GIP in vivo are short-lived. Incretin mimetics
and inhibitors of the protease DPP4 are new classes of anti-diabetic agents first introduced
in the years 2005 (exenatide) and 2007 (sitagliptin), respectively. Because these agents
stimulate insulin secretion in a glucose-dependent manner, the risk of hypoglycemia appears
to be very low (182). In addition, emerging evidence suggests incretin-based therapies may
have a positive impact on inflammation, cardiovascular and hepatic health, sleep, and the
central nervous system (183). GLP-1-receptor agonists (exenatide and liraglutide) are
injectable agents that are structurally similar to endogenous GLP-1 (but with a longer half-
life and slower elimination) and activate GLP-1 receptors in many tissues. These agents,
which are used as an adjunct to other treatments (eg, SU, metformin, TZDs), lower HbA1C
levels by 0.5% to 1%, primarily by decreasing postprandial blood glucose levels (180). Other
effects include delayed gastric emptying and appetite suppression, typically resulting in a
weight loss of approximately 2 to 4 kg over 6 months (168). Exenatide is known to cause a
relatively high frequency (30%-45%) of gastrointestinal disturbances (eg, nausea, vomiting,
diarrhea), which may subside over time (184). The Food and Drug Administration (FDA)
issued a warning in 2007 following reports of pancreatitis in some patients taking exenatide.
However, definitive causal relationship between GLP-1 agonists and pancreatitis has not
been established, a possible association remains to be further studied (185). Liraglutide,
approved more recently, is a longer-acting GLP-1 analogue that generally displayed better
efficacy and fewer gastrointestinal side effects. However, the FDA also issued a warning

regarding the ability of liraglutide to cause dose-dependent and treatment-duration—
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dependent thyroid C-cell tumors in rats and mice. Since the potential of liraglutide to cause
thyroid C-cell tumors in humans is unknown, the FDA recommends that patients with thyroid
nodules be referred to an endocrinologist for further evaluation (180).

DPP4 inhibitors, also called incretin enhancers, exert glucose regulatory actions by
prolonging the effects of GLP-1 and GIP, ultimately increasing glucose-mediated insulin
secretion and suppressing glucagon secretion (186). Five DPP4 inhibitors (sitagliptin,
linagliptin, saxagliptin, vildagliptin, alogliptin) are currently approved in the United States
and Europe for the treatment of T2D, and a number of other DPP4 inhibitors are in late-
stage development (185). These agents are considered small molecules that are rapidly
absorbed following oral dosing, resulting in over 80% inhibition of DPP4 and a 2- to 3-fold
increase in peripheral plasma concentrations of GLP-1 and GIP. In clinical studies, DPP4
inhibitors have been shown to lower A1C levels by 0.6% to 0.9%, and have shown neutral
effects on weight as well as the potential for the preservation or enhancement of B-cell
function (180;185;187). The most compelling indication for the use of DPP-4 inhibitors
appears to be in combination with metformin in patients with early T2D who require their
first combination therapy. The complementary pharmacology of DPP4 inhibition and
biguanide action may lead to increased glucose-dependent insulin secretion, suppression of
hepatic gluconeogenesis, and improvement in insulin sensitivity. Based on clinical evidence
suggesting that a substantial proportion of patients receiving a combination of saxagliptin
and metformin achieved statistically significant improvements in glycaemic control
(compared with either treatment alone), a fixed-dose metformin-saxagliptin product was
recently approved for T2D (180;188). Because DPP4 is expressed in many tissues, including
immune cells, DPP4-inhibitors have the potential to influence immune function, as
evidenced by an increased incidence of infection (180;189).

Both DPP4 inhibitors and GLP-1 analogues have been demonstrated to exert beneficial
effects on classic cardiac risk factors by reducing blood pressure, weight, triglycerides, and
low-density lipoprotein cholesterol, and increasing high-density lipoprotein cholesterol
(180;185). Several large cardiovascular outcome trials are currently under way to determine

the impact of incretin-based therapies on macrovascular risk.
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1.2.2. Cardiovascular disease

Cardiovascular diseases (CVD) are still the leading cause of death worldwide. CVD are
usually a result of atherosclerosis, thrombosis or high blood pressure, which compromise
organ function and myocardial infarction or stroke occurs. According to the WHO an
estimated 17.3 million people died from CVD in 2008, representing 30% of all global deaths.
Of these deaths, an estimated 7.3 million were due to coronary heart disease and 6.2 million
were due to stroke. Over 80% of CVD deaths take place in low- and middle-income countries
and occur almost equally in men and women (1). Since behavioral risk factors are
responsible for about 80% of coronary heart disease and cerebrovascular disease, most
CVDs can be prevented by addressing risk factors such as tobacco use, unhealthy diet and

obesity and physical inactivity.

1.2.2.1. Pathogenesis of atherosclerosis

Atherosclerosis is the dominant cause of CVD and usually develops many years before
any clinical symptoms are manifest. Atherosclerosis is mainly located in the intima of many
middle sized and large arteries, especially where the vessels divide. The major complications
of atherosclerosis are associated with occlusion or inadequate blood flow to organs perfused
by the affected artery. Nevertheless, atherosclerosis typically does not produce symptoms
until the vessel’s luminal diameter has been decreased by 70 to 80%. Acute events, such as a
heart attack, stroke, or sudden death, often are caused by the rupture of atherosclerotic
plaques resulting in the formation of a blood thrombus on its surface. The underlying
pathogenesis of atherosclerosis involves an imbalanced lipid metabolism and a maladaptive
immune response entailing a chronic low-grade inflammation of the arterial wall. Endothelial
cells, leukocytes, and intimal smooth muscle cells are the major players in the development
of this disease.

The atherosclerotic process is characterized, in its earliest stages, by perturbations in
endothelial function. Hypercholesterolemia and hypertension, two major risk factors for
atherosclerosis, causes focal endothelial activation. When plasma levels of the cholesterol-
rich very low-density lipoprotein (VLDL) and LDL rise, the lipoproteins infiltrate the artery

wall to an extent that exceeds the capacity for elimination and are retained in the
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extracellular matrix (190;191). LDL is modified, through enzymatic attack or non-enzymatic
oxidation in the intima, and becomes cytotoxic, pro-inflammatory, chemotactic, and pro-
atherogenic. Oxidized LDL (oxLDL) activates endothelial cells resulting in an overexpression
of adhesion molecules and the release of pro-inflammatory cytokines. As the vascular cell
adhesion molecule-1 (VCAM-1) is typically upregulated in response to such stimuli,
monocytes and lymphocytes carrying counterreceptors for VCAM-1 (e.g. ad-integrin)
preferentially adhere to these sites (191). On the other hand, endothelial dysfunction, aside
from denoting a specific state of “endothelial activation,” also comprises impaired
endothelium-dependent vasodilation. This includes a reduction of the bioavailability of
vasodilators, in particular, nitric oxide (NO), whereas endothelium-derived contracting
factors are increased (192). Increased cellular adhesion and reduced NO bioavailability then
“sets the stage” for the recruitment of inflammatory cells, release of cytokines and
recruitment of lipid into the atherosclerotic plaque.

Activated endothelium expressing adhesion molecules allows mononuclear leukocytes,
such as monocytes and T-cells, to attach to the endothelium and penetrate into the intima.
Within the intima, monocytes differentiate into macrophages and internalize the
atherogenic lipoproteins (e.g. oxLDL) via so called scavenger receptors, of which SR-A and
CD36 have been demonstrated to play significant roles in experimental atherosclerosis. The
rapid uptake of highly oxidized (and otherwise modified) LDL particles by macrophages,
leads to foam-cell formation, which is a hallmark of both early and late atherosclerotic
lesions. With continuing supply of atherogenic lipoproteins, the macrophages take up
lipoproteins until they die. The death of macrophages by apoptosis and necrosis contributes
to the formation of a soft and destabilizing lipid-rich core within the atherosclerotic plaque.

In disease progression, the immune-inflammatory response is joined by a fibro-
proliferative response mediated by intimal smooth muscle cells. Macrophages produce
cytokines and growth factors, which in turn cause further recruitment of macrophages and
induce phenotype change of vascular smooth muscle cells (VSMC) from the quiescent
“contractile” state to the active “synthetic” state. Under physiological conditions, the
predominant phenotype is the quiescent or noted as contractile or differentiated VSMC,
which has its major function in the regulation of the blood flow (193). The synthetic,

migratory and proliferative phenotype is present in the response to injury. Consequently,
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activated VSMC proliferate and migrate from the media to the intima and synthesize
collagen, elastin, proteoglycans, growth factors and cytokines.

Although the cellular characteristics of atherosclerotic lesions are complex and therefore
difficult to classify, three major categories of lesions are commonly considered. These
categories are fatty streaks, fibro-lipid lesions and complicated lesions. The earliest
significant lesion is called a fatty streak. It is a yellow linear elevation of the intimal lining and
is composed of masses of lipid-laden macrophages. These fatty streaks have no clinical
significance. They may disappear from the arterial intima, but in patients at risk they
progress to atherosclerotic plaques. The next step in the evolution of the atherosclerotic
lesion is the fibro-lipid, or raised lesion. This kind of lesion is distinguished by two
morphological components; one being a fibrous cap of smooth muscle cells and abundant
extracellular matrix and the other a lipid-rich core region consisting of cellular debris. In
addition to alterations in the intima, a thinning of the media can be observed. The fibro-lipid
lesion develops without narrowing the lumen and is considered as a stable plaque due to a
robust fibrous cap. It may progress to form a complicated lesion which is characterized by
diverse events including necrosis, calcification and mural thrombosis. These unstable
plaques are rich in macrophages and foam cells and the fibrous cap separating the lesion
from the arterial lumen is usually weak and prone to rupture. Ruptures of the fibrous cap
expose thrombogenic material, such as collagen to the circulation and eventually induce
thrombus formation in the lumen. Upon formation, intraluminal thrombi can occlude
arteries completely, but more often they detach, move into the circulation and eventually

occluding smaller downstream branches causing thromboembolism.

1.2.2.2. Impact of adipose tissue-derived factors on atherosclerosis

The American Heart Association has reclassified obesity as a ‘major, modifiable risk
factor’ for coronary heart disease (194). In obesity, the increased size of adipocytes and the
chronic low-grade inflammation within AT alter its normal physiological function. AT
dysfunction results in an altered production and secretion of adipokines, which in turn affect
several tissues in a para- or endocrine manner like liver, skeletal muscle and vasculature.

Numerous circulating pro-inflammatory mediators participating in the development of CVD
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are released directly from adipocytes. However, AT also surrounds almost every vessel in the
human body and this depot is referred to as perivascular adipose tissue (PVAT). This fat
depot is not separated from vascular adventitia by fascia, thus allowing easy access for
factors secreted by both organs. Adipokines have contrasting actions on hypertension,
endothelial function, cardiomyocyte actions, cardiac pathology, atherosclerosis and

inflammation thereby linking obesity to an increased cardiovascular risk.

Inflamed AT contributes to vascular dysfunction via multiple mechanisms. Firstly, local
hypoxia and inflammation abolishes the protective anti-contractile properties of PVAT and
shifts the paracrine effects of PVAT to vasoconstriction, thereby leading to heightened
vascular tone, a propensity to vasospasm and impaired hemodynamic (195-197). These
detrimental effects of inflamed PVAT can be attributable to impaired secretion of anti-
contractile factors including adiponectin and angiotensin 1-7 paralleled by elevated
production of vasoconstriction molecules, including superoxide, angiotensin Il and
aldosterone (195;198;199). Secondly, many pro-inflammatory AT-derived factors, such as
TNF-a, resistin and adipocyte fatty acid-binding protein, act in an endocrine and/or paracrine
manner on the endothelium to impair endothelial NO production and to induce apoptosis,
thus leading to endothelial damage (195;200). Thirdly, various chemokines released from
PVAT, such as MCP-1, IL8, RANTES induce the recruitment and infiltration of monocytes,
lymphocytes and neutrophils into the blood vessel wall to instigate the local vascular
inflammation (201). Fourthly, the secreted factors from inflamed AT, such as leptin and
visfatin, can stimulate VSMC proliferation and migration, and promotes neointimal

formation (195;202;203).

1.3. Objectives

The previous sections highlight that in the context of obesity, AT has gained considerable
interest as a key player in the pathogenesis of several metabolic diseases like T2D and CVD.
AT is an endocrine organ, which affects peripheral organs in an endo- and/or paracrine
manner by the secretion of numerous adipokines. It is well accepted that the adipokine

profile is altered in obesity and that plasma levels of pro-inflammatory and pro-atherogenic
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adipokines are increased, contributing to a chronic state of low-grade inflammation and
thereby potentially linking obesity to CVD. However, the secretome of human adipocytes
remains incompletely characterized. Considering the dramatically increased prevalence of
overweight and obesity worldwide and the high mortality of CVD, it is of particular
importance to understand the crosstalk between AT and the vasculature for the
development of novel therapeutic strategies to competently combat both diseases.
Emerging clinical and experimental studies propose that VSMC may be functionally impaired
in obesity and diabetes and thus contribute to the increased incidence of macrovascular
complications. Although this idea has general support, the underlying molecular mechanisms
are currently unknown and hence are the subject of intense research. Therefore, the starting
point of the present work is to characterize the impact of the secretory output of in vitro

differentiated adipocytes on human VSMC.

e With comprehensive proteomic profiling of the human adipocyte secretome soluble
dipeptidyl peptidase 4 (DPP4) was identified by our group as a novel adipokine.
Based on this observation the first objective of this thesis was to investigate the
expression and regulation of DPP4 in human adipocytes and to assess the impact of
DPP4 on adipocytes, skeletal muscle cells and VSMC. In this regard, the expression
and secretion of DPP4 in three independent clinical studies performed on lean and

obese subjects was analyzed.

e Soluble DPP4 turned out to be a promising candidate potentially linking obesity to
CVD. Although DPP4-inhibitors, a class of oral anti-hyperglycaemic agents, hold
interesting promise for cardiovascular protection, the underlying mechanism of these
beneficial effects are not known. Therefore, the second objective of this thesis was to
further characterize the direct effects of soluble DPP4 on VSMC and to identify the

underlying mechanism.

e It is well accepted that expanded fat mass in obesity negatively affect cells of the
vascular wall, especially VSMC. Although the detrimental effects of the whole

secretory output of human adipocytes on VSMC has been investigated, the
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underlying mechanism of these effects are poorly understood. Therefore the third
objective of this thesis was to provide novel insight into the complex cellular
mechanism linking obesity to atherosclerosis by assessing the role of miRNAs in the
crosstalk between AT and VSMC. In this context, the impact of adipocyte conditioned
medium (CM) on miRNA expression and the influence on the insulin signaling

pathway was investigated.
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Abstract

Objective: Comprehensive proteomic profiling of the human adipocyte secretome
identified DPP4 as a novel adipokine. This study assessed the functional implications of the
adipokine DPP4 and its association to the metabolic syndrome. Research Design and
Methods: Human adipocytes, skeletal and smooth muscle cells were used to monitor DPP4
release and assess the effects of soluble DPP4 on insulin signaling. In lean and obese
subjects, depot-specific expression of DPP4 and its release from adipose tissue explants was
determined and correlated to parameters of the metabolic syndrome. Results: Fully
differentiated adipocytes exhibit a substantially higher release of DPP4, when compared to
preadipocytes or macrophages. Direct addition of DPP4 to fat, skeletal and smooth muscle
cells impairs insulin signaling. A 5-fold higher level of DPP4 protein expression was seen in
visceral as compared to subcutaneous fat of obese patients, with no regional difference in
lean subjects. DPP4 serum concentrations significantly correlated with adipocyte size. Using
adipose tissue explants from lean and obese subjects, we observed a 2-fold increase in DPP4
release that strongly correlated with adipocyte volume and parameters of the metabolic
syndrome, and was decreased to the lean level after weight reduction. DPP4 released from
adipose tissue strongly correlated positively with an increasing risk score for the metabolic
syndrome. Conclusion: DPP4 is a novel adipokine which may impair insulin sensitivity in an
auto- and paracrine fashion. Further, DPP4 release strongly correlates with adipocyte size,
potentially representing an important source of DPP4 in obesity. We therefore suggest that

DPP4 may be involved in linking adipose tissue and the metabolic syndrome.

Keywords

Adipocyte secretome; proteomics; adipokines; DPP4; obesity; metabolic syndrome
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Introduction

Obesity is the hallmark of the metabolic syndrome and represents a major global
health problem that frequently associates with the development of chronic diseases,
including type 2 diabetes and cardiovascular disease (1). A complex inter-organ crosstalk
scenario between adipose tissue and other central and peripheral organs underlies the
progression of these diseases, with adipose tissue being on top of the crosstalk hierarchy (2).
This is due to the huge diversity of signaling and mediator molecules released from adipose
tissue, which is now considered as one of the major endocrine organs (3; 4). Recent data
show that adipokines, which are proteins and peptides released by various adipose tissue
cells, create a complex interconnected network of feedback loops (5). Enlargement of
adipose tissue leads to dysregulation of adipokine secretion, representing a potential critical
pathogenic link between obesity, insulin resistance and type 2 diabetes (1). Therefore, we
conducted a comprehensive proteomic profiling of conditioned media derived from
differentiated, primary human adipocytes. This resulted in the identification of novel

adipokines, including the exoprotease dipeptidyl peptidase (DPP) 4.

DPP4 is an ubiquitously expressed transmembrane glycoprotein, which cleaves N-
terminal dipeptides from a variety of substrates including growth factors and hormones,
neuropeptides and chemokines (6). Two substrates of DPP4, glucagon-like peptide-1 (GLP-1)
and gastric inhibitory polypeptide (GIP) are released from the intestinal mucosa and are
responsible for about 60% of post-prandial insulin secretion, the so-called incretin effect (7).
Since GLP-1 remains active under hyperglycemic conditions in type 2 diabetes, DPP4 has
gained considerable interest as a therapeutic target, and a variety of DPP4-inhibitors that
prolong the insulinotrophic effect of GLP1 are now in clinical use as anti-diabetic drugs (8).
Substantial DPP4 activity is also found in plasma and other body fluids due to a soluble form
of DPP4 lacking the cytoplasmic tail and the transmembrane region of this protein (9). Both,
the membrane abundance and the circulating activity of DPP4 have been found to be altered
in a variety of neurological and inflammatory diseases (6). However, although a fraction of
soluble DPP4 most likely originates from cells of the immune system (10), the major source

of circulating DPP4 and its regulation remain unknown.

Furthermore, essentially no data are currently available regarding the potential

effects of soluble DPP4 on insulin target tissues including muscle and fat. In the present
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investigation we combined in vitro experiments with two independent clinical studies,
aiming to validate DPP4 as a novel adipokine and to characterize the association of DPP4 to
different parameters of the metabolic syndrome. Here we show that i) DPP4 is a novel
adipokine released from differentiated human adipocytes and that it may exert auto- and
paracrine effects leading to insulin resistance, ii) DPP4 expression is substantially elevated in
visceral fat of obese subjects and that serum DPP4 correlates with adipocyte size and all
parameters of the metabolic syndrome, and that iii) adipose tissue explants from obese
subjects release substantially more DPP4 with a prominent decrease after weight reduction.
In light of the well-accepted interference of DPP4 with the incretin system, we now suggest
that DPP4 may play a role in linking obesity to insulin resistance and the metabolic

syndrome.

Materials and Methods

Materials

Reagents for SDS-PAGE were supplied by GE Healthcare (Freiburg, Germany) and by
Sigma (Minchen, Germany). Polyclonal antibodies for adiponectin and actin were supplied
by Abcam (Cambridge, UK). HRP-conjugated goat anti-rabbit and goat anti-mouse IgG
antibodies came from Promega (Mannheim, Germany). Collagenase NB4 was obtained from
Serva (Heidelberg, Germany). Troglitazone, TNF-a, BSA (fraction V, fatty acid free, low
endotoxin) were obtained from Sigma (Miinchen, Germany). Adiponectin was purchased
from Biovendor (Heidelberg, Germany). Complete protease inhibitor cocktail and PhosStop
phosphatase inhibitor cocktail were from Roche (Mannheim, Germany). FCS was supplied by
Gibco (Invitrogen, Carlsbad, CA, USA). All other chemicals were of the highest analytical
grade commercially available and were purchased from Sigma. Human recombinant DPP4
was purchased from R&D Systems and a polyclonal antibody from Abnova (Heidelberg,

Germany). The specific DPP4 inhibitor K579 was purchased from Biozol (Eching, Germany).

Clinical studies of DPP-4 concentration in serum and DPP-4 release from adipose tissue.

29



Study 1

For all studies, protocols were approved by local Ethics Committees and all

participants gave written, informed consent.

Study 1: 20 male obese patients and 20 lean controls were recruited at Gent
University Hospital (Belgian registration number B67020084018). For all patients,
anthropometric and routine blood parameters were assessed. Fasting blood samples were
collected and adipose tissue biopsies fixed for microscopic evaluation of adipocyte surface

area analysis.

Study 2: Nineteen obese (BMI, 230 kg/mz) otherwise healthy and ten lean (BMI < 25
kg/m?) healthy women were recruited at Karolinska Institute and investigated in the
morning after an overnight fast. Sixteen obese women were re-investigated 18-24 month
after gastric bypass in a weight stable period for at least three months according to self
report (reduction of BMI from 43.0 to 27.9 kg/m?). A venous blood sample was obtained for
the analysis of glucose and insulin to be used as estimation of insulin sensitivity in vivo,
HOMA index as described (11). Thereafter, abdominal subcutaneous adipose tissue biopsies
were obtained by needle aspiration as described (12). One part of the tissue was used for
measurements of DPP4 release as described (13). Methodological experiments revealed that
DPP4 release was linear with time for at least 3 h suggesting no important cell damage (data
not shown). Another part of the tissue was subjected to collagenase treatment and mean

adipocyte volume and weight were determined as described (14).

For calculation of the risk score for the Metabolic Syndrome, we used ATPIII
definitions which are the following: 1. fasting glucsose > 110 mg/dl or diagnosis of type 2
diabetes, 2. blood pressure > 135/85 mmHg, 3. serum triglycerides > 150 mg/dl|, 4. HDL-
cholesterol < 40 mg/dl for men and < 50 mg/dl for women, and 5. abdominal obesity
characterized by a waist >102 cm for men and > 88 cm for women. The risk score is equal to
the number of criteria fulfilled. Subjects with a risk score > 3 are qualified as having the

metabolic syndrome.

Homeostasis model assessment (HOMA) for insulin resistance (IR) was determined in
all patients except those treated with insulin by a mathematical transformation of fasting

blood glucose and insulin measurements (HOMA = insulin (uU/ml) x glucose (mmol/I) / 22.5).

30



Study 1

Adipocyte isolation and culture

Subcutaneous adipose tissue was obtained from lean or moderately overweight
women undergoing plastic surgery for mammary reduction or breast reconstruction with
subcutaneous abdominal adipose tissue. The procedure was approved by the ethical
committee of the Heinrich-Heine-University (Dlsseldorf, Germany). All subjects were
healthy, free of medication and had no evidence of diabetes according to routine laboratory
tests. Preadipocytes were isolated by collagenase digestion of adipose tissue as previously
described by us (15). Isolated cell pellets were resuspended in Dulbecco’s modified
Eagles/Hams F12 (DMEM/F12) medium supplemented with 10 % FCS. After overnight
incubation, cultures were washed and further incubated in an adipocyte differentiation
medium (DMEM/F12, 33 umol/I biotin, 17 umol/l d-panthothenic-acid, 66 nM insulin, 1 nM
triiodo-L-thyronine, 100 nM cortisol, 10 pg/ml apo-transferrin, 50 pug/ul gentamycin, 15
mmol/I HEPES, 14 nmol/l NaHCO3, pH 7.4) for 15 days with medium change every 2-3 days
and addition of 5 uM troglitazone for the first 3 days. The degree of differentiation was
determined by oil red staining and induction of adiponectin expression. Differentiated
adipocytes were used for the generation of adipocyte-conditioned media (CM), as recently
described by us (15). Briefly, after in vitro differentiation, adipocytes were washed and
incubated for 48 h in a-modified Eagles medium followed by collection of the medium.
Macrophages were isolated from human adipose tissue and cultured, using a method
described by Curat et al. (16). For hypoxia treatment, differentiated adipocytes were
incubated with a gas mixture containing 1 % O,, 5 % CO, and 94 % N, in MIC-101 modular

incubator chambers (Billups-Rothenburg, Del Mar, USA) at 37 °C for indicated times.

Skeletal muscle cell culture

Primary human skeletal muscle cells of healthy Caucasian donors were supplied as
proliferating myoblasts (5 x 10° cells) and cultured as described previously (15). For an
individual experiment, myoblasts were seeded in six-well culture dishes (9.6 cm2/well) at a
density of 10° cells per well and were cultured in a-modified Eagles/Hams F12 medium

containing Skeletal Muscle Cell Growth Medium Supplement Pack up to near confluence.
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The cells were then differentiated and fused by culture in a-modified Eagles medium for 4

days and used for experiments.

Smooth muscle cell culture and proliferation

Primary human coronary artery smooth muscle cells were obtained from PromoCell
(Heidelberg, Germany). Cells from four different donors were supplied as proliferating cells
and kept in culture according to the manufacturer’s protocol. For all experiments,
subconfluent cells of passage 3 were used. Cells were characterized as smooth muscle cells

by morphologic criteria and by immunostaining with smooth muscle a-actin.

Immunoblotting

Adipocytes and macrophages were treated as indicated and lysed in a buffer
containing 50 mM HEPES, pH 7.4, 1 % TritonX100, Complete protease inhibitor and PhosStop
phosphatase inhibitor cocktail. After incubation for 2 h at 4 °C, the suspension was
centrifuged at 10.000 x g for 15 min. Thereafter, 5-10 ug of adipocyte lysates were separated
by SDS-PAGE using 10 % horizontal gels and transferred to polyvenylidene fluorid filters in a
semidry blotting apparatus. Filters were blocked with Tris-buffered saline containing 0.1 %
Tween and 5 % nonfat dry milk and subsequently incubated overnight with a 1:1000 dilution
of the appropriate antibodies. After washing, filters were incubated with secondary HRP-
coupled antibody and processed for enhanced chemiluminescence detection using
Immobilon HRP substrate (Millipore, Billerica, MA, USA). Signals were visualized and
evaluated on a LUMI Imager (Boehringer, Mannheim, Germany) or VersaDoc 4000 MP

(BioRad, Munich, Germany) work station.

ELISA

DPP4 and HO-1 secretion by human primary adipocytes and macrophages was
determined using ELISA kits purchased from R&D Systems (Wiesbaden-Nordenstadt,
Germany) and Stressgene (Lorrach, Germany). The assays were performed in duplicates
according to the manufacturer’s instructions.
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Presentation of data and statistics

Data are expressed as mean + SEM. The Shapiro-Wilcoxon test was used to test the
Gaussian distribution of biological parameters. Student’s t test, analysis of variance (ANOVA)
followed by p for linear trend post-test when appropriate were used for comparison
between groups. Correlations were performed by Pearson. For adjustment (BMI, age), we
applied a multiple linear regression modeling using least squares means. All statistical
analyses were done using JMP statistics software (SAS Institute Inc., Cary, NC, USA) or Prism
(GraphPad, La Jolla, CA, USA) considering a P value of less than 0.05 as statistically

significant. Corresponding significance levels are indicated in the figures.

Results

DPP4 is a novel adipokine exhibiting regulated release from human adipocytes

Comprehensive proteomic profiling of the adipocyte secretome led to the
identification of 347 proteins, with 263 proteins being predicted or annotated as secretory
proteins (data to be presented elsewhere). Although about 80% of these proteins have been
reported in earlier studies (17-19), our approach has identified more than 40 novel

adipokines including DPP4.

To validate this novel adipokine, we used in vitro differentiated human adipocytes
and macrophages isolated from adipose tissue. DPP4 expression in human adipocytes is
significantly increased during differentiation with a maximum reached at day 7 (4-fold over
undifferentiated control) (Fig. 1A). DPP4 expression is paralleled by a marked release of this
adipokine (Fig. 1B), which was significantly elevated as compared to the undifferentiated
control starting at day 4 and increasing up to day 9 (1.1 ng/ml released over 24h by 3.5 x 10°
cells). DPP4 in the supernatant of adipocytes was quantified by ELISA and additionally
confirmed by Western blotting (Fig. 1B). We further analyzed the release of DPP4 with
prominent regulators of adipocyte secretory activity such as troglitazone, TNF-a, insulin and
adiponectin (15; 20; 21). As shown in Fig. 1C, DPP4 release is significantly upregulated by

TNF-a and insulin. In addition to adipocytes, adipose tissue-derived macrophages release
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measurable amounts of DPP4 (Fig. 1D). This, however, is only 1/3 compared to adipocytes,

pointing to a major contribution of adipocytes to DPP4 output from adipose tissue.

Soluble DPP4 exerts direct effects on fat and muscle cells

The soluble form of DPP4 may bind to the extracellular matrix (22) and affect a
variety of cells, yet this has not been investigated so far. To assess potential direct effects of
soluble DPP4 on peripheral cells, we studied insulin signaling in adipocytes and skeletal
muscle cells. DPP4 treatment of human adipocytes results in a dose-dependent decrease in
insulin-stimulated Akt phosphorylation which reached significance using a dose of 200 ng/ml
(Fig. 2A). This demonstrates an autocrine effect of DPP4 on adipocytes. It should be noted
that circulating DPP4 concentrations were found in the range of 200 to 600 ng/ml in healthy
patients. The effect of DPP4 on insulin-stimulated Akt phosphorylation can be completely
blocked by a specific DPP4 inhibitor (Fig. 2B). Validation experiments using this compound
prove inhibition of DPP4 in vitro which remained unaltered for a period of at least 8 h (data
not shown). Similar to adipocytes, DPP4 also induces insulin resistance in skeletal muscle
cells at the level of Akt phosphorylation in a dose-dependent way but less prominent
compared to adipocytes (Fig. 2C-D). To prove if DPP4 has a functional impact not only on
insulin signaling, we determined DPP4-stimulated proliferation and insulin signaling in
primary human smooth muscle cells. In addition to the induction of insulin resistance at the
level of Akt in this cell type, DPP4 induced a 1.6 fold increase in cell proliferation which can

be completely blocked by the DPP4 inhibitor (Fig. 3A-C).

DPP4 js elevated in serum of obese patients and correlates with various anthropometric and

clinical parameters (Clinical study 1)

Measuring DPP4 in serum from age-matched lean and morbidly obese man (patient
characteristics in supplementary table 1) revealed that obese subjects are characterized by
significantly increased DPP4 concentrations (Fig. 4A). DPP4 expression in adipose tissue
biopsies from the same patients revealed that DPP4 protein expression is regulated by both

the fatness of the individual and the adipose tissue depot (Fig. 4B). While there is only a
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trend for higher DPP4 expression in visceral fat of lean subjects, obese patients are
characterized by significantly higher DPP4 in visceral adipose tissue as compared to
subcutaneous adipose tissue. Furthermore, expression of DPP4 in both depots is significantly
higher in obese subjects as compared to lean ones. DPP4 levels positively correlate with BMI,
the size of subcutaneous and visceral adipocytes, insulin and leptin, while a negative
correlation with age and adiponectin could be found (Fig. 5A-G). Adjusting DPP4 for age has
no impact on these correlations. However, when adjusted for BMI, DPP4 serum
concentrations only significantly correlate with the size of subcutaneous adipocytes (p=0.04,
r=0.32) pointing to a very close relation between the size of adipocytes and the release of

this adipokine.

DPP4 is released from subcutaneous adipose tissue in vitro (Clinical study 2)

We investigated lean and obese after weight reduction and we analyzed the release
of DPP4 from whole adipose tissue. Adipocytes from lean subjects are significantly smaller
than those from obese patients (Fig. 6A). Surgery induced weight loss reduced the average
size of adipocytes below the size from lean subjects. DPP4 release is significantly increased
from adipose tissue of obese subjects as compared to lean ones (Fig. 6B) while weight
reduction by bariatric surgery normalized the DPP4 release to the lean level. This was
paralleled by a significant reduction in the circulating DPP4 level, supporting the notion that
adipose tissue is an important source of serum DPP4 (Fig. 6C). In the group of lean and obese
subjects, DPP4 release from adipose tissue significantly correlates with BMI, waist
circumference, percent body fat, triglycerides, HOMA, adipocyte volume and leptin while the
correlation is negative with HDL-cholesterol (Fig. 6D-K). All these factors are denominators of
the metabolic syndrome. Notably, leptin shows similar correlations with the above
mentioned parameters except for triglycerides where no correlation could be found.
Importantly, the release of DPP4 from adipose tissue correlates with many parameters that
correlate with circulating DPP4 concentrations. There is also a strong correlation between

adipose secretion of leptin and DPP4 (Fig. 6K).
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DPP4 serum concentrations and release from adipose tissue is significantly related to the

metabolic syndrome

In both obese patient groups providing data for circulating DPP4 levels and for DPP4
release from adipose tissue explants, the respective concentrations of DPP4 are significantly
increased in subjects with a risk score for the metabolic syndrome >3, as calculated
according to the ATP-IlIl guidelines (Fig. 7A-B). Performing the same analysis for the
circulating levels of leptin, MCP-1, RANTES, PAI-1, chemerin and hs-CRP, we could not find
any such relationship with the metabolic syndrome (data not shown). Conversely,
adiponectin serum levels are significantly decreased in patients with the metabolic
syndrome (data not shown). Including the lean subjects in this type of analysis does not
change the outcome of this analysis and it should be noted that the relationship of DPP4
with the risk score for the metabolic syndrome in the obese subjects is independent from

BMI.

Discussion

Our proteomics approach identified DPP4 as a novel adipokine released by fully
differentiated human adipocytes. This was confirmed by Western blot, ELISA and
determination of enzymatic activity. DPP4 release increased substantially upon fat cell
differentiation, and comparison to preadipocytes and adipose tissue macrophages showed,
that adipocytes most likely represent the major source of DPP4 released from the intact
organ to the circulation. DPP4 is a multifunctional, type Il integral membrane glycoprotein
exhibiting ubiquitous expression including adipose tissue (23), being highly abundant in the
kidney, on T lymphocytes and endothelial cells (22). DPP4 is certainly different from many
other adipokines, in that i) the protein is not secreted but released from the plasma
membrane as soluble DPP4 subsequent to proteolytic cleavage (24), ii) DPP4 exerts dual
functions both as a regulatory protease and a binding protein, and iii) this protein is already
an established target for treatment of type 2 diabetes (8), supporting our notion that DPP4
may potentially link adipose tissue to type 2 diabetes and the metabolic syndrome.
Regulators of DPP4 release are presently unknown, but we show here that both insulin and

TNFR augment the shedding of soluble DPP4 by about 50% despite an unaltered expression.
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Thus, factors related to insulin resistance and adipose tissue inflammation enhance the
release of this novel adipokine from the fat cell. In addition to the endocrine effects of DPP4
released to the circulation, both cell surface resident and soluble DPP4 may have multiple
auto-/paracrine functional implications for adipose tissue physiology. First, DPP4 recruits
adenosine deaminase to the cell surface (25), which may modulate the well-established
antilipolytic effects of adenosine. Second, DPP4 is a very strong inhibitor of the anti-lipolytic
activity of neuropeptide Y (NPY) (23), which is one of the best peptide substrates of the
enzyme (26). Therefore, enhanced abundance of both resident and soluble DPP4 within
adipose tissue of obese subjects may substantially augment the lipolytic activity of enlarged
adipocytes. Finally, DPP4 inactivates or alters the specificity of many chemokines including
RANTES, eotaxin, MDC, SDF-I and many others (22), making it likely that DPP4 plays a yet
undefined functional role in the intra-organ crosstalk between macrophages, adipocytes and

other components of the stroma-vascular fraction.

So far, the direct effects of soluble DPP4 on isolated cells have not been investigated,
although it binds to the extracellular matrix and may exert signaling functions (22). We
demonstrate here for the first time that DPP4 consistently impairs insulin signaling at the
level of Akt in three different primary cell types, namely adipocytes, skeletal muscle and
smooth muscle cells. Enzymatic activity of DPP4 appears to be involved in this process, but
DPP4 inhibitors may also affect the binding properties of sDPP4 to a putative receptor. This
issue is currently under investigation in our laboratory. It may be speculated that DPP4
exerts an autocrine action on adipocytes, which may be of particular interest for perivascular
fat, where DPP4 may also act in a paracrine/endocrine fashion on the vascular wall.
Importantly, DPP4 induces proliferation of human vascular cells in parallel to an impairment
of insulin signaling, suggesting a potential role in obesity-associated vascular complications.
In this study we used DPP4 concentrations that match circulating levels in both lean and
obese humans as measured by us. As obese patients are characterized by significantly
increased circulating DPP4 it may be speculated that DPP4 may interfere with insulin
sensitivity not only in adipose tissue but also in other insulin-sensitive peripheral organs. This
would substantially extend the current view of DPP4 as a target for treatment of type 2
diabetes. Future work will be needed to address the mechanism and the functional role of

these effects in the pathogenesis of insulin resistance and obesity-associated complications.
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Serum DPP4 is altered in many pathophysiological conditions such as different types
of cancer, allergic asthma or hepatitis C (for review (10)). To the best of our knowledge, this
is the first study to analyze circulating DPP4 in the context of obesity and adipose tissue.
Morbidly obese men are characterized by elevated DPP4 levels as compared to lean
controls. DPP4 serum concentrations are significantly correlated with BMI, size of adipocytes
in subcutaneous and visceral fat as well as with the adipocyte hormones adiponectin
(negatively) and leptin, showing that DPP4 is not only related to increased body weight but
also to other important parameters of adipose tissue in particular. Interestingly, DPP4 is
negatively associated with age but all of the above mentioned parameters are still
significantly correlated with DPP4 even after adjustment for age. Differently, BMI-
adjustment causes the disappearance of most of these correlations except for the size of
subcutaneous adipocytes. In addition to circulating DPP4, the protein expression of this
adipokine is significantly different not only between lean and obese subject but also
between their fat depots. Former studies report contradicting data as both decreased and
increased mRNA expression of DPP4 in adipose tissue of obese men was described (23; 27).
At the protein level, we now clearly demonstrate that obesity leads to a prominent induction
of DPP4 abundance in both subcutaneous and visceral adipose tissue, and that in obese
subjects the visceral fat exhibits the highest DPP4 level. We therefore conclude that
enlargement of visceral adipocytes in obesity may substantially contribute to the augmented
level of circulating DPP4 in obese patients. It is noteworthy that we measured DPP4 serum
concentration and not its activity. However, in additional experiments, other samples from
the same patients were used to determine DPP4 activity that is significantly correlated with
circulating DPP4 levels (data not shown). Thus, DPP4 activity is also significantly increased in

obese as compared to lean subjects.

DPP4 expression in adipose tissue is increased in obese as compared to lean
individuals, a fact that is reflected by an increased release of DPP4 from adipose tissue
explants of obese patients as compared to lean controls. Similar to circulating DPP4, its
release from adipose tissue correlates with various classical markers for the metabolic
syndrome, namely BMI, waist circumference and plasma triglycerides, HOMA as an index of
insulin resistance, as well as with fat cell volume and the adipokine leptin. In addition, DPP4
release can be reversed to normal levels by surgery-induced weight loss which is also

reflected by DPP4 being significantly reduced in serum of these patients. Except for one
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study reporting on DPP4 levels in obese children before and after weight loss (28), this is the
first description of significantly decreased DPP4 levels after weight loss in adults induced by
obesity surgery. Thus in obesity, both circulating levels of DPP4 and DPP4 release by adipose

tissue are increased but can be reduced to control levels by substantial weight loss.

Both circulating DPP4 and DPP4 release by adipose tissue correlate strongly with the
metabolic syndrome. Thus, DPP4 may be of relevance as a novel biomarker of the metabolic
syndrome and for detection of obese subjects at high risk for obesity-associated
complications. Future studies are needed to address this important issue and to define the
molecular pathways that link adipose DPP4 to the metabolic syndrome and type 2 diabetes.
An adipose-specific knockout of DPP4 would be required to prove a causal role of this
protein and this mouse model is currently under development in our laboratory. However,
several lines of evidence support our notion that the novel adipokine links obesity to the
metabolic syndrome. First, DPP4 impairs the function of the incretin system which is of key
importance for glucose homeostasis (29). Additionally, incretin-based therapies are known
to preserve beta-cell function and to exert salutary effects on blood pressure and lipid
profile (30). Second, DPP4 inhibitors are well known to improve glucose tolerance in animal
models of obesity (31). More importantly, chronic DPP4 inhibition in ZDF rats was shown to
delay the onset of type 2 diabetes (31). Finally, preclinical data suggest that GLP-1 is
cardioprotective (32) and DPP4 inhibition was shown to improve cardiovascular outcomes in
rodents (33). Our data strongly support the current view (20) that adipocytes and specifically
adipose tissue play a major, most likely causative role in the pathogenesis of metabolic

diseases.

In summary, we show here that DPP4 is a novel adipokine that is substantially
overexpressed in visceral fat from obese subjects and exhibits an augmented release in
obesity. Soluble DPP4 exerts auto- and paracrine effects and impairs insulin signaling. We
further observe a tight correlation of DPP4 release to adipocyte cell size and plasma levels of
DPP4 strongly correlate with the risk of having the metabolic syndrome. We therefore
suggest that DPP4 is a novel biomarker and a potential link between obesity and the

metabolic syndrome.
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Figure 1 DPP4 protein level and release during adipocyte differentiation and after stimulation with
different regulatory factors. (A) Human primary adipocytes were differentiated as described in
materials and methods, and DPP4 protein level during differentiation was analyzed by SDS-PAGE and
Western Blot. Adiponectin expression served as a control of differentiation. Data were normalized to
the protein level of actin and are expressed relative to day 0. Data are mean values = SEM, n25,
*p<0.05 vs. preadipocytes. (B) Detection of DPP4 at day 14 of differentiation using 1-5 pl of
concentrated CM analyzed by SDS-PAGE and Western Blot. 24-h release of DPP4 by adipocytes
determined at different time points of differentiation was analyzed by ELISA. Data are mean values +
SEM, n>5, *p<0.05 vs. day 0. (C) Differentiated adipocytes were treated with 5 umol/L troglitazone
(Tro), 10 ng TNF-a, 50 mmol/L insulin (1), 5 nM adiponectin (A) or incubated under hypoxic conditions
(H) for 24 h. DPP4 release by differentiated adipocytes after indicated 24 h treatments as measured
by ELISA. Data are mean values + SEM, n>7, *p<0.05 vs. control. (D) DPP4 release by preadipocytes
(Pre), differentiated adipocytes (Ad) and adipose tissue-derived and cultured human macrophages
(M@) was analyzed by ELISA. Data are mean values + SEM, n>3. 10 pg of total lysates derived from
adipocytes (Ad) and macrophages (M@) were analyzed by SDS-PAGE and Western Blot, and signals
were detected by ECL.
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Figure 2 Effect of DPP4 on insulin-stimulated Akt phosphorylation in adipocytes and skeletal muscle
cells. Differentiated human adipocytes (A-B) and skeletal muscle cells (C-D) were treated with the
indicated amounts of DPP4 without and with concomitant administration of a specific DPP4 inhibitor
for 24 h. After stimulation with insulin (100 nM, 10 min) the cells were lysed and 5-10 ug of total
lysates were resolved by SDS-PAGE and blotted to PVDF membranes. Membranes were blocked with
5% milk in TBS containing 0.1% Tween-20 and incubated overnight with p-Akt antibody. After
incubation with the appropriate HRP-coupled secondary antibody, the signal was detected by ECL.
Signals were analyzed on a LUMI Imager Work Station. Data are actin normalized mean values + SEM
(n = 3-8). Representative Western Blots are presented. For (A), lanes were excised from a single
Western Blot and displayed in the presented order. White bars — basal, black bars — insulin-
stimulated. ns — not significant. * significantly different from insulin-stimulated control or indicated
situation.
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Figure 3 Effect of DPP4 on insulin-stimulated Akt phosphorylation and proliferation in smooth
muscle cells. (A-B) Smooth muscle cells were treated with the indicated amounts of DPP4 without
and with concomitant administration of a specific DPP4 inhibitor for 24 h. After stimulation with
insulin (100 nM, 10 min) the cells were lysed and Western Blots performed as indicated in Fig. 2. Data
are actin normalized mean values * SEM (n = 3-6). White bars — basal, black bars — insulin-stimulated.
ns — not significant. * significantly different from insulin-stimulated control or indicated situation. (C)
The proliferation of smooth muscle cells was determined by measuring the incorporation of BrdU
into DNA. Data are expressed relative to the basal control value, taken as 100 %. Data are mean
values = SEM (n = 3-8). ns — not significant. * significantly different from control or indicated
situation.
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Figure 4 DPP4 serum concentration and expression in adipose tissue from lean compared to obese
patients (Clinical study 1). (A) Sera from lean (n=20) and morbidly obese men (n=20) were analyzed
for their DPP4 concentration by ELISA. Data are mean values + SEM, *p<0.05 vs. lean group. (B) DPP4
protein level in adipose tissue biopsies was analyzed by SDS-PAGE and Western Blot. Data were
normalized to the protein level of actin and are expressed relative to subcutaneous adipose tissue
from lean subjects. Data are mean values = SEM, n=8 for lean and n=14 for obese patients, *p<0.05
respective subcutaneous or designated group.
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Figure 5 DPP4 serum concentrations correlate with various clinical and biochemical parameters
(Clinical study 1). Sera from lean (n=20) and morbidly obese men (n=20) were analyzed for their
DPP4 concentration by ELISA. Linear regression analysis of DPP4 serum concentration and patient
characteristics like age (A), BMI (B), size of subcutanous (sc) (C) and visceral (vis) adipocytes (D),
insulin concentration (E), adiponectin concentration (F) and leptin concentration (G). Statistical
evaluation is indicated in each graph.
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Figure 6 DPP4 release of explants obtained from adipose tissue of lean controls and obese patients
before and after bariatric surgery as well as linear correlation with various clinical and biochemical
parameters (Clinical study 2). (A-B) Samples of adipose tissue were obtained from lean controls
(n=10) and obese patients before (n=19) and after (n=16) bariatric surgery, and used to generate
explants as described in material and methods. The size of adipocytes for each subject was measured
(A). DPP4 release was analyzed by ELISA and related to the quantity of adipocytes (B). (C) DPP4
serum concentration was measured in lean and in obese patients before and after bariatric surgery.
(D-K) Linear regression analysis of DPP4 release per 10’ cells and patient characteristics like BMI (D),
waist circumference (E), percent of body fat (F), HDL-cholesterol concentration (G), triglycerides
concentration (H), HOMA (l), adipocyte volume (J) and leptin (K). (A-C) Data are mean values + SEM .
*p<0.05 between respective groups.
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Figure 7 DPP4 in serum and release from adipose tissue explants in relation to a risk score for the
metabolic syndrome. A risk score for the metabolic syndrome was calculated for all obese subjects
from whom serum and adipose tissue explants were analyzed. Patients with a risk score 23 were
qualified as “with metabolic syndrome (MS)”. Patients with a score <2 were qualified as “without MS.
Data was analyzed using t-test. Data are mean values + SEM. *p<0.05.
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Abstract

DPP4 is an ubiquitously expressed cell-surface protease that is shedded to the
circulation as soluble DPP4 (sDPP4). We recently identified sDPP4 as a novel adipokine
potentially linking obesity to the metabolic syndrome. The aim of this study was to
investigate direct effects of sDPP4 on human vascular smooth muscle cells (hWSMC) and to
identify responsible signaling pathways. Using physiological concentrations of sDPP4, we
could observe a concentration-dependent activation of ERK1/2 (3-fold) after 6h, which
remained stable for up to 24h. Additionally, sDPP4 treatment induced a 1.5-fold
phosphorylation of the NF-kB subunit p65. In accordance with sDPP4-induced stress and
inflammatory signaling, sDPP4 also stimulates hVSMC proliferation. Furthermore we could
observe an increased expression and secretion of pro-inflammatory cytokines like interleukin
(IL)-6, IL-8 and MCP-1 (2.5-, 2.4- and 1.5-fold, respectively) by the sDPP4 treatment. All direct
effects of sDPP4 on signaling, proliferation and inflammation could completely be prevented
by DPP4 inhibition. Bioinformatic analysis and signaling signature induced by sDPP4 suggest
that sDPP4 might be an agonist for PAR2. After silencing of PAR2, the sDPP4-induced ERK
activation as well as the proliferation was totally abolished. Additionally, the sDPP4-induced
upregulation of IL-6 and IL-8 could completely be prevented by the PAR2 silencing. In
conclusion, we show for the first time that sDPP4 directly activates the MAPK and NF-«kB
signaling cascade in a PAR2-dependent manner resulting in the induction of inflammation
and proliferation of hVSMC. Due to increased circulating levels of sDPP4 in obesity, sDPP4

may play a role in linking obesity to cardiovascular disease.

Introduction

Type 2 diabetes and obesity are frequently associated with the development of
cardiovascular disease (CVD) [39]. CVD remains the major cause of death worldwide and
represents a key global health problem due to the epidemic increase of obesity-induced
insulin resistance and type 2 diabetes [18]. Adipose tissue was long seen as a passive lipid
storage depot but it is now considered as an endo- and paracrine organ that produces a
large number of mediators that affect metabolism, inflammation and coagulation. Expansion

of adipose tissue in obesity is highly associated with an enhanced secretion of pro-
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inflammatory and pro-atherogenic factors [32,34]. Thus, alterations in adipocyte derived

factors, the so called adipokines, may link obesity to cardiovascular dysfunction.

Dipeptidyl peptidase 4 (DPP4) is an ubiquitously expressed cell-surface protease,
which selectively cleaves N-terminal dipeptides from a variety of substrates including growth
factors, hormones, neuropeptides and chemokines. Substantial DPP4 activity is also found in
plasma and other body fluids because of a soluble form of DPP4 lacking the cytoplasmic tail
and the transmembrane region [25]. In a previous study we could identify sDPP4 as a novel
adipokine [26], which is widely known for its role in regulation of glycemia through
catabolism of incretin peptides, and we could show that sDPP4 serum concentrations
positively correlate with various parameters of the metabolic syndrome like BMI, adipocyte
surface, leptin and insulin levels [26,33]. Interestingly, comparison of different fat depots
showed the highest DPP4 expression in visceral adipose tissue of obese patients [33].
Furthermore, we were the first investigating direct effects of sDPP4 on human adipocytes,
human skeletal muscle cells and hVSMC showing a sDPP4-induced insulin resistance and an
increased hVSMC proliferation [26]. Therefore sDPP4 is a promising candidate linking obesity
to CVD. Up to now DPP4 has gained most interest as a therapeutic target for type 2 diabetes
treatment due to the degradation of the incretin hormone glucagon-like peptide (GLP)-1 by
this enzyme. Thus, DPP4-inhibitors are able to prolong the insulinotropic effect of GLP-1 and
are now in clinical use as anti-diabetic drugs [2]. Additionally, preclinical and preliminary
clinical data suggest that DPP4-inhibitors hold interesting promise for cardiovascular
protection. Since GLP-1 itself has favorable cardiovascular effects [3,31] most of these
protective effects of DPP4 inhibition are ascribed to the increased bioavailability of GLP-1.
Nevertheless, there are accumulating data suggesting that DPP4-inhibitors mediate vascular
protection independent of GLP-1, involving endothelial repair [16], anti-inflammatory effects

[12,16,38] and blunting of ischemic injury [41,42].

Vascular endothelial cells and smooth muscle cells represent the major cell types of
the artery wall preserving vessel wall homeostasis. Migration of hVSMC from the media to
intima and their concomitant proliferation occurring in the synthetic state are critical causes
of arterial wall thickening and the development of arteriosclerosis [24]. Moreover, hVSMC

are involved in the ongoing low-grade inflammation within arteriosclerotic lesions by
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recruitment of immune cells [6]. However, the underlying mechanism of hVSMC dysfunction

taking place in type 2 diabetes and obesity are not fully understood.

The aim of the present study was to further investigate direct effects of sDPP4 on
hVSMC and to identify responsible signaling pathways. We report here a novel receptor-
mediated pathway for sDPP4, involving PAR2-mediated activation of inflammation and
proliferation, suggesting a major role of this adipokine in the pathophysiology of vascular

complications.
Material and Methods
Cell culture of hVSMC

Primary human coronary artery SMCs were obtained from PromoCell (Heidelberg,
Germany), tebu-bio (Offenbach, Germany) and Lonza (Basel, Switzerland). hVSMC from
three different donors (Caucasian, male, 58 years old; two female, both 55 years old) were
supplied as proliferating cells and kept in culture according to the manufacturer’s protocol.
For all experiments, subconfluent cells of passage 5 were used. Cells were characterized as
hVSMC by morphologic criteria and by immunostaining with smooth muscle a-actin. Cells
were seeded in smooth muscle cell growth medium (PromocCell, Heidelberg, Germany) with
5% Foetal calf serum (FCS) (Gibco Invitrogen, Carlsbad, CA, USA) and allowed to attach for 24
h. Afterwards cells were serum-starved for 24 h and then exposed to sDPP4 (R&D Systems,
Wiesbaden-Nordenstadt, Germany) alone or in the combination with the specific DPP4-
inhibitor K579 (Tocris Bioscience, Bristol, UK), the ERK1/2-inhibitor PD98059 (Calbiochem,
Merck Biosciences, Schwalbach, Germany), the specific PAR2 antagonist GB83 or the highly
specific IkB-Kinase (IKK)-inhibitor 1229 [27]. The IKK-inhibitor was from Sanofi-Aventis
(Frankfurt, Germany). It has submicromolar activity on the isolated IKK complex and is highly
specific on IKK. The general structure of 1229 is described in PCT/EP00/05340. The DPP4- and
IKK-Inhibitor were dissolved in DMSO as a 100 mM stock solution, and were further diluted
in sterile serum-free SMC medium up to 100 nM and 100 uM, respectively. The ERK1/2-
inhibitor was already dissolved in DMSO as a 5 mg/ml stock solution, and was further diluted
in sterile serum-free SMC medium up to 10 uM. Cells were 1 h preincubated with the
ERK1/2- and the IKK-inhibitor and subsequently treated with sDPP4 with and without

concomitant administration of the specific inhibitors. The specific PAR2 antagonist GB83 was
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dissolved in DMSO as a 32,8 mM stock solution and was further diluted in sterile serum-free
SMC medium up to 1 uM. All controls of experiments involving the DPP4-, the IKK-inhibitor
or the PAR2 antagonist were treated with DMSO alone. Furthermore, hVSMCs were treated
with the PAR2-activating peptide (AP) (Bachem, Bubendorf, Switzerland) alone or in

combination with PAR2 antagonist GB83 for 10 min.
In vitro analysis of hVSMC proliferation

To monitor DNA synthesis, 10.000 hVSMC per 15 mm? well were seeded in 96 well
culture dishes and allowed to attach for 24 h, followed by serum starvation for an additional
24 h period. hVSMC were exposed to sDPP4 alone or in combination with the ERK1/2-
Inhibitor or the PAR2 antagonist in the presence of BrdU (10 uM) for 24 h. All controls of
experiments involving ERK1/2-inhibitor or PAR2 antagonist were treated with DMSO alone.
5% FCS was used as positive control. The BrdU ELISA (chemiluminescent) (Roche, Mannheim,
Germany) was used to determine proliferation according to the manufacturer’s protocol.
Signals were visualized and evaluated on a LUMI Imager work station (Boehringer,

Mannheim, Germany).

Transfection of hVSMC with PAR2 siRNA

To investigate the impact of PAR2 on the sDPP4-induced effects, hVSMCs were
transfected with 20 nmol/l sramble siRNA (negative control) or PAR2 siRNA (Ambion, Life
Technologies, Darmstadt, Germany) using Hiperfect (Qiagen, Venlo, Netherlands) as the
transfection reagent. 24h after transfection cells were stimulated with sDPP4 and then

analyzed for BrdU incorporation or lysed for protein or RNA isolation.
Analysis of protein expression and phosphorylation

hVSMC were treated as indicated and lysed in a buffer containing 50 mM HEPES, pH
7.4, 1% TritonX100, Complete protease inhibitor and PhosStop phosphatase inhibitor
cocktail. After incubation for 2 hrs at 4°C on a rotation-shaker, the suspension was
centrifuged at 10,000 g for 15 min. Thereafter, 5 pug protein of lysates were separated by
SDS-PAGE using 10% horizontal gels and transferred to polyvenylidene fluoride filters in a
semi-dry blotting apparatus [16]. Filters were blocked with Tris-buffered saline containing

0.1% Tween and 5% non-fat dry milk and subsequently incubated overnight with primary

55



Study 2

antibodies for anti-phospho-NF-kB (P65) (Ser536) (Cell Signalling Technology, Frankfurt,
Germany), anti-phospho-p44/42 MAPK (ERK1/2, Thr202/Tyr204) (Cell Signalling Technology,
Frankfurt, Germany), anti-iNOS (BD Transduction Laboratories, Heidelberg, Germany), PAR2
(Santa Cruz Biotechnology, Heidelberg, Germany) and alpha-tubulin (Calbiochem Merck
Biosciences, Schwalbach, Germany). After washing, filters were incubated with
corresponding secondary HRP-coupled antibody (Promega, Mannheim, Germany) and
processed for enhanced chemiluminescence detection using Immobilon HRP substrate
(Millipore, Billerica, MA, USA). Signals were visualized and evaluated on a LUMI Imager work

station.

Determination of cytokine secretion

To measure the secretion of pro-inflammatory cytokines, supernatants were
collected after hVSMC were treated 24 h like indicated. IL-6, IL-8 and MCP-1 secretion was
determined using ELISA kits purchased from Diaclone (Besancon Cedex, France). The assays

were performed in duplicates according to the manufacturer’s instructions.

RNA isolation, cDNA synthesis and gRT-PCR

To assess the effects on mRNA expression, hVSMC were harvested 24h after the
addition of sDPP4 with and without the different inhibitors. Total RNA was isolated using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
RNA concentration and purity was measured with a NanoDrop 2000 (Thermo Scientific,
Schwerte, Germany). One microgram of RNA was reverse transcribed using an Omniscript RT
Kit (Qiagen, Venlo, Netherlands). mRNA expression levels were determined with
predesigned Quantitect Primer Assays for IL-6 (QT00083720), IL-8 (QT00000322), MCP-1
(QT00212730) and B-Actin (QT01680476) and GoTag® gPCR Master Mix (Promega) on a

StepOne Plus real-time PCR system (Applied Biosystems, Carlsbad, CA, USA).

Presentation of data and statistics

Data are expressed as mean * S.E.M. Unpaired two-tailed Student’s t-test or one-way

ANOVA (post hoc test: Bonferroni’s multiple comparison test) were used to determine
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statistical significance. All statistical analyses were done using Prism (GraphPad, La Jolla, CA,

USA) considering a P-value < 0.05 as statistically significant.

Results
sDPP4-induced ERK1/2 activation leads to increased proliferation of hVSMC

In a previous study, we showed that sDPP4 is involved in hVSMC proliferation [26].
Therefore we investigated the effects of sDPP4 on the MAPK signaling pathway and its
involvement in hVSMC proliferation. Using increasing concentrations of sDPP4 (2-500ng/ml),
we could observe a concentration-dependent activation of ERK1/2 (3-fold) after 6h (Fig. 1A),
which remained stable for up to 24h (Fig. 1B). To demonstrate specificity of this effect, 100
nM of the DPP4-inhibitor K579 was used. The DPP4-inhibitor alone had no effect, but in
combination with sDPP4 the ERK1/2 activation could be completely abrogated after 6 h (Fig.
1C). Furthermore, we could show that the sDPP4-induced hVSMC proliferation could totally
be prevented by 10 uM of the ERK1/2-inhibitior PD98059 (Fig. 1D).

sDPP4-mediated NF-kB activation results in elevated cytokine and iNOS expression in hVSMC

To determine whether sDPP4 induces inflammation, we analyzed the impact of
sDPP4 on the NF-kB signaling pathway. After 6 h of sDPP4 treatment we observed a 1.5-fold
enhanced phosphorylation of the NF-kB subunit p-65 (Fig. 2A). Accordingly, we found
increased mMRNA levels for the known NF-kB-targets IL-6 (Fig. 2B), IL-8 (Fig. 2C) and MCP-1
(Fig. 2D) with the most prominent effect for IL-8 (2-fold induction) after 24 h challenge with
sDPP4. To confirm the involvement of NF-kB activation in the sDPP4-induced cytokine
expression, we used the highly specific IKK-inhibitor 1229 in a concentration of 10 uM. As
expected, the IKK-inhibitor itself reduces the basal expression of IL.-8 and MCP-1. Moreover,
the elevated expression of the pro-inflammatory cytokines could be completely abolished by
IKK inhibition (Fig. 2B-D). Since it is known that cytokines upregulate iNOS through NF-kB
activation, we tested the impact of sDPP4 on iNOS expression in hVSMC. Using increasing
concentrations of sDPP4 (20-500ng/ml), we could observe a concentration-dependent

induction of iNOS (up to 3-fold) after 18h (Fig. 2E)
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DPP4 inhibition completely prevents sDPP4-induced NF-kB activation and the release of pro-

inflammatory cytokines

Consistent with our findings on the ERK signaling pathway, we were able to prevent
the sDPP4-induced NF-kB activation after 6 h by inhibition of DPP4 (Fig. 3A), whereas the
inhibitor itself showed no effect. Accordingly, we were also able to block the sDPP4-induced
expression (Fig. 3B-D) and secretion (Fig. 3E-G) of the pro-inflammatory cytokines IL-6, IL-8
and MCP-1. These data underpin the notion [15] of incretin-independent effects of DPP4-

inhibitors.

DPP4 contains a potential PAR2 activating sequence

The signaling signature induced by sDPP4 suggests that sDPP4 might be an agonist for
the protease-activated receptor family. These receptors have a unique activation mechanism
in that 1) a proteolytically exposed N-terminal region acts as a tethered ligand (TL) and 2) a
peptide, corresponding to the sequence of the TL, can activate the respective receptor
directly. After alignment of the human DPP4 and the different TL sequences for PAR1 (data
not shown), PAR2 (Fig. 4A) and PAR4 (data not shown), we only observed for the TL
sequence of PAR2 (SLIGKV) an almost perfect match of 75% for the first four amino acids. It
is known that these four amino acids (SLIG) are the most important for the activation of
PAR2 [1]. The match was found between amino acid 292 and 303 in the cystein-rich region
of DPP4 responsible for partner binding. When we aligned the potential TL sequence SLIG (in
red) with the sequence of the crystallized DPP4 (in grey), we could locate SLIG on the surface

of DPP4 (Fig. 4B), thus potentially enabling binding.

PAR?2 silencing prevents sDPP4-induced proliferation and inflammation

It could be shown that PAR2 is highly expressed in epithelial cells and smooth muscle
of vascular and nonvascular origin [11]. Here we assessed PAR2 expression in three different

primary human cell types and observed a 2-times higher PAR2 expression in hVSMC
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compared to in vitro differentiated skeletal muscle cells (SkMC) and adipocytes (Fig. 5A). To
investigate the impact of PAR2 for the sDPP4-induced effects we transfected hVSMCs with
either 20 nM scramble (negative control) or PAR2 siRNA. 24 h after the transfection we
could observe a significant downregulation of PAR2 mRNA (by 80%) compared to the control
situation (Fig. 5B). sDPP4-induced ERK1/2 activation as well as proliferation could be
completely prevented by PAR2 silencing (Fig. 5C,D) while silencing of PAR2 itself has no
effect on these parameters. In accordance to these data, sDPP4-induced upregulation of IL-6

and IL-8 could be abolished by PAR2 silencing (Fig. 5E,F).

The PAR2 antagonist GB83 abrogates sDPP4-induced ERK signaling and proliferation of
hVSMCs

To confirm our silencing data, we also analyzed the effect of the specific PAR2
antagonist GB83, which is known to block the PAR2 activation both by proteases and the
activating peptide (AP) SLIGKV. We could demonstrate that both 10 and 50 uM of the PAR2
antagonist are able to block the PAR2-AP-induced ERK signaling after 10 min, whereas the
PAR2 antagonist itself has no effect (Fig. 6A). Using 10 uM of the PAR2 antagonist both
sDPP4-induced ERK activation (Fig. 6B) as well as the proliferation (Fig. 6C) was completely
blocked.

Discussion

Since central obesity is characterized by an enhanced cardiovascular risk, it has been
speculated that adipocyte derived factors might directly contribute to the pathogenesis of
atherosclerosis [4,8]. In a previous study, we identified sDPP4 as a novel adipokine, which
was markedly higher expressed in and released from visceral compared to subcutaneous fat
of obese patients [26,33]. Additionally, we could demonstrate that sDPP4 directly impairs
insulin signaling in three different primary cell types, namely, adipocytes, skeletal muscle,
and smooth muscle cells and increases hVSMC proliferation [26]. Here we further assessed
direct effects of sDPP4 on hVSMC and aimed to identify the underlying receptor signaling

pathway for the observed inflammation and proliferation. For our study, we used sDPP4
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concentrations reflecting circulating levels that were measured in both lean and obese
subjects [26]. Interestingly, high serum levels of sDPP4 have been described in various
conditions [17] including atherosclerosis [14]. In the present study, we could show that
sDPP4 activates the MAPK and NF-kB signaling cascade resulting in pro-atherogenic changes
in hVSMC illustrated by an increased proliferation, the induction of iINOS and elevated

expression and secretion of pro-inflammatory cytokines.

Our data on the direct effects of sDPP4 suggest that sDPP4 exerts its signaling
properties by receptor interaction. In the literature, it is currently discussed that fibronectin
[9], TLR4 [38] and mannose-6-phosphate receptor/IGFIl receptor [22] may bind DPP4.
Bioinformatic analysis and the signaling signature induced by sDPP4 suggest that sDPP4
might be an agonist for PAR2. Due to the activation of proteases during pathological states
such as haemorrhage, tissue damage, and inflammation, protease-activated receptors (PAR)
have been suggested to play a crucial role in the development of functional and structural
abnormalities in vascular lesions. Especially PAR2 has been reported to be upregulated in the
SMCs of vascular lesions in humans [30] and playing an important role in the induction of
SMC proliferation and migration in vitro [5,28]. PAR2 is activated by proteolytic cleavage of
its N-terminus exposing a tethered ligand (TL) that then auto-activates the receptor. In
addition, a synthetic peptide corresponding to the TL (SLIGKV) for PAR2 specifically activates
PAR2 in the absence of proteases [19]. This activating sequence of PAR2 could be found in
the cystein-rich region of DPP4 responsible for partner binding. We observed an almost
perfect match for the first four amino acids, which are most important for the activation of
PAR2 [1]. Within the tertiary structure of DPP4, the potential PAR2 TL sequence SLIG could
be located on the protein surface. It might be speculated, that sDPP4 activates the PAR2
receptor with its TL sequence and that DPP4-inhibitors affect the binding properties of
sDPP4 by a conformational change or masking the PAR2 activating sequence. Since sDPP4 is
a serine exopeptidase that cleaves dipeptides from proteins carrying proline or alanine in
their penultimate position and the cleaving side of PAR2 is located between residue R* and
S*, it is most unlikely that sDPP4 cleaves the N-terminus of PAR2 thereby exposing the TL
and activating the receptor. In line with our data of the sDPP4-induced signaling, a
stimulation with the PAR2-AP leads to NF-«kB [7] and ERK1/2 [23] activation resulting in SMCs
mitogenesis. Regarding the sDPP4 effects on cytokine secretion, in human neutrophils, it

could be shown that the PAR2-AP induces IL-6 and IL-8 secretion [37,37]. In cells expressing
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less PAR2 like monocytes, lkeda et al. [21] could show no direct effects of sDPP4 on IL-6 and
TNF-a, while the combination of LPS with sDPP4 enhances the expression and secretion of
these pro-inflammatory cytokines. This study suggests that sDPP4 is also able to interact

with TLR4 signaling cascade but the exact mechanism remains unclear.

DPP4-inhibitors, a class of oral anti-hyperglycemic agents that prolong the
bioavailability of the endogenously secreted incretin hormone GLP-1 and the glucose-
dependent insulinotropic polypeptide (GIP), are effective in the treatment of type 2
diabetes. DPP4-inhibitors have been validated and approved as drugs that can lower both
fasting and postprandial glucose levels and improve islet B-cell function in patients with
diabetes [13]. In addition to their anti-diabetic properties, accumulating data indicate that
DPP4-inhibitors also have important protective effects on the cardiovascular system. Studies
have shown that DPP4-inhibitors could decrease myocardial infarct size, stabilize the cardiac
electrophysiological state during myocardial ischemia, reduce ischemia/reperfusion injury,
and prevent left ventricular remodeling following myocardial infarction [10,40]. Additionally,
DPP4-inhibitors also have vascular protective effects, including anti-inflammatory and anti-
atherosclerotic effects and the ability to induce vascular relaxation [29,35]. Although these
beneficial effects are ascribed to an increased bioavailability of GLP-1, accumulating data
suggest that DPP4-inhibitors exert vascular protective effects independent of GLP-1. Ta et al.
[38] could demonstrate that the specific DPP4-inhibitor alogliptin blocked LPS-induced ERK
phosphorylation in U937 histiocytes, representing a model of cells involved in the
progression of atherosclerosis, such as foam cells. Downstream of ERK, the inhibition of
DPP4 prevented the activation of matrix metalloproteinases (MMP) via the Toll-like receptor
pathway, which contributes to the destabilization of atherosclerotic plaques leading to acute
vascular events. Whether the observed effects could be ascribed to direct effects of sDPP4
or to inhibition of enzymatic degradation of DPP4 substrates remained unknown.
Furthermore, it could be demonstrated that sitagliptin prevents TNFa-induced PAI-1, ICAM
and VCAM gene and protein expression in vascular endothelial cells independent of GLP-1
[20]. This effect could partially be explained by a reduction of the TNFa-induced NF-kB
mMRNA expression by sitagliptin. Additionally, incubation of human umbilical vein endothelial
cells with the DPP4-inhibitor alogliptin resulted in endothelial nitric oxide synthase (eNOS)
and Akt phosphorylation (Ser1177 and Ser473, respectively) paralleled by a rapid increase in

nitric oxide [36]. These data suggest that DPP4 inhibition might play a pivotal role in
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prevention of endothelial dysfunction. Nevertheless, direct effects of sDPP4 were not taken
into consideration in most of these studies. In a recently published study, a sDPP4-induced
short-term activation of ERK1/2 in rat vSMC was observed, which could partially be blocked
by DPP4 inhibition [14]. However, here we observed a very robust and long-lasting ERK1/2
activation, which can completely be prevented by DPP4 inhibition. Moreover, by using an
ERK1/2-inhibitor, we could confirm that the sDPP4-induced proliferation is ERK-dependent.
Thus, our data strongly support a direct role for sDPP4 in regulating vascular function

independently of GLP-1.

Conclusion

In conclusion, in this study we characterized a novel sDPP4-induced and receptor-
mediated signaling cascade in hVSMC. sDPP4 directly and markedly activates the MAPK- and
NF-kB signaling pathway in a PAR2 dependent manner leading to pro-atherogenic changes in
hVSMC like increased proliferation and inflammation. Thus, this data might contribute to
explain the vascular protective effects of DPP4-inhibitors independent of GLP-1. Considering
that sDPP4 is an adipokine with increased circulating levels in obesity, it can be speculated
that sDPP4 may act in a para- or endocrine fashion on the vascular wall. Our data support

the notion that direct effects of sDPP4 may play a role in linking obesity to CVD.
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Figure 1 Effect of sDPP4 on the ERK1/2 signaling pathway in hVSMC. Cells were serum-starved for
24 h and subsequently treated with the indicated amounts of sDPP4 with and without concomitant
administration of the specific DPP4-inhibitor K579 for 6 (A,C) and 24 h (B). (A-C) Total cell lysates
were resolved by SDS-PAGE and immunoblotted with an antibody to the phosphorylated form of
ERK1/2. Data are tubulin normalized mean values + SEM of four independent experiments. *p < 0.05
compared to control hVSMC. Representative Western Blots are presented. (D) hVSMC were treated
with sDPP4 alone or in combination with the ERK1/2 Inhibitor PD98059 for 24 h. Proliferation of
hVSMC was determined by measuring the incorporation of BrdU into DNA. Data are expressed
relative to the basal control value, taken as 100%. Data are mean values + SEM of three independent
experiments. *p < 0.05 compared to control hVSMC
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Figure 2 Impact of sDPP4 on the NF-kB signaling pathway and the expression of pro-inflammatory
cytokines in hVSMC. (A) After 24h serum-starvation, cells were treated with the indicated amounts
of sDPP4 for 6 h. Phosphorylation of the NF-kB subunit p65 was assessed by Western Blot analysis.
Data are tubulin normalized mean values + SEM of four independent experiments. *p < 0.05
compared to control hVSMC. Representative Western Blots are presented. (B-D) Cells were serum-
starved for 24h and then treated with indicated concentrations of sDPP4 alone or in the combination
with the IKK-inhibitor 1229 for 24 h. mRNA level of IL-6 (B), IL-8 (C) and MCP-1 (D) were quantified by
Real-time PCR and normalized to the level of B-actin. Data are expressed relative to the basal control
value and are means + SEM of three independent experiments. *p < 0.05 compared to control
hVSMC. (E) After 24 h serum-starvation, hVSMC were exposed to the indicated amounts of sDPP4 for
18 h. The expression of iINOS was assessed by Western Blot analysis and normalized to tubulin.
Representative Western Blot and the respective quantification are presented. IL-1p was used as a
positive control. Data are expressed relative to the basal control value and are means + SEM of four
independent experiments. *p < 0.05 compared to control hVSMC
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Figure 3 Effect of the DPP4-inhibitor on the sDPP4-induced cytokine expression and secretion. (A)
After 24h serum-starvation, cells were treated with indicated amounts of sDPP4 alone or in the
combination with the DPP4-inhibitor K579 for 6 h. Phosphorylation of the NF-kB subunit p65 was
assessed by Western Blot analysis. Data are tubulin normalized mean values + SEM of four
independent experiments. *p < 0.05 compared to control hVSMC. Representative Western Blots are
presented. (B-D) hVSMC were serum-starved for 24 h and then treated with the indicated amounts
of sDPP4 alone or in the combination with the DPP4-inhibitor K579 for 24 h. mRNA level of IL-6 (B),
IL-8 (C) and MCP-1 (D) were quantified by Real-time PCR and normalized to the level of B-actin. Data
are expressed relative to the basal control value and are means + SEM of three independent
experiments. *p < 0.05 compared to control hVSMC. (E-G) After 24 h exposure to the respective
treatments, supernatants were collected and IL-6 (E), IL-8 (F) and MCP-1 (G) concentration was
measured by ELISA assay. Data are expressed relative to the basal control value and are means = SEM
of four independent experiments. *p < 0.05 compared to control hVSMC
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human DPP4 PSYRITWTGKEDIIYNGITDWYVYEEEVFSAY SALWWS PNGTFLAYAQFNDTEVPLIEYSF 240
PAR2-TL -——-- - -- -

humanDPP4  ¥SDESLOVPKTVREVPYPKAGAVNP TVKFFVVNTDSLSSVTNATSTOITAPRSMLIGDHYL 300
PAR2-TL - 5-LIG 4
humanDPP4  CDVIATUERISLOVLRERIONYSVMDICDYDES S GRUNC LVARGHIEMSTTGIUVGRFRPS 360
PAR2-TL RV ©

humanDPP4  EPHFTLDGNSFYEIISNEEGYRHICYFUIDEKDCTFITKGTWEVIGIEALTSDYLYYISN 420
PAR2-TL

Figure 4 Homology between DPP4 and the tethered ligand (TL) sequence of PAR2. (A) CLUSTALW
was used to align the sequence of the human DPP4 (P27487 UniProtKB) and the TL sequence of PAR2
(SLIGKV). The TL sequence is also aligned to the sequence of the crystallized DPP4 (PDB ID 4A5S). (B)
Surface representation (left) and ribbon diagram (right) of the crystal structure human DPP4. The
potential TL sequence (SLIG) is highlighted in red. Images were created with PyMol (PyMOL v1.6)
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Figure 5 Impact of PAR2 silencing on the sDPP4-induced proliferation and inflammation. (A)
Expression of PAR2 in three different primary human cell types, namely SMC, in vitro differentiated
skeletal muscle cells (SkMC) and adipocytes was assessed by Western Blot. For each cell type three
different donors were analyzed. Data are tubulin normalized and expressed as mean values + SEM.
*p < 0.05 (n = 3). Representative Western Blots are presented. (B) Cells were transfected either with
20 nM scramble or PAR2 siRNA. 24 h after transfection PAR2 mRNA levels were quantified by Real-
time PCR and normalized to the level of B-actin. Data are expressed relative to the negative control
value and are means + SEM of three independent experiments. *p < 0.05 compared to control
hVSMC. (C) 24h after transfection hVSMCs were exposed to sDPP4 for 6 h. Phosphorylation of
ERK1/2 was assessed by Western Blot analysis. Data are tubulin normalized mean values + SEM of six
independent experiments. *p < 0.05 compared to control hVSMC. Representative Western Blots are
presented. (D) 24 h after transfection hVSMCs were exposed to sDPP4 for further 24 h. Proliferation
of hVSMC was determined as described before. Data are expressed relative to the negative control
value, taken as 100%. Data are mean values £+ SEM of three independent experiments. *p < 0.05
compared to control hVSMC. (E,F) 24h after transfection hVSMCs were exposed to sDPP4 for further
24 h. IL-6 (E) and IL-8 (F) mRNA levels were quantified by Real-time PCR and normalized to the level
of B-actin. Data are expressed relative to the negative control value and are means + SEM of three
independent experiments. *p < 0.05 compared to control hVSMC
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Figure 6 Impact of the PAR2 antagonist GB83 on sDPP4-induced ERK signaling and proliferation. (A)
Cells were pretreated for 1 h with the indicated amounts of the PAR2 antagonist and then stimulated
with the PAR2-activating peptide (AP) (SLIGKV) for 10 min. Phosphorylation of ERK1/2 was assessed
by western blot analysis. Data are tubulin normalized mean values + SEM of three independent
experiments. *p < 0.05 compared to control hVSMC. Representative Western Blot is presented. (B)
After 1 h pre-incubation with the PAR2 antagonist GB83, hVSMC were treated with sDPP4 for 6 h.
Phosphorylation of ERK1/2 was assessed by western blot analysis. Data are tubulin normalized mean
values * SEM of three independent experiments. *p < 0.05 compared to control hVSMC.
Representative Western Blot is presented. (C) Cells were treated 24 h with sDPP4 alone or in
combination with the PAR2 antagonist GB83. Proliferation of hVYSMC was determined as described
before. Data are expressed relative to the negative control value, taken as 100%. Data are mean
values + SEM of four independent experiments. *p < 0.05 compared to control hVSMC
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Abstract

Cardiovascular complications are common in patients with type 2 diabetes.
Adipokines have been implicated in the induction of proliferative and pro-atherogenic
alterations in human vascular smooth muscle cells (hVSMC). Other reports demonstrated
the importance of the miRNA cluster miR-143/145 in the regulation of VSMC homeostasis
and insulin sensitivity. Here we investigated whether the detrimental effects of adipokines
on hVSMC function could be ascribed to alterations in miR-143/145 expression. Exposure of
hVSMC to conditioned media (CM) from primary human subcutaneous adipocytes increased
the expression of smooth muscle a-actin (SMA), and the miR-143/145 cluster, but markedly
impaired the insulin-mediated phosphorylation of Akt and its substrate endothelial nitric
oxide synthase (eNOS). Furthermore, CM promoted the phosphorylation of SMAD2 and p38,
which have both been linked to miR-143/145 induction. Accordingly, the induction of miR-
143/145 as well as the inhibition of insulin-mediated Akt- and eNOS-phosphorylation was
prevented when hVSMC were treated with pharmacological inhibitors for Alk-4/5/7 and p38
before the addition of CM. Transfection of hVSMC with precursor miR-143, but not with
precursor miR-145, resulted in impaired insulin-mediated phosphorylation of Akt and eNOS.
This inhibition of insulin signaling by CM and miR-143 is associated with a reduction in the
expression of the oxysterol-binding protein-related protein 8 (ORP8). Finally, knock-down of
ORP8 resulted in impaired insulin-mediated phosphorylation of Akt in hVSMC. Thus, the
detrimental effects of adipocyte-derived conditioned media on insulin action in primary
hVSMC can be ascribed to the Alk- and p38-dependent induction of miR-143 and subsequent

downregulation of ORPS.

Highlights

e adipocyte-derived factors impair insulin action in vascular smooth muscle cells

e adipocyte-derived factors induce miR-143 in vascular smooth muscle cells

e miR-143 impairs insulin action via downregulation of ORP8
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Introduction

Cardiovascular complications are common in patients with type 2 diabetes and a
major cause of mortality [12]. Accumulating evidence shows that adipose tissue secreted
factors, termed adipokines, may participate in the development of cardiovascular
complications in patients with type 2 diabetes by affecting the function of amongst others
cardiomyocytes and smooth muscle cells (SMC) [11,20,30].

Vascular endothelial cells and SMC represent the major cell types of the artery wall
preserving vessel wall homeostasis. SMC are highly plastic and modulate their phenotype in
response to physiological and pathological cues. Differentiated SMC are quiescent and
contractile. In response to vascular injury or growth factor signaling, SMC de-differentiate
and adopt a proliferative, migratory phenotype that contributes to vascular occlusion in a
variety of disorders, including atherosclerosis [28]. Alterations in vascular insulin signaling
may also participate in the development of cardiovascular dysfunction in type 2 diabetes.
The insulin-mediated activation of phosphatidylinositol 3'-kinase (PI3K) results in the
activation of Akt, which on its turn promotes the phosphorylation of endothelial nitric oxide
synthase (eNOS) [25]. This results in activation of eNOS and an increase in bioavailable nitric
oxide (NO) thereby promoting vasodilation [25]. In the vasculature of animal models of
insulin resistance, such as obese Zucker (fa/fa) rats, the insulin-mediated activation of the
PI3K-pathway is impaired [16]. Intriguingly, this is paralleled by an overactivation of the
mitogen activated protein kinase (MAPK) pathway, which on its turn promotes proliferation
of vascular cells [16,25]. Studies on mouse models with lacking the insulin receptor in either
the endothelium or the entire vasculature have further highlighted the importance of
vascular insulin action, and specifically the Akt/eNOS-axis, for the regulation of
vasorelaxation in vivo [9,31].

Previously we showed that conditioned media (CM) prepared from human
adipocytes induces pro-atherogenic changes in primary human vascular smooth muscle cells
(hVSMC) as illustrated by an increase in proliferation and migration, thus indicating an

involvement of adipokines in the development of atherosclerosis [20,30]. However, until
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now the underlying mechanisms, which are responsible for hVSMC dysfunction induced by
adipokines remain incompletely understood. In cardiomyocytes, we observed that
conditioned media generated from epicardial adipose tissue from patients with type 2
diabetes induce cardiomyocyte dysfunction as illustrated by contractile dysfunction and
insulin resistance [11]. Furthermore, we found that the induction of insulin resistance in
cardiomyocytes could be ascribed to the increases in miR-143 expression [1]. Also in other
tissues, such as the liver and adipose tissue, the induction of miR-143 is associated with
obesity and insulin resistance [18,32]. Interestingly, miR-143 and the co-transcribed miR-145
are highly expressed in the smooth muscle cell lineage [2]. Studies on miR143/145-deficient
mice showed that this cluster is required for the acquisition of the contractile phenotype [2].
This is established through the activation of a transcriptional network, which promotes the
differentiation of smooth muscle cells [8]. Among the genes targeted by the miR-143/145-
cluster are the smooth muscle differentiation markers transgelin (TAGLN, also known as
SM22), and smooth muscle a-actin (SMA) [8]. These observations suggest a dual role for the
miR-143/145 in vascular smooth muscle cells. Therefore the aim of this study is to examine
the role of the miR-143/145-cluster in primary human vascular smooth muscle cells (hVSMC)
in more detail. This was achieved by studying the effects of CM on the expression of the miR-
143/145-cluster and its potential target genes, and whether these effects associate with

alterations in insulin action.

Material and Methods

Cell culture and differentiation of smooth muscle cells

Primary human coronary artery smooth muscle cells (hVSMC) from two different
donors (Caucasian, female, 55 and 56 years old) were purchased from tebu-bio (Offenbach,
Germany) and Lonza (Basel, Switzerland). The hVSMCs were supplied as proliferating cells
and cultured according to the manufacturers' instructions. For experiments, differentiation
was induced culturing the subconfluent cells of passage 3 for 14 days in smooth muscle cell
differentiation medium (tebu-bio, Offenbach, Germany). The transition from the

undifferentiated to the differentiated phenotype was judged on the basis of increases in the
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protein abundance of smooth muscle cell differentiation markers, such as SMA, the
transforming growth factor B (TGFB) receptor I, and the bone morphogenic protein receptor
II [8,13], as well as the lack of proliferation. Following differentiation, hVSMC were incubated
for 24 hours in adipocyte-derived conditioned media or maintained in SMC serum-free basal
medium (PromoCell, Heidelberg Germany). When indicated cells were treated for 1 hour
with 10 uM SB431542 (Sigma Aldrich, St. Louis, MO) or 2.5 uM SB203580 (Promega,
Mannheim, Germany) prior to the addition of the media. For insulin signaling, the cultures

were stimulated for 10 min with 100 nM insulin.

Adipocyte isolation, culture and generating of conditioned media

Conditioned media (CM) were generated from mature subcutaneous adipocytes that
were differentiated from pre-adipocytes isolated from subcutaneous adipose tissue
obtained from lean or moderately overweight women (n= 13, body mass index 28.1 + 1.3,
and aged 39.0 £ 3.9 years) undergoing plastic surgery. The procedure was approved by the
ethical committee of the Heinrich-Heine-University (Disseldorf, Germany). All patients were
healthy, free of medication and had no evidence of metabolic diseases according to routine
laboratory tests. Pre-adipocytes were isolated by collagenase digestion of adipose tissue as
described [14]. Isolated pre-adipocytes were resuspended in Dulbecco’s modified
Eagles/Hams F12 (DMEM/F12) medium supplemented with 10% FCS, seeded in 75 cm?
culture flasks and maintained at 37°C with 5% CO2. After overnight incubation, cultures were
washed and further incubated in an adipocyte differentiation medium (DMEM/F12, 33
umol/I biotin, 17 umol/I d-panthothenic-acid, 66 nM insulin, 1 nM triiodo-L-thyronine, 100
nM cortisol, 10 pug/ml apo-transferrin, 50 pg/ul gentamycin, 15 mmol/l HEPES, 14 nmol/I
NaHCOs, pH 7.4) for 15 days with medium change every 2—-3 days and addition of 5 uM
troglitazone for the first 3 days. For the collection of CM, differentiated adipocytes were
maintained for 48 hrs in SMC serum free basal medium (PromoCell) with addition of 50
ng/ml fungizone and 50 pg/ml gentamycin. Then CM was collected and stored as aliquots at

-80°C until further use.

Analysis of protein expression
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For analysis of protein expression and phosphorylation, hVSMC were lysed in 50 mM
HEPES, pH 7.4, 1% TritonX100 supplemented with protease and phosphatase inhibitor
cocktails (Complete, PhosStop; Roche Diagnostics, Mannheim, Germany). After incubation
for 2 hrs at 4°C on a rotation shaker, the suspension was centrifuged at 10,000g for 15 min,
and protein content was determined using Bradford reagent (Biorad Laboratories, Munich,
Germany). Thereafter, five microgram of protein was separated by SDS-PAGE and
transferred to polyvenylidene fluorid membranes (Millipore, Schwalbach, Germany) in a
semi-dry blotting apparatus [37]. Membranes were blocked with Tris-buffered saline
containing 0.1% Tween and 5% non-fat dry milk and subsequently incubated overnight at
4°C with primary antibodies for Akt, phospho-Akt-Ser473, phospho-Akt-Thr308, phospho-
proline-rich Akt substrate of 40-kDa (PRAS40) Thr246, phospho-p38-Thr180/Tyrl82,
phospho-SMAD2-Ser465/467 (all from Cell Signaling Technology, Danvers, MA, USA),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), oxysterol-binding protein-related
protein 8 (ORP-8) (abcam Cambridge, UK), smooth muscle a-actin (Sigma Aldrich), a-tubulin
(Calbiochem Merck Biosciences, Schwalbach, Germany) insulin receptor B-subunit (IRB), and
phospho-eNOS-Ser1177 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing,
membranes were incubated with corresponding secondary HRP-coupled antibody
(Promega). Bound conjugate was detected using enhanced chemiluminescence using
Immobilon HRP substrate (Millipore, Billerica, MA, USA). Signals were visualized and
quantitated on a Versadoc work station (VersaDoc 4000 MP; BioRad, Munich, Germany)

using Quantity One software (BioRad, version 4.6.7).

RNA isolation, cDNA synthesis and gRT-PCR

For analysis of miRNA- and mRNA expression, total RNA was extracted using a
miRNeasy mini kit (Qiagen, Hilden, Germany) and reverse transcribed using the miScript RT
kit (Qiagen). Then miRNA expression levels were determined with miScript Primer Assays
(Qiagen) using miScript SYBR Green (Qiagen) on a StepOne Plus real-time PCR system
(Applied Biosystems, Carlsbad, CA, USA). Gene expression levels were determined after
cDNA synthesis with the GoScript™ Reverse Transcription System (Promega) and GoTaq®

gPCR Master Mix (Promega) using QuantiTect Primer Assays (Qiagen) for the amplification of
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SMA, TAGLN, PAI-1, MCP-1, activin A, and POLR2A. To amplify RPS28 the following primers
were designed using the Primerblast-tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and ordered from Eurogentec (Seraing, Belgium): forward-5'-GGTCTGTCACAGTCTGCTCC-3',
and reverse-5'-CATCTCAGTTACGTGTGGCG-3'. Real-time PCR data were analyzed
qualitatively with StepOne Plus software (version 2.1; Applied Biosystems) and quantitated
using Qbase+ software (version 2.6; Biogazelle, Zwijnaarde, Belgium) in which the Ct-values
obtained for RPS28 and POLR2A were used for normalization. The expression of RPS28 and
POL2RA was not impacted by the experimental conditions tested as assessed with the

GeNorm algorithm within the Qbase+ software [36].

Transfection of hVSMC with miRNA-precursor

To investigate the impact of differentially regulated miRNAs and their potential
targets on insulin action, differentiated hVSMCs were transfected in 6-well dishes with 30
nmol/l Cy3™-labeled pre-miR™ (negative control) or pre-miR™ miRNA-precursor (Ambion,
Life Technologies, Darmstadt, Germany) using Hiperfect (Qiagen) as transfection reagent.
48h after transfection in SMC serum free basal medium (PromoCell) cells are stimulated with

insulin and lysed for protein isolation and western blot analysis.

Lentiviral vector-based Silencing of ORP8

To silence ORPS8, three validated MISSION® shRNA constructs (TRCNO00014 -6765, -
7289 -7487) targeting human ORP8 (NM_020841) (Sigma Aldrich) or empty vector were used
to produce infectious virus particles (LV). Therefore, HEK293t were transfected with the
shRNA constructs together with helper plasmids encoding HIV-1 gag-pol, HIV-1 rev, and the
VSV-G envelope as described previously [4]. For quantification of virus yield in the harvested
medium, p24 antigen levels were determined using a HIV-1 p24 antigen enzyme-linked
immunosorbent assay (ELISA) kit (ZeptoMetrix Corp., New York, NY, USA). hVSMCs are
transduced with a MOI of 2 for 24 hours. Two days after transduction of hVSMCs in serum
free basal medium (PromoCell), cells were stimulated with 100 nM insulin for 10 minutes or

kept untreated, and harvested.
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Statistical analysis

Data are presented as means * standard error of the mean. Significant differences
between experimental conditions were evaluated as described in the legends to the tables
and the figures using GraphPad Prism 6 for Mac OS X (GraphPad, LA Jolla, CA) software. P-

values of <0.05 were considered as statistically significant.

Results
Effects of adipocyte-derived factors on primary human vascular smooth muscle cells

Exposure of hVSMC to CM increased the expression of the miR-143/145 cluster by
1.3-fold (P<0.001) as compared to cells kept in control medium (Figure 1 A/B). Furthermore,
CM increased the mRNA levels of the miR-143/145 regulated targets SMA and TAGLN by 2.6-
fold and 2.0-fold respectively, and of the pro-inflammatory cytokines PAI-1 and MCP-1 by
3.1- and 2.8-fold, respectively (all P<0.001) (Figure 1 C/F). Exposing hVSMC to CM inhibited
the insulin-mediated phosphorylation of Akt on Thr308 and Ser473, and its substrates eNOS
on Ser1177, and PRAS40 on Thr246 by 53%, 44%, 37%, and 36% respectively versus cells
kept in control medium (all P<0.001) (Figure 2). Incubation with CM did not affect the basal

phosphorylation levels of these proteins (Figure 2).

Effect of inhibition of TGF8 receptor- and p38-signaling on the CM-induced expression of miR-
143/145 and inhibition of insulin action in hVSMC

A previous report ascribed the induction of the miR-143/145 cluster in hVSMC to the
activation of the p38-signaling pathway by TGFB [23]. Figure 3A/B shows that the
phosphorylation of SMAD2, a component of the TGFB receptor signaling pathway, as well as
the phosphorylation of p38 were increased by 3.9- and 5.1-fold, respectively in hVSMC
exposed to CM versus cells kept in control medium. To examine whether the TGFB receptor-
and p38-signaling pathway(s) participate in the induction of the miR-143/145 cluster,
pharmacological inhibitors were used. Pretreating the hVSMC with either SB431542, which
inhibits the TGFP type | receptors ‘Activin Receptor-Like Kinase’ (ALK) 4, 5 and -7, or with the
p38 inhibitor SB203580, completely abolished the induction the miR-143/145-cluster by CM

in hVSMC (Figure 3C/D). Furthermore, the inhibition of insulin-induced phosphorylation of
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Akt-Thr308, Akt-Serd73, eNOS-Serl1177, and PRAS40-Thr246 by CM was reversed in hVSMC
incubated with either SB431542 or SB203580 before exposure to CM (Figure 4). Both
inhibitors also blunted the induction of TAGLN in hVSMC by CM (supplementary Figure 1).
However, in contrast to the effects on the miRNA-143/145 cluster and insulin action, the
inhibitors did not or only partially prevent the induction of SMA, PAI-1 and MCP-1 in hVSMC

by CM (supplementary figure 1).

Effect of miR-143 and miR-145 overexpression on insulin signaling

To investigate the impact of the miR-143/145 cluster on insulin action, hVSMC were
transfected with precursors for miR-143 and miR-145, respectively. In line with a previous
report [8], SMA protein abundance was increased in cells transfected with pre-miR-143 and
pre-miR-145 by 9.0- and 2.0-fold respectively versus cells transfected with control pre-miR
(P<0.05) (Figure 5A). Insulin-stimulated phosphorylation of Akt-Thr308, Akt-Ser473, and
eNOS-Ser1177 were reduced by 42%, 44%, and 39%, respectively, in cells transfected with
pre-miR-143 versus cells transfected with control pre-miR (Figure 5B-D). In contrast,

transfection with pre-miR-145 did not affect insulin action (Figure 5B-D).

Several reports have linked miR-143 to an inhibition of insulin signaling through
downregulation of ORP8. As shown in Figure 6A, transfection of hVSMC with pre-miR-143
reduced ORP8 protein levels by 25% (P<0.01) versus cells transfected with either control pre-
miR or pre-miR-145. Also exposure to CM lowered ORPS8 levels by 30% (P<0.01) versus cells
kept in control medium, and this reduction in ORP8 abundance was not observed in hVSMC
treated with either SB431542 or SB203580 prior to exposure to the CM (Figure 6B). To
examine whether the downregulation of ORP8 impairs insulin signaling in hVSMC, cells were
transduced with lentiviruses encoding control shRNA or shRNA for ORP8. A 30% decrease in
ORP8 abundance, which is comparable to that achieved by expression of miR-143 or
exposure to CM, was found to inhibit insulin-mediated Akt-Ser473 phosphorylation by 25%
(Figure 6C/D).

Discussion
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The present study shows that adipocyte-derived factors impair insulin signaling in
hVSMC. Exposing the hVSMC to adipocyte-derived conditioned media was found to increase
the expression of miR-143. The resulting decrease in the expression of the validated miR-143
target ORP8 resulted in inhibition of the insulin-mediated phosphorylation of Akt/eNOS-
signaling pathway. Furthermore, the activation of the miR-143/ORP8 pathway and the
induction of TAGLN by CM were sensitive to inhibition of Alk4/5/7- and p38-signaling. In
contrast, the induction of the inflammatory markers PAI-1 and MCP-1 by CM as well as the
induction of SMA by CM was not fully reversed by Alk4/5/7- and p38-inhibition, indicating
that these effects involve at least in part different pathways.

In contrast to classical target tissues for insulin action, like liver, fat and muscle, the
function of proper insulin action in the vasculature is less well understood. Nevertheless,
vascular smooth muscle cell function is impaired in patients with type 2 diabetes [24]. In
vitro, physiological concentrations of insulin have been reported to stimulate the
autophosphorylation of the insulin receptor in vascular smooth muscle cells
[17,19,25,34,35]. Furthermore, insulin has been found to promote glucose uptake through
translocation of the insulin-regulated glucose transported GLUT4 in vascular smooth muscle
cells [15]. For these in vitro studies, it remains to be investigated whether these effects can
be fully ascribed to activation of the insulin receptor or also to activation of hybrid insulin
receptor/ insulin like growth factor 1 receptor. Yet, studies using a vascular insulin receptor
knock-out mouse have clearly illustrated the physiological relevance of activation of the

Akt2/eNOS-pathway by insulin for vasorelaxation [9,31].

Whether an impaired insulin action in SMC also has detrimental effects on the
progression of atherosclerosis is less well understood. One study reported that the presence
of high palmitate induces a “selective” inhibition of insulin signaling in hVSMC with a
profound abrogation of insulin induced PI3K-activation, whereas the activation of the MAPK-
pathway is enhanced [5]. Additionally this study showed that increased activation of MAPK-
signaling by insulin is involved in hVSMC proliferation, migration, and inflammation [5].
Alternatively, in advanced plaque progression, inflammation and insulin resistance may
promote apoptosis of SMC and therefore thinning of fibrous cap and causing plaque rupture
[3]. Finally, insulin-stimulated eNOS-derived NO production has important anti-inflammatory

and anti-thrombotic properties through inhibition of leucocyte adhesion, and limiting
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platelet adhesion and aggregation, and reduced expression of plasminogen activator
inhibitor-1 (PAI-1), a prothrombotic protein [22]. Furthermore, NO has been shown to inhibit
DNA synthesis, mitogenesis, and proliferation of vascular smooth muscle cells [10,26,27].
Therefore, impaired insulin signaling with reduced bioavailable NO may predispose
vasculature to hyper-inflammatory and thrombotic states.

The present study shows that CM directly impairs insulin action in hVSMC via
induction of miR-143 and subsequent downregulation of ORP8. Although the mechanism via
which ORP8 regulates insulin action remains unclear, the induction of miR-143 is closely
associated with obesity and insulin resistance. Feeding mice a high-fat diet increased the
levels of miR-143 in adipose tissue [32], while both miR-143 and miR-145 are upregulated in
the liver of mice fed a high-fat diet [18]. Moreover in the liver, heart, skeletal muscle and
pancreas from db/db-mice, expression of miR-143 was increased as compared to tissues
isolated from wild type control animals. Liver specific knock out of the miR-143/145-cluster
protects against high-fat diet induced insulin resistance and hepatic Akt-inhibition [18]. The
authors of that study further identified ORP8 as a direct miR-143 target, and showed that a
decrease in ORP8 protein abundance is responsible for the abrogation of insulin action in the
liver [18]. Finally, in cardiomyocytes we recently reported that the induction of miR-143 by
activin A secreted from epicardial adipose tissue promotes insulin resistance via ORP8, and
that silencing miR-143 expression protects cardiomyocytes against the induction of insulin
resistance [1].

The strong association of miR-143 with insulin resistance in multiple tissues seems in
contrast to the function ascribed to this miRNA in SMC. In SMC, an anti-proliferative function
has been reported for the miR-143/145-cluster [8,23], and especially miR-145 has been
found to promote the differentiation to the quiescent contractile phenotype of SMC [23].
Here, CM also induced the expression of miR-145 in quiescent differentiated hVSMC.
Accordingly, this was accompanied by the induction of SMA, and TAGLN. In mice, miR-145
overexpression reduces neo-intima formation after vascular injury, but paradoxically miR-
145 deficient mice show similar effects [6,38]. In humans, levels of miR-145 are elevated in
atherosclerotic plaques [7,29], and were found to correlate with an unstable plaque
phenotype [7]. Collectively these findings point toward an important dual role for the miR-
143/145 in SMC homeostasis, but also indicate that further studies toward the underlying

mechanism(s) are clearly needed, such as comparing the impact of CM on differentiated
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versus undifferentiated SMC and elucidation of the targets regulated by the miR-143/145-
cluster.

A limitation of the present study is that we could not identify the factor in CM
responsible for the induction of the miR-143/145-cluster. In line with previous reports, the
induction of miR-143/145 was sensitive to inhibition of Alk4/5/7- and p38-signaling [1,23].
Previous studies identified TGFB and activin A as inducers of miR-143/145. However, the
levels of these factors as determined by enzyme-linked immunosorbent assay were below
the limit of detection in the CM used in the present study. Consequently, one may speculate
that other members of the TGFB superfamily, which consists of at least 23 members [33],
elicit the effects observed here. Alternatively, CM itself may induce the production of factors
promote the induction of the miR-143/145-cluster in an autocrine fashion. In this context,
we could demonstrate that CM enhances the expression of activin A in differentiated hVSMC
by 1.7-fold (supplementary figure 2). Yet, it remains to be investigated whether this is
associated by the release of biologically relevant amounts of activin A from hVSMC. Another
limitation is that the CM used in the present study was prepared from adipocytes isolated
from subcutaneous adipose tissue biopsies collected from healthy young females. In
previous studies, we reported that the adipose tissue secretory profile is affected by type 2
diabetes and different among various adipose tissue depots [1,11,30]. Therefore, one may
speculate that conditioned media generated from adipocytes from donors with obesity or
type 2 diabetes may a more detrimental impact on the determinants of smooth muscle cell

function examined in the present study.

Conclusion

This study shows for the first time that adipocyte-derived factors impair insulin
signaling in hVSMC. The inhibition of insulin signaling can be ascribed to the Alk4/5/7- and
p38-dependent induction of miR-143 (Figure 7). This miRNA plays a pivotal role in the CM-
induced impairment of insulin-induced Akt/eNOS-signaling via downregulation of ORPS.
These data further highlight the involvement of adipokines in the pathogenesis of

cardiovascular complications in type 2 diabetes.
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Figure 1. Effect of conditioned media on miRNA and gene expression in primary human vascular
smooth muscle cells. Cells were exposed to control media or conditioned media (CM) for 24h and
levels of miR-143 (A), miR-145 (B), smooth muscle actin (SMA) (C), transgelin (TAGLN) (D), PAI-1 (E),
and MCP-1 (F) were quantified by real-time PCR. Data were collected in 16 independent experiments
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using 2 different donors and CM from 8 different preparations, and are expressed as mean %
standard error of the mean. Differences between the groups were evaluated using student’s t-test.
*** indicates P<0.001 versus control medium.
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Figure 2. Effect of conditioned media on insulin action in primary human vascular smooth muscle
cells. Cells were exposed to control media or conditioned media (CM) for 24h and kept untreated (-)
or stimulated for 10 min with 100 nM insulin (+). Shown are representative Western blots and
quantifications for the phosphorylation levels of Akt-Thr308 (A), Akt-Ser-473 (B), eNOS-Ser1177 (C),
and PRAS40-Thr246 (D). Phosphorylation levels normalized for B-actin are expressed as mean *
standard error of the mean of at least 8 independent experiments using cells from 2 different donors
and CM from 8 different preparations. Differences among the experimental conditions were
evaluated using two-way ANOVA. ###, and # indicate P<0.001 and P<0.05, respectively, for the effect
of insulin (+) versus cells kept untreated (-); *** indicates P<0.001 for the effect of CM versus control

medium.
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Figure 3. Involvement of TGFB receptor- and p38-signalling in the induction of the miR-143/145
cluster in primary human vascular smooth muscle cells. Cells were exposed to control media or
conditioned media (CM) for 24h. Shown are representative Western blots and quantifications for the
phosphorylation levels of SMAD2-Ser465/467 (A), and p38-Thr180/Tyr182 (B). Phosphorylation levels
normalized for a-tubulin are expressed as mean + standard error of the mean of 14 independent
experiments using cells from 2 distinct donors and CM from 7 different preparations. Differences
between the groups were evaluated using student’s t-test. ***, indicates P<0.001; *, P<0.05 versus
control medium. C/D. Cells were exposed to DMSO (vehicle), or pharmacological inhibitors for
Alk4/5/7 (SB431542), or p38 (SB203580) for 1 h prior to the addition of control medium (-) or CM (+),
whereafter expression of miR-143 (C), and miR-145 (D) were determined via real-time PCR. Data are
expressed as mean + standard error of the mean of least 8 independent experiments using cells from
2 different donors and CM from 8 different preparations. Differences among the groups were
analyzed using two-way ANOVA and Bonferroni multiple comparison analysis. ***, indicates P<0.001
for CM versus control medium; tt1, P<0.001; T+, P<0.01 for CM only versus inhibitors.
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Figure 4. Involvement of TGFB receptor- and p38-signalling in insulin action in primary human
vascular smooth muscle cells. Cells were exposed to DMSO (vehicle), or pharmacological inhibitors
for Alk4/5/7 (SB431542), or p38 (SB203580) for 1 h prior to the addition of control medium (-) or
conditioned media CM, +). Shown are representative Western blots and quantifications for the
phosphorylation levels of Akt-Thr308 (A), Akt-Ser-473 (B), eNOS-Ser1177 (C), and PRAS40-Thr246 (D).
Phosphorylation levels normalized for B-actin are expressed as mean + standard error of the mean of

at least 4 independent experiments using cells from two distinct donors and CM from 4 different

preparations. Differences among the experimental conditions were evaluated using two-way ANOVA.
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#it#, P<0.001; ##, P<0.01; #, P<0.05 for the effect of insulin versus untreated cells; *** indicates
P<0.001 for the effect of CM versus control medium; tt1, P<0.001; t+, P<0.01; T, P<0.05 for CM only
versus CM + inhibitors.
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Figure 5. Effect of miR-143 and miR-145 expression on insulin action in primary human vascular
smooth muscle cells. Cells were transfected with control precursor miRNA or precursors for miR-143
or miR-145, respectively. Shown are representative blots and quantifications for the protein
abundance of smooth muscle a-actin (A), and the phosphorylation levels of Akt-Thr308 (B), Akt-Ser-
473 (C), and eNOS-Ser1177 (D). Signal normalized for tubulin (A) or B-actin (B-D) are expressed as
mean + standard error of the mean of 8 independent experiments performed on cells from two
different donors. Differences among the experimental conditions were evaluated using ANOVA (A) or
two-way ANOVA (B-D) followed by Bonferroni multiple comparison analysis. ###, indicates P<0.001
for the effect of insulin versus untreated cells; 1, P<0.001; ¥+, P<0.01; ¥, P<0.05 for miR-143 or

miR-145 versus control pre-miR.
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Figure 6. Inhibition of insulin action by conditioned media involves downregulation of the miR-143
target ORP8. Primary human vascular smooth muscle cells were transfected with control precursor
miRNA or precursors for miR-143 or miR-145 (A), or exposed to conditioned media (CM) in the
presence or absence of SB431542 or SB203580 (B) whereafter protein levels of ORP8 were examined
via Western blot analysis. Shown are representative blots and quantifications. ORP8 abundance
normalized for B-actin is expressed as mean + standard error of the mean of 16 independent
experiments using cells from 2 distinct donors and CM from 8 different preparations. Differences
among the experimental conditions were evaluated using ANOVA followed by Bonferroni multiple
comparison analysis. **, indicates P<0.01 for the effect of CM versus control medium; tt, P<0.01; t,
P<0.05 for CM only versus CM + inhibitors; ; ¥+, P<0.05 for miR-143 or miR-145 versus control pre-
miR. C/D. Impact of silencing ORP expression in primary human vascular smooth muscle cells. Lysates
from cells transduced with lentiviruses coding for control shRNA or ORP8 shRNA were analyzed for
ORP8 protein abundance (C) and insulin-mediated phosphorylation of Akt-Ser473 (D) under
untreated conditions (-) or following stimulation with insulin (10 min; 100 nM). Signals were
normalized for B-actin (C) or Akt (D) respectively, and expressed as mean % standard error of the
mean of 8 independent experiments using cells from two different donors and 4 distinct shRNA
constructs. ### indicates P<0.001; ##, P<0.01 for the effect of insulin versus untreated cells; §§,
P<0.01 for the effect of ORP8 shRNA versus control shRNA.
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Figure 7. Possible mechanism for CM-induced insulin resistance in hVSMC. Adipocyte-derived
factors belonging to the TGFB-superfamily and binding to ALK induce SMAD2 and p38
phosphorylation. Especially the SMAD-independent Pathway through p38 leads to an upregulation of
the miRNA 143/145 cluster. miR-143 is able to reduce the expression of ORP8 resulting in impaired
insulin-stimulated Akt and eNOS phosphorylation. ALK: activin receptor-like kinases, Ins: insulin, InsR:
insulin receptor, TRR II: transforming growth factor B receptor 2, ORP8: oxysterol-binding protein-
related protein 8
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Supplementary figure 1. Effect of inhibition of TGFB receptor- and p38-signalling on the induction
of gene expression by conditioned media in primary human vascular smooth muscle cells. Cells
were exposed to DMSO (vehicle), or pharmacological inhibitors for Alk4/5/7 (SB431542), or p38
(SB203580) for 1 h prior to the addition of control medium (-) or conditioned media CM, +) for 24 h.
Then expression levels of smooth muscle a-actin (SMA), transgelin (TAGLN), PAI-1, and MCP-1 were
determined via real-time PCR. Data are expressed as mean * standard error of the mean of least 8
independent experiments using cells from 2 different donors and CM from 8 different preparations.
Differences among the groups were analyzed using two-way ANOVA and Bonferroni multiple
comparison analysis. ***, indicates P<0.001; **, P<0.01; *, P<0.05 for CM versus control medium;
tt1, P<0.001; T+, P<0.01; t, P<0.05 for CM only versus inhibitors.
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Supplementary figure 2. Effect of conditioned media on activin A expression in primary human
vascular smooth muscle cells. Cells were exposed to control media or conditioned media (CM) for
24h and levels of activin A were quantified by real-time PCR. Data were collected in 16 independent
experiments using 2 different donors and CM from 8 different preparations, and are expressed as
mean * standard error of the mean. Differences between the groups were evaluated using student’s
t-test. ***, indicates P<0.001 versus control medium.
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Abstract

Adipose tissue was long seen as a passive lipid storage depot but it is now considered
as an endocrine organ that produces a large number of mediators that affect metabolism,
inflammation and coagulation. In obesity, the increased size of adipocytes and the chronic
low-grade inflammation within adipose tissue alter its normal physiological function.
Adipose tissue dysfunction results in an altered production and secretion of adipokines,
which in turn affects several tissues in a para- or endocrine manner like liver, skeletal muscle
and the vasculature. Numerous circulating pro-inflammatory mediators participate in the
development of cardiovascular disease (CVD) are released directly from adipocytes, thereby
linking obesity to an increased cardiovascular risk. In the current chapter we focused on the
one hand on a small selection of novel adipokines with a potentially strong link to
cardiovascular disease, like soluble DPP4, visfatin and lipocalin-2. And on the other hand we
summarized the most recent findings on the novel cardioprotective adipokines omentin and

apelin.

Introduction

In the context of obesity, adipose tissue has gained considerable interest as a key
player in the pathogenesis of several major chronic diseases like type 2 diabetes and
cardiovascular disease (CVD), and its associated complications including endothelial and
myocardial dysfunction, hypertension, dyslipidemia and atherosclerosis. Accumulating
knowledge about the secretory and endocrine function of adipocytes and the adipose organ
have led to a paradigm shift in adipose tissue biology, allocating to this tissue a major role in
regulating energy homeostasis and food intake, reproduction, immunity, and cardiovascular
function [1]. Thus, adipose tissue communicates with other organs in a complex network of
inter-organ crosstalk by releasing a multitude of bioactive proteins and peptides, collectively
termed adipokines and/or adipocytokines [2]. Originally, these molecules represented a
small group of either hormone-like substances like leptin or adiponectin, or of pro-
inflammatory cytokines like TNFalpha. However, more recent studies have shown the
complexity of the human adipokinome consisting of hundreds of different factors [3], with

many novel adipokines still being identified.
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In adddition, it has been recognized that the adipokinome is substantially different
between different adipose tissue depots. The visceral and the subcutaneous compartment
are the two most abundant fat depots and it has been shown that they produce unique
profiles of adipokines. In this context, visceral adipose tissue has received special attention,
since various studies have found a positive correlation between the amount of visceral
adipose tissue and cardiovascular disease [4]. Importantly, specific smaller depots of visceral
adipose tissue located around blood vessels and the heart, namely perivascular and
epicardial fat, have been shown to affect cardiovascular and myocardial function in a
paracrine fashion. The secretory output of these local depots may directly affect the
underlying vasculature and induce pathological alterations like thickening of the vessel wall,
fatty streak formation, or promotion of atherosclerotic plaques.

It is well accepted that the adipokine profile is altered in pathological conditions such
as obesity, and that plasma levels of pro-inflammatory adipocytokines are increased,
contributing to a chronic state of low-grade inflammation. Obesity-associated inflammation
within adipose tissue is a complex scenario involving adipocyte hypertrophy and hyperplasia,
cellular stress, hypoxia, and increasing infiltration of pro-inflammatory immune cells [5].
Obesity-associated enlargement of the adipocyte is also known to be associated with a shift
of the secretome to a more pro-inflammatory phenotype, with positive correlations to
adipocyte size being reported for TNFalpha, IL-6, IL-8, MCP-1, leptin and many others. The
vast majority of adipokines exhibits an increased expression and secretion in obesity,
whereas adiponectin is decreased. This molecule has an established cardioprotective
function due to its anti-inflammatory and antiproliferative effects. Very recently, novel
cardioprotective adipokines have been studied in more detail like omentin [6] and apelin.

These novel players will be discussed in depth in this chapter.

The adipo-vascular axis

Obesity represents a major risk factor for cardiovascular diseases, which are
characterized by a variety of vessel alterations, with atherosclerosis and vascular
inflammation mediated by adipocytokines being the key event. This generated a deep
interest in the adipo-vascular axis and the effects of various adipokines on cells of the
vascular wall. Since augmented proliferation and migration of smooth muscle cells

represents a central event in atherosclerosis, adipokines able to induce these processes have
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been studied in detail. Further, the activation of pro-inflammatory signaling pathways by
adipocytokines like TNFalpha, leptin and many others is considered to contribute
significantly to the development of cardiovascular disease. In this context, the transcription
factor NFkappaB plays a dominant role, since its downstream target genes represent
adhesion molecules, pro-inflammatory cytokines and mediators of proliferation. We have
recently reported a comprehensive analysis of the adipo-vascular axis and identified more
than 30 adipokines being associated with cardiovascular disease [7]. In the current chapter
we decided to focus on a small selection of novel adipokines with a potentially very strong
link to cardiovascular disease, like soluble DPP4, visfatin and lipocalin-2. In addition, the
most recent findings on the novel cardioprotective adipokines omentin and apelin are

summarized here.

DPP4 and DPP4 inhibitors

By comprehensive proteomic profiling of the human adipocyte secretome we could
identify DPP4 as a novel adipokine [8]. DPP4 is a ubiquitously expressed cell-surface
protease, which is widely known for its role in regulation of glycemia through cleavage and
inactivation of incretin hormones. Due to shedding from the cell membrane, a soluble form
of DPP4 (sDPP4) lacking the cytoplasmatic tail and the transmembrane region can be found
in plasma and other body fluids. DPP4 serum concentrations positively correlate with various
parameters of the metabolic syndrome like BMI, adipocyte surface, leptin and insulin levels
[8] and are increased in inflammatory disease and atherosclerosis. Interestingly, comparison
of different fat depots showed the highest DPP4 expression in visceral adipose tissue of
obese patients [8,9]. The development of DPP4 inhibitors and a central role for these agents
in glycemic control have brought into focus the importance of DPP4 and its potential role in
cardiovascular physiology and pathology. The functional role of DPP4 is related to both its
enzymatic and non-catalytic function. DPP4 is a serine exopeptidase, which cleaves X-proline
dipeptides from the N-terminus of several substrates, including chemokines, neuropeptides
and vasoactive peptides. In addition to its peptidase activity, another important function of
DPP4 is interaction with a range of ligands, including ADA, caveolin-1, thromboxane A2
receptor and fibronectin [10]. The binding of DPP4 to its ligands plays a role in various

processes including immune regulatory function. Recent studies indicated that in addition to
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regulation of post-prandial glycemia, DPP4 may exert several functions on the cardiovascular

system, both directly and indirectly by its inhibition.

DPP4-inhibitors - Indirect effects of DPP4

Since DPP4-inhibitors are available drugs approved for the treatment of type 2
diabetes mellitus, research was more focusing on the effects of DPP4 inhibition than of
direct effects of sDPP4. These inhibitors are able to prolong the bioavailability of the
endogenously secreted incretin hormone GLP-1 and the glucose-dependent insulinotropic
polypeptide (GIP). In addition to their anti-diabetic properties, accumulating data indicate
that DPP4-inhibitors also have important protective effects on the cardiovascular system,
through endothelial repair, anti-inflammatory effects and blunting of ischemic injury [11].
Due to various experimental and preliminary clinical data suggesting that GLP-1 itself has
favorable cardiovascular effects, most of the beneficial effects of DPP4-inhibitors are
ascribed to increased GLP-1 bioavailabilitiy and signaling. In vitro it could be shown that the
GLP-1 analogue exendin-4 stimulates proliferation of human coronary artery endothelial
cells through endothelial nitric oxide synthase (eNOS)-, protein kinase A (PKA)- and
phosphoinositol-3 kinase (PI13K/Akt)-dependent pathways. Using an in vivo model of vascular
injury it could be shown that continuous infusion of exendin-4 reduces neointimal formation
at 4 weeks after injury without altering body weight or various metabolic parameters. From
in vitro studies, the authors suggest that this effect was mediated by the ability of GLP-1 to
suppress PDGF-induced proliferation of vascular smooth muscle cells. As a clinical readout, a
large retrospective analysis indicates that patients prescribed with the GLP-1 analogue
exenatide had a significant 20% reduction of CVD events compared with patients on other
glucose-lowering agents. Nevertheless, studies showing vascular benefits of GLP-1 were
carried out using either native GLP-1 or recombinant GLP-1 analogues at high concentrations
or in a way that induced supraphysiological GLP-1 signaling. Considering that DPP4 inhibition
restores GLP-1 signaling within the physiological range, beneficial effects of DPP4-inhibitors

might be different to those of GLP-1 analogues.

But beside GLP-1 there are further substrates of DPP4, which might play a role in the
favorable cardiovascular effects of DPP4-inhibitors. Two of the most promising candidates
are stromal derived factor (SDF)-1a and Neuropeptide Y (NPY). SDF-1a is one of the most

important soluble regulator of endothelial progenitor cells (EPC), which acts by binding to its
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receptor CXCR4. EPCs are derived from the bone marrow and can be mobilized into the
circulation in response to many stimuli. EPCs adhere to endothelium at sites of hypoxia or
vascular damage and are able to participate in new vessel formation as well as to
reconstitute the anatomical integrity of the intimal layer. In mice it could be shown that
genetic deletion or pharmacologic inhibition of DPP4 is able to increase the homing of
CXCR4+ EPCs at sites of myocardial damage, resulting in a reduced cardiac remodeling and
improved heart function and survival [11]. Also in a human study Fadini et al. could
demonstrate, that type 2 diabetic patients receiving a 4 week course of therapy with the
DPP4-inhibitor sitagliptin, show increased SDF-1a plasma concentrations and circulating EPC
levels. These effects were not related to changes in nitrite/nitrate levels or to reduction in
plasma glucose, suggesting that they are GLP-1-independent [11]. These studies implicate a
rationale to use DPP4-inhibitors for wvascular repair through stimulation of EPCs.
Additionally, the effects of DPP4 inhibition on angiogenesis may also be mediated by
modulation of the Neuropeptide Y (NPY) signaling. DPP4 converts NPY1-36 to its shorter
form (NPY3-36), thus shifting its activity from Y1-mediated vasoconstriction and vascular
smooth muscle cell growth to Y2/Y5-mediated angiogenesis [11]. Considering the NPY
signaling modulation the direct effect of DPP4 may be even detrimental, regarding vascular

smooth muscle proliferation, and intimal hyperplasia [11].

Nevertheless, there are also various studies showing direct effects of DPP4-inhibitors,
which could not be explained by an increased bioavailability of DPP4 substrates. Ta et al.
could demonstrate that the specific DPP4-inhibitor alogliptin blocked LPS-induced ERK
phosphorylation in U937 histiocytes, representing a model of cells involved in the
progression of atherosclerosis, such as foam cells [12]. Downstream of ERK, the inhibition of
DPP4 prevented the activation of matrixmetalloproteinases (MMP) via the Toll-like receptor
pathway, which contributes to the destabilization of atherosclerotic plaques leading to acute
vascular events. Furthermore, it could be demonstrated that sitagliptin prevents TNFa-
induced PAI-1, ICAM and VCAM gene and protein expression in vascular endothelial cells
independent of GLP-1 [13]. This effect could partially be explained by a reduction of the
TNFa-induced NF-kB1 mRNA expression by sitagliptin. Additionally, incubation of human
umbilical vein endothelial cells with the DPP4-inhibitor alogliptin resulted in endothelial
nitric oxide synthase (eNOS) and Akt phosphorylation (Ser1177 and Ser473, respectively)

paralleled by a rapid increase in nitric oxide [14]. In accordance to these data alogliptin
107



Study 4

causes acute vascular relaxation in a non-diabetic mouse model through GLP-1 independent
pathways that are both nitric oxide and endothelium-derived hyperpolarizing factor (EDHF)
dependent. All in all these studies might implicate that DPP4 itself play a role in the
beneficial effects of DPP4-inhibitors.

Direct effects of sDPP4

Since research was focusing on the effects of DPP4 inhibition on post-prandial
glycemia and CVD there are only few available studies about direct effects of soluble DPP4
(sDPP4) on vascular cells. Our group could show for the first time direct effects of sDPP4 on
human vascular smooth muscle cells (hWSMC), illustrated by increased proliferation and the
induction of inflammation. Using DPP4 concentrations which reflect serum levels of lean and
obese patients, sDPP4 induced a marked activation of the MAPK signaling pathway resulting
in increased proliferation of hVSMCs [15,16]. In addition to the stress signaling, DPP4 directly
activates the pro-inflammatory NF-kB signaling pathway leading to an increased expression
and secretion of the pro-inflammatory cytokines IL-6, IL-8 and MCP-1. Since all DPP4-induced
effects could be completely prevented by DPP4 inhibition, it seemed that direct effects of
sDPP4 were dependent on its enzymatic activity. However, to identify the exact mechanisms
how DPP4 exerts its signaling properties further investigations will be required. Another
study analyzed direct effects of DPP4 on vascular function with special focus on vascular
reactivity [17]. Therefore mouse mesenteric microvascular fragments were isolated and
mounted on a small vessel wire myograph. DPP4 impaired the endothelium-dependent
relaxation to acetylcholine in a concentration-dependent manner by up to 75%, without
modifying endothelium-independent relaxations to sodium nitroprusside. Again the co-
incubation of DPP4 with its enzymatic inhibitor prevented the impaired endothelium-
dependent relaxation by DPP4. Similarly, the cyclooxygenase inhibitor indomethacin and the
thromboxane A2 receptor antagonist SQ29548 abrogated the impairing action of DPP4.
These data suggest that DPP-4 directly impairs endothelium-dependent relaxation, through a
mechanism that involves cyclooxygenase activation and likely the release of a

vasoconstrictor prostanoid.

Furthermore, DPP4 has long been considered as having a role in immunomodulation.
Since atherosclerosis is an immune-inflammatory disease, it may be speculated that the

inhibition of DPP4 modulates responses occurring within early or late atherosclerotic lesions.
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In low-density lipoprotein receptor-deficient (LDLR-/-) mice Shah et al. could demonstrate
that exogenously injected DPP4 increases monocyte migration in vivo [18]. These
promigratory properties of DPP4 could be completely inhibited by sitagliptin. Moreover, in a
recent published study it could be shown that sDPP4 enhances the LPS-induced TNFa and IL-
6 secretion in monocytes [19]. These data suggest an interaction of sDPP4 with the TLR4
signaling cascade but the exact mechanism remains unclear. All in all, these studies on direct
effects of sDPP4 might contribute to explain the vascular protective effects of DPP4-

inhibitors independent of GLP-1.

In conclusion, DPP4 is a promising candidate linking adipose tissue dysfunction to
cardiovascular disease (Fig. 1). However, the actual relationship between DPP4 inhibition

and concrete cardiovascular outcomes remains unknown and requires further investigations.

Lipocalin-2 and visfatin

Lipocalin-2 (or neutrophil gelatinase-associated lipocalin — NGAL) is a small lipid
binding protein with yet unidentified ligands [20]. It is expressed in many tissues including
adipose tissue where it is highly expressed in mature adipocytes compared to
undifferentiated preadipocytes. In addition to lipocalin’s well-characterized function in the
innate immune response to bacterial infection, some evidence indicate that it also plays a
role as a pro-inflammatory adipokine in obesity and in obesity-associated metabolic

diseases.

Circulating concentrations of lipocalin-2 are increased in the obese state and in
patients with atherosclerosis, hypertension, coronary artery disease and coronary heart
disease [5]. Elevated circulating concentrations are predictive of increased mortality after
myocardial infarction and correlate with severity of coronary heart disease. Experimental
data from rodents showing selective induction of lipocalin-2 in adipose tissue and liver
indicate that adipose tissue might be a source of lipocalin-2 in obesity. In addition, a high
expression of lipocalin-2 can be found in atheromatous human plaques in association with
increased matrix metalloproteinase-9 activity. In experimental vessel damage, lipocalin is

increased via inflammatory pathways such as the NF-kB pathway in smooth muscle cells. A
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role of lipocalin-2 in endothelial dysfunction preceding cardiovascular diseases has not fully
been established. Lipocalin-2 knockout mice are protected from aging- and dietary obesity-
associated endothelial dysfunctions [21]. Functioning as a lipid carrier, lipocalin-2 might
elevate endothelium-dependent vasoconstriction and attenuate relaxation by modulating
eNOS activity and increased COX expression in intact arteries and primary endothelial cells.
Lipocalin-2 expression can be induced by various pro-inflammatory stimuli including IL-1b,
TNF@, dexamethasone and LPS. Conversely, lipocalin-2 induces inflammation in different cell
types including cardiomyocytes. Treatment with recombinant lipocalin-2 causes
cardiomyocyte apoptosis in parallel to macrophage infiltration in the myocardium Lipocalin-
2 might also play a role in the initiation of inflammation in the context of ischemia
reperfusion and it has been suggested that this adipokine may mediate post-ischaemic
inflammatory and remodelling responses. Also in damaged vessel, lipocalin-2 is increased in
parallel to inflammation for example in smooth muscle cells. It should however been noted
that lipocalin-2 may also exert anti-inflammatory effects since it reduces LPS-induced
cytokine production in macrophages and counteracts TNF in the context of insulin signaling
in adipocytes and macrophages. In summary, lipocalin-2 is a mediator of inflammation and
cardiovascular diseases with a potential to be used as a biomarker and a therapeutic target

in the context of obesity (Fig. 1).

Visfatin was first described as an adipokine binding and activating the insulin receptor
and promoting adipogenesis, stimulating glucose uptake in vitro and exerting glucose-
lowering effects in mice in vivo [22], although this later affirmation was retracted due to lack
of reproducibility [23]. However, the participation of the insulin receptor in visfatin-
mediated actions still remains unclear and insulin-mimetic properties have not been
reproduced in vitro and in vivo [24]. The term visfatin refers to visceral fat, as this depot was
proposed its main source in adipose tissue (AT) in both mice and humans. However, later
works have reported similar visfatin levels in human subcutaneous and visceral fat.
Importantly, visfatin is also found in perivascular and epicardial fat where it might exert a
paracrine cardiovascular action. Activated macrophages in human visceral AT have been
proposed to release higher amounts of visfatin that adipocytes. (as reviewed in [25]).

In both human and murine adipocytes visfatin expression and release is upregulated

during differentiation. However, it only known that this adipokine is secreted by a yet
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unknown non-classical mechanism [24]. Besides being an adipokine, visfatin is ubiquitously
expressed and exerts multiple biological actions beyond the adipose tissue. Thus, visfatin is
identical to pre-B cell colony-enhancing factor (PBEF), a previously described cytokine
promoting maturation on early B-lineage precursor cells. Moreover, visfatin displays intrinsic
enzymatic activity as a nicotinamide phosphoribosyltransferase (Nampt), catalyzing the rate-
limiting step leading to the synthesis of nicotinamide adenine dinucleotide (NAD) [25].

In the context of metabolic diseases, although there are conflicting results, several
studies have reported elevated circulating levels of visfatin in obesity, type 2 diabetes
mellitus and the metabolic syndrome [25,26]. Moreover, different studies have established
positive associations between enhanced circulating visfatin levels and athero-thrombotic
diseases, suggesting that visfatin may represent a biomarker of metabolic-related
cardiovascular complications. In this line, visfatin has been proposed as a marker of
endothelial dysfunction in type 2 diabetic patients and patients with renal disease. In both
patients with the metabolic syndrome and type 2 diabetes, circulating visfatin have been
proposed as a marker of advanced carotid atherosclerosis for type 2 diabetic patients. In
morbid obese patients, epicardial fat thickness correlates with enhanced visfatin and

plasminogen activator inhibitor-1 (PAI-1) levels as well and with visceral obesity [25,27].

On the other hand, visfatin levels are positively associated to circulating
inflammatory markers, such as IL-6, C-reactive protein (CRP) and MCP-1. Hence, it has been
proposed that high visfatin levels reflect changes in the systemic inflammation,
independently of the insulin resistance state [25].

The potential pharmacological regulation of visfatin circulating levels is not fully
understood, since there are discrepant clinical and in vitro studies. Dexamethasone
upregulates visfatin expression in vitro in 3T3-L1 adipocytes but does not alter serum levels
in humans. Regarding anti-diabetic drugs, troglitazone suppresses visfatin expression in 3T3-
L1 adipocytes while rosiglitazone increases visfatin secretion in human adipocytes.
Furthermore, there are conflicting results on the effects of weight loss, exercise and anti-
obesity drugs on visfatin levels. Visfatin expression and circulating levels can be regulated by
fat distribution/area, inflammatory state and hormones among other factors. This fact,
combined with the differences between cell types, species and reported discrepancies
among commercial available ELISAS, require that the impact of visfatin levels in metabolic

diseases are further investigated [27].
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Increasing in vitro evidence supports a detrimental role for visfatin in the
cardiovascular system. Visfatin is arising as a pro-atherogenic factor promoting vascular cell
proliferation and inflammation. Thus, PVAT-derived visfatin enhances proliferation in rat
aortic smooth muscle cells. In endothelial cells, the adipokine also promotes proliferation,
migration and capillary tube formation contributing to angiogenesis. Indeed, the inhibitors of
visfatin Nampt enzymatic activity, FK866 (or APO866) and CSH are under investigation as
anti-cancer agents. Importantly, visfatin exerts its proliferative effects beyond the vascular
wall, since both adenoviral delivery and exogenous administration of visfatin increased
proliferation in vitro in rat cardiomyocytes. On the contrary, visfatin pro-angiogenic effects
have been proven beneficial in a murine model of unilateral hindlimb ischemia [25].

Visfatin also displays pro-inflammatory properties on the vascular wall. The adipokine
directly activates the ERK1/2-NF-kB axis in human vascular smooth muscle cells (VSMC)
leading to iNOS induction. Moreover, visfatin activates endothelial cells triggering NF-kB—
mediated induction of the adhesion molecules VCAM-1, ICAM-1 and E-Selectin, upregulating
IL-6, IL-8 and MCP-1 secretion and CCR2 expression as well as NADPH oxidase activation.
Moreover, visfatin exerts immunomodulatory actions on monocytes by enhancing both TNF-
o and IL-8 secretion, inhibiting apoptosis in neutrophils and promoting macrophage survival.
Visfatin enhances the expression and activity of MMP-2 and 9 in both endothelial cells and
monocytes and thus has been proposed to promote plaque destabilization. Besides these
effects on the extracellular matrix remodeling in the vascular wall, visfatin has been
proposed to promote cardiac and renal fibrosis through the induction of classical pro-fibrotic
mediators such as TGF-8 or PAI-1, or by directly upregulating procollagen and MMPs

secretion [25].

Regarding the regulation of the vascular tone by visfatin, there are some conflicting
results. On one hand, visfatin induces the relaxation of noradrenaline (NA)-precontracted rat
aortic rings. On the other hand, other works have shown that visfatin impairs endothelium-
dependent relaxation in both human and murine microvessels as well as in bovine coronary
arteries, via NADPH oxidase activation [25].

One limitation to explore visfatin actions in the CV system in vivo is that the
visfatin/Nampt knockout genotype is lethal. It has been reported that insulin secretion is
impaired in heterozygous mice in the visfatin/Nampt gene resulting in glucose intolerance.

Interestingly, this impairment in insulin secretion is prevented by nicotinamide
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mononucleotide (NMN), the product of visfatin enzymatic activity [24]. On the other hand,
visfatin heterozygous knockout mice are protected against agonist-mediated cardiac
hypertrophy while visfatin cardiac-specific overexpressing transgenic mice show increased
cardiac fibrosis [25].

Although initially described as a promising physiological insulin-mimetic derived from
visceral fat, clinical studies rather point toward a role for visfatin as a biomarker or even a
predictor of CV diseases related to metabolic diseases where AT dysfunction is present.
Importantly, in vitro and ex vivo studies have demonstrated that visfatin exerts direct
deleterious actions on the CV system (Fig. 1). Thus, visfatin might represent a novel
therapeutic target in metabolic-related cardiovascular complications. On the other hand, in
ischemia visfatin may represent a beneficial pharmacological tool. Therefore, further
investigation is still required to unveil the real impact of visfatin in different clinical

conditions and to validate it as a therapeutical target in metabolic-related vascular diseases.

Omentin and apelin

Omentin (also called intelectin) has first been known as a protein expressed by
Paneth cells in the intestine where it locates within carbohydrate complexes of bacterial
walls and plays a role in the defense against pathogenic bacteria. A homologue to omentin
that shares about 83% of its primary structure has been identified and named omentin-2.
However, omentin is the predominant circulating form and is therefore mainly studied. As an
adipokines, omentin was first described in 2005 when it was identified by a cDNA library
screening of omental adipose tissue (reviewed in [28]). In accordance to its name, omentin is
more abundantly expressed in visceral adipose tissue as compared to subcutaneous fat.
Furthermore, this adipokine is predominantly expressed in the stroma-vascular fraction
within adipose tissue and its expression is significantly depressed in adipose tissue from
obese patients. As a result, serum omentin is decreased in obesity and increased in patients
after weight loss. This is a feature that omentin shares with adiponectin as one of the few
adipokines that are decreased in the obese state. Similar to adiponectin, omentin is also

regarded as an anti-inflammatory factor with beneficial effects in the cardiovascular system.

The first function attributed to omentin as an adipokines was that it enhances insulin-

stimulated glucose uptake in adipocytes in an auto-/paracrine way. Subsequently, omentin
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has also been characterized as a vasoactive and cardioprotective factor [29]. On isolated
vessels, omentin inhibits noradrenaline-induced contraction. Furthermore, this adipokine
induces an endothelium-dependent vasorelaxation in both aorta and mesenteric arteries
that is mediated by NO synthesis via phosphorylation of eNOS. Accordingly, omentin has
been described as a novel marker for endothelial dysfunction in vivo that correlates with
endothelium-dependent vasodilation even after adjustment for CRP [30]. A recent
publication also indicates that circulating omentin is lower in type 2 diabetic patients and
positively correlating with left ventricular diastolic function [31]. In non-diabetic controls,
omentin is also highly expressed in epicardial adipose tissue as compared to pericardial and
subcutaneous fat while omentin abundance is significantly depressed particularly in
epicardial adipose tissue of type 2 diabetic patients. On isolated cardiomyocytes, omentin
exerts cardioprotective effects as it prevents adipokines-induced contractile dysfunction and
improves cardiomyocyte insulin signaling. Epicardial fat directly lies on the heart without any
facial barrier and is regarded as a special visceral fat depot potentially modulating cardiac
function. The reduction in omentin expression in epicardial adipose tissue might directly
contribute to the development of cardiac dysfunction in type 2 diabetic patients since
epicardial adipose tissue is not separated by a fascia from the myocardium directly draining
its secretory output to adjacent cardiomyocytes. Anti-diabetic treatments such as metformin
and TZDs significantly increase omentin serum concentrations which may contribute to their
anti-diabetic action and beneficial effects on the cardiovascular system. As for metformin, it
has been shown that increased omentin levels following the treatment might contribute to

lower inflammatory and angiogenic potential of patient serum on endothelial cells.

In vitro, omentin exerts anti-inflammatory action on different cell types including
endothelial cells and smooth muscle cells (Fig. 2). In TNFa-stimulated endothelial cells,
omentin inhibits TNFa-induced expression of adhesion molecules potentially via an
inhibition of the ERK and NF-kB pathway. Furthermore, omentin prevents TNFa-induced
COX-2 induction through activation of AMPK and eNOS while preventing JNK activation
concomitantly. In smooth muscle cells, omentin prevents TNFa-induced oxidative stress and
expression of adhesion molecules also via inhibition of JNK activation. Further research on
the role of ometin as an anti-inflammatory adipokines should resolve the issue of what cell
type within the stroma-vascular fraction is contributing to omentin expression and release.
Additionally, effects of omentin on adipose tissue-resident macrophages are not yet known
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but might play a role in the observed anti-inflammatory effects of omentin also within

adipose tissue.

Similar to omentin, the adipocytokine apelin has been shown to exert
cardioprotective effects in addition to its effects on glucose and lipid metabolism [32]. In
addition to adipose tissue, apelin is expressed in a number of tissues including the vascular
endothelium, the myocardium and the brain. Apelin was first described in 1998 and binds to
the G-protein coupled APJ receptor. Apelin can be considered as a “good” adipokine with
direct effects on both cardiovascular cells and cardiomyocytes. Thus, apelin induces
endothelium-dependent nitric oxide-mediated vasodilation, protects against atheroma,
limits myocardial infarction and represents one of the most potent endogenous positive
inotropic agents [32]. This is confirmed by observations in apelin knockout mice [Kuba et al.,
2007]. These animals exhibit augmented cardiac dysfunction and altered cardiac remodeling
under different conditions. Currently, the apelin-APJ pathway is considered as a potentially
novel target for prevention of heart failure, myocardial ischemia and vascular disease. More

work will be needed to fully define the role of apelin in cardiovascular pathology.

Plaque destabilization
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Figure 1: Detrimental effects of sDPP4, Visfatin and Lipocalin on the development of
atherosclerosis. sDPP4 exerts its function mostly on VSMC by the induction of inflammatory- and
stress-signaling pathways resulting in an increased proliferation (in red). Visfatin shows similar effects
on VSMC but it also plays a pivotal role in endothelial dysfunction and in the ongoing low-grade
inflammation within arteriosclerotic lesions (in violet). Although the role of Lipocalin-2 in
atherosclerosis is not fully established, there are hints that Lipocalin-2 is involved in endothelial
dysfunction and inflammation (in blue). EC : endothelial cells; VSMC . vascular smooth muscle cells;
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CAM : cellular adhesion molecule; eNOS : endothelial nitric oxide synthase; iINOS : inducible nitric
oxide synthase

Figure 2: Beneficial effects of omentin on vascular cells. Omentin exerts anti-inflammatory action on
both EC and VSMC through a reduced NF-kB Signaling resulting in a decreased expression of CAMs.
Additionally, Omentin induces endothelial-dependent vasodilatation through a increased
bioavailability of NO thereby reducing endothelial dysfunction. EC : endothelial cells; VSMC . vascular
smooth muscle cells; CAM : cellular adhesion molecule; eNOS : endothelial nitric oxide synthase.
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CHAPTER 6: General Discussion

6.1. Characterization and validation of the novel adipokine soluble

DPP4

The concept that AT acts as an endocrine gland affecting whole-body energy
homeostasis was a major break-through toward a better molecular understanding of obesity
and its co-morbidities. Numerous studies have demonstrated that excess of AT mass is
responsible for metabolic and inflammatory disturbances that cause T2D and CVD (110). AT
communicates with other central and peripheral organs by secreting a variety of molecules
known as adipokines (156). The levels of some adipokines correlate with specific metabolic
states and have the ability to directly affect the regulation of metabolic homeostasis. Thus, a
deregulation of adipokines has been implicated in obesity, T2D, hypertension, CVD, and a
growing list of pathological situations. There is an ever-increasing number of adipokines
described in the literature which until today has risen to more than 700 proteins (204-212).
However, the secretome of adipocytes remains still incompletely characterized and the
discovery and validation of new adipocyte-derived factors is still in progress. In a previous
study, our group investigated the secretome of human adipocytes by a comprehensive
proteomic approach and identified 347 proteins, 263 of which were predicted to be secreted
(213).

Among others, DPP4 was identified as a novel adipokine released by fully differentiated
human adipocytes. DPP4 is an ubiquitously expressed cell-surface protease belonging to the
prolyloligopeptidase family. It was first discovered in 1966 as glycyl-prolyl-B-
naphthylamidasel and later has been named dipeptidyl aminopeptidase IV, post-proline
dipeptidyl aminopeptidase, and X-Pro dipeptidyl aminopeptidase. The current name is
dipeptidyl-peptidase 4, as recommended by the Enzyme Commission (214). Due to shedding
from the cell membrane, a soluble form of DPP4 (sDPP4) lacking the cytoplasmatic tail and
the transmembrane region can be found in plasma and other body fluids. Although the
origin of sDPP4 is considered to be most likely from endothelial cells, liver epithelium and
from circulating leukocytes (214), the major source of circulating DPP4 and its regulation

remains unknown. Low levels of DPP4 occur concomitantly with impaired immune status,
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whereas increased levels emerge in inflammatory and infectious diseases (enhanced
immune status), hematological tumors, and liver diseases (215;216). The functional role of
DPP4 is related to both its enzymatic and non-catalytic function. DPP4 is a serine
exopeptidase, which cleaves X-proline/alanine dipeptides from the N-terminus of several
substrates, including chemokines, neuropeptides and vasoactive peptides. In addition to its
peptidase activity, another important function of DPP4 is the interaction with a range of
ligands, including ADA, caveolin-1, thromboxane A2 receptor and fibronectin (217). The
binding of DPP4 to its ligands plays a role in various processes including immune regulatory
function, such as enhancing T-cell activation and functional modulation of antigen-
presenting cells (217). An increasing number of publications describe its diverse properties
and multiple functions in fields ranging from immunology and inflammation to glucose
homeostasis, oncology, and neuroendocrinology (214). However, due to its degradation of
the incretin hormones DPP4 has gained most interest as a therapeutic target for T2D
treatment, and a variety of DPP4-inhibitors that prolong the insulinotropic effect of GLP-1
are now in clinical use (218). Thus, indicating that the novel adipokine sDPP4 is of broad
interest.

In the present study, we demonstrated that sDPP4 release is increased considerably
during adipocyte differentiation. The comparison with preadipocytes and adipose tissue
macrophages show that adipocytes most likely represent the major source of sDPP4, which
is released from the intact organ into the circulation. The promoter of the DPP4 gene has the
characteristics of a housekeeping gene promoter but can nevertheless initiate the
transcription in a tissue-specific fashion (214). The promoter contains several potential
binding sites for transcription factors (214;219-221) and a variety of cytokines (e.g. IL-12,
Interferon y, TGFB2) have been shown to increase DPP4 expression in a cell type-specific
way (222-226). In contrast, the regulation of DPP4 shedding or the responsible protease is
presently unknown. Interestingly, we demonstrated that both insulin and TNFa augment the
shedding of DPP4 by approximately 50% despite an unaltered expression. Thus, factors
related to insulin resistance and AT inflammation enhance the shedding of this novel

adipokine from the fat cell.
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6.1.1. Direct effects of soluble DPP4

So far, the direct effects of sDPP4 on isolated cells have not been investigated, although
it binds to the extracellular matrix and may exert signaling functions (227). In the present
study, we demonstrated for the first time that sDPP4 consistently impairs insulin signaling at
the level of Akt in human primary cell types, including adipocytes and skeletal muscle cells.
Enzymatic activity of sDPP4 seems to be involved in this process, but DPP4 inhibitors may
also affect the binding properties of sDPP4 to a putative receptor (further discussed in
5.2.1.). In our study, we used sDPP4 concentrations reflecting circulating levels that were
measured in both lean and obese subjects. Furthermore, recent studies in obese mouse
models proposed a role of DPP4 in AT inflammation, since DPP4 inhibition leads to reduced
expression of inflammatory markers as well as immune cell infiltration (228;229). Beside its
role in insulin signaling and inflammation, sDPP4 may also be involved in AT lipolysis. DPP4
recruits adenosine deaminase (ADA), a monomeric enzyme catalyzing deamination of
adenosine to inosine and ammonia, to the cell surface (230;231). DPP4-bound ADA has
1000-fold greater activity than free ADA (232), which in turn may modulate the well
established antilipolytic effects of adenosine. Moreover, DPP4 is a strong inhibitor of the
antilipolytic activity of neuropeptide Y (NPY) (233), which is one of the best peptide
substrates of the enzyme (234). Therefore, enhanced abundance of DPP4 within AT of obese
subjects may substantially augment the lipolytic activity of enlarged adipocytes. Finally, the
biological activity and specificity of a large number of chemokines, adipokines and
neuropeptides is modified by DPP4—-mediated cleavage. This supports the notion that sDPP4
plays a yet undefined functional role in the intraorgan crosstalk among macrophages,

adipocytes, and other components of the stromal-vascular fraction.

6.1.2. Role in obesity and the metabolic syndrome

Serum levels of sDPP4 are altered in many pathophysiologic conditions, including
different types of cancer, allergic asthma, or hepatitis C (235). In our study, we analyzed for
the first time circulating sDPP4 in the context of obesity and the metabolic syndrome. DPP4

serum levels of morbidly obese men are elevated compared with lean controls and
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significantly correlated with BMI, the size of adipocytes in subcutaneous and visceral fat, and
the adipocyte hormones adiponectin (negatively) and leptin. This data suggest that sDPP4 is
related not only to increased body weight but also to other important parameters of AT
physiology. In addition to circulating sDPP4, the protein expression of this adipokine is
significantly different not only between lean and obese subjects but also between their fat
depots. Regarding DPP4 expression there are conflicting data in the literature, describing
both decreased and increased mRNA expression of DPP4 in AT of obese men (233;236). We
now clearly demonstrate at the protein level that obesity leads to a prominent induction of
DPP4 abundance in both subcutaneous and visceral AT and that the visceral fat exhibits the
highest DPP4 level in obese subjects. Furthermore, we found that the increased expression
of DPP4 in obese compared to lean individuals is paralleled by an increased release of sDPP4
in AT explants of obese patients compared to lean controls. Similar to circulating sDPP4, its
release from AT correlates with various classical markers for the metabolic syndrome,
namely BMI, waist circumference and plasma triglycerides, and HOMA as an index of insulin
resistance, as well as with fat cell volume and the adipokine leptin. In addition, sDPP4
release and serum concentration can be reversed to normal levels by surgery-induced
weight loss. Thus, in obesity, both circulating levels of sDPP4 and sDPP4 release by AT are
increased and correlate strongly with the metabolic syndrome but can be reduced to control
levels by substantial weight loss. Therefore, we conclude that enlargement of visceral
adipocytes in obesity may substantially contribute to the augmented level of circulating
sDPP4 in obese patients.

It is noteworthy that we measured DPP4 serum concentration and not its activity. It has
been shown that there is no direct correlation between serum sDPP4 protein concentrations
and serum DPP4 enzymatic activity, for several reasons. On the one hand, there are some
circulating proteins other than DPP4 with DPP4 activity (226). Additionally, sialylation, a type
of glycosylation, of sDPP4 is strongly enhanced in elderly individuals (214;226;237;238), and
the finding that a certain type of hypersialylation can inhibit DPP4 activity is consistent with
the fact that serum/plasma DPP4 enzymatic activity tends to decrease with age (214;239).

Considering the increased circulating levels of sDPP4 in obesity and its detrimental
effects on insulin signaling in vitro, it may be speculated that sDPP4 may participate in the
induction of insulin resistance. Therefore, DPP4 knockout models offer novel insights into

the potential role of DPP4 in obesity and the metabolic syndrome. Inactivation of the DPP4
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gene through homologous recombination produces surprisingly normal mice. Despite the
putative importance of DPP4 for immune function, DPP4”" mice develop normally with no
major immune phenotype reported in the absence of immunological challenge. However,
glycaemic excursion is significantly reduced in association with increased levels of glucose-
stimulated insulin and decreased degradation of both GLP-1 and GIP (240). Furthermore, in
rats, DPP4 deficiency leads to reduced weight gain under high-caloric dietary conditions
(241). F344/DuCrlCrlj rats, a substrain of the inbred Fischer 344 (F344) strain, express DPP4
mRNA but lack DPP4 enzyme activity due to the translation of abnormal isoforms that fail to
be processed to the biologically active mature glycosylated enzyme (242-244). A couple of
studies have previously reported that high-fat diet-induced insulin resistance and glucose
intolerance were less prevalent in F344/DuCrlCrlj rats than wild-type F344/Jcl rats
(242;245;246). Furthermore, in a streptozotocin (STZ)-induced diabetic model DPP4 deficiency
in F344/DuCrlCrlj rats delayed the onset of diabetes, but worsened dyslipidaemia and renal
dysfunction induced by STZ (242). Whether the observed effects could be ascribed to direct
effects of sDPP4 or to inhibition of enzymatic degradation of DPP4 substrates remained

unknown.

In summary, we showed that sDPP4 is a novel adipokine that is substantially
overexpressed in visceral fat from obese subjects and exhibits an augmented release in
obesity. sSDPP4 exerts autocrine and paracrine effects as shown by impaired insulin signaling
in adipocytes and skeletal muscle cells. We further observed a tight correlation of sDPP4
release to adipocyte cell size, and plasma levels of DPP4 strongly correlate with the risk of
having the metabolic syndrome. Thus, our data indicate that sDPP4 might be a novel
biomarker and a potential link between obesity and the metabolic syndrome. Future work
will be needed to address the mechanism and the functional role of sDPP4 in the

pathogenesis of insulin resistance and obesity-associated complications.
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6.2. Crosstalk between adipose tissue and vascular smooth muscle

cells

As previously outlined, in the context of obesity AT has gained considerable interest as a
key player in the pathogenesis of several metabolic diseases like T2D and cardiovascular
disease (CVD). AT was long seen as a passive lipid storage depot but it is now considered as
an endocrine organ that produces a large number of mediators that affect metabolism,
inflammation and coagulation. In obesity, adipocyte hypertrophy and the chronic low-grade
inflammation within AT affects its normal physiological function. AT dysfunction results in an
altered production and secretion of adipokines, which in turn affect several peripheral
tissues in an endocrine manner such as liver, skeletal muscle and vasculature. Thus,
numerous circulating pro-inflammatory mediators participate in the development of CVD
and are released directly from adipocytes, thereby linking obesity to an increased
cardiovascular risk. Furthermore, almost all blood vessels are surrounded by PVAT, which
has not received attention in research until recently. Since perivascular adipocytes encroach
into the outer adventitial region without an anatomical barrier, mediators secreted by PVAT
may readily gain access into the blood vessel wall, and PVAT may function as a paracrine
organ that transduces metabolic signals to blood vessels (247;248). However, the crosstalk

of AT with cells of the arterial wall is not yet completely understood.

6.2.1. Role of soluble DPP4

With comprehensive proteomic profiling of the human adipocyte secretome we
identified sDPP4 as a novel adipokine that turned out to be a promising candidate
potentially linking obesity to the metabolic syndrome. Interestingly, high serum levels of
sDPP4 have been described in various pathological conditions (249) including atherosclerosis
(250). Additionally, DPP4-inhibitors, a class of oral anti-hyperglycaemic agents, hold
interesting promise for cardiovascular protection; however, the underlying mechanisms of
these beneficial effects remain poorly understood. Since the DPP4 substrate GLP-1 itself has
favorable cardiovascular effects (251;252) most of these protective effects of DPP4 inhibition
are ascribed to the increased bioavailability of GLP-1. Nevertheless, there are accumulating
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data suggesting that DPP4-inhibitors mediate vascular protection independent of GLP-1,
involving endothelial repair (253), anti-inflammatory effects (253-255) and blunting of
ischemic injury (256;257). Whether sDPP4 directly participates in the development of CVD
has not yet been elucidated. Additionally, the signaling pathways mediated by sDPP4 are not
completely understood and what is known varies depending on the cell type, context and
the microenvironment.

In the present study (CHAPTER 3), we demonstrated that sDPP4 directly induces VSMC
proliferation via the MAPK pathway. VSMCs are not terminally differentiated and modulate
their phenotype in response to physiological and pathological cues. Differentiated VSMC are
characterized by low rates of proliferation and secretion and express a unique repertoire of
contractile proteins, ion channels, and signaling molecules required for the cell’s contractile
function (258-260). In response to vascular injury or growth factor signaling, VSMC de-
differentiate and adopt a proliferative, migratory phenotype that contributes to vascular
occlusion in a variety of disorders, including atherosclerosis (261). This phenotypic switching
is accompanied by reduced expression of contractile proteins (e.g. a-smooth muscle actin
(aSMA)) as well as an increased expression and release of inflammatory cytokines and
matrix metalloproteinases (MMP) (262). Accordingly, the sDPP4-induced proliferation was
paralleled by a reduced protein abundance of well known differentiation markers, such as
aSMA and bone morphogenic protein receptor Il (BMPR2) (Figure 4). Moreover, sDPP4
treatment leads to markedly increased expression of MMP-1, which is largely upregulated in
VSMCs of atherosclerotic plaques (263). In vitro, it has been demonstrated that MMP-1
expression is stimulated by a host of growth factors and cytokines, including IL-1,
transforming growth factor-B (TGFB), and TNFa (264). Furthermore, we observed an
elevated release of vascular endothelial growth factor (VEGF) after exposure of VSMC to
sDPP4 (Figure 4). Since our group has recently published that VEGF plays a major role in the
induction of VSMC proliferation (265), one may speculate that sDPP4 contributes to
increased VSMC proliferation both by activating the MAPK pathway and by increased VEGF

release.
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Figure 4:. Impact of sDPP4 on VSMC phenotype.

Cells were serum-starved for 24 h and subsequently treated with indicated amounts of sDPP4 alone
or in combination with its specific enzymatic inhibitor K579 for 24 h. (A-B) Total cell lysates were
resolved by SDS-PAGE and immunoblotted with indicated antibodies. Data are tubulin normalized
mean values £ SEM. *p < 0.05 vs. to control (n=3-4). Representative Western Blots are presented. (C)
mMRNA level of MMP-1 was quantified by Real-time PCR and normalized to the level of B-actin. Data
are expressed relative to the basal control value and are means + SEM. *p < 0.05 vs. control (n=3-4).
(D) After 24 h exposure to the respective treatments, supernatants were collected and VEGF
concentration was measured by ELISA assay. Data are expressed relative to the basal control value
and are means + SEM. *p < 0.05 vs. control VSMC (n=4)

As a further indicator for VSMC phenotype switch, we showed that sDPP4 induces the
expression and the release of pro-inflammatory cytokines via NF-kB activation as well as
increases inducible nitric oxide synthase (iNOS) protein abundance. iNOS, a nitric oxide- and
peroxynitrite-forming enzyme, is overproduced in atherosclerosis and plays a key role in
vascular inflammation and endothelial dysfunction (266). The expression of iNOS is induced
by cytokines and requires the sequential upstream activation of ERK1/2 and NF-kB (267). In
contrast to acute induction of NO production by endothelial nitric oxide synthase (eNOS),
iNOS produces large amounts of NO in a chronic way (268-270). Although NO initiate

responses such as vasodilation (271), inhibition of platelet aggregation and adhesion to the
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vessel wall (272), and inhibition of VSMC proliferation (273), in higher concentrations NO has
other effects, some of which are cytotoxic. This indicates that sDPP4 by inducing pro-
inflammatory cytokines and iNOS also participates in the chronic low-grade inflammation

within the vascular wall.

Similar to the results in adipocytes and skeletal muscle cells, we showed that sDPP4
impairs insulin signaling on the level of Akt in VSMC. In contrast to classical target tissues for
insulin action such as liver, fat and muscle, the function of proper insulin action in the
vasculature is less well understood. In the literature there are two major possibilities
discussed how the inhibition of insulin action could have detrimental effects on vascular cells
(Figure 5).

Firstly, the impaired activation of the Akt/eNOS-pathway by insulin results in decreased
NO production. NO is a powerful vasodilator leading to VSMC relaxation and thereby
regulating vascular tone. It is well accepted, that decreased bioavailability of NO and the
impairment of vasodilatation is involved in hypertension and the development of
atherosclerosis. Although a major part of NO is released by endothelial cells, it has been
shown in vitro that insulin inhibits contraction at the level of the individual VSMC in the
absence of any other cell type (274). Thus suggesting that insulin-induced vasodilation in
vivo is not entirely endothelium-mediated. Furthermore, insulin-stimulated NO production
has important anti-inflammatory and anti-thrombotic properties through inhibition of
leucocyte adhesion, and limiting platelet adhesion and aggregation, and reduced expression
of PAI-1, a pro-thrombotic protein (275). Furthermore, NO has been shown to inhibit DNA
synthesis, mitogenesis and proliferation of VSMC (276-278). Conversely, in advanced plaque
progression, disruption of Akt cell-survival signaling may promote apoptosis of VSMC and
therefore thinning of fibrous cap and causing plaque rupture (279). Therefore, sDPP4 may
reduce bioavailable NO thereby predisposing vasculature to hyper-inflammatory and
thrombotic states.

Secondly, numerous studies reported a “selective” insulin resistance in VSMC with a
profound inhibition of the insulin-induced PI3K signaling, whereas the activation of the
MAPK-pathway is enhanced (280;281). The shift from the insulin-mediated metabolic (Akt)
to the mitogenic (MAPK) pathway leads to increased proliferation and migration in VSMC.
Thus, the sDPP4-induced proliferation might also partially be a result of selective insulin

resistance in VSMC.
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Figure 5: Insulin signaling in cardiovascular cells.

Insulin binds to the cell membrane insulin receptor, resulting in the activation of mainly two signaling
pathways: Ras-MAPK, which leads to proliferation, and PI3K-Akt-eNOS, which results in metabolic
modulation and cardiovascular protection. Akt, protein kinase B; eNOS, endothelial nitric oxide
synthase; ET-1, endothelin-1; GLUT4, glucose transporter 4, GSK, glycogen synthase kinase; IRS,
insulin receptor substrate; MAPK, mitogen-activated protein kinase; PI3K, phosphoinositol 3’-kinase;
PMN, polymorphonuclear neutrophil; ROS, reactive oxygen species (modified from (282))

Our data on the direct effects of sDPP4 indicate that sDPP4 exerts its signaling properties
by receptor interaction. In the literature, it has currently been discussed that DPP4 may bind
to fibronectin (283), toll-like receptor 4 (TLR4) (284) and mannose-6-phosphate
receptor/IGF-2 receptor (M6P/IGF2R) (285). DPP4 binding to fibronectin seemed to have a
role in the interaction of cells with the extracellular matrix (ECM) and may promote cell
migration and metastasis (283). The ECM-binding domain of DPP4 is located in the cystein-
rich region of DPP4 and is distinct from its exoprotease catalytic site (214;283;286).
However, specific inhibitors of DPP4 noticeably enhanced the DPP4-ECM interaction,

possibly as a result of an altered conformation of DPP4 (286). DPP4 may also interfere with
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TLR 4-mediated signaling. In cultured macrophages (U937 cells), Ta et al. have recently
shown that the ERK phosphorylation induced by the TLR4-ligand lipopolysaccharide (LPS) can
be inhibited by the specific DPP4-inhibitor alogliptin (284). Moreover, LPS-induced MMP-1, -
9, -12 and -15 expression was also suppressed by alogliptin (284). Furthermore, binding of
sDPP4 to M6P/IGF2R plays an important role in DPP4-mediated co-stimulation (287) as well
as transendothelial migration of T cells (285). Additionally, a recent study in human umbilical
vein endothelial cells (HUVEC) observed a sDPP4-induced increase in superoxide generation

which was completely prevented by inhibition of SDPP4-M6P/IGF2R interaction (288).

In the present study (CHAPTER 3), bioinformatic analysis and the signaling signature
induced by sDPP4 suggest that sDPP4 might be an agonist for the protease-activated
receptor 2 (PAR2). PARs have been suggested to play a crucial role in the development of
functional and structural abnormalities in vascular lesions due to the activation of proteases
during pathological states such as hemorrhage, tissue damage, and inflammation. The
mechanism of PARs activation is unique. Instead of binding to the receptor and activate it as
a conventional ligand, proteases cleave the N-terminus, thereby exposing a tethered ligand
(TL) that auto-activates the receptor. However, synthetic peptides corresponding to the TL
specifically activate PAR in the absence of proteases (289), (exemplary shown for PAR2
Figure 6). Among the four so far identified members, PAR1 and PAR2 were found to play an
important role in the vascular system, whereas the functional roles of PAR3 and PAR4 are
mainly limited to platelets (290). Especially PAR2 seems to play an important role in VSMC
homeostasis. This receptor is upregulated in VSMC of vascular lesions in humans (291) and
induces VSMC proliferation and migration in vitro (292;293). Physiological agonists for PAR2
are proteases, such as mast cell tryptase and coagulation factor Xa and Vlla. Trypsin is also a
PAR2 agonist, but it does not belong to the physiological agonist, since it is a digestive and its

activation in the vascular system is unusual.
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Figure 6: Different mechanisms of PAR2 activation.

Proteases cleave the R36/S37 peptide bond, liberating the new N terminus SLIGKV, which then serves
as a tethered ligand that binds to the receptor thereby triggering transmembrane signaling. In
addition, a synthetic peptide corresponding to the TL (SLIGKV) for PAR2 specifically activates PAR2 in
the absence of proteases. PAR2, protease-activated receptor; aa, amino acid (modified from (294))

By bioinformatic analysis, we searched for the different TL sequences of all PAR
members within the DPP4 sequence. However, we found only the TL sequence SLIGKV of
PAR2 in the cystein-rich region of DPP4 responsible for partner binding. We showed an
almost perfect match for the first four amino acids, which are most important for PAR2
activation (295). Within the tertiary structure of DPP4, the potential PAR2 TL sequence SLIG
was located on the protein surface. One may speculate that sDPP4 activates the PAR2
receptor with its TL sequence and that DPP4-inhibitors affect the binding properties of
sDPP4 by a conformational change or masking the PAR2 TL sequence. Since sDPP4 is a serine
exopeptidase that cleaves dipeptides from proteins carrying proline or alanine in their
penultimate position and the cleaving side of PAR2 is located between residue R36 and S37,
it is most unlikely that sDPP4 cleaves the N-terminus of PAR2 thereby exposing the TL and

activating the receptor.
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In accordance to the sDPP4-induced signaling, a stimulation with the PAR2-activating
peptide (AP) SLIGKV leads to NF-kB (296) and ERK1/2 (297) activation resulting in VSMC
mitogenesis. Regarding the sDPP4 effects on cytokine secretion, in human neutrophils, the
PAR2-AP induces IL-6 and IL-8 secretion (298). Accordingly, in cells expressing less PAR2 like
monocytes, lkeda et al. (299) showed no direct effects of sDPP4 on IL-6 and TNF-a
expression and secretion. However, the combination of LPS with sDPP4 enhances the
expression and secretion of these pro-inflammatory cytokines. This study further indicates
that sDPP4 is able to interact with TLR4 signaling cascade; however, the exact mechanism

remains unclear.

Other cell types participating in the development of atherosclerosis, such as
macrophages and endothelial cells are also affected by sDPP4. DPP4 has long been
considered as having an important role in immunomodulation. Since atherosclerosis is an
inflammatory disease, it may be speculated that sDPP4 modulates responses occurring
within early or late atherosclerotic lesions. Accordingly, in macrophages, DPP4 (soluble or
membrane-bound) was reported to interact with caveolin-1, resulting in the phosphorylation
of this protein (300). Subsequently, caveolin-1 induces the dissociation of the toll interacting
protein (Tollip) and interleukin-1 receptor-associated kinase 1 (IRAK1) complex, leading to
the downstream activation of NF-kB via IRAK-1-dependent mechanisms (301;302).
Additionally, in low-density lipoprotein receptor-deficient (LDLR-/-) mice Shah et al.
demonstrated that exogenously injected DPP4 increases monocyte migration in vivo (303).
These pro-migratory properties of sDPP4 could be completely inhibited by sitagliptin.
Moreover, in collaboration with Sdnchez-Ferrer and colleagues, we analyzed direct effects of
sDPP4 on vascular function with special focus on vascular reactivity (304). Therefore, mouse
mesenteric microvascular fragments were isolated and mounted on a small vessel wire
myograph. sDPP4 impaired the endothelium-dependent relaxation to acetylcholine in a
concentration-dependent manner, without modifying endothelium-independent relaxations
to sodium nitroprusside. Co-incubation of sDPP4 with its enzymatic inhibitor prevented
impaired endothelium-dependent relaxation by sDPP4. Similarly, Inhibition of
cyclooxygenase or thromboxane A2 receptor signaling abrogated the impairing action of
sDPP4. These data suggest that sDPP4 directly impairs endothelium-dependent relaxation,
through a mechanism that involves cyclooxygenase activation and likely the release of a

vasoconstrictor prostanoid. Collectively, these studies point to the notion that sDPP4 may
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contribute to the chronic low-grade inflammation within the vascular wall and participate in
the impairment of vasodilatation in atherosclerosis.

In conclusion, we characterized a novel sDPP4-induced and receptor-mediated signaling
cascade in VSMC. sDPP4 directly activates the MAPK- and NF-kB signaling pathway in a PAR2
dependent manner leading to pro-atherogenic changes in VSMC like increased proliferation
and inflammation. Thus, this data might contribute to explain the vascular protective effects
of DPP4-inhibitors independent of GLP-1. Considering that sDPP4 is an adipokine with
increased circulating levels in obesity, it can be speculated that sDPP4 may act in a para- or
endocrine fashion on the vascular wall. Our data support the notion that direct effects of

sDPP4 may play a pivotal role in linking obesity to CVD.

6.2.2. Role of the whole secretory output of adipocytes

It is well-accepted that specific adipocyte-derived factors such as leptin, resistin and
visfatin induce VSMC proliferation and migration thereby participating in VSMC dysfunction
and the development of atherosclerosis (305). However, there are only few studies
investigating the impact of the whole secretory output of human adipocytes on VSMC. In a
recent published study from our working group Lamers et al. showed that adipocyte
conditioned medium (CM) induces pro-atherogenic changes in VSMC with an increase in
proliferation and migration (306). However, the underlying mechanism of this switch from
the contractile to the synthetic phenotype of VSMC is not yet completely understood. In the
present study, we used in vitro differentiated VSMC to create a more physiological cell
model in comparison to widely used proliferating smooth muscle cells. The transition from
the undifferentiated to the differentiated phenotype was judged on the basis of increases in
the protein abundance of smooth muscle cell differentiation markers, such as aSMA, the
transforming growth factor B receptor Il (TGFBR2), and the BMPR2 (307;308), as well as the

lack of proliferation in response to adipocyte CM (Figure 7).
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Figure 7:. Characterization of in vitro differentiated VSMC.

Human VSMC were differentiated and protein level of aSMC, TGFBR2 and BMPR2 during
differentiation were analyzed by SDS-PAGE and Western Blot. Data were normalized to the protein
level of tubulin and are expressed relative to day 14. Data are mean values+ SEM, *p < 0.05 vs. day O
or 1, respectively (n=3-5). Proliferation of hVSMC was determined by measuring the incorporation of
BrdU into DNA. Data are mean values + SEM. *p < 0.05 as indicated (n=15).

Accumulating evidence suggests that insulin resistance may play a pivotal role in the
development of smooth muscle cell dysfunction, especially in patients with T2D (309). In the
present study, we demonstrated for the first time that adipocyte-derived factors impair
insulin signaling in in vitro differentiated human VSMC via p38-signaling. As previously
discussed proper insulin action may play an important role in NO bioavailability and the
induction of VSMC proliferation. However, in the present study, we observed CM-induced
insulin resistance on the level of Akt and its target protein eNOS, but we did not see an
increase in VSMC proliferation. The reason for that could be that in studies observing the
selective insulin resistance, VSMC were exposed to one specific adipokine instead of the

whole secretory output of human adipocytes. Due to the high amount of different
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adipokines, we cannot exclude that anti-proliferative and anti-inflammatory adipokines such
as adiponectin (310) prevent an increase in proliferation. Furthermore, the fact that we used
in vitro differentiated VSMC might also have an impact on the CM-induced effects. Our
working group has already demonstrated that CM induces proliferation in synthetic VSMC
(310). However, during VSCM differentiation, we observed an increased expression of
transforming growth factor B receptor 2 (TGFBR2) and BMPR2, both receptors belonging to
the TGFB signaling pathway and being involved in the inhibition of VSMC proliferation
(311;312). Especially, the TGFB signaling pathway via p38 has been shown to inhibit VSMC
growth (311). In-line with this notion we found an increased expression of the differentiation
marker aSMA. aSMA is a contractile protein that is one of the earliest markers of smooth
muscle lineage in cell differentiation and the most abundant contractile protein present in
VSMC (260;313;314). Conversely, aSMA concentrations are decreased in proliferating VSMC
in vitro (314-317). On the other hand, a recent published study suggests that aSMA could
also have detrimental effects on VSMC by playing a key role in the enhancement of VSMC
stiffness during aging (318). Additionally, some groups have speculated that VSMC migration
and proliferation may be an important component in vascular repair, and that VSMC
guiescence or senescence contributes to the thin-walled fibrous cap of unstable atheroma
(319-321). Whether enhanced VSMC mitogenic activity in insulin-resistance is a reparative or
a maladaptive response to vascular injury or both remains debatable (321).

Finally, we showed the induction of the inflammatory markers PAI-1 and MCP-1 by CM.
PAI-1 is the major physiologic regulator of the plasmin-based pericellular proteolytic
cascade, a modulator of VSMC migration and a causative factor in CVD and restenosis (322).
Inhibition of the fibrinolytic system by PAI-1 overexpression in transgenic mice results in the
spontaneous development of thrombi and perivascular fibrosis (323-325). Additionally,
transgenic overexpression of PAI-1 in VSMC promotes proliferation through activation of the
ERK1/2 and NF-kB pathways (326). Furthermore, there is considerable evidence that PAI-1
expression protects VSMC from plasmin-induced apoptosis (322;327;328), suggesting that
PAI-1 modulation of neointimal growth is a consequence of both increased proliferation and
reduced apoptosis. In contrast, PAI-17 mice exhibit significantly reduced VSMC density in the
neointima compared to wild type mice in response to oxidative stress-induced vessel injury,

in the balloon-catheterized carotid artery as well as in atherosclerosis prone ApoE'/' mice

137



(329-331). Thus, plasminogen activation goes beyond fibrinolytic control and extends to

processes including cell migration and proliferation.

MCP-1, acting through the C-C chemokine receptor type 2 (CCR2), is the prototype of the
C-C chemokine B subfamily and exhibits its most potent chemotactic activity toward
monocytes (332). Moreover, recent evidence suggests that MCP-1 contributes to thrombin
generation and thrombus formation by generating tissue factor (333). In vascular cells, MCP-
1 expression is induced in response to pro-inflammatory factors such as IL-1 and TNFa, as
well as oxLDL (334-336). In bone marrow transplantation studies, overexpression of MCP-1
in vessel wall macrophages led to increased foam cell formation and increased
atherosclerosis (334;337). Conversely, deletion of MCP-1 in LDLR”'mice attenuated the
progression of dietary-induced atherosclerosis (334;338). Thus, MCP-1 appears to play a
pivotal role in the recruitment of monocytes to atherosclerotic lesions, in the formation of
intimal hyperplasia after arterial injury and in aspects of thrombosis.

In summary, we have shown that adipocyte-derived factors impair insulin signaling and
induce the expression of pro-inflammatory cytokines PAI-1 and MCP-1 in differentiated
VSMC. We therefore propose that the elevated release of adipokines in the obese state may
link AT to wvascular inflammation, VSMC dysfunction, and the development of

atherosclerosis.

6.2.1.1. Role of micro RNAs

Micro RNAs (miRNAs) are relatively recently discovered negative regulators of gene
expression and act at the posttranscriptional level (Figure 8). Biogenesis of mature miRNA
begins in the nucleus with transcription of the miRNA gene, generating the primary miRNA
(pri-miRNA) that contains the mature miRNA as an RNA hairpin (339-341). Transcription of
miRNA genes is regulated by multiple mechanisms including transcription factors (342;343),
epigenetic silencing (344), and even other miRNA (345). After transcription, the primary
miRNA is cleaved by Drosha, an endonuclease, to create an approximately 70-base pairs
precursor miRNA (pre-miRNA) (339). The pre-miRNA is then exported out of the nucleus to
the cytoplasm via exportin-5. In the cytoplasm, the pre-miRNA is further processed by Dicer,

a second endonuclease, resulting in a miRNA duplex (miRNA:miRNA*). The miRNA:miRNA*
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duplex contains the miRNA strand identified by the RNA-induced silencing complex (RISC)
and the complementary strand (miRNA*) that is generally degraded. The mature miRNA
consist of approximately 20-25 nucleotides. The miRNA loaded in the complex targets the
RISC to specific binding sites in the 3’ untranslated region (UTR) of mRNA transcripts via a
target recognition sequence known as a ‘seed sequence’ (346-348). The binding of a miRNA
to its target can occur by perfect or imperfect base paring resulting in translational inhibition
or mRNA degradation (349-352). There are more than 1000 human miRNAs that have
currently been identified and which may target up to 60% of gene transcripts (339;353;354).
Recently, miRNAs have also been implicated in the regulation of VSMC phenotype by
modulation of transcription factors and other signaling molecules involved in proliferation

and migration (352;355-360).
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Figure 8: miRNA biogenesis pathway.

miRNAs are initially transcribed as long pri-miRNA. The Drosha complex crops the pri-miRNA into a
hairpin-shaped pre-miRNA. Next, Exportin-5 promotes the nuclear translocation of the pre-miRNA
which is further processed by the Dicer complex. Following Dicing, the resulting miRNA:miRNA* is
dissociated and the mature miRNA is incorporated into the RISC where it functions to mediate gene
silencing either by translational inhibition or by promoting the degradation of target mRNAs.
(modified from (361))

In the present study (CHAPTER 4), we demonstrated that adipocyte-derived factors
directly impair insulin action in VSMC via induction of miRNA-143 and subsequent
downregulation of its target oxysterol-binding-protein-related protein (ORP8). It is well
known that miRNA-143 is co-transcribed with miRNA-145 from the same gene and both are
highly expressed in VSMCs (359;362;363). The induction of miR-143 is closely associated

with obesity and insulin resistance. In mice fed a high fat diet it has been shown that the
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miRNA143/145 cluster is upregulated in AT and liver (364;365). Additionally, expression of
miR-143 was increased in the liver, heart, skeletal muscle and pancreas from db/db-mice as
compared to tissues isolated from wild type control animals (364). Conversely, liver specific
knock out of the miR-143/145-cluster protects against high-fat diet induced insulin
resistance and hepatic Akt-inhibition (364). In accordance to our data, the authors of this
study further identified ORP8 as a direct miR-143 target, and showed that a decrease in
ORP8 protein abundance is responsible for the abrogation of insulin action in the liver (364).
Finally, it was recently reported in cardiomyocytes that the induction of miRNA-143 by
activin A secreted from epicardial AT promotes insulin resistance via ORP8, and that
silencing miRNA-143 expression protects cardiomyocytes against the induction of insulin
resistance (366).

In general, ORPs act as sterol sensors that relay information to diverse cellular processes
such as intracellular sterol transport, integration of sterol and sphingomyelin metabolism,
regulation of neutral lipid metabolism, secretory vesicle generation and microtubule-based
motility of endo-lysosomes (367). ORP8 is expressed at high levels in macrophages, followed
by substantial expression in liver and brain and little or no expression in heart, skeletal
muscle and white AT (364). Jordan et al. showed that ORP8 downregulation has no impact
on insulin receptor-mediated IRS-1 activation in liver, indicating that ORP8 acts closely
upstream of or directly at Akt phosphorylation (364). On the other hand, it has been
demonstrated that ORP8 binds 25-OH-cholesterol, which in turn regulate Akt signaling
during apoptosis by promoting proteasomal degradation of Akt and/or inhibition of PI3K in
macrophages (368;369). However, the exact mechanism via which ORP8 regulates insulin
action remains unclear.

The strong association of miRNA-143 with insulin resistance in multiple tissues seems to
be in contrast to the function ascribed to this miRNA in VSMC. The miRNA-143/145 cluster is
very well characterized in the vasculature and is known as a critical regulator of VSMC
differentiation. Studies on miRNA-143/145-deficient mice showed that this cluster is
required for the acquisition of the contractile phenotype (370). Multiple targets of these
miRNASs have been identified, including krippel-like factor (KLF) 4, KLF5, ELK1, versican,
several actin remodeling proteins, and angiotensin-converting enzyme (371;372).
Interestingly, all these proteins inhibit VSMC differentiation; thus, repression of these

targets by miRNA-143/145 facilitates VSMC differentiation (358;360;362;372;373). As a
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consequence, the induction of miR-143/145-cluster leads to increased expression of the
smooth muscle differentiation markers transgelin (TAGLN, also known as SM22), and aSMA
(307). In this context, an anti-proliferative function has been reported for the miRNA-
143/145-cluster (360;373), and especially miRNA-145 has been found to promote the
differentiation to the quiescent contractile phenotype of VSMC (373). Accordingly, CM also
induced the expression of miRNA-145 in differentiated VSMC, accompanied by the induction
of aSMA. In mice, miRNA-145 overexpression reduces neo-intima formation after vascular
injury, but paradoxically miRNA-145 deficient mice show similar effects (358;374). In
humans, levels of miRNA-145 are elevated in atherosclerotic plaques (375;376), and were
found to correlate with an unstable plague phenotype (375). Collectively these findings point
toward an important dual role for the miRNA-143/145-cluster in VSMC homeostasis.

However, a limitation of our study was that we could not identify the factor in CM
responsible for the induction of the miRNA-143/145-cluster. Previous studies showing that
the induction of miR-143/145 was sensitive to inhibition of the TGFp signaling (358;366;373)
identified TGFB and activin A as responsible factors. However, levels of these factors were
below the limit of detection in our CM indicating that other members of the TGFB family
elicit the effects observed here. Alternatively, CM itself may induce the production of TGF
or activin A in VSMC thereby promoting the induction of the miR-143/145-cluster in an
autocrine fashion. In this context, we could demonstrate that CM enhances the expression
of activin A in differentiated VSMC by 1.7-fold. However, it remains to be investigated
whether the release of activin A from VSMC is within biologically relevant range.

In conclusion, miRNA-143 plays a pivotal role in the crosstalk between adipocytes and
VSMC by affecting insulin signaling. However, the identification of the responsible factor
leading to the CM-induced upreglation of miRNA-143 requires further investigations.
Nevertheless, these data further highlight the involvement of adipokines in linking obesity to

CVD.
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6.3. Cardiovascular effects of DPP4-inhibitors

Our data on the direct effects of sDPP4 on human VSMC and the fact that all sDPP4-
induced effects were prevented by DPP4 inhibition substantially extend the current view of
DPP4 as a target for T2D treatment. Accordingly, accumulating studies demonstrated that
DPP4-inhibitors also exert important protective effects on the cardiovascular system. It has
been shown that DPP4-inhibitors decrease myocardial infarct size, stabilize the cardiac
electrophysiological state during myocardial ischemia, reduce ischemia/reperfusion injury,
and prevent left ventricular remodeling following myocardial infarction (377;378).
Additionally, DPP4-inhibitors exert also vascular protective effects, including anti-
inflammatory and anti-atherosclerotic effects and the ability to induce vascular relaxation
(303;379).

Accumulating experimental data suggest that the DPP4 substrate GLP-1 itself has favorable
cardiovascular effects. Thus, most of the vascular protective effects of DPP4-inhibitors are
ascribed to increased GLP-1 bioavailability and signaling. mRNA transcripts of the GLP-1
receptor (GLP1R) have been detected in the heart of rodents (380;381) and humans (382).
Furthermore, GLP-1R has also been localized to mouse aortic smooth muscle and endothelial
cells, as well as monocytes and macrophages (383).

Regarding the vascular system in non-diabetic C57BL/6 and ApoE /" mice, continuous
infusion of the GLP-1 analogue exendin-4 reduced monocyte adhesion to aortic endothelial
cells, associated with a reduction in atherosclerotic lesion size. Furthermore, treatment for 1
h with exendin-4 reduced the expression of the pro-inflammatory cytokines TNFa and MCP-
1 in response to LPS (383). Moreover, exendin-4 stimulates proliferation of human coronary
artery endothelial cells through eNOS-, protein kinase A (PKA)- and PI3K/Akt-dependent
pathways (384;385). Accordingly, in humans, preliminary data confirm the ability of GLP-1 to
protect from high glucose-induced endothelial dysfunction in the post-meal phase (386). In a
model of vascular injury, it has been shown that continuous infusion of exendin-4 reduces
neointimal formation at 4 weeks after injury without altering body weight or various
metabolic parameters (384;387). From in vitro studies, Goto et al. suggest that this effect
was mediated by the ability of GLP-1 to suppress platelet derived growth factor (PDGF)-
induced proliferation of VSMC.
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Additionally, in a rat model of chronic heart failure, GLP-1 analogues were able to improve
cardiac function and morphology, with a concomitant amelioration of hyperglycemia and
hyperinsulinemia (388). Similarly, in patients with heart failure, pilot studies also suggest
cardio-protection by GLP-1 infusion (389;390).
Accordingly, a large retrospective analysis indicates that patients prescribed with the GLP-1
analogue exenatide had a significant 20% reduction of CVD events compared with patients
on other glucose-lowering agents (384;391). Nevertheless, studies showing cardiovascular
protective effects of GLP-1 were carried out using either native GLP-1 or recombinant GLP-1
analogues at high concentrations or in a way that induced supraphysiological GLP-1
signaling. Considering that DPP4 inhibition restores GLP-1 signaling within the physiological
range, beneficial effects of DPP4-inhibitors might be different to those of GLP-1 analogues.

But beside GLP-1, there are further substrates of DPP4, which might play a role in the
favorable cardiovascular effects of DPP4-inhibitors. Two of the most promising candidates
are stromal derived factor (SDF)-la and brain natriuretic peptide (BNP). SDF-1 is a
chemokine that promotes angiogenesis and attracts endothelial progenitor cells (EPC) by
binding to its receptor CXCR4. EPC are derived from the bone marrow and are known to
promote vascular repair and neoangiogenesis. When vascular damage occurs, local growth
factors and cytokines signal the bone marrow to release EPC targeted to the injured sites.
EPC then differentiate into mature endothelial cells and assist in the reconstruction of the
vasculature (384). In mice, genetic deletion or pharmacologic inhibition of DPP4 is able to
increase the homing of CXCR4+ EPC at sites of myocardial damage, resulting in a reduced
cardiac remodeling and improved heart function and survival (392). In a human study, Fadini
et al. demonstrated that type 2 diabetic patients receiving a 4 week course of therapy with
the DPP4-inhibitor sitagliptin, show increased SDF-1a plasma concentrations and circulating
EPC levels (393). Additionally, SDF-1 engineered to be resistant to DPP4 cleavage, and
delivered by nanofibers, improves blood flow in a model of peripheral artery disease (394).
Collectively, these studies implicate a rationale to use DPP4-inhibitors for vascular repair
through stimulation of EPC and neovascularization.

BNP, another substrate of DPP4, plays an important role in regulating body fluid
homeostasis and vascular tone through binding and subsequent activation of the cGMP-
coupled natriuretic peptide receptor type A (NPR-A) (395;396). BNP is secreted

predominantly by ventricular cardiomyocytes in response to increased wall stress. Thus,
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elevated BNP is a sensitive marker of heart failure and appears to play a role in cardiac
remodeling and healing after acute myocardial infarction (396-398). DPP4 cleavage of the
physiologically active BNP(1-32) to BNP(3-32) effectively lowers plasma cGMP levels,
reduces diuresis and natriuresis, and inhibits vasodilatation (399;400).

Nevertheless, there are also various studies showing direct effects of DPP4-inhibitors,
which could not be explained by an increased bioavailability of DPP4 substrates. Ta et al.
demonstrated that the specific DPP4-inhibitor alogliptin blocks LPS-induced ERK
phosphorylation in a macrophage cell-line, (284). Downstream of ERK, the inhibition of DPP4
prevents the activation of MMP-1 via TLR pathway. These data might indicate that DPP4 is
involved in foam cells formation and contributes to the destabilization of atherosclerotic
plaques. Additionally, sitagliptin prevents TNFa-induced PAI-1, ICAM and VCAM gene and
protein expression in vascular endothelial cells both dependent and independent of GLP-1
(401). This effect could partially be explained by a reduction of the TNFa-induced NF-kB1
mMRNA expression by sitagliptin. Furthermore, DPP4 inhibition by alogliptin in HUVEC
resulted in eNOS and Akt phosphorylation (Ser1177 and Ser473, respectively) paralleled by a
rapid increase in nitric oxide (402). Accordingly, alogliptin causes acute vascular relaxation in
a non-diabetic mouse model through GLP-1-independent pathways that are both nitric
oxide- and endothelium-derived hyperpolarizing factor (EDHF)-dependent. All in all, these
studies might implicate that sDPP4 itself plays a role in the beneficial effects of DPP4-
inhibitors.

In summary, although DPP4-inhibitors exert cardiovascular-protective effects, the actual
relationship between DPP4 inhibition and concrete cardiovascular outcomes remains

unknown and requires further investigations.
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6.4. Perspectives

In the first part of this work (CHAPTER 2), sDPP4 was characterized and further validated
as novel adipokine. sDPP4 was markedly released by adipocytes and shows the highest
expression in visceral AT of obese patients. Accordingly, circulating levels of sDPP4 were
increased in obesity and correlate with parameters of the metabolic syndrome. However,
the major source of circulating sDPP4 is still unknown. To address this issue, an adipose
tissue-specific DPP4 knockout mouse was generated. After challenging these transgenic mice
with high-fat diet, glucose tolerance, energy expenditure and body composition will be
analyzed. Thus, future work will help to define the impact of adipose tissue-released sDPP4

in obesity.

In our organ crosstalk model, the impact of sDPP4 on VSMC was investigated (CHAPTER
3). Thereby, a novel sDPP4-induced and receptor-mediated signaling cascade was
characterized. sDPP4 directly and markedly activates the MAPK- and NF-kB pathway in a
PAR2-dependent manner leading to increased proliferation and inflammation in VSMC
(Figure 9). Since endothelial cells are mainly exposed to circulating sDPP4, future work
should translate our knowledge of this novel DPP4-induced signaling to other cells types,
especially endothelial cells. In collaboration with Sanchez-Ferrer and colleagues, we already
showed that sDPP4 impairs endothelium-dependent relaxation. However, the underlying
mechanism of this effect remains unknown. To contribute to a better understanding of
vascular protective properties of DPP4-inhibitors, further studies on direct effects of sDPP4

on vascular cells are required.

In another part of this work (CHAPTER 4), the impact of the whole secretory output of
adipocytes in terms of CM on differentiated VSMC was investigated. Adipocyte-derived
factors directly impair insulin action in VSMC via induction of miRNA-143 and subsequent
downregulation of its target ORP8. miRNAs in cardiovascular research are a newly emerging
powerful biomolecules, which demonstrate several unique opportunities for microRNAs-
based therapeutics. Accumulating studies show the importance of miRNAs in the regulation
of VSMC development and phenotypic modification. Our cross-talk model provides a

promising tool to study the effect of adipocyte-derived factors on miRNA expression in
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VSMC, and thereby contributing to a better understanding how adipokines affect VSMC

function.
adipocytes contractile VSMC
O Proliferation Insulin signaling
Inflammation
adipocytes synthetic VSMC
sDPP4 *
O Proliferation I Insulin 5|gnaI|ng

IanammatlonI

Figure 9: Schematic summary of the presented work.

The whole secretory output of human adipocytes in terms of CM impairs insulin signaling and
induces inflammation in in vitro differentiated VSMC. The novel adipokine sDPP4 leads to pro-
atherogenic changes of VSMC, such as increased proliferation, inflammation and impaired insulin
signaling.
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