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Zusammenfassung 

Die allgemeine Zunahme von Fettleibigkeit (Adipositas) ist ein aktuelles globales 

Gesundheitsproblem, insbesondere da sie mit einem erhöhten Risiko für die Entwicklung 

eines Typ 2 Diabetes (T2D) und auch einer nicht-alkoholischen Fettleber (NAFLD) assoziiert ist. 

Das weiße Fettgewebe ist in den letzten Jahren in den Fokus der Diabetes-Forschung gerückt, 

da es neben seiner zentralen Funktion als Speicherorgan für überschüssige Nahrungsenergie 

in Form von Lipiden, in Abhängigkeit der Schwere der Adipositas verschiedenste bioaktive 

Proteine, sogenannte Adipokine, exprimiert und sekretiert. Adipokine können auto-, para- 

sowie endokrin wirken und so direkt den Stoffwechsel metabolisch aktiver Organe wie z.B. 

Leber und Skelettmuskel beeinflussen. Einhergehend mit dem Schweregrad der Adipositas 

und der Störung der metabolischen Funktion des Fettgewebes, ändert sich das 

Sekretionsprofil der Adipokine. Kürzlich wurden die Wnt-Proteine Wnt1-Inducible Signaling 

Pathway Protein 1 (WISP1) und Secreted Frizzled-Related Potein 4 (sFRP4) als Adipokine bei 

Mensch und Maus identifiziert.  

Obwohl WISP1 und sFRP4 bereits mit Adipositas und/oder T2D in Zusammenhang gebracht 

wurden, gab es bislang kaum Hinweise über ihre Rolle im Stoffwechsel. Das Ziel der 

vorliegenden Arbeit bestand in der Klärung der Rolle von WISP1 und sFRP4 bei Adipositas und 

T2D sowie ihre potentielle Interaktion mit dem Leber- und Skelettmuskel Metabolismus. 

Untersuchungen von Seren normalgewichtiger Männer und adipöser Probanden ohne und mit 

T2D zeigten, dass WISP1 unabhängig vom Diabetesstatus in adipösen Männern gesteigert war. 

Dies konnte auch für die mRNA-Expression von WISP1 in viszeralen Fettgewebsproben (VAT) 

bestätigt werden. Hingegen war die Expression von sFRP4 in VAT von adipösen Typ 2 

Diabetikern zusätzlich gesteigert. Physiologisch korrelierten die Serum- und mRNA-Level von 

WISP1 positiv mit Insulinresistenz (HOMA-IR), und zirkulierendes WISP1 in Serum korrelierte 

negativ zum Gutt´s Index der Insulinsensitivität in adipösen Individuen. Analog zu WISP1 

konnten Korrelationen für die sFRP4 VAT-Expression mit Insulinresistenz sowie den nüchtern 

Insulinwerten ermittelt werden, die jedoch BMI-abhängig waren. Zusätzlich assoziierte die 

sFRP4 VAT-Expression unabhängig von Alter und BMI signifikant mit Triglyzeriden und 

Adiponektin im Serum. Die Stimulation von Skelettmuskel-Zellen und Hepatozyten mit 

rekombinantem WISP1 in vitro, führte zu einer verminderten Insulinwirkung auf Ebene des 

Insulinrezeptor-initiierten Akt-Signalweges. In primären humanen Skelettmuskel-Zellen 

resultierte dies in einer reduzierten Insulin-vermittelten Glykogensynthese und in primären 

murinen Hepatozyten in einer verminderten Insulin-induzierten Unterdrückung der 

Expression der Glukoneogenese-assoziierten Gene Pck1 (Phosphoenolpyruvate Carboxykinase 

1) und G6Pc (Glucose-6-Phosphatase). In in vitro Experimenten mit Myotuben, die mit 



Zusammenfassung 
 

ii 

rekombinantem sFRP4 behandelt wurden, konnte gezeigt werden, dass die mitochondriale 

Atmung, die Proteasomaktivität sowie die Degradation von IRS-1 durch sFRP4 induziert 

wurden und eine gesteigerte Abundanz der E3 Ubiquitin Ligasen MuRF1 and MAFbx/atrogin-

1 über einen AMPK-FoxO3a-vermittelten Signalweg nachweisbar war. Rekombinantes sFRP4 

bewirkte in vitro in Hepatozyten, die aus Lebern von C57Bl6-Kontrollmäusen isoliert wurden, 

eine reduzierte Insulinwirkung auf die Phosphorylierung von Akt, GSK3β und FoxO1, sowie 

eine gesteigerte Degradation von IRS-1. sFRP4 reduzierte auch die Insulinwirkung auf die 

Phosphorylierung von Akt, GSK3β und FoxO1 in metabolisch-beeinträchtigten Hepatozyten, 

isoliert aus dem lipodystrophen NAFLD-Mausmodell aP2-SREBP-1c. FoxO konnte als ein 

gemeinsamer Endpunkt der sFRP4-Wirkung in Skelettmuskel-Zellen und in Hepatozyten 

nachgewiesen werden. Untersuchungen des Glukose- und des Lipidstoffwechsels an isolierten 

C57Bl6 Hepatozyten zeigten, dass sFRP4 die Insulinwirkung auf die mRNA-Expression von 

G6pc und Pck1 sowie der Glykogensynthese beeinträchtigte und die Lipidsynthese steigerte. 

In aP2-SREBP-1c Hepatozyten konnte jedoch kein Effekt auf die Insulin-vermittelte 

Lipidsynthese nachgewiesen werden. Diese durch sFRP4 induzierten differentiellen Effekte 

fanden sich auch in den Resultaten der Sekretomanalysen von Hepatozyten aus C57Bl6 und 

aP2-SREBP-1c Mäusen wieder. So wurde in bioinformatischen Analysen z.B. der 

Glukokortikoid-Rezeptor Signalweg als maßgebend für das Sekretionsmuster beider Modelle 

identifiziert.  

Zusammenfassend konnte im Rahmen dieser Arbeit dargelegt werden, dass WISP1 und sFRP4 

als Indikatoren für Adipositas und/oder T2D herangezogen werden können. WISP1 konnte als 

ein maßgeblicher Faktor für Adipositas unabhängig von T2D nachgewiesen werden, der mit 

einer systemischen und fettgewebespezifischen Inflammation sowie einer zellspezifisch 

verminderten Insulinwirkung in Skelettmuskel-Zellen und Hepatozyten einhergeht. sFRP4 

bewirkte eine gesteigerte Proteasomaktivität in Skelettmuskel-Zellen, die mit dem Abbau von 

IRS-1 assoziierte. Im Gegensatz dazu induzierte sFRP4 in metabolisch-intakten und 

dysfunktionalen Hepatozyten einen selektiv insulin-resistenten Status, der sich in einer 

Inhibition des Insulin-Signalweges aber in einer Zunahme oder Aufrechterhaltung der Insulin-

vermittelten Lipidsynthese widerspiegelte. Basierend auf den Resultaten der vorliegenden 

Arbeit, stellen WISP1 und sFRP4 vielversprechende Kandidaten für weitere Forschungsansätze 

dar, die der therapeutischen Prävention und Behandlung von Adipositas, Insulinresistenz und 

metabolischen Erkrankungen wie Diabetes und NAFLD dienen können. 
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Summary 

The general increase in obesity is a current global health problem, especially as it is associated 

with an increased risk of developing type 2 diabetes (T2D) and non-alcoholic fatty liver disease 

(NAFLD). White adipose tissue (WAT) has moved into the focus of diabetes research in recent 

years, since in addition to its central function as a storage organ for excess food energy in form 

of lipids, WAT expresses and secretes various bioactive proteins, called adipokines, depending 

on the severity of obesity. Adipokines act in auto-, para- and endocrine manner and thus 

directly affect the metabolism of organs such as liver and skeletal muscle. Along with the 

severity of obesity and metabolic dysfunction of WAT, the secretion profile of adipokines 

changes. Recently the Wnt proteins Wnt1-inducible signaling pathway protein 1 (WISP1) and 

secreted frizzled-related protein 4 (sFRP4) were identified as adipokines in humans and mice. 

Although WISP1 and sFRP4 have already been linked to obesity and/or T2D, their role in 

metabolism is still incompletely understood. The objective of the present work was to clarify 

the influence of WISP1 and sFRP4 in obesity and T2D and their potential interaction with liver 

and skeletal muscle metabolism. 

Examinations of serum samples of normal-weight men and obese probands without and with 

T2D revealed an increase of WISP1 in obese men independent of their diabetes status. This 

also has been found for the mRNA expression of WISP1 in visceral adipose tissue (VAT) 

biopsies. In contrast, sFRP4 VAT expression was further increased in obese type 2 diabetics. 

Physiologically, serum and mRNA levels of WISP1 positively correlated with insulin resistance 

(HOMA-IR), while circulating WISP1 negatively correlated to the Gutt´s Index of insulin 

sensitivity in obese individuals. Similar to WISP1, sFRP4 VAT expression correlated with insulin 

resistance and fasting insulin values but in dependence of BMI. In addition, sFRP4 VAT 

expression significantly associated with serum triglycerides and adiponectin levels 

independently of age and BMI. 

Stimulation of skeletal muscle cells and hepatocytes with recombinant WISP1 in vitro reduced 

the insulin effect on level of the insulin receptor-activated Akt signaling pathway. In primary 

human skeletal muscle cells this resulted in reduced insulin-induced glycogen synthesis and in 

primary murine hepatocytes in an impaired insulin-mediated suppression of the expression of 

the gluconeogenic genes phosphoenolpyruvate carboxykinase 1 (Pck1) and glucose-6-

phosphatase c (G6pc).  

In in vitro experiments with myotubes treated with recombinant sFRP4 it has been shown that 

mitochondrial respiration, proteasome activity and degradation of IRS-1 were induced while 

the abundance of the E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1 was increased via an 

AMPK-FoxO3a-mediated signaling pathway. Recombinant sFRP4 reduced the insulin action on 
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the phosphorylation of Akt, GSK3β and FoxO1, but promoted degradation of IRS-1 in 

hepatocytes isolated from livers of C57Bl6 control mice. sFRP4 also remarkably diminished the 

effect of insulin on phosphorylation of Akt, GSK3β and FoxO1 in metabolically impaired 

hepatocytes isolated from the lipodystrophic NAFLD mouse model aP2-SREBP-1c. Thus, FoxO 

was identified as a common endpoint affected by sFRP4 in vitro in skeletal muscle cells and 

hepatocytes. Studies of glucose and lipid metabolism in isolated C57Bl6 hepatocytes showed 

that sFRP4 impaired the insulin action on G6pc and Pck1 expression and glycogen synthesis 

while enhanced insulin action on lipid synthesis. However, in aP2-SREBP-1c hepatocytes no 

effect on the insulin-mediated lipid synthesis could be detected. These differential effects of 

sFRP4 were also found in the evaluation of hepatocytes secretomes from C57Bl6 and aP2-

SREBP-1c mice. Thus, bioinformatic analyses identified that the secretion profile of both 

mouse models was for instance predominantly determined by the glucocorticoid receptor 

signaling pathway. 

In conclusion, this work demonstrated that WISP1 and sFRP4 can be used as indicators for 

obesity and/or T2D. WISP1 has been detected as a significant factor for obesity independent 

of T2D, which associated with systemic and adipose tissue inflammation and with a cell-

specific reduced insulin effect on skeletal muscle cells and hepatocytes.  

sFRP4 increased proteasome activity in skeletal muscle cells that associated with the 

degradation of IRS-1. Whereas in metabolically intact and dysfunctional hepatocytes, sFRP4 

induced a selective insulin-resistant state reflected in an impaired insulin signaling pathway 

but an increase or maintenance of insulin-mediated lipid synthesis. Based on the results of the 

present work, WISP1 and sFRP4 are promising candidates for further research approaches in 

the therapeutic prevention and treatment of obesity, insulin resistance and metabolic 

diseases such as diabetes and NAFLD. 
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1 Introduction  

1.1 Obesity  

Obesity is still one of the largest public chronic health problems, no longer just concerning 

industrialized, developed countries but also societies that encounter inferior socio-economic 

conditions in developing countries. According to the world health organization (WHO), in 2016 

worldwide more than 650 million individuals (≥ 18 years) were obese while already 1.9 billion 

of the adult´s population were overweight resulting in proportions of 13% and 39% of the 

world´s population, respectively (World Health Organization (WHO), 2018). Thereby, the 

global prevalence of obesity has been approximately 3-fold higher compared to 1975 (WHO, 

2018) and is suggested to still rise in future (Kelly et al., 2008).  

Obesity is defined by a profuse accumulation of fat caused by an imbalance in intake and 

consumption of energy accompanied by insufficient physical activity (WHO, 2018). 

Obesity is assessed by body mass index (BMI) that is defined by the quotient of the weight of 

an individual (kilograms) and squared height (meters) (kg/m2) (WHO, 2018) (Table 1). 

Calculation of BMI does not consider the distribution of fat within the body which is decisive 

for obesity-related health problems. Thus, further methods are used for classification of 

obesity including determination of body fat composition and waist circumferences (Leitner et 

al., 2017). 

 

Table 1. International BMI-based classification of normal-weight and obese adults. 

Classification  
BMI (kg/m2) 

Principal cut-off points Additional cut-off points 

Normal range 18.50-24.99 
18.50-22.99 
23.00-24.99 

Overweight ≥ 25 
25.00-27.49 
27.50-29.99 

Obese class I 30.00-34.99 30.00-32.49 
32.50-34.49 

Obese class II 35.00-39.99 35.00-37.49 
37.50-39.99 

Obese class III ≥40.00 ≥40.00 
Adapted and modified according to WHO. 
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1.2 Obesity-associated metabolic diseases 

Besides favoring social, psychological and physiological problems, the onset of obesity is a 

crucial risk factor for the development of insulin resistance and severe metabolic disorders 

including type 2 diabetes (T2D) and non-alcoholic fatty liver disease (NAFLD).  

The WHO demonstrated that obesity accounts for 44% in the onset of type 2 diabetes (WHO, 

2018; Frühbeck et al., 2013). Furthermore, 80% of individuals with NAFLD were obese 

(Williams et al., 2011; Bellentani, 2017). Thus, changes in lifestyle such as physical activities, 

eating behavior but also pharmacological intervention or bariatric surgery aimed to reduce 

body weight, improve fat mass distribution and energy control are in focus of therapeutic 

interventions to prevent obesity-related diseases (Leitner et al., 2017). 

 

1.2.1 Type 2 diabetes (T2D) 

Diabetes mellitus, short diabetes, is as a chronic disorder characterized by either an impaired 

insulin production or the inefficient utilization of insulin resulting in pathological high plasma 

glucose levels described as a state of hyperglycemia (American Diabetes Association (ADA), 

2017; IDF, 2017; WHO, 2018). Estimated by the International Diabetes Federation (IDF), in 

2017 approximately 425 million individuals had diabetes around the world with an assumed 

rising prevalence of 629 million people diagnosed with diabetes in 2045 probably provoke by 

demographic and economic changes and unhealthy lifestyles (IDF, 2017). The onset of 

diabetes is frequently associated with the pathogenesis of further disorders including kidney 

failure and cardiovascular diseases (WHO, 2018). In 2015, 1.6 million people died due to direct 

causes of diabetes. According to estimations, in 2030 diabetes will be on position seven among 

the causes that lead to human death (WHO, 2018). The WHO and ADA stated cut-off values 

for plasma glucose levels to discriminate between the healthy and hyperglycemic state. Thus, 

the diagnosis of diabetes is based on increased circulating blood glucose either assessed under 

fasting conditions, randomly, two hours after an oral glucose tolerance test (OGTT) with 

ingestion of 75 g glucose or by hemoglobin A1c amount (HbA1c) (Table 2) (ADA, 2017; IDF, 

2017; WHO, 2018).  
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Table 2. Diagnostic criteria for diabetes according to the WHO and ADA. 

Plasma glucose parameter Cutt-off concentration 
mg/dl (mmol/l) 

Fasting plasma glucose  ≥ 126 mg/dl 
(7.0 mmol/l) 

2-h plasma glucose after OGTT ≥ 200 mg/dl (11.1 mmol/l) 

Random glucose ≥ 200 mg/dl (11.1 mmol/l) 

HbA1c ≥ 6.5% (48 mmol/mol) 
Adapted and modified according to WHO and ADA. 

 

Type 2 diabetes (T2D) is the most common form of diabetes with 90% of overall diabetes cases 

(IDF, 2017; Shah et al., 2015). The onset of T2D is linked to conditions of the modern society 

as a result of increased aging population, insufficient physical activity, high caloric food intake 

and enhanced urbanization (IDF, 2017), with obesity as well as increased ectopic abdominal 

fat accumulation as the major risk factors (IDF, 2017).  

T2D is characterized by an inappropriate insulin secretion and impaired action of metabolic 

peripheral tissues including liver, skeletal muscle and/or adipose tissue or the whole organism 

in response to insulin, a state described as insulin resistance (Das and Elbein, 2006; IDF, 2017; 

Reaven et al., 2005; WHO, 2018).  

Beside T2D there are other forms of diabetes, noteworthy type 1 diabetes (T1D). This disease 

develops in response to an autoimmune reaction against pancreatic β-cells resulting in 

insufficient or even absolute destructed insulin production (IDF, 2017; WHO, 2018). Based on 

current knowledge T1D emerges from genetic susceptibility and environmental factors and is 

not preventable (IDF, 2017; WHO, 2018).  

Hence, insulin is a key molecule in the development of diabetes. Primary physiological actions 

of insulin which is secreted by pancreatic β-cells in response to elevated systemic glucose 

levels, comprise the suppression of glucose production and fatty acid oxidation and promoting 

de novo lipogenesis (DNL), glycolysis and glycogen synthesis in liver while induces glucose 

uptake and glycogen synthesis in skeletal muscle (Figure 1). In the postprandial state, the liver 

is exposed to portal vein-derived insulin, with levels approximately 3-fold higher than in the 

systemic circulation (Samuel and Shulman, 2012). In liver and skeletal muscle, insulin directly 
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induces the tyrosine activity of the insulin receptor β (IRβ) that in turn phosphorylates tyrosine 

residues on insulin receptor substrate-1 (IRS-1) and -2 (IRS-2) which subsequently interacts 

with the SH2-domain of phosphatidylinositol-3-OH kinase (PI3K) (Eckstein et al., 2017; Franke 

et al., 1997; Hanke and Mann, 2009). As a consequence, Akt is recruited to the membrane 

where it is phosphorylated at residues Thr-308 and activated by 3-phosphoinositide-

dependent kinase-1 (PDPK1) whereas mTORC2 (mammalian target of rapamycin complex) 

mediated phosphorylation of Akt at Ser-473 (Eckstein et al., 2017; Samuel and Shulman, 

2018). Hence, insulin-activated Akt induces glycogen synthesis in skeletal muscle and liver via 

stimulation of glycogen synthase (GS) through the allosteric activator glucose-6-phosphate 

(G6P) and inhibitory phosphorylation of glycogen synthase kinase 3 (GSK3) (Cross et al., 1995). 

In liver this also entails an inhibition of glucose production by induction of the phosphorylation 

and the nuclear exclusion of forkhead box protein O1 (FoxO1) that results in the suppression 

of the expression of key rate gluconeogenic genes including phosphoenolpyruvate 

carboxykinase 1 (PCK1) and glucose-6-phosphatase C (G6PC) (Cohen et al., 1999; Nakae et al., 

2001; Peterson et al., 1998). Insulin stimulates hepatic DNL via the PI3K/Akt pathway and 

through atypical protein kinase C (aPKC) by increasing the expression of the sterol regulatory 

element-binding transcription factor-1c (SREBP-1c) and the proteolytic cleavage of the 

immature, nascent protein to mature, active SREBP-1c (Brown and Goldstein, 2008; Sanders 

and Griffin 2016). In turn, the mature, transcriptionally active SREBP-1c translocates to the 

nucleus and amongst others induces the expression of lipogenic genes including acetyl-CoA 

carboxylase (ACC) and fatty acid synthase (FAS) (Brown and Goldstein, 2008; Kawano and 

Cohen, 2013; Magana and Osborne, 1996; Magana et al., 1997; Shao and Espenshade, 2012). 

Beyond the direct stimulatory action of insulin on hepatic DNL, acetyl-CoA that is derived from 

hepatic glycolysis serves as a further fuel for DNL (Smith and Tsai, 2007). Systemic diet-derived 

glucose is disposed by the membrane glucose transporter type 2 (GLUT2) of hepatocytes in an 

insulin-independent fashion (Bechmann et al., 2012) and converted to G6P which is further 

metabolized via glycolysis to acetyl-CoA in the mitochondria or synthesized to glycogen 

depending on the cellular energy level (Pilkis and Claus, 1991). 

During hepatic lipid synthesis, cytoplasmic acetyl-CoA is carboxylated to malonyl-CoA by ACC. 

Following, malonyl-CoA is elongated via the key-rate limiting FAS to saturated palmitic acid 

(Ameer et al., 2014; Bechman et al., 2012). The produced fatty acids are esterified to a glycerol 

backbone generating diacylglycerol (DAG) catalyzed by mitochondrial glycerol-3-phosphate-



Introduction 
 

5 
 

acyltransferase (GPAT). DAG is converted via diacylglycerolacyltransferase (DGAT) to 

synthesize triacylglycerol (TAG) either for hepatic storage in lipid droplets or very low-density 

lipoprotein (VLDL)-dependent secretion in the circulation for delivery to adipose tissue for TAG 

storage and as energetic fuel to muscle (Bechmann et al., 2012; Coleman and Lee, 2004). While 

TAG esterification and DNL are induced by insulin, the assembly and release of VLDL particles 

from hepatocytes are suppressed by insulin resulting in triglyceride accumulation in liver 

(Sparks et al., 2012.). 

While in liver IRS-1 and IRS-2 are important in insulin signaling, in skeletal muscle IRS-1 plays 

a key role in the activation of PI3K/Akt signaling (Eckstein et al., 2017). Activated Akt induces 

Akt substrate of 160 kDa (AS160) that stimulates glucose uptake in skeletal muscle by 

mediating the translocation of glucose transporter 4 (GLUT4) to the plasma membrane while 

prevents fatty acid uptake and oxidation and proteolysis through inhibition of FoxO1/3a at 

Ser256/253 and Thr24/32 (Bastie et al, 2005; Brunet et al., 1999; Eckstein et al., 2017). In 

skeletal muscle, active FoxO1 shifts oxidation of glucose as a fuel to fatty acids via upregulation 

of pyruvate dehydrogenase kinase 4 (PDK4) and lipoprotein lipase while FoxO3a induced the 

expression of E3 ubiquitin ligases (Furuyama et al., 2003; Kamei et al., 2003; Koh et al., 2013).  

Insulin mediates suppression of white adipose tissue (WAT) lipolysis that results in reduced 

glycerol generation and delivery to liver for conversion to glucose as well as decreased non-

esterified fatty acid (NEFAs) limiting the acetyl-CoA pool that entails an inhibition of hepatic 

pyruvate carboxylase activity (PC) and thus hepatic lipid synthesis (Perry et al., 2014, 2015) 

(Figure 1).  

However, in T2D insulin is unable to promote blood glucose disposal via uptake by skeletal 

muscle while fails to suppress glucose production in liver. Consequently, plasma glucose levels 

further rise entailing hyperglycemia, a hallmark of T2D (DeFronzo et al., 1992; Stummvoll et 

al., 2005). To compensate for insulin resistance and thus to reduce elevated plasma glucose 

levels, β-cells, the primary site for insulin synthesis in pancreas, increase insulin production 

and secretion leading to hyperinsulinemic conditions that, over time, provoke defective β-cells 

insulin secretion and β-cells dysfunction (ADA, 2017; IDF, 2010; Lin et al., 2010). The 

hyperinsulinemic insulin resistant state in turn induces hepatic de novo lipogenesis and anti-

lipolytic responses in adipose tissue and thus promotes secretion of VLDL and NEFAs evoking 

hypertriglyceridemia along with enhanced adipose tissue associated inflammation (Czech et 

al., 2017; De Luca et al., 2006; Wellen and Hotamisligil, 2005). T2D evokes a state of 
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hyperglycemia, hyperinsulinemia and hypertriglyceridemia along with whole-body insulin 

resistance, hence it is strongly associated with dysfunctions in multiple tissues. To alleviate or 

cure T2D and its associated complications, therapeutic interventions of T2D focused on the 

consolidation of a healthy lifestyle based on the reduction of excess body weight along with 

lowering of plasma glucose levels obtained by a balanced diet and increased physical activity 

(IDF, 2017; WHO, 2018). If this is not sufficient to reduce plasma glucose levels, insulin 

treatment or oral blood glucose lowering medication including metformin, sulfonylureas, 

thiazolidinediones, dipeptidylpeptidase-4 (DPP-4) and/or sodium/glucose cotransporter2 

(SGLT2) inhibitors alone or in combination were used to further control and maintain blood 

glucose to healthy, normal levels (IDF, 2010).  

 
Figure 1. Insulin action on energy metabolism in liver, skeletal muscle and adipose tissue. Insulin binds and 

activates IRβ leading to phosphorylation and activation of Akt. In turn, Akt suppresses expression of hepatic 

gluconeogenic genes and thus glucose production via phosphorylation and inactivation of FoxO1 while stimulates 

GS induced glycogen synthesis in liver and skeletal muscle and GLUT4-dependent glucose uptake in muscle. In 

liver, insulin signaling directly activates SREBP-1c that induces the expression of FAS and GPAT resulting in 
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increased lipogenic activity (DNL). Diet-derived glucose uptake via insulin-independent GLUT2 transporter 

stimulates hepatic glycolysis and provided substrates for hepatic DNL. Here, initially, acetyl-CoA is carboxylated 

to malonyl-CoA by ACC. Malonyl-CoA is converted by FAS, esterified to DAG by GPAT and further converted to 

TAG for storage. Insulin prevents proteolysis and fatty acid oxidation via phosphorylation of FoxO1 and FoxO3a 

in skeletal muscle while suppresses lipolysis in adipocytes leading to reduced glycerol and NEFA level. Limited 

glycerol from adipocytes provokes decreased hepatic glucose production while reduced adipocytes-derived 

NEFAs result in decreased hepatic PC activity and thus control hepatic glucose production and DNL. ACC, acetyl-

CoA-carboxylase; DAG, diacylglycerol; FAS, fatty acid synthase; FoxO1/3a, forkhead box protein O1/3a; G6PC, 

glucose 6-phosphatase; GPAT, glycerol-3-phosphate-acyltransferase; GS, glycogen synthase; IRβ, insulin receptor 

β; NEFA, non-esterified fatty acid; PC, pyruvate carboxylase; PCK1, phosphoenolpyruvate carboxykinase 1; 

SREBP-1c, sterol regulatory element-binding transcription factor-1c; TAG, triacylglycerol. Modified according to 

Samuel and Shulman, 2018. 

 

1.2.2 Non-alcoholic fatty liver disease (NAFLD) 

Obesity is also a crucial risk factor for the development of NAFLD, the most common liver 

disease in western society (Fabbrini et al., 2010; Younossi et al., 2016). According to 

estimations, 20-30% of western adult population while 24.4% individuals worldwide are 

diagnosed for NAFLD (Satapathy and Sanyal, 2015; Zhu et al., 2015). Thereby, the global 

prevalence of NAFLD without the onset of obesity comprises just around 10-30% (Kim and 

Kim, 2017).  

Hence, an obesity-related unhealthy lifestyle associated with modern society along with an 

excessive high caloric and fat containing food intake may contribute to the development of 

NAFLD (Bray and Popkin, 2014). The prevalence of NAFLD frequently emerges in concert with 

metabolic co-morbidities including hypertension, dyslipidemia, a state characterized by 

increased plasma triglycerides, and type 2 diabetes that further link NAFLD to a rising public 

health problem (Adams et al., 2005; Marchesini et al., 2003). 18-33% of NAFLD diagnoses walk 

along with the onset of type 2 diabetes while more than 90% of obese individuals with type 2 

diabetes have been diagnosed for NAFLD (Lopez-Velazquez et al., 2014; Tolman et al., 2007). 

NAFLD is characterized by an increased intrahepatic triglycerides (IHTG) content, described as 

hepatic steatosis. The pathological progress of NAFLD may cause hepatic inflammation and 

fibrosis, known as non-alcoholic steatohepatitis (NASH) and liver cirrhosis, a severe 

pathological tissue remodeling of the liver leading to liver dysfunction (Fabbrini et al., 2010; 

Kleiner et al., 2005; Ludwig et al, 1980; Masuka and Chalasani, 2013). Among the individuals 

with NAFLD, 5-20% are diagnosed for NASH of which less than 5% develop severe hepatic 
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cirrhosis and liver failure, the third leading cause for liver transplantation (Bataller et al., 2011; 

Charlton et al., 2011). The diagnosis of NAFLD is based on histological sections and/or imaging 

approaches including magnetic resonance spectroscopy (MRS) or computed tomography (CT) 

used to assess the IHTG content and thus steatosis. NAFLD is present when accumulated 

hepatic triglyceride amount exceeds 5% of liver weight or volume or ≥ 5% of hepatocytes 

exhibit accumulated TG independent of secondary steatosis caused by chronic liver disease or 

excessive alcohol intake (Hoyumpa et al., 1975; Kleiner et al., 2005). Diagnosis of progressed 

NAFLD evoking NASH or cirrhosis along with lobular inflammation, fibrosis and hepatocyte 

degeneration (hepatocellular ballooning) requires sampling and analysis of liver biopsies 

(European association for study of liver (EASL), 2016). 

The molecular mechanisms underlying the pathogenesis of NAFLD are multifactorial. Besides 

genetic determinants, NAFLD-mediated alterations in energy metabolism play a major role 

(Romeo et al., 2008). The latter encompass an imbalance of higher uptake of fatty acids into 

liver originated from diet and adipose tissue and enhanced activity of hepatic de novo 

lipogenesis while reduced hepatic fatty acid oxidation and increased release of VLDL 

containing triglycerides from liver. Donnely et al. described that the major content of hepatic 

triglycerides found in individuals with NAFLD probably primary derived from adipose tissue 

lipolysis with 59% while 26% were synthesized by DNL and 15% originated from diet (Donelly 

et al., 2005; Sanders and Griffin 2016). 

The enhanced accumulation of hepatic triglycerides, a key characteristic of NAFLD, rather than 

increasing BMI or visceral adiposity highly associated and is a crucial estimator for the onset 

of hepatic insulin resistance (Kumashiro et al., 2011). NAFLD along with hepatic insulin 

resistance associated with an increased risk for T2D and hepatocellular carcinoma (Fabbrini et 

al., 2010; Michellotii et al., 2013; Peterson et al., 2006). Therefore, the treatment of individuals 

with NAFLD is crucial and initially focused on the reduction of hepatic triglyceride content 

along with improving hepatic insulin responsiveness. Thus, primary goals of therapeutic 

interventions include weight loss either obtained by a strict low-caloric diet or bariatric 

surgery (Baldry et al., 2017; Billeter et al., 2016; Froylich et al., 2016; Lewiset al., 2006; Schauer 

et al., 2017).  
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1.3 Obesity and its role in adipose tissue dysfunction 

1.3.1 Adipose tissue as metabolic organ 

In humans and rodents, WAT plays a crucial role in whole-body energy homeostasis by 

regulating energy storage, peripheral lipid availability and insulin sensitivity (Wronska and 

Kmiec, 2012). In the postprandial state, circulating glucose and free fatty acid (FFA) enter the 

adipocytes and are processed via re-esterification for storage as triglycerides (TG) (Freedland 

et al., 2004). Under fasting conditions or a high energy demand, adipocytes-derived TG are 

hydrolyzed via lipolysis to fatty acids that are released in the bloodstream to provide sufficient 

energy utilized by peripheral tissues including skeletal muscle and liver (Wronska and Kmiec, 

2012). WAT is predominantly composed of adipocytes but also comprises cells of the stromal 

vascular fraction (SVF) including pre-adipocytes, fibroblasts, lymphocytes, endothelial cells 

and macrophages (Ouchi et al., 2011).  

The two major fat depots in WAT, the visceral adipose tissue (VAT) and the subcutaneous 

adipose tissue (SAT), are characterized by their anatomical location and fulfill distinct 

functional and structural roles (Komolka et al., 2014; Ouchi et al., 2011). The VAT of the 

abdominal cavity predominantly comprises the retroperitoneal, omental and mesenteric fat 

depots (Wronska and Kmiec, 2012). Blood derived from the latter two fat depots directly 

accesses the liver via the portal vein (Komolka et al., 2014; Wronska and Kmiec, 2012). Further, 

VAT is more vascularized and innervated than SAT (Ibrahim et al., 2010). SAT is localized as a 

layer under the skin and is drainaged by systemic veins (Ibrahim et al., 2010; Wronska and 

Kmiec, 2012). The specific activities of the distinct adipose tissue depots VAT and SAT vary in 

insulin responsiveness, fat cell types and lipolysis ability (Ibrahim et al., 2010). VAT has been 

identified to be the depot with higher metabolic activity showing larger production and 

infiltration of pro-inflammatory cells (Ibrahim et al., 2010; Komolka et al., 2014; Weisberg et 

al., 2003). Adipogenic precursor cells (APC) from VAT expand by hypertrophy, have more 

mesenchymal-stem cell-like characteristics and pro-inflammatory potential. In contrast, SAT-

derived APCs showed no alterations in their metabolic activity and expansion occurred via 

hyperplasia (Del Pozo et al, 2011; Fawcett et al., 2010; Ibrahim et al., 2010; Misra et al., 2003).  

In states of overnutrition, when energy supply overwhelms SAT capacity to store free fatty 

acids and glycerol as triglycerides, excessive energy is transported to distinct peripheral tissues 

instead, resulting in ectopic fat accumulation in non-adipose tissues and increased VAT mass 

featuring visceral abdominal obesity (Freedland et al., 2004; Ibrahim et al., 2010). Visceral 
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abdominal adiposity rather than peripheral adiposity has been described to account for 

impairments in glucose and lipid metabolism and is frequently associated with the onset of 

insulin resistance, T2D and/or NAFLD (Figure 2) (Freedland et al., 2004; Ibrahim et al., 2010; 

Kumashiro et al., 2011). 

Furthermore, in the development of obesity and related diseases, the adipose tissue 

undergoes remodeling events characterized by mass expansion, increased adipocyte size 

(hypertrophy), enhanced adipocyte number (hyperplasia), remodeling of the extracellular 

matrix (ECM), attraction and infiltration of immune cells that might result in adipose tissue 

dysfunction including inflammation or fibrosis (Figure 2) (Gustafson et al., 2013; Ouchi et al., 

2011). Therefore, obesity is associated with chronic-low grade inflammatory conditions 

(Ibrahim et al., 2010). Previous studies in human showed that with obesity, changes in 

transcriptional expression of lipolytic and lipogenic genes were more pronounced in VAT.  

 

1.3.2 The role of white adipose tissue as endocrine organ 

Besides its role in energy storage and supply, adipose tissue acts as a crucial active endocrine 

organ that releases and secretes several bioactive factors including amongst others 

chemokines, cytokines and proteins (Mohamed-Ali et al., 1998; Trayhurn and Wood, 2004). 

The secretome of WAT, the so called adipokinome, describes the WAT-derived, secreted 

proteins (Lehr et al., 2012a). Adipocyte-secreted factors are termed adipokines and so far, 

proteomic profiling approaches identified more than 600 potential secreted adipokines (Lehr, 

2012b; Trayhurn and Wood, 2004).  

Adipokines act in an auto-, para- or endocrine manner and thus execute both local and 

systemic physiological and pathophysiological effects including adipose tissue remodeling, 

systemic lipid and glucose metabolism, insulin sensitivity, inflammation and stress responses 

(Fasshauer and Bluher, 2015; Ouchi et al., 2011; Trayhurn and Wood, 2004).  

Adipokines are often categorized by their function in inflammatory responses (Ouchi et al., 

2011). The adipokines leptin, interleukine-6 (IL-6), chemerin and monocyte chemoattractant 

protein-1 (MCP-1) have been characterized by their pro-inflammatory activities (Figure 2, 3) 

(Ouchi et al., 2011). Leptin, discovered in 1994 and thus belongs to one of the first identified 

adipokines predominantly produced and secreted by SAT-derived adipocytes promoting WAT 

lipolysis and fatty acid oxidation while on a systemic level controls energy expenditure, 

thermogenesis, lipid metabolism and food intake (Ahima et al., 2000; Ceddia et al., 2000; Lehr 
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et al., 2012b; Zhang et al., 1994). Stimulation of adipose tissue organ cultures with IL-6 

resulted in enhanced adipose tissue lipolysis while in 3T3-adipocytes, IL-6 has been described 

to induce insulin resistance (Rotter et al., 2003; Trujillo et al., 2004). 

MCP-1 and chemerin act as inducers of fibrosis and adipocytes differentiation, respectively 

(Goralski et al., 2007; Sell et al., 2006). Further, adipocyte-derived MCP-1 has been associated 

with increased infiltration and activation of macrophages in WAT (Ibrahim et al., 2010; 

Trayhum et al., 2011). Well-described adipokines which exhibit anti-inflammatory properties 

are adiponectin, omentin-1, secreted frizzled-related protein 5 (sFRP5) and heme oxygenase-

1 (HO-1) (Figure 1, 2) (Yamawaki et al., 2011). Omentin-1 and the more VAT adipocyte-specific 

adiponectin has been described to have insulin sensitizing abilities (Freedland et al., 2004; 

Ohashi et al., 2014; Tan et al., 2010). Thus, omentin-1 has been shown to promote glucose 

uptake in adipocytes (Yang et al., 2006). Adiponectin has been associated with a reduction in 

adipose-tissue inflammation while promoting fat storage in SAT (Kim et al., 2007). sFRP5 is 

suggested to mediate anti-inflammatory activities and adipogenesis while adipocyte-specific 

loss of sFRP5 has been associated with increased mitochondrial content and function (Mori et 

al., 2012; Ouchi et al., 2010). HO-1 is expressed and secreted by primary human adipocytes 

and its induction in adipocytes has been described to increase adiponectin levels and pre-

adipocyte number but reduce adipocytes hypertrophy and pro-inflammatory cytokines (Kim 

et al., 2008; Lehr et al., 2012; Vanella et al., 2011, 2013). In rodents, the presence of HO-1 has 

been associated with attenuating diabetes and obesity whereas reduced HO-1 promoted 

insulin resistance and adiposity (Burgess et al., 2010; Li et al., 2007;).  

In the state of obesity, the chronic and metabolic disturbances and alterations of the WAT 

phenotype further are associated with an altered adipokine secretion profile favoring the 

production and secretion of pro-inflammatory adipokines (e.g. leptin, chemerin, IL-6, MCP-1) 

that impair in an auto-/para- and endocrine manner the biological function of peripheral 

tissues including skeletal muscle and liver (Figure 2) (Lehr et al., 2012; Romacho et al., 2014). 

An increase in pro-inflammatory adipokine secretion along with enhanced ectopic 

accumulation of VAT during obesity is crucial in the development of systemic inflammation, 

insulin resistance, hyperinsulinemia, hyperglycemia, hypertriglyceridemia and thus the 

pathogenesis of T2D and NAFLD (Czech et al., 2017; Kloting et al., 2010; Romacho et al., 2014; 

Zhang et al., 2018). 
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Figure 2. Adipose tissue phenotype in obesity. Under conditions with balanced energy intake adipose tissue 

exhibits a normal metabolic function linked with the release of ant-inflammatory adipokines. The obesity-related 

pathophysiological state promotes adipose tissue hypertrophy, inflammation, accumulation of TG and may lead 

to adipose tissue dysfunction and fibrosis. Impaired adipose tissue function is associated with the secretion of 

pro-inflammatory adipokines and induces ectopic fat accumulation in peripheral tissues which likely entails 

impaired metabolic function of skeletal muscle and liver. MCP-1, monocyte chemoattractant protein-1; sFRP5, 

secreted frizzled-related protein 5; TG, triglyceride. 

 

1.4 The role of adipokines in inter-organ communication with skeletal muscle and 

liver 

Due to secretion in the circulation, adipokines are important regulators of inter-organ 

crosstalk. Hence, adipokines affect on a systemic level metabolic functions and physiology of 

distinct peripheral tissues including skeletal muscle and liver. Skeletal muscle and liver express 

and secrete active substances that in turn serve as mediators for a bi-directional inter-tissue 

communication (Figure 3). 
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1.4.1 Cross-talk of adipose tissue and skeletal muscle  

The skeletal muscle is the major regulatory tissue of glucose uptake and storage and thus 

modulating whole-body glucose disposal and insulin sensitivity (Meyer et al., 2002). In vitro, 

co-culture approaches of adipocytes and skeletal muscle cells and subjection of adipocyte-

derived conditioned media to skeletal muscle cells resulted in lipotoxicity, decreased 

mitochondrial function, increased stress response and insulin resistance in skeletal muscle 

indicating a direct signaling between these organs (Dietze et al., 2002; Sell et al., 2006). 

Adipocyte-derived adiponectin has been shown to induce muscle fatty acid oxidation via 

AMPK stimulation as well as expression of peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC1-α) resulting in enhanced mitochondrial content (Figure 3 A) (Iwabu 

et al., 2010; Turer et al., 2012; Yamauchi et al., 2002). 

Leptin promotes insulin sensitivity by stimulation of skeletal muscle glucose uptake and fatty 

acid oxidation whereas reduces oxidative stress, inflammation and storage of triglycerides 

(Ceddia et al., 1998; Muoio et al., 1997; Sainz et al., 2010). Further, leptin has been described 

to have positive effects on skeletal muscle mass amongst others by decreasing the expression 

of the E3 ubiquitin ligases Muscle RING-finger protein 1 (MuRF1) and muscle atrophy F-box 

(MAFbx)/atrogin-1 (Hamrick et al., 2010; Sainz et al., 2009). Chemerin was demonstrated to 

induce insulin resistance in skeletal muscle cells resulting in reduced insulin-mediated glucose 

uptake (Sell et al., 2009). 

Besides the identification of novel adipokines, several proteomic profiling studies have been 

focused on the secretome of skeletal muscle, termed the myokinome, representing skeletal 

muscle as a further active endocrine organ (Febbraio et al., 2005; Trayhum et al., 2011). The 

skeletal muscle secretes numerous distinct factors, called myokines, including amongst others 

hormones, cytokines and growth factors that exert multiple effects on processes including 

inflammation, systemic lipid and glucose metabolism and skeletal muscle growth (Pedersen 

et al., 2012). IL-6 has been described as the prototype for myokines since its discovery as a 

myokine in the year 2000. IL-6 exerts its effects either in an auto- and paracrine fashion or 

systemically (Steensberg et al., 2000). IL-6 increases fatty acid oxidation in skeletal muscle via 

AMPK activation while stimulated lipolysis in adipose tissue and thus is an essential modulator 

of energy metabolism (Van Hall et al., 2003; Pedersen et al., 2012). 

The pro-inflammatory MCP-1 has been identified either as an adipokine as well as a myokine 

and is associated with promoting insulin resistance in both adipose tissues and skeletal muscle 
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(Figure 3 B) (Trayhum et al., 2011; Sell et al., 2006). The myokines profile has been shown to 

be altered in response to skeletal muscle contraction with increasing myokine levels upon 

physical activity (Lambernd et al., 2012; Nikolic et al., 2012; Raschke et al., 2013). Beyond the 

secretion of myokines, the skeletal muscle is a primary site for releasing essential metabolic 

fuels. Dependent on systemic energy demand, the skeletal muscle supplies glucose stored as 

glycogen and provides amino acids by protein breakdown amongst others serving as 

substrates for glucose production via gluconeogenesis in liver (Wolfe et al., 2006). Thus, the 

skeletal muscle is an important mediator in the inter-organ communication with distant 

peripheral tissues including adipose tissue and liver to maintain of whole-body homeostasis. 

 

1.4.2 Cross-talk of adipose tissue and liver 

Besides its role in detoxification processes and immune responses, the liver is a key metabolic 

organ that tightly controls systemic glucose and lipid homeostasis by storage, consumption, 

synthesis and delivery of lipids, carbohydrates and proteins (Nordlie et al., 1999). Thereby, the 

liver continuously interacts with distinct extrahepatic tissues including adipose tissue and 

skeletal muscle to coordinate systemic metabolisms. 

Adipose tissue derived metabolites (e.g. NEFAs and glycerol) and adipokines directly enter the 

liver via the portal vein system (Komolka et al., 2014; Wronska and Kmiec, 2012;). Glycerol 

and NEFAs from adipose tissue are used for hepatic mitochondrial fatty acid β-oxidation and 

glucose production via gluconeogenesis (Rui et al., 2014; Perry et al., 2015). Adipocyte-

secreted adiponectin has been described to have beneficial effects on liver mediated via 

hepatic adiponectin receptor 2 (Figure 3 A) (Yamauchi and Kadowaki, 2008). Adiponectin 

improves hepatic insulin resistance and mediates anti-inflammatory activities by promoting 

deacetylation of ceramide sphingolipids, inhibition of nuclear factor kappa-light-chain-

enhancer of activated B-cells (NFκB) and suppression of pro-inflammatory cytokines and 

hepatic gluconeogenesis and thus glucose production (Combs et al., 2001; Holland et al., 2011; 

Kadowaki et al., 2006; Zhou et al., 2005). Further, adiponectin has been associated with anti-

fibrotic properties and suppression of hepatic glucose production and lipid accumulation all 

found to be mediated by activation of AMPK (Adachi and Brenner, 2008; Kamada et al., 2003; 

Ouchi et al., 2011; Yamauchi et al., 2001, 2002). 

Several studies demonstrated that leptin improves insulin sensitivity in liver resulting in 

improved insulin-mediated suppression of hepatic glucose production, however the 
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underlying mechanism are yet largely unknown (Figure 3 B) (Barzilai et al., 1997; Burcelin et 

al., 1999; Shimomura et al., 1999). WAT-derived IL-6 has been shown to induce anti-insulin-

sensitizing effects in liver via a mechanism involving the induction of a suppressor of cytokine 

signaling 3 (SOCS-3) (Carey et al., 2006; Senn et al., 2003; Sabio et al., 2008). However, acute 

administration of IL-6 to healthy individuals showed no effects on systemic glucose 

homeostasis and thus insulin sensitivity suggesting that IL-6 effects highly depend on its site 

of action and time of exposure (Steensberg et al., 2003).  

Although expressed in adipose tissue and muscle, the liver is the major site for fibroblast 

growth factor 21 (FGF21), one of the best described hepatokines (Figure 3) (Itoh, 2014). 

Hepatokines are factors released by the liver that act either in local but also endocrine 

manner, thus affecting metabolism of distant extrahepatic organs such as adipose tissue and 

skeletal muscle. FGF21 has been described to be induced during fasting by peroxisome 

proliferator-activated receptor alpha (PPARα) and involved in stimulation of lipid oxidation 

and thus improvement of insulin resistance and steatosis in liver (Badman et al., 2007; Gimeno 

et al., 2014; Fisher et al., 2014). In WAT, FGF21 has been associated with increased GLUT1 

expression, lipid oxidation and reduced lipolysis resulting in overall improved glucose disposal 

and insulin sensitivity (Ge et al., 2011; Gimeno and Moller, 2014; Inagaki et al., 2007). An 

imbalance in the hepatokine production and secretion towards pro-inflammatory factors has 

been linked to pathophysiological changes including insulin resistance and the development 

of T2D and NAFLD (Xu et al., 2003; Zhang et al., 2018).  
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Figure 3. Metabolic cross-talk of adipose tissue, skeletal muscle and liver. Adipose tissue expressed and 

released bioactive factors, the adipokines. Adipokines exert their effects locally in an auto-/paracrine fashion and 

systemically by secretion in the circulation. On endocrine level and normal metabolic conditions, adipokines 

A 

B 
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affect metabolic function and physiology of distinct peripheral tissues including skeletal muscle and liver, by 

release of mainly ant-inflammatory adipokines (A). While skeletal muscle and liver express and secrete 

substances termed myokines and hepatokines, respectively that in turn serve as mediators for a bi-directional 

inter-tissue communication. Under adverse metabolic conditions, the adipokine secretion profile may shift 

towards more pro-inflammatory factors entailing dysregulation of skeletal muscle and liver (B). IL-6, interleukine-

6; MCP-1, monocyte chemoattractant protein; sFRP5, secreted frizzled-related protein.  

 

1.5 The Wnt signaling pathway in health and disease 

The mammalian wingless-type MMTV integration site (Wnt) signaling pathway is crucial for 

the regulation of cell-fate decision, cell survival, proliferation and differentiation processes 

and contributes to the pathophysiology of tumorigenesis (Logan and Nusse, 2004). However, 

accumulating evidence also linked the Wnt signaling pathway to inflammation, the 

development of insulin resistance and type 2 diabetes (Abiola et al., 2009; Gustafson et al., 

2013; Paalsgaard et al., 2012; Zhou et al., 2012). The regulation of the activity of the Wnt 

pathway is tightly controlled by its multiple components. In human and rodents, 19 different 

Wnt ligands have been identified that bind to a family of 10 distinct transmembrane frizzled 

receptors (FZD), and co-receptors, the most well-known being the low-density lipoprotein 

receptor-related proteins 5 and 6 (LRP5/6) (Niehrs, 2012). The interaction between Wnt ligand 

and FZD receptor regulates the activity of either the well-characterized canonical or the non-

canonical Wnt pathway (Nusse and Clevers, 2017). The canonical Wnt pathway is activated 

amongst others by direct binding of Wnt ligands to FZD (Figure 4). Wnt signaling activation 

results in inhibition of glycogen synthase kinase 3β (GSK3β) and casein kinase-1-alpha (CK-1α), 

both components of the destruction complex together with adenomatous polyposis coli (APC) 

and axin, and thus prevent the phosphorylation and proteasomal degradation of β-catenin 

(Figure 4). Subsequently, β-catenin accumulates in the cytosol and translocates in the nucleus 

where it binds to T-cell factor/lymphoid enhancer factor (TCF/LEF) resulting in the 

transcriptional activation of numerous target genes such as Axin2, one of the first described 

targets (MacDonald et al., 2009; Jho et al., 2002). Inactivation of Wnt signaling in absence of 

Wnt ligands mediates the phosphorylation and ubiquitination of β-catenin followed by its 

proteasomal degradation and suppression of target gene expression. In contrast, the non-

canonical, β-catenin-independent Wnt pathway is rather involved in the regulation of cell-

polarity, calcium release and protein kinase c (PKC) activity via FZD signaling (Semenov et al., 

2007).  
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Several secreted glycoproteins, including members of the secreted frizzled-related protein 

(sFRP) and Dickkopf (DKK) family have been described to be important modulators of the 

canonical Wnt signaling pathway by mechanisms including the direct binding of FZDs or the 

neutralization of Wnt ligands and thus exert inhibitory or activating effects on Wnt signaling 

(Bovolenta et al., 2008). 

 

Impaired Wnt signaling is implicated in the development of multiple metabolic dysfunctions 

like insulin resistance and diseases including T2D (Abiola et al., 2009; Paalsgaard et al., 2012; 

Zhou et al., 2012). An extensive investigation study revealed that single nucleotide 

polymorphism in the genes of the Wnt co-receptor LRP5, Wnt5a and transcription factor 7-

like 2 (TCF7L2) (also known as TCF4) are highly linked to obesity and the susceptibility of type 

2 diabetes (Ferrari et al., 2004; Grant et al., 2006; Kanazawa et al., 2004).  

Figure 4. Canonical Wnt signaling pathway. The abscence of Wnt ligands results in inactivation of Wnt signaling 

by phosphorylation of β-catenin via CK1 and GSK3β, both components of the destruction complex together with 

APC and Axin (left panel). Phosphorylation of β-catenin results in its ubiquitination and degradation by the 

proteasome. Along with the absence of β-catenin and its nuclear exclusion, TCF/LEF form a nuclear, inhibitory 

complex with Groucho that suppresses gene expression. Binding of Wnt ligands to FZD or the LRP 5/6 co-receptor 

induces Wnt signaling and results in the recruitment of DVL to the plasma membrane (right panel). DVL mediates 

the inhibition of the destruction complex. Hence, β-catenin accumulates in the cytosol and translocates into the 

nucleus where it displaces Groucho by binding to TCF/LEF and induces gene expression. APC, adenomatous 

polyposis coli; CK1, casein kinase 1; DVL, disheveled; FZD, frizzled receptor; GSK3β, glycogen synthase kinase 3β; 

LRP, lipoprotein receptor-related protein; TCF/LEF, t-cell factor/lymphoid enhancer factor (modified according 

to Zhan et al., 2017). 
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Multiple studies demonstrated that the canonical Wnt signaling pathway strongly associated 

with inhibition of adipogenesis via mechanisms underlying suppression of peroxisome 

proliferator-activated receptor gamma (PPARG) and CCAAT/enhancer-binding protein alpha 

(CEBPA) (Bennett et al., 2002; Ross et al., 2000). 

Moreover, interactions between the Wnt and insulin signaling pathway has been observed in 

several studies which take place on different molecular levels via distinct substrates and show 

highly cell-type specific effects. By performing LRP5 or insulin/ insulin-like growth factor-1 

(IGF-1) receptor ablations in pre-adipocytes, Palsgaard et al. showed that the stimulatory 

effect of insulin on the phosphorylation of Akt and its substrate GSK3β not only depends on 

the presence of intact insulin/IGF-1 receptor but also on the Wnt co-receptor LRP5 suggesting 

that alterations in the Wnt signaling activity might contribute to pathophysiologies related to 

insulin resistance and T2D (Palsgaard et al., 2012). Further studies using liver-specific gain- and 

loss-of-function mice models for β-catenin, found that the insulin signaling on the 

phosphorylation levels of IRS, Akt and GSK3β were enhanced along with improved insulin 

tolerance in livers of mice deleted for β-catenin, whereas overexpression of β-catenin exerted 

reciprocal effects (Liu et al., 2011). Additionally, under fasting conditions β-catenin enhanced 

hepatic glucose production by rather binding to FoxO than TCF4 resulting in enhanced activity 

of FoxO and thus expression of key-rate limiting gluconeogenic genes (Liu et al., 2011). In 

contrast, in the skeletal muscle cell line C2C12, IRS-1, one of the key regulators of insulin 

signaling, was found to be a direct transcription target of the β-catenin-TCF4 axis, upregulated 

on gene and protein level in cells incubated with Wnt3a (Yoon et al., 2010). Further, these 

findings were accompanied by enhanced mitochondrial biogenesis and insulin-mediated 

phosphorylation of Akt as well as glycogen synthesis (Yoon et al., 2010) indicating that the 

activity of the β-catenin-TCF4 axis might be crucial for the prevention of insulin resistance in 

skeletal muscle. In line with these, the activation of the Wnt/β-catenin pathway in primary 

myotubes has been found to enhance the insulin effects on GLUT4-dependent glucose 

transport by inducing the Akt and AMPK pathways while inhibited the accumulation of 

intramyocellular lipids (Abiola et al., 2009). 

 

1.5.1 Role of the Wnt proteins WISP1 and sFRP4 in health and disease 

Recent proteomic and bioinformatic profiling studies identified proteins belonging to the Wnt 

signaling family as novel adipokines in humans and rodents including Wnt1-inducible signaling 
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pathway protein 1 (WISP1) and secreted frizzled-related protein 4 (sFRP4) (Ehrlund et al., 

2013; Lehr et al., 2012; Murahovschi et al., 2015).  

 

1.5.1.1 Structure, regulation and physiological action of WISP1 

The extracellular matrix-associated WISP1, also known as CCN4, belongs to the family of 

secreted, homologous cysteine-rich CCN proteins and is a target of the canonical Wnt signaling 

pathway (Pennica et al., 1998; Xu et al., 2000). CCN family comprises six highly conserved 

members whereby the three first identified CCN proteins were decisive for the family name: 

cysteine-rich 61 (CYR61/CCN1), connective tissue growth factor (CTGF/CCN2), and 

nephoblastoma overexpressed (NOV/CCN3) (Jun and Lau, 2011). Pennica et al. identified 

three further CCN proteins the Wnt-inducible signaling pathway proteins among them 

WISP1/CCN4, WISP2/CCN5 and WISP2/CCN6 (Birgstock et al., 2003; Pennica et al., 1998). The 

human WISP1 gene consists of four introns and five exons coding for 367 amino acids long 

WISP1 protein with a predicted molecular weight of 40 kDa (kilodalton) (2.2.8) (Figure 5). The 

full length WISP1 protein is characterized by four potential N-linked glycosylation sites and 38 

conserved cysteine residues and prone to post-translational modifications (Inkson et al., 2008; 

Pennica et al., 1998). The modular structure of CCN proteins comprises an NH2-terminus 

exhibiting a secretory signal peptide followed by four conserved structural domains that are 

coded by distinct exons (Figure 5). These modules resemble the sequences of insulin-like 

growth factor binding protein (IGFBP), Von Willebrand factor type C repeat (VWFC), 

thrombospondin type I repeat (TSR) and a carboxyl-terminus (COOH) including a cysteine 

knot-like domain (CTCK) except for CCN5 lacking this COOH module (Chen et al., 2009; Pennica 

et al., 1998). Thereby, the IGFBP module has been shown to potentially interfere with IGF1/2 

signaling, the VWC domain consists a binding site for bone morphogenetic protein (BMP) and 

transforming growth factor β (TGF-β) and exhibits oligomerization properties, the TSR 

interferes with several cell-surface proteins such as heparin, fibronectin and collagen and the 

COOH part has heparin-binding and oligomerization properties (Berschneider and Konigshoff, 

2011; Chen and Lau, 2009; Holbourn et al., 2008; Leask and Abraham, 2006). 
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Human WISP1 mRNA is downregulated in adult tissue but still expressed in pancreas, heart, 

kidney, ovary, spleen and small intestine whereas no or rare levels were found in skeletal 

muscle, liver, brain, breast, testis, prostate, thymus, colon and peripheral blood leukocytes 

(Pennica et al., 1998). The expression and abundance of WISP1 is tightly regulated during 

development by distinct stimuli on transcriptional and translational level including growth 

factors, oxygen deprivation, steroid hormones and inflammatory cytokines suggesting that 

WISP1 is crucial for the regulation of development processes and tissue remodeling (Figure 

6A) (Jun and Lau, 2011).  

First studies identified WISP1 as a classical target gene of the canonical Wnt/β-catenin 

pathway induced by the Wnt ligands Wnt1 and Wnt3a (Berschneider et al., 2011; Calvisi et al., 

2005; Pennica et al., 1998; Xu et al., 2000). Xu et al. found that Wnt1 induced WISP1 

expression in vitro by activation of cyclic AMP response element-binding protein (CREB) (Xu 

et al., 2000). In vitro studies in cardiac fibroblast showed that the tumor necrosis factor-α 

(TNF-α) induced WISP1 expression via activation of ERK1/2 and CREB signaling 

(Venkatachalam et al., 2009). In human lung fibroblast, TGF-β and TNF-α enhanced WISP1 

expression and protein and linked WISP1 to pulmonary fibrosis (Klee et al., 2016). Further, 

WISP1 was enhanced by interleukin-1β (IL-1β) and TNF-α in ventricular myocytes while in 

cardiomyocytes WISP1 increased its own expression (Colston et al., 2007; Venkatesan et al., 

2010). In primary murine osteoblasts, TGF-β and BMP2 enhanced whereas cortisol inhibited 

Figure 5. Human WISP1 protein structure. The WISP1 protein comprises a NH2-terminal signal peptide followed 

by the main chain including an IGFBP domain, a VWFC and TSR motif and is terminated by a COOH-terminus 

containing a CTCK domain. IGFBP, insulin-like growth factor binding protein; VWFC, Von Willebrand factor type 

C repeat; TSR, thrombospondin type I repeat; CTCK, cysteine knot-like domain. * indicated potential N-linked 

glycosylation sites. 
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WISP1 expression (Parisi et al., 2006). BMP3 which has been identified to be upregulated with 

adiposity in rodents, increased WISP1 expression and induced proliferation of mesenchymal-

derived adipocytes (Cernea et al., 2016). WISP1 levels were found to be aberrantly increased 

in numerous cancers including breast cancers and lung cancer (Berscheinder et al., 2011; 

Margalit et al., 2003; Xie et al., 2001). However, WISP1 expression was also increased in lung 

fibrosis, in cardiac fibroblast and in the myocardium upon myocardial infarction (Berscheinder 

et al., 2011; Colston 2007; Venkatachalam et al., 2009). WISP1 expression and abundance have 

been found to be upregulated during human adipogenesis, whereas levels were decreased 

during adipocyte differentiation in mice (Ferrand et al., 2017; Murahovschi et al., 2015). WISP1 

induction by Wnt signaling and overexpression of WISP1 has been described to result in 

inhibition of the adipogenic marker PPARγ and lipid accumulation in murine pre-adipocytes 

(Ferrand et al., 2017). Moreover, recent studies reported that insulin induced WISP1 

expression in vitro in human cultures adipocytes (Murahovshi et al., 2015).  

The structure of the modular domains of WISP1 controls cell-type specificity and multiple 

cellular interactions involved in development processes including differentiation, cell growth 

and survival, apoptosis, and gene expression (Jun and Lau, 2011). WISP1 has been found to be 

crucial for wound healing, and tissue repair. Impaired WISP1 expression and signaling have 

been shown to play a pivotal role in inflammation and the pathogenesis of fibrosis, 

atherosclerosis and cancer (Figure 6B) (Berschneider et al., 2011; Gurbuz and Chiquet-

Ehrismann, 2015; Jun and Lau, 2011; Zhong et al., 2017). Several studies demonstrated that 

WISP1 exerts its effects by modulating the activity of the PI3K/Akt signaling pathway that is 

involved in many cellular processes including, growth, survival, apoptosis and insulin signaling 

(Colston et al., 2007, Murahovschi et al., 2015; Su et al., 2002, Venekatesan et al., 2010).  
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Figure 6. Transcriptional regulation and physiological action of WISP1. Numerous extracellular factors including 

hormones, cytokines and growth factors induce WISP1 gene expression (A). WISP1 mediates multiple molecular 

and cellular effects on JNK, Akt, NF-κB and β-catenin signaling amongst others involved in fibrosis, tissue 

remodeling, inflammation, hypertrophy and adipogenesis (B). JNK, c-Jun N-terminal kinase; IRβ, insulin receptor 

β; TNFR, tumor necrosis factor receptor; IL-1R, interleukin-1 receptor; TGFβR, transforming growth factor β 

receptor (modified according to Jun and Lau, 2011). 

 

1.5.1.2 WISP1 as an adipokine 

Emerging proteomic profiling approaches and in vitro studies focus on the identification of 

potential novel adipokines among them several factors belonging to the Wnt signaling family 

(Dahlman et al., 2012; Lehr et al., 2012; Ouchi et al., 2010). Recently, WISP1 has been 

identified as an adipokine in mice and human expressed and secreted from adipocytes 

(Ferrand et al., 2017; Murahovschi et al., 2015;). Furthermore, emerging evidence suggest an 

association of WISP1 with obesity (Barchetta et al., 2017; Murahovschi et al., 2015). WISP1 

expression and secretion from SAT were decreased by diet-induced weight loss in humans 

whereas increased in adipose tissue of high-fat diet-induced obese mice (Murahovschi et al., 

2015). Ferrand et al. illustrated increased expression levels of WISP1 in adipose tissue of diet-

induced obese mice and leptin-deficient ob/ob mice (Ferrand et al., 2017).  

 

1.5.1.3 Structure and physiological function of sFRP4 

sFRP4 is one of the five family members of sFRPs (sFRP1-5) in humans. Thereby, sFRP4 and 

sFRP3 have a high similar genomic organization encoded by six exons whereas sFRP1, sFRP2 

and sFRP5 are closely related and encoded by three exons (Bovolenta et al., 2008; Garcia-

Hoyes et al., 2004). The coding sequence of the human sFRP4 mRNA transcript comprises 1041 
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base pairs (bp) (2.2.8). Human sFRP4 protein is predicted to have a molecular weight of 

39.9 kDa containing 346 amino acids (Carmon and Loose, 2010). sFRP4 exhibits a modular 

protein structure consisting of two independent domains: i) an amino-terminus (NH2-

terminus) exhibiting a secretion signal peptide, followed by ii) the sFRP4 main chain including 

a cysteine-rich domain (CRD) (FZ-domain) and terminated by a carboxy-terminus (COOH-

terminus) (Figure 7) (Bovolenta et al., 2008; Carmon and Loose, 2010; Rattner et al., 1997). 

The CRD region comprised ten conserved cysteine residues forming disulfide bridges and has 

a high sequence homology to the extracellular CRD region and Wnt ligand binding site in FZDs 

(, Bovolenta et al., 2008; Roszmus et al., 2001). The COOH-terminus has six cysteine residues 

forming three disulfide bridges and consists of a positively charged residues segment with 

potential heparin-binding properties and further exhibits nine serine/threonine 

phosphorylation sites as targets for specific kinases in humans (Chong et al., 2002; Hoang et 

al., 1996; Uren et al., 2000). These segments of the COOH-terminal part characterized the 

netrin-related motif (NTR). sFRP4 has been found to be expressed in multiple tissues amongst 

others heart, adipose tissue, ovary, mammary gland, pancreas and brain (Carmon and Loose, 

2010). 

 

Figure 7. Human sFRP4 protein structure. The sFRP4 protein comprises a NH2-terminal signal peptide followed 

by the main chain including a CRD domain, a netrin-related motif and terminated by a COOH-terminus. * 

indicated conserved cysteines within the CRD region (modified according to Carmon and Loose, 2010). 

 
The modular structure of sFRPs entails distinct functions and cell-specificities indicating a 

number of mechanisms by which sFRPs exert their effects.  

Several biochemical and in vitro studies focused on the underlying mechanisms of sFRPs as 

soluble modulator proteins in the interaction with distinct CRD regions in FZDs, multiple Wnt 
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ligands and other Wnt-independent molecules including cell surface receptors and integrins 

(Bafico et al., 1999).  

Distinct models have been proposed for the physical interaction of sFRPs with other Wnt 

signaling proteins including i) binding of sFRPs with the CRD of FZDs to form homo- and 

heterodimeric complexes resulting in inhibition of Wnt signaling, ii) sFRPs enhanced Wnt 

signaling by binding of both, Wnt ligand and FZD, and thus promote the interaction of the 

components, iii) sFRPs function as a classical antagonist of Wnt signaling by binding specific 

Wnt ligands via the CRD or NTR domain. The latter described mechanism has been verified in 

several in vitro studies (Bovolenta et al., 2008; Leyns et al., 1997; Lin et al., 1997). Carmon et 

al. found that sFRP4 inhibited Wnt7a-induced β-catenin and non-canonical JNK signaling 

pathway by sequestering Wnt7a and thus prevented endometrial cell proliferation indicating 

sFRP4 as a potential tumor suppressor (Carmon et al., 2008). In contrast, Constantinou et al. 

showed that sFRP4 promoted differentiation of mammary epithelial cells by inhibiting Wnt3a-

induced activation of β-catenin and Akt signaling (Constantinou et al., 2008). Although, in 

studies using plasmon-resonance approaches have been found that sFRP4 bound Wnt3a in a 

nanomolar range, sFRP4 was not able to inhibit Wnt3a-mediated β-catenin signaling in 

fibroblast cells (Wawrzak et al., 2007). 

sFRP4 has been implicated in distinct cellular interactions including differentiation, 

adipogenesis, stress response and apoptosis (Lacher et al., 2003; Maganga et al., 2008; Muley 

et al., 2010; Visweswaran et al., 2015). Further, sFRP4 has been shown to reduce insulin 

secretion and exocytosis in pancreatic β-cells via decreased expression of islets calcium 

channels via activation of canonical β-catenin-TCF-signaling but independent of Wnt ligands. 

Moreover, pancreatic sFRP4 expression and release were stimulated by IL-1β indicating an 

association of sFRP4 with inflammation (Mahdi et al., 2012). In cardiomyocyte-like cells, sFRP4 

inhibited cardiac differentiation by binding to integrin α1β1 resulting in focal adhesion kinase 

(FAK) activation followed by inhibition of cardiac gene expression (Tian et al., 2016).  

 

1.5.1.4 sFRP4 as an adipokine 

Previously, Lehr and colleagues identified sFRP4 as a novel adipokine, expressed and secreted 

from primary human adipocytes (Lehr et al., 2012). Studies by Ehrlund et al. confirmed sFRP4 

as an adipokine, expressed and released from human white adipose tissue, from adipocytes 

as well as the stromal vascular fraction and further linked sFRP4 to visceral adiposity (Ehrlund 



Introduction 
 

26 
 

et al., 2013). The role of sFRP4 as an adipokine has aroused its interest in the settings of 

obesity and T2D. Recent studies revealed that sFRP4 serum levels were elevated in individuals 

with type 2 diabetes, even several years before the diagnosis of diabetes (Mahdi et al., 2012). 

While other investigations found increased circulating sFRP4 levels in individuals with obesity 

but independent of type 2 diabetes (Garufi et al., 2015). Circulating sFRP4 has been 

demonstrated to associate with insulin sensitivity and BMI (Anand et al., 2016; Garufi et al., 

2015). In line, BMI has been described as a strong predictor for sFRP4 (Brix et al., 2016). 

 

1.6 Objectives 

Several proteomic approaches and molecular studies focused on the characterization of the 

secretome of WAT that aimed to identify potential novel, bioactive proteins, known as 

adipokines. In the circulation released adipokines are crucial mediators in the communication 

with distinct peripheral tissue including skeletal muscle and liver. Here, adipokines exert 

multiple direct or indirect effects that amongst others may result in the regulation of energy 

homeostasis and metabolism dependent on the adipokine´s nature. During obesity, adipose 

tissue undergoes remodeling processes associated with adipose tissue dysfunction and an 

altered adipokine secretion profile. Hence, adipokines frequently have been linked to obesity-

related metabolic impairments that might be involved in the development of insulin resistance 

and severe metabolic disorders including T2D and NAFLD.  

Recent proteomic and in vitro studies identified WISP1 and sFRP4 as novel adipokines in 

humans and mice (Ehrlund et al., 2013; Lehr et al., 2012; Murahovschi et al., 2015).  

Although clinical studies suggest an association of WISP1 and sFRP4 with obesity, insulin 

sensitivity and/or T2D, available data on their potential relevance and involvement in the 

pathophysiology of obesity and T2D are limited. Especially, so far very little is known about 

the functional role of these adipokines and their interference with insulin action in two major 

insulin-responsive tissues, skeletal muscle and liver. 

 

Hence, the first purpose of this thesis aimed to elucidate the role of WISP1 in vivo in obesity 

and T2D combined with its impact on insulin action in vitro in primary human skeletal muscle 

cells and murine hepatocytes. For this purpose, serum samples and adipose tissue biopsies of 

normal-weight and obese men with and without T2D were screened for WISP1 and associated 

with important variables for insulin sensitivity and resistance, glycemic control and 
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inflammation. In vitro, the effects of WISP1 on insulin action in skeletal muscle cells and 

hepatocytes have been explored on molecular signaling level and functional on skeletal 

muscle glycogen synthesis and hepatic gluconeogenic gene expression.  

 

The second aim of this thesis purposed to explore the association of sFRP4 with obesity and 

T2D in humans and the contribution of adipose tissue to the circulating sfrp4 pool in vivo in 

mice as well as the direct impact of sFRP4 on energy, glucose and lipid metabolism in skeletal 

muscle cells and hepatocytes in vitro. Therefore, sFRP4 expression has been analyzed in 

adipose tissue biopsies of obese men with and without T2D and correlated with indices of 

insulin resistance and metabolic variables including glucose and triglyceride levels. The 

functional role of sFRP4 on energy metabolism, protein catabolism and insulin action in 

skeletal muscle cells has been elucidated on molecular signaling level and by functional studies 

revealing its impact on mitochondrial function, glycolysis, fatty acid uptake and protein 

breakdown in vitro. 

The proposed role of adipose tissue to be an important origin for sFRP4 has been explored by 

the examination of sfrp4 expression in important insulin-responsive target tissues and its 

abundance in blood of C57Bl6 mice and lipodystrophic aP2-SREBP-1c mice that lack adipose 

tissue. The impact of sFRP4 on insulin signaling and the regulation of mitochondrial function, 

glucose and lipid metabolism in liver has been analyzed in isolated murine hepatocytes of 

healthy C57Bl6 mice. Thereby, the direct effect of sFRP4 on the expression and protein 

abundance of crucial regulatory molecular factors as well as on insulin-mediated 

gluconeogenesis, glycogen-synthesis, fatty acid metabolism and lipid synthesis was studied. 

To unravel the role of sFRP4 on insulin action in healthy and diseased livers, hepatocytes 

isolated from aP2-SREBP-1c mice that already displayed a metabolic impaired phenotype were 

used in vitro. In addition, the impact of sFRP4 on the secretory protein profile from 

hepatocytes of both mice genotypes was investigated by comprehensive analyses of the 

hepatocyte´s secretomes.  
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2 Material and Methods 

2.1 Material  
2.1.1 Instruments and disposables 

Conventional instruments belonging to the standard laboratory equipment are not listed in 
the Table below.  
 
Table 3. Instruments used in the study. 

Instruments Manufacturer (name, location) 
AE31 Trinocular inverted microscope  Motic, Wetzler, Germany 
Analytical Balance Sartorius, Göttingen, Germany 
BECKMAN COULTER LS 6000LL/LS 6000IC BECKMAN COULTER, Krefeld, Germany 
Electronic Precision Balance U4100 Sartorius, Göttingen, Germany 

Heracell™ 240i CO2 incubator 
Thermo Fisher Scientific, Darmstadt, 
Germany 

Heraeus LaminAir HB 2448 S GS  
Thermo Fisher Scientific, Darmstadt, 
Germany 

Heraeus™ Multifuge™ X3 Zentrifuge 
Thermo Fisher Scientific, Darmstadt, 
Germany 

iMark Microplate Reader Biorad Laboratories, Munich, Germany 
Maxwell® 16 Instrument Promega, Mannheim, Germany 
Mini PROTEAN Tetra System Biorad Laboratories, Munich, Germany 
Mini Trans-Blot®  Biorad Laboratories, Munich, Germany 
Molecular Imager® VersaDoc™ MP 4000 
system  

Biorad Laboratories, Munich, Germany 

Moticam Pro 282B Motic, Wetzler, Germany 
Multiplex Immunoassay Bioplex, Bio-
Plex™ Protein Array System 

BioRad, Munich, Germany 

NanoDrop™ 2000/2000c spectropmeter 
Thermo Fisher Scientific, Darmstadt, 
Germany 

Neubauer counting chamber BRAND®, Wertheim, Germany 
Orbital shaker Assistent GmbH, Altnau, Switzerland 
Peristaltic pump Gilson's MINIPULS® 3, Middleton, USA 
Power Pac Basic power supply Biorad Laboratories, Munich, Germany 
PURA water bath Julabo, Seelbach, Germany 
QIAcube (110) robotic workstation QIAGEN, Hilden, Germany 
Reaxtop shaker Heidolph, Schwabach, Germany 
Spacer plates for SDS gels Biorad Laboratories, Munich, Germany 
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Instruments Manufacturer (name, location) 
Sprout® Mini Centrifuge, HS120301 Heathrow Scientific, Vernon Hills, IL, USA 
StepOnePlus Real-time PCR system Applied Biosystems, Darmstadt, Germany 
T100™ thermal cycler Biorad Laboratories, Munich, Germany 
Table centrifuge 5417 R Eppendorf, Wesseling-Berzdorf, Germany 
Tecan Infinite 200 reader Tecan, Maennersdorf, Germany 
Thermomixer comfort Eppendorf, Wesseling-Berzdorf, Germany 
Tissue Lyser II QIAGEN, Hilden, Germany 
XFe96 extracellular flux analyzer  Agilent Technologies, Santa Clara, CA, USA 

 
Table 4. Disposables used in the study. 

Disposables Manufacturer (name, location) 
96-well high-binding assay plates Sarstedt, Nümbrecht, Germany 
Cell culture plates, sterile (6-, 48-, 96-
well) 

Greiner Bio-One, Frickenhausen, Germany 

Cell culture plates, sterile (12-well) VWR, Darmstadt, Germany 
Cell scraper Sarstedt, Nümbrecht, Germany 
ClearLine® cell strainers, 70 μm Kisker Biotech, Steinfurt, Germany 
Electrode paper NovaBlot™ GE Healthcare, Freiburg, Germany 
Falcon® cell culture dishes, sterile VWR, Darmstadt, Germany 
Immobilon-P Membran, PVDF, 
IPVH00010 

Merck Chemicals GmbH, Darmstadt, 
Germany 

Injekt®-F syringe, 1 ml B. Braun, Hessen, Germany 
MicroAmp® Fast Optical 96-Well 
Reaction Plate  

Thermo Fisher Scientific, Darmstadt, 
Germany 

MicroAmp® Optical Adhesive Film 
Thermo Fisher Scientific, Darmstadt, 
Germany 

Rotlabo®-syringe filter, sterile, P666.1 Carl Roth, Karlsruhe, Germany 
Stainless Steel Beads, 5 mm QIAGEN, Hilden, Germany 
Standard laboratory, normal-caloric 
chow  

Ssniff, Soest, Germany 

Sterican® cannula G 26 / ø 0,45 x 25 mm B. Braun, Hessen, Germany 

Steritop™ filter unit 
Merck Chemicals GmbH, Darmstadt, 
Germany 

Surgical blades VWR, Darmstadt, Germany 
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2.1.2 Chemicals 

All standard chemicals and self-mixed components that were used for buffers and solutions 
were purchased from AppliChem or Sigma-Aldrich and are not listed in the Table below.  
 
Table 5. Used chemicals. 

Chemicals Manufacturer (name, location) 

[14C]-acetate  
PerkinElmer Cellular Technologies GmbH, 
Hamburg, Germany 

[14C]-palmitic acid  
PerkinElmer Cellular Technologies GmbH, 
Hamburg, Germany 

[9,10-3H(N)]-Palmitic Acid 
PerkinElmer Cellular Technologies GmbH, 
Hamburg, Germany 

10% formalin, neutral buffered Sigma-Aldrich, Darmstadt, Germany 
2-Deoxy-D-glucose (2-DG) Sigma-Aldrich, Darmstadt, Germany 
Ammonium persulfate (APS) Roth, Karlsruhe Germany 

Antibiotic-Antimycotic Solution (100x) 
Gibco®, Thermo Fisher Scientific, 
Darmstadt, Germany 

Bovine serum albumin (BSA) Fraction V, 
fatty acid free 

Carl Roth, Karlsruhe, Germany 

Bromphenol Blue AppliChem GmbH, Darmstadt, Germany 
BSA Fraction V, very low endotoxin Carl Roth, Karlsruhe, Germany 

Collagenase type IV 
Worthington Biochemical Corp., Lakewood, 
NJ 

Complete Protease Inhibitor Cocktail Roche, Mannheim, Germany 

D-[14C(U)]-glucose (2 μCi/mL) 
PerkinElmer Cellular Technologies GmbH, 
Hamburg, Germany 

D-glucose AppliChem GmbH, Darmstadt, Germany 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Darmstadt, Germany 
Disodium hydrogen phosphate dihydrate 
(Na2HPO4•2H2O) 

Sigma-Aldrich, Darmstadt, Germany 

Dithiothreitol (DTT) VWR, Darmstadt, Germany 
Fetal bovine serum (FBS) Biochrom GmbH, Berlin, Germany 

GlutaMAX™ (100x) 
Gibco®, Thermo Fisher Scientific, 
Darmstadt, Germany 

Glycogen from rabbit liver Type III  Sigma-Aldrich, Darmstadt, Germany 

Hepes PUFFERAN® Carl Roth, Karlsruhe, Germany 
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Chemicals Manufacturer (name, location) 

Horse serum 
Gibco®, Thermo Fisher Scientific, 
Darmstadt, Germany 

Human serum albumin, A1887 Sigma-Aldrich, Darmstadt, Germany 
Insulin from porcine pancreas  Sigma-Aldrich, Darmstadt, Germany 
L-carnitin  Sigma-Aldrich, Darmstadt, Germany 
L-glutamine Sigma-Aldrich, Darmstadt, Germany 

MEM NEAA (100x) 
Gibco®, Thermo Fisher Scientific, 
Darmstadt, Germany 

MEM Vitamin Solution (100x) 
Gibco®, Thermo Fisher Scientific, 
Darmstadt, Germany 

Nonfat dried milk powder  AppliChem GmbH, Darmstadt, Germany 
Nonidet P-40 (NP-40) Sigma-Aldrich, Darmstadt, Germany 
Oil red O, O-0625 Sigma-Aldrich, Darmstadt, Germany 

Penicillin- Streptomycin (100x) 
Thermo Fisher Scientific, Darmstadt, 
Germany 

Percoll gradient (Easycoll) Biochrom GmbH, Berlin, Germany 
PhosSTOP Phosphatase Inhibitor Roche, Mannheim, Germany 
Precision Plus Protein™ Standard Biorad Laboratories, München, Germany 
Rat tail type-I collagen stock (4 mg/ml) CellSystems®, Troisdorf, Germany 
Rotiszint® eco plus  Carl Roth, Karlsruhe, Germany 
SDS (sodium dodecyl sulfate) AppliChem GmbH, Darmstadt, Germany 
Sodium acetate AppliChem GmbH, Darmstadt, Germany 

Sodium bicarbonate (NaHCO3) 
Merck Chemicals GmbH, Darmstadt, 
Germany 

Sodium bicarbonate (NaHCO3) solution 
(7.5%) 

Thermo Fisher Scientific, Darmstadt, 
Germany 

Sodium deoxycholate  AppliChem GmbH, Darmstadt, Germany 
Sodium dihydrogen phosphate 
monohydrate (NaH2PO4•H2O) 

Sigma-Aldrich, Darmstadt, Germany 

Sodium lactate  AppliChem GmbH, Darmstadt, Germany 

Sodium pyruvate (100 mM) 
Gibco®, Thermo Fisher Scientific, 
Darmstadt, Germany 

Tetraethylethylenediamin (TEMED) Roth, Karlsruhe Germany 
Tetrasodium Pyrophosphate 
Decahydrate (Na4P2O7•10H2O) 

Sigma-Aldrich, Darmstadt, Germany 

TriPure isolation reagent  Roche Diagnostics, Mannheim, Germany 
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Chemicals Manufacturer (name, location) 
Tris(hydroxymethyl)aminomethane 
(TRIS) 

Roth, Karlsruhe Germany 

Trypan blue solution (0.4%) Sigma Aldrich, St Louis, MO, USA 
Tween® 20 AppliChem GmbH, Darmstadt, Germany 

β-Mercaptothanol 
Thermo Fisher Scientific, Darmstadt, 
Germany 

 
2.1.3 Buffers and solutions 

 
Table 6. Used buffers and solutions. 

Buffers and solutions Formulation 

0.2% trypan blue working solution 
1:2 (v/v) dilution of 0.4% trypan blue 
solution in 1x phosphate-buffered saline 
(PBS) 

1x HANK´S Buffered Salt Solution (HBSS) 
buffer 

1:5 (v/v) dilution of 5x HBSS in sterile 1x PBS 

5x HBSS buffer 

26.65 mM KCl, 2.2 mM KH2PO4, 1.7 mM 
Na2HPO4, 0.69 M NaCl, 20.85 mM NaHCO3, 
27.8 mM glucose, 2.5 mM EGTA, 125 mM 
Hepes, add 1000 ml H2O (pH 7.4) 

5x Laemmli sample buffer 
312.5 mM Tris-HCl (pH 6.8), 10% SDS, 50% 
glycerol, 500 mM DDT, 0.01% bromphenol 
blue 

90% Percoll working solution Percoll gradient diluted in 10x PBS 

Collagen-coating solution (50 μg/ml) 
1.25% of collagen stock (4 mg/ml) diluted in 
1x PBS, for Seahorse experiments diluted in 
0.02 M acetic acid 

Complete Protease working solution 1 tablet dissolved in 1ml H2O 

Liver perfusion buffer 
1x HBSS including 0.5 mM EGTA and 25 mM 
HEPES 

Membrane Stripping buffer 
20 ml 10% SDS, 12.5 ml 0.5M Tris-HCl (pH 
6.8), 67.5 ml H2O, 0.8 ml β-mercaptoethanol 

Oil red O stock 
0.7 g Oil red O dissolved in 200 ml 
isopropanol  

Oil red O working solution 60% (v/v) of Oil red O stock diluted in H2O 
PhosSTOP working solution 1 tablet dissolved in 1ml H2O 
Rat tail type-I collagen CellSystems®, Troisdorf, Germany 
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Buffers and solutions Formulation 

Resolving gel (8%) 
4 ml 30% acrylamide, 3.78 ml 0.5 M Tris-HCl 
(pH 8.8), 150 μl 10% SDS, 7.3 ml H2O, 15 μl 
TEMED, 75 μl 10% APS 

RIPA lysis buffer 

30 mM Tris-HCl (pH 7.5), 1 mM EDTA, 150 
mM NaCl, 0.5% Triton X-100, 0.5% Na-
deoxycholate (Na-DOC) supplemented with 
1:10 (v/v) of Complete Protease Inhibitor 
working solution and 1:10 (v/v) PhosStop 
Phosphatase Inhibitor cocktail working 
solution  

SDS-PAGE running buffer (1x) 25 mM Tris, 190 mM glycine, 0.1% SDS 

Seahorse cell lysis buffer 
10 mM Tris-HCl, 10 mM Na2HPO4•2H2O, 10 
mM NaH2PO4•H2O (pH 7.5), 130 mM NaCl, 
10 mM Na4P2O7•10H2O, 1% Triton X-100 

Stacking gel (4%) 
1.98 ml 30% acrylamide, 3.78 ml 0.5 M Tris-
HCl (pH 6.8), 150 μl 10% SDS, 9 ml H2O, 15 μl 
TEMED, 75 μl 10% APS 

TBS-T (Tris-buffered saline with 
Tween® 20) wash buffer 

20 mM Tris (pH 7.5), 150 mM NaCl, 0.1% 
Tween® 20 

Western Blot transfer buffer (1x) 25 mM Tris, 190 mM glycine, 20% methanol 
 
2.1.4 Cell culture and assay medium and commercial cells 

All media used for culture and maintenance of cells and assay media are listed in the Table 

below and were purchased from Gibco®, Thermo Fisher Scientific (Darmstadt, Germany), if 

not stated otherwise. 

 
Table 7. Cell culture media used in this study. 

Media Supplements 
α-modified Eagle’s 
(αMEM)/Ham’s F-12 (hSkMC 
growth medium) + supplement 
pack for primary human skeletal 
muscle cells (hSkMC) 

5% fetal bovine serum (FBS), 50 μg/ml bovine fetuin, 
10 ng/ml epidermal growth factor, 1 ng/ml basic 
fibroblast growth factor, 10 μg/ml insulin, 0.4 μg/ml 
dexamethasone, 2.2 g/l NaHCO3 and 0.2% 
antibiotic-antimycotic mixture 

αMEM (hSkMC differentiation 
medium)  

2% horse serum, 2.2 g/l NaHCO3 and 0.2% 
antibiotic-antimycotic solution 
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Media Supplements 
Dulbecco’s modified 
Eagle’smedium (DMEM), 41966 
(C2C12 growth medium) 

10% FBS and 0.2% penicillin-streptomycin mixtures 

DMEM (C2C12 differentiation 
medium) 

2% horse serum and 0.2% penicillin-streptomycin 
mixtures 

DMEM, 22320-022 (liver 
digestion buffer) 

100 units/ml or 130 units/ml collagenase IV, 1 mM 
sodium pyruvate and 2% antibiotic-antimycotic 
mixtures 

DMEM, 22320-022 (washing 
medium) 

10% FBS 1 mM sodium pyruvate, 1 μM 
dexamethasone, 0.1 μM insulin and 2% antibiotic-
antimycotic mixtures 

DMEM/F-12 + GlutaMAXTM, 
31331-028 (hepatocyte plating 
medium) 

10% FBS, 1.5 mM sodium pyruvate, 1 μM 
dexamethasone, 0.1 μM insulin and 2% antibiotic-
antimycotic mixtures 

DMEM/F-12 + GlutaMAXTM 
(hepatocyte serum-starvation 
medium) 

1.5 mM sodium pyruvate, 0.2% BSA with or without 
fatty acids and 2% antibiotic-antimycotic mixtures 

 
Table 8. Assay media used in this study. 

Assay media/buffer Supplements 

Gluconeogenesis assay medium 

1:1 (v/v) mixture of DMEM/F-12 + GlutaMAXTM 
(31331-028, Thermo Fisher Scientific, Darmstadt, 
Germany) and DMEM without glucose (D5030; 
Sigma-Aldrich, Darmstadt, Germany) supplemented 
with 2.5 mM GlutaMAX™, 2.4 g/l NaHCO3, 1.5 mM 
sodium pyruvate and 2% antibiotic-antimycotic 
mixture 

Glucose starvation medium 

DMEM (D5030, Sigma Aldrich, St Louis, MO, USA) 
without glucose, supplemented with 1.5 mM 
sodium pyruvate, 2.5 mM GlutaMAX™, 1x MEM 
Vitamin Solution, 1x MEM Non-Essential Amino 
Acids Solution and 2.4 g/l NaHCO3  

Glucose production medium  

DMEM (D5030; Sigma Aldrich, Darmstadt, 
Germany) without glucose and phenol red, 
supplemented with 15 mM HEPES, 2.5 mM 
GlutaMAX™, 0.24% NaHCO3 and 2% antibiotic-
antimycotic mixtures  
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Assay media/buffer Supplements 

Krebs-Ringer-HEPES (KRH) buffer  
136 mM NaCl, 4.7 mM KCl, 1.25 mM MgS04, 1.25 
mM CaCl2, 10 mM HEPES and 0.1% fatty acid free 
BSA (pH 7.4). 

KRH transport buffer  
KRH buffer supplemented with 2.5 μM BSA, 5 μM 
palmitate and 8.5 nM [3H]-palmitate  

Seahorse mitochondrial 
respiration assay medium 

DMEM (D5030; Sigma Aldrich, Darmstadt, 
Germany) supplemented with 10 mM glucose, 
2 mM L-glutamine and 1 mM sodium-pyruvate 
(hepatocytes) and 25 mM glucose, 2 mM L-
glutamine and 1 mM sodium-pyruvate (myotubes) 

Seahorse glycolysis assay medium 
DMEM (D5030; Sigma Aldrich, Darmstadt, 
Germany) supplemented 2 mM L-glutamine  

 

Table 9. Commercial cells used in this study. 

Cells Organism Tissue Cell type 
Manufacturer 
(name, 
location) 

Primary skeletal 
muscle cells 
(hSkMC), CC-2580 

human 
quadriceps or 
psoas muscle 

satellite cells 
Lonza, Basel, 
Switzerland 

C2C12, C3H,  
CRL1772™ 

mouse muscle myoblasts 
ATCC®, Wesel, 
Germany 

AML12 (alpha 
mouse liver 12)  

mouse liver 
Hepatocyte 
cell line 

ATCC®, Wesel, 
Germany 

ATCC, America Type Culture Collection. 

 
2.1.5 Commercial kits 

All commercial kits used in this study are listed in the Table below. 
 
Table 10. Used kits. 

Kits Manufacturer (name, location) 
CellTiter-Glo® Luminescent Cell Viability Promega, Heidelberg, Germany 
CellTox™ Green Cytotoxicity Assays Promega, Heidelberg, Germany 
Duoset human WISP-1/CCN4 Elisa assay  R&D Systems, Wiesbaden, Germany 
Glucose (GO) Assay Kit  Sigma-Aldrich, Darmstadt, Germany 
GoScript™ Reverse Transcription System Promega, Heidelberg, Germany 
GoTaq® qPCR Master Mix  Promega, Heidelberg, Germany 
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Kits Manufacturer (name, location) 

Immobilon Western HRP Substrat 
Merck Chemicals GmbH, Darmstadt, 
Germany 

Maxwell® 16 LEV simplyRNA Kit Promega, Heidelberg, Germany 
Mouse Secreted Frizzled Related Protein 
4 (SFRP4) ELISA kit 

BIOZOL, Eching, Germany 

Pierce™ BCA Protein Assay Kit 
Thermo Fisher Scientific, Darmstadt, 
Germany 

Proteasome-Glo™ Cell-Based Assay Promega, Heidelberg, Germany 
RNeasy Mini Kit QIAGEN, Hilden, Germany 
RNeasy® Lipid Tissue Mini Kit QIAGEN, Hilden, Germany 
Seahorse XFe96 FluxPaks (inc. mini) Santa Clara, CA, USA 
SIRT-Glo™ Assay System Promega, Heidelberg, Germany 

TaqMan™ Gene Expression Master Mix 
Thermo Fisher Scientific, Darmstadt, 
Germany 

 

2.1.6 Oligonucleotides and probes 

All designed oligonucleotides were purchased from Eurogentec (Cologne, Germany). 

Oligonucleotides were reconstituted to 10 nmol in H2O. Commercial primer assays were 

purchased as Quantitect assays (Qiagen, Hilden, Germany). All TaqMan probes are obtained 

from Thermo Fisher Scientific (Darmstadt, Germany).  

 
Table 11. Used oligonucleotides. 

Species Target Accession Forward 5’->3’ Reverse 5’->3’ 

Human ADIPOQ NM_004797 
QT00014091 
Quantitect assay 

 

Human CCL2 NM_002982 
QT00212730,  
Quantitect assay 

Human EIF4A2 NM_001967 
TGTGCAACAAGTGTC
TTTGGTT 

CACCTTTCCTCCCAAAT
CGAC 

Human HMOX1 NM_002133 
TCCGATGGGTCCTTA
CACTCA 

TCACATGGCATAAAGC
CCTACA 

Human ITLN1 NM_017625 
TCAGCTTCCTGCTGT

TTCTCATA 

GGAGACGAAGAACAG

GTCCATT 

Human RARRES2 NM_002889 
QT00091945,  
Quantitect assay 
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Species Target Accession Forward 5’->3’ Reverse 5’->3’ 

Human RPLP0 NM_001002 
GCTTCCTGGAGGGT
GTCC 

GGACTCGTTTGTACCC
GTTG 

Human RPS18 NM_022551 
QT02323251,  
Quantitect assay 

 

Human sFRP4 NM_003014 
CACCCATCCCTCGAA

CTCAA 

TGTGTGGACACTGGCA

AGAAG 

Human SLC2A4/GLUT4 NM_001042 
GCATCCACAGGCTTT
TGACC 

GTGTTTCCAGGCAGCC
TTTC 

Human UBE2D2 NM_003339 
CACAAGGAATTGAA
TGATCTGGCA 

ATAGGGACTGTCATTT
GGCCC 

Human WISP1 NM_003882 
GGCCAGGCTCTTCCT
TGAAT 

TAGAGGAGTGTTCCA
GGGCA 

Human YWHAZ NM_003406 
TCTGGCTCCACTCAG
TGTCT 

CTGTGGGATGCAAGC
AAAGG 

Mouse Hprt1 NM_013556 
AGCAGTACAGCCCC
AAAATG 

ATCCAACAAAGTCTGG
CCTGT 

Mouse Rps18 NM_011296 
AAATTCGAGCCCATA
GAGGG 

AGAGACTCATTTCTTC
TTGGAT 

Adipoq, adiponectin; CCl2, C-C motif chemokine ligand 2; EIF4A2, eukaryotic translation initiation factor 4A2; 

HMOX1, heme oxygenase 1; ITLN1, intelectin1/omentin1; RARRES2, retinoic acid receptor responder 2; RPLP0, 

ribosomal protein lateral stalk subunit P0; RPS18, ribosomal protein S18 hypoxanthine phosphoribosyltransferase 

1;sFRP4, secreted frizzled related protein 4; UBE2D2, ubiquitin-conjugating enzyme E2 D2; WISP1, WNT1 

inducible signaling pathway protein 1; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 

activation protein zeta.  

 

Table 12.Used TaqMan probes. 

Species Target Accession Product number 

Mouse G6pc NM_008061 Mm00839363, TaqMan™ Assays 

Mouse Pck1 NM_011044 Mm01247058, TaqMan™ Assays 

Mouse 18S X03205 4310893E, TaqMan™ Assays 

Mouse Sfrp4 NM_016687 Mm00840104, TaqMan™ Assays 

G6pc, glucose-6-phosphatase catalytic subunit; Pck1, phosphoenolpyruvate carboxykinase 1; 18S ribosomal RNA, 

18S. 
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2.1.7 Antibodies 

 

Table 13. Antibodies. 

Antibodies Origin Dilution1 Product 
number 

Manufacturer (name, 
location) 

Primary     

ACC, monoclonal rabbit 
1:1,000 
(v/v) 5% 
BSA 

3676 
Cell Signaling 
Technology, Danvers, 
MA, USA 

Akt, polyclonal rabbit 
1:1,000 
(v/v) 5% 
BSA 

9272 
Cell Signaling 
Technology, Danvers, 
MA, USA 

AMPKα, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

5831 
Cell Signaling 
Technology, Danvers, 
MA, USA 

FoxO1, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

2880 
Cell Signaling 
Technology, Danvers, 
MA, USA 

FoxO3a, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

2497 
Cell Signaling 
Technology, Danvers, 
MA, USA 

GAPDH, 
monoclonal 

rabbit 
1:5,000 
(v/v) 5% MP 

2118 
Cell Signaling 
Technology, Danvers, 
MA, USA 

GSK3β, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

9323 
Cell Signaling 
Technology, Danvers, 
MA, USA 

Phospho-GSK3β-
Ser9, monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

9315 
Cell Signaling 
Technology, Danvers, 
MA, USA 

IRS-1, polyclonal rabbit 
1:500 (v/v) 
5% MP 

06-248 
Millipore, 
Charlottesville, USA 

IRβ, polyclonal rabbit 
1:500 (v/v) 
5% MP 

sc-711 
Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA 

IRS-2, polyclonal rabbit 
1:500 (v/v) 
1:1 5% 
MP/BSA 

 

provided for this work 
from Prof. Dr. Ouwens, 
used as described 
(Telting et al., 2001) 
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Antibodies Origin Dilution1 
Product 
number 

Manufacturer (name, 
location) 

MAFbx/atrogin-1 
(F-9), monoclonal 

mouse 
1:250 (v/v) 
5% MP 

sc-166806 
Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA 

MuRF1 (C-11), 
monoclonal 

mouse 
1:250 (v/v) 
5% MP 

sc-398608 
Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA 

p70S6kinase, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

2708 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-ACC-
Ser79, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

1181 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-Akt-
Ser473, 
polyclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

9271 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-Akt-
Thr308, 
monoclonal 

rabbit 
1:1,000 
(v/v) 
5% BSA 

4056 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-AMPKα-
Thr172, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

2535 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-FoxO1 
(Thr24)/FoxO3a 
(Thr32), 
polyclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

9464 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-FoxO1-
Ser256, 
polyclonal 

rabbit 
1:1,000 
(v/v)  
5% BSA 

9461 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-FoxO3a-
Ser253, 
polyclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

9466 
Cell Signaling 
Technology, Danvers, 
MA, USA 

phospho-IRβ-
Tyr1150/1151, 
monoclonal 

mouse 
1:250 (v/v) 
5% MP 

sc-81500 
Santa Cruz 
Biotechnology, Santa 
Cruz, CA, USA 

phospho- p70S6K 
Thr389, 
monoclonal 

rabbit 
1:1,000 
(v/v) 5% 
BSA 

9234 
Cell Signaling 
Technology, Danvers, 
MA, USA 
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Antibodies Origin Dilution1 
Product 
number 

Manufacturer (name, 
location) 

α-Tubulin, 
monoclonal 

mouse 
1:1,000 
(v/v) 5% MP 

3873 
Cell Signaling 
Technology, Danvers, 
MA, USA 

β-Actin, 
monoclonal 

mouse 
1:1,000 
(v/v) 5% MP 

3700 
Cell Signaling 
Technology, Danvers, 
MA, USA 

Secondary     

Anti-rabbit IgG, 
HRP-linked 

goat 
1:1,000 
(v/v) 5% MP 
or 5% BSA 

7074 
Cell Signaling 
Technology, Danvers, 
MA, USA 

Anti-mouse IgG, 
HRP-linked 

horse 
1:1000 (v/v) 
5% MP or 
5% BSA 

7076 
Cell Signaling 
Technology, Danvers, 
MA, USA 

15% non-fat dry milk powder (MP) or 5% bovine serum albumin (BSA) were dissolved in 1x TBS-T; HRP, 

horseradish peroxidase; IgG, immunoglobulin G 

 

2.1.8 Recombinant proteins, inhibitors and reagents 

 
Table 14. Recombinant proteins. 

Recombinant protein Manufacturer (name, location) 
Recombinant Human sFRP4 Protein,  
1827-SF 

R&D Systems, Wiesbaden, Germany 

Recombinant Human WISP1 Protein,  
120-18 

Peprotech, Hamburg, Germany 

 
Table 15. Used inhibitors and reagents. 

Inhibitor/Reagent Solvent Manufacturer (name, location) 

Bortezomib (BZ) DMSO 
Merck Chemicals GmbH, 
Darmstadt, Germany 

Compound C (CompC) DMSO 
Merck Chemicals GmbH, 
Darmstadt, Germany 

Oligomycin DMSO 
Sigma-Aldrich, Darmstadt, 
Germany 

Carbonyl cyanide p-
trifluoromethoxyphenylhydrazone 
(FCCP) 

DMSO 
Sigma-Aldrich, Darmstadt, 
Germany 
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Inhibitor/Reagent Solvent Manufacturer (name, location) 

Etomoxir DMSO 
Sigma-Aldrich, Darmstadt, 
Germany 

Antimycin DMSO 
Sigma-Aldrich, Darmstadt, 
Germany 

Rotenone DMSO 
Sigma-Aldrich, Darmstadt, 
Germany 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Material and Methods 
 

42 
 

2.2 Methods 

2.2.1 Study participants 

All human serum samples, adipose tissue biopsies and patient related data used in this work 

were obtained from participants from the Obster (Ruige et al., 2012) and HebObster (Bekaert 

et al., 2016) study which were conducted at the Department of Internal medicine at Ghent 

University (Belgium) (Clinical Trials Registration nos. NCT00740194 and B67020084018). 

Written informed consent was obtained from all study participants and study protocol was 

approved by the Ethics Board of the Ghent University Hospital and conducted according to 

the principles of the Declaration of Helsinki. Data for body mass index (BMI), fat (% body 

weight), visceral and subcutaneous adipocyte cell size were measured and analyzed at Ghent 

University as described previously (Bekaert et al., 2016) and kindly provided for this work by 

Prof. Dr. Bruno Lapauw and his group from Department of Internal medicine.  

Individuals of the study cohort were assigned into three groups consisting of 33 normal-weight 

men (controls), 56 obese men and 46 obese men who had type 2 diabetes according to the 

American Diabetes Association criteria (ADA, 2017). The sFRP4 analyses were performed with 

28 normal-weight men and 88 obese men of whom 42 had type 2 diabetes. Type 2 diabetic 

and/or obese patients underwent bariatric surgery either for gastric banding or gastric bypass 

surgery, whereas the normal-weight men were scheduled for abdominal elective surgery such 

as adhaesiolysis, hernia diaphragmatica, intestinal resection or Nissen fundoplication as 

previously described (Bekaert et al., 2016; Ruige et al., 2012). At day of surgery, blood samples 

were obtained after an overnight fast. VAT and SAT biopsies were collected during surgeries 

and frozen in liquid nitrogen for storage at -80°C for further applications. Exclusion criteria for 

study participation and the detailed study design have been described previously (Bekaert et 

al., 2016; Ruige et al., 2012). 

 

2.2.1.1 Experimental animals 

For this work, plasma samples, tissue biopsies and hepatocytes were obtained from male 

C57Bl6 mice and transgenic mice that overexpress the truncated transcriptional active form 

of human sterol regulatory element-binding protein (SREBP)-1c (aa 1-436) in adipose tissue 

under the control of the adipocyte-specific aP2 enhancer/promoter (Shimomura et al., 1998). 

In the DDZ the aP2-SREBP-1c mice were backcrossed on C57Bl6 genetic background for >20 

generations. Mice were housed with up to four animals per cage in a controlled environment 
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on 12-hour light-dark cycle (22 ± 1°C, 50 ± 5% humidity), received water ad libitum and 

standard laboratory, normal-caloric chow. Mice were sacrificed by CO2 asphyxiation followed 

by collection of blood samples via left ventricle cardiac puncture and isolation of tissues or 

underwent the protocol for primary hepatocyte isolation. All animal experiments were 

approved by the Animal Care Committee of the University Düsseldorf (approval number Az.84-

02.04.2015.A424, 2015). 

Phenotypical characterization data of the utilized mice were provided by Dr. J. Kotzka and Dr. 

B. Knebel of the German Diabetes Center. In brief, serum diagnostics of clinical measures, and 

surrogate parameters of insulin resistance were performed as previously described (Knebel et 

al., 2012, 2015, 2018; Kotzka et al., 2012). Serum FFA and hepatic total fatty acid contents 

were determined by gas chromatography. Hormone concentrations (insulin and leptin) in 

serum were determined with the Multiplex Immunoassay Bioplex System according to the 

supplier’s instructions.  

 

2.2.2 Cell culture techniques 

2.2.2.1 Isolation and culture of primary murine hepatocytes 

Primary hepatocytes were isolated from perfused livers from 18 to 24-week-old male C57Bl6 

and aP2-SREBP-1c mice by two-step collagenase perfusion of the liver as described previously 

(Akie and Cooper, 2015). Mice were sacrificed by CO2 asphyxiation followed by liver perfusion 

via the abdominal inferior vena cava. Briefly, thoracic vena cava got disconnected by a clamp 

to avoid pressure loss and perfusion through this part followed by insertion of the needle into 

the inferior vena cava and perfusion with liver perfusion buffer (Table 5) at 3 ml/min for 

approximately 2-3 min (C57Bl6) and 5 ml/min for ~4 min (aP2-SREBP-1c). The perfusate left 

the liver via the severed portal vein (Figure 8). Then, the liver was digested by perfusion with 

liver digestion buffer (Table 7) containing 100 Units/ml (U/ml) (C57Bl6) for 3.5 ml/min for ~6 

min or 120 U/ml (aP2-SREBP-1c) collagenase for 5 ml/min for approximately 10 min until the 

liver appeared enlarged. After digestion, the liver was excised from the mouse followed by 

removal of gall bladder. The digested liver was scraped using blades in washing medium (Table 

5) and cell suspension was filtered using a 70 μm cell strainer. To separate parenchymal 

hepatocytes from the non-parenchymal-cell fraction, the hepatic cell suspension was pelleted 

(5 min, 50x g, 4°C) and washed two times in washing medium (Table 5) by centrifugation (5 

min, 50x g, 4°C) (Figure 8). Subsequently, hepatocytes were purified and separated from non-
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viable cells by using a 90% Percoll gradient (Table 5, 6) at 50x g, 10 min, 4°C (acceleration: 3, 

dissceleration:2) and an additional wash step (Figure 8). Cell number and viability of 

hepatocytes were assessed by trypan blue staining (2.2.2.4). Hepatocytes with a viability count 

≥70% were used for experiments. Hepatocytes were cultured at a density of 6.25x 104 

cells/cm2 on rat tail type-I collagen coated plates, with final concentration of 50 μg/ml 

collagen diluted in 1x PBS, in hepatocytes plating medium (Table 7) for 4h, 37°C, 5% CO2. 

Following, hepatocytes were incubated in serum-starvation medium (Table 7) overnight at 

37°C, 5% CO2 and subjected to experiments. For in vitro experiments, hepatocytes were used 

for up to 24h in culture.  

 

2.2.2.2 Cultivation of primary human skeletal muscle cells (hSkMC) 

Primary human skeletal muscle cells were purchased as isolated proliferating satellite cells 

from the quadriceps or psoas muscle (Table 9). In this work, hSkMC of 6 healthy Caucasian 

donors (3 males and 3 females aged between 16-32) were cultured with a density of 

1x 104 cells/cm2 in growth medium (Table 7) in a humidified atmosphere containing 5% CO2 at 

37°C as described previously (Wiza et al., 2013). When cells reached approximately 50-60% 

Figure 8. Isolation procedure of primary murine hepatocytes. Detailed procedure is described in text 2.2.2.1. 

NPC, non-parenchymal-cell fraction. 
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confluence, cells were cultured in differentiation medium (Table 7) to facilitate differentiation 

of myoblast to multinucleated myotubes. On day 6 of differentiation, cells were starved in 

serum-free differentiation medium and used for experiments up to day 7 in culture.  

 

2.2.2.3 Cultivation of C2C12 myotubes 

C2C12 myoblasts were seeded at a density of 5x 103 cells/cm2 and cultured in growth medium 

(Table 7) in a humidified atmosphere containing 5% CO2 at 37 °C. When cells were almost 

confluent, differentiation was initiated by incubating C2C12 in differentiation medium (Table 

7) for 6 days. Following, myotubes were serum-starved in serum-free differentiation medium 

and used for experiments up to day 7 in culture.  

 

2.2.2.4 Cultivation of AML12 hepatocytes 

The mouse AML12 (alpha mouse liver 12) hepatocyte cell line was purchased from America 

Type Culture Collection (Wesel, Germany), and cultured in Dulbecco's Modified Eagle's 

Medium/Nutrient F-12 Ham 1:1 (v/v) medium (Thermo Fisher Scientific, Waltham, MA) 

supplemented with 15 mM L-Glutamine, 1.2 g/l HEPES, 5 μg/ml insulin, 0.005 mg/ml 

transferrin, 5 ng/ml selenium, 40 ng/ml dexamethasone and 10% foetal bovine serum (FBS). 

For experiments, the cells were seeded in a density of 3x 104 cells/cm2 and cultured for 48h. 

Following, AML12 hepatocytes were starved for serum for 4h prior staring the experiments.  

 

2.2.2.5 Determination of cell count 

Trypan blue staining was used for the determination of viable cells in a cell suspension. The 

staining is based on the principle that the membrane integrity of viable cells prevents the 

intrusion of the dye, whereas non-viable cells are stained blue because of their perforated 

membranes. Briefly, the cell suspension is diluted with 0.2% trypan blue solution (Table 5, 6) 

and pipetted in a Neubauer cell counting chamber (Table 3). Cell number is assessed by 

counting of viable cells in the large square.  

 

2.2.2.6 Cell culture treatment 

For analysis of the effect of sFRP4 or WISP1 on insulin signaling and the regulation of energy 

metabolism in hSkMC, C2C12, AML12 and primary hepatocytes, cells were treated with 
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100 ng/ml sFRP4, 0.1 ng/ml or 1 ng/ml WISP1 (Table 14) dissolved in PBS with 0.1% BSA (Table 

5, 6) in respective serum-starvation medium for 4h and/or 24h as indicated.  

For 24h treatments, recombinant protein was already added to the serum-starvation medium 

overnight. 4h treatment with recombinant protein was started after 20h incubation of the 

cells in serum-starvation medium followed by stimulation with 100 nM insulin for 10 min in 

insulin signaling studies. For experiments with inhibitors, cells were preincubated with 

Bortezomib (BZ, 10 nM) or Compound C (CompC, 20 μM) (Table 15) in serum-starvation 

medium for 30 min (37°C, 5% CO2) followed by addition of sFRP4 for the indicated time.  

For stimulation of AMP-activated protein kinase (AMPK) phosphorylation, cells were 

incubated for 4h with oligomycin (0.5 μM and 1 μM).  

For analysis of gluconeogenic gene expression, cells were glucose-starved in gluconeogenesis 

assay medium in presence or absence of recombinant protein sFRP4 or WISP1 for 4h before 

end of experiment. Further, insulin (100 nM) was added to the cells 60 min before end of 

experiment. 

In metabolic assays, the ionophor FCCP (hepatocytes and hSkMC were exposed to 0.5 μM or 

1 μM) or inhibitors of the fatty acid β-oxidation including oligomyocin, antimycin A/rotenone 

or etomoxir (each 0.5 μM) were added 15 min before adding the fatty acids. In all controls, 

the final concentration of the respective solvent of recombinant protein, inhibitor or reagent 

(DMSO or 0.1% (w/v) BSA/PBS) was used as vehicle. 

 
2.2.3 Molecular biological methods 

2.2.3.1 RNA isolation and cDNA synthesis 

Total RNA was isolated from ≤100 mg frozen human adipose tissue biopsies or from 10-50 mg 

murine adipose tissue, liver, gastrocnemius muscle (GAS) and pancreas. Therefore, tissues 

were lysed using stainless steel beads and 1 ml TriPure isolation reagent (Table 10) on a 

TissueLyser instrument (Table 3) for 2 min at 20 Hz in two cycles. Homogenate was transferred 

to a fresh tube and 200 μl chloroform was added, tube was inverted a few times and incubated 

for 2-3 min at RT prior centrifugation 12,000x g, 15 min, 4°C for phase separation. 400 μl of 

the aqueous phase was used for RNA purification with the RNeasy® Lipid Tissue Mini Kit 

(Table 10) on the QIAcube workstation (Table 3) according to manufacturer’s protocol. RNA 

was eluted in 30 μl RNAse free H2O.  
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Total RNA from cells was extracted using RNeasy Mini Kit (Table 10) for hepatocytes and 

Maxwell® 16 instrument with the Maxwell® 16 LEV simplyRNA Purification Kit for hSkMC and 

C2C12 according to manufacturer’s instructions. RNA content and quality were examined 

using NanoDrop™ spectrophotometer via measurement of optical density (OD) at a 

wavelength of 260 nM. Further, the ratio of OD260/OD280 indicated a contamination with either 

proteins, genomic DNA (deoxyribonucleic acid) or aromatic substances. The synthesis of 

complementary DNA (cDNA) from the isolated RNA was performed by polymerase chain 

reaction (PCR) using GoScript™ reverse transcription system kit and Oligo (dT) primers 

(Table 10) according to manufacturer´s instructions. 100 ng RNA of tissues and 500-1000 ng 

RNA of cells were transcribed. cDNA was diluted in H2O as required for qRT-PCR analysis.  

 

Table 16. Components of PCR reaction mixture for cDNA synthesis. 

Components (stock) Volume (μl) 
5x Reaction buffer 4 
dNTPs Mix (10 mM) 1 
MgCl2(25 mM) 1.2 
Nuclease-free H201 variable 
Oligo(dT)15 primer (500 μg/ml) 1 
Reverse transcriptase 1 
Ribonuclease inhibitor (400 u/μl) 0.5 

1volume depends on mRNA concentration 

 

Table 17. cDNA synthesis PCR program using GoScript™ reverse transcription system kit. 

Steps Temperature Duration Cycles 
Heating1 70°C 5 min - 
Annealing2 

Extension 
25°C 
42°C 

5 min 
1 h 

40 x 

1mixture includes RNA, Oligo(dT)15 primer and nuclease-free H2O, 2before annealing step reaction buffer, dNTPs 

Mix, MgCl2, reverse transcriptase and ribonuclease inhibitor mixture was added 

 

2.2.3.2 Quantitative real-time PCR (qRT-PCR) 

Quantitative real-time PCR is a fluorescence-based measurement for the amplification of 

cDNA generated during each PCR cycle in real time. The PCR-amplification products were 

monitored by an increase in fluorescence emission either detected by intercalation of non-

specific fluorescent dyes in the double stranded DNA or by the use of sequence-specific DNA 
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probes consisting of a fluorophore and quencher probe that hybridize to the target DNA (Raso 

and Biassoni, 2014). In this study, relative gene expression levels were determined via real 

time PCR on a StepOne Plus real-time PCR system with a standard PCR protocol (Table 20, 21) 

using either the fluorescence dye system GoTaq® qPCR Master Mix (Table 18) or TaqMan™ 

probe assays (Table 19) according to manufacturer´s instructions. The relative expression of a 

target gene was calculated from triplicate measurements of the obtained threshold cycle (Ct) 

values in a sample normalized to the geometric mean of corresponding Cts assessed for stable 

reference genes by ΔCt method. For analysis of relative changes in the expression of a target 

transcript in a sample to that of another sample the 2-ΔΔCt method was used (Schmittgen and 

Zakrajsek, 2000; Winer et al., 1999). The oligonucleotides and probes used in this study were 

listed in Table 11 and 12.  

 

Table 18. Components of qRT-PCR mixture using GoTaq® qPCR Master Mix. 

Components Volume (μl) 
GoTaq® Master Mix 5 
Primer oligonucleotides 4 
cDNA 1 
per 96-well 10 

 

Table 19. Components of qRT-PCR mixture using TaqMan™probe assays. 

Components Volume (μl) 
TaqMan™probe 0.27 
H2O 6.35 
TaqMan™ Gene Expression Master Mix 5.34 
cDNA 0.54 
per 96-well 12.5 

 

Table 20. qRT-PCR program using GoTaq® qPCR Master Mix. 

Steps Temperature Duration cycles 
Holding stage 95°C 2 min - 
Denaturation 
Annealing/Elongation 

95°C 
60°C 

15 sec 
60 sec 

40 x 

Dissociation/Melt curve 60-95°C 1 min 30 sec - 
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Table 21. qRT-PCR program using TaqMan™probe assays. 

Steps Temperature Duration cycles 

Holding stage 
50°C 
95°C 

2 min 
10 min 

- 
- 

Denaturation 
Annealing/Elongation 

95°C 
60°C 

15 sec 
60 sec 

40 x 

 

2.2.4 Biochemical methods 

2.2.4.1 Serum analysis 

Human serum samples for assessment of WISP1 were kindly provided by the Department of 

Internal medicine at Ghent University. Human WISP1 levels were measured in fasting serum 

samples by a Duoset human WISP-1/CCN4 Elisa assay (Table 10) combined with human serum 

albumin (Table 5) on 96-well high-binding assay plates (Table 4) according to manufacturer’s 

instructions. This ELISA assay detected serum levels in the range of 7.5-1000 pg/ml.  

Further, data for oral glucose tolerance test, fasting glucose and insulin levels, HbA1c 

(hemoglobin A1C), triglyceride levels, adiponectin levels, serum leptin, MCP-1, chemerin, 

omentin, CRP, HO-1 and leptin levels were collected and analyzed as described (Bekaert et al., 

2016; Hörbelt et al., 2018; Ruige et al., 2012) and kindly provided for this work from 

Department of Internal medicine at Ghent University, where the study was conducted. 

Homeostasis model for assessment of insulin resistance (HOMA-IR) calculation was performed 

as followed: (fasting glucose [mmol/l] x fasting insulin [μU/ml])/22.5 (Matthews et al., 1985). 

For the calculation of HOMA2-%B, a computer model of homeostasis model assessment 

(HOMA) for β-cell function (%B), the formula (20 x fasting insulin [μU/ml]) / (glucose [mmol/l]-

3.5) was used (Levy et al., 1998). 

 

2.2.4.2 Collection and analysis of plasma samples from mice 

Blood samples from mice were collected from male 18 to 24-week-old C57Bl6 mice and aP2-

SREBP-1c mice sacrificed as described in 2.2.2.1 by cardiac puncture. First, the abdominal 

cavity followed by the lung cavity were dissect open. Then, the needle that before was rinsed 

with 0.1 M EDTA, was inserted in the ventricle and blood was withdrawn slowly to avoid 

collapsing of the heart and transferred to EDTA-coated tubes and cooled on ice. To remove 

cells and cellular debris, samples were centrifuged 10 min, 2,000x g, 4°C. The supernatant was 

the resulting plasma. Plasma samples were stored at -80°C for further analysis. Circulating 
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mouse sfrp4 levels were determined using a mouse sfrp4 ELISA kit (Table 10) according to 

manufacturer´s handbook. The detection range is 0.156-10 ng/ml. 

 

2.2.4.3 Cell lysis and protein isolation for SDS-PAGE and Western blot analysis 

Whole protein lysates were extracted from cells for sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and Western blot analysis. At the end of experiments, cells were 

rinsed twice with ice-cold PBS on ice and stored at -20°C for a minimum of 2h. Following, 

100 μl of ice-cold RIPA buffer supplemented with Complete Protease Inhibitor and PhosStop 

Phosphatase Inhibitor cocktail (Table 5) was added to the cells and incubated for 5 min on ice 

by swirling the plate for uniform spreading of buffer. Cells were lysed in RIPA buffer using a 

cell scraper. Cell lysates were collected and transferred to a tube and centrifuged at 14,000x g 

for 10 min to pellet and remove cell debris. Supernatant including cytosolic and nuclear 

proteins were collected and used for further analysis. For determination of protein 

concentration, samples were diluted 1:10 (v/v) in H2O. Protein concentration in lysates was 

assessed by using Pierce BCA Protein Assay Kit (Table 10) according to supplier´s instructions 

on a micro plate reader (Table 3). 

 

2.2.4.4 Cell lysis and protein isolation from 96-well plates form Seahorse measurements  

At the end of experiments, cultured wells of 96-well plates form Seahorse measurements were 

rinsed once with PBS and incubated with 30 μl Seahorse cell lysis buffer (Table 6) for 1h at 

- 20°C followed by a thawing period of 30 min on an orbital shaker. This freeze-thaw cycle was 

repeated two times. Cell lysates were diluted 1:2 (v/v) in H2O and subjected to determination 

of protein concentration using Pierce BCA Protein Assay Kit (Table 10) according to supplier´s 

instructions. 

 

2.2.4.5 Cell lysis and protein isolation for metabolic cell-based assays  

For de novo lipogenesis (2.2.5.5), fatty acid oxidation (2.2.5.7) and fatty acid uptake (2.2.5.8), 

10 μl of undiluted 0.1 M HCl cell lysates were used for protein determination via Pierce BCA 

Protein Assay Kit. While 10 μl of cells lysed in RIPA buffer derived from glucose production 

(2.2.5.6) and 10 μl of cells lysed in 1 M NaOH from glycogen synthesis experiments (2.2.5.4) 

were subjected to determination of protein concentration using Pierce BCA Protein Assay Kit 

(Table 10) according to supplier´s instructions. 
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2.2.4.6 Western blot analysis 

Proteins were electrophoretically separated by size via denaturing SDS-PAGE. 8-15 μg of 

proteins were diluted with 1x Laemmli sample buffer (Table 6), denatured for 5 min at 95°C 

and separated via SDS-PAGE on 8-10% tris-glycine-acrylamide-gels at 120 V for approximately 

60 min. Following, proteins were transferred to polyvinylidene difluoride (PVDF) membranes 

in a semidry or wet-tank blotting (3h, 4°C at 0.2 A) apparatus. Membranes were blocked using 

Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) supplemented with either 5% 

non-fat dry milk or 5% BSA and incubated overnight at 4°C with specific primary antibodies 

(Table 13). Following membranes were washed with TBS-T and incubated with secondary 

horseradish peroxidase-coupled antibody according to manufacturer´s instructions at RT. 

Proteins were visualized by chemiluminescent using Immobilon Western HRP Substrat 

detection reagents on VersaDoc™ MP 4000 Imager. Protein signals were quantified by Image 

LabTM Software and normalized for protein abundance of corresponding loading control 

including GAPDH, α-tubulin or β-actin (Table 13).  

 

2.2.4.7 Secretome analyses of primary murine hepatocytes 

Isolated hepatocytes of C57Bl6 and aP2-SREBP-1c mice were incubated in serum-starvation 

medium without phenol red (Table 7) overnight at 37°C, 5% CO2 and were maintained in 

culture for up to 24h. Cells were either incubated with sFRP4 (100 ng/ml; 24h) or left 

untreated. Cell medium was collected at time of experiment. The secretome analyses of the 

supernatants including sample preparation, mass spectrometry and analyses of raw data were 

performed by Dr. S. Hartwig and U. Kettel at the Proteomics Core Facility (Head: Dr. S. Lehr) 

of the German Diabetes Center. 

 

2.2.5 Cell-based assays 

2.2.5.1 Analysis of cell viability and cytotoxicity  

To determine suitable concentrations of the used inhibitor BZ for in vitro studies, CellTiter-

Glo® Luminescent Cell Viability or CellTox™ Green Cytotoxicity Assays were performed in 

primary hSkMC and primary hepatocytes according to manufacturer’s instructions. The latter 

is based on the principle that a fluorescence dye is only able to bind the DNA in non-viable 

cells due to their perforated membrane integrity but not in viable cells. The dye-DNA 

interaction enhances the fluorescence which is directly proportional to the cytotoxicity.  
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Cells were seeded and cultured with a density of 2x 104 cells per 96-well (primary hepatocytes) 

and at a density of 4x 103 cells per 96-well (primary myotubes). Following, cells were exposed 

to increasing concentrations of BZ (1-100 nM) for 24h. 0.01% DMSO was used as a vehicle. 

Then, cells were incubated with luminogenic substrate or fluorescence dye according to 

supplier´s protocol. The fluorescence and luminescence were measured using Tecan Infinite 

200 reader (Table 3).  

 
2.2.5.2 Proteasome activity assay  

To assess the effect of sFRP4 on proteasome activity, cells were seeded as described above at 

a density of 2 x 104 cells per 96-well for primary hepatocytes and at a density of 4x 103 cells 

per 96-well for primary myotubes. Following, cells were pre-incubated for 30 min with or 

without the cell-permeable proteasome inhibitor BZ (10 nM) followed by addition of 100 

ng/ml sFRP4 for further 24h in serum-starvation medium. 0.01% DMSO was used as a vehicle. 

Then, cells were incubated with luminogenic substrate using Proteasome-Glo™ Cell-Based 

Assay according to supplier´s protocol. The luminescence was measured using Tecan Infinite 

200 reader and is directly proportional to the chymotrypsin-like activity of the proteasome.  

 

2.2.5.3 Analysis of sirtuin activity 

Sirtuins (SIRTs) are NAD+-dependent histone deacetylase class III enzymes. To study the effect 

of sFRP4 on sirtuin activity in hepatocytes and hSkMC, cells were exposed 4h or 24h to 100 

ng/ml sFRP4 followed by cell lysis in 1x PBS supplemented with 1% nonidet P-40 (NP-40). 5 μg 

of cell lysate were analyzed using luminescence-based SIRT-Glo™ Assay System according to 

manufacturer’s instructions. Luminescence was measured 15 min after adding the protease 

and luciferase mixture to the lysates and was directly proportional to deacetylase activity. 

 

2.2.5.4 Glycogen synthesis  

Primary hSkMC and primary hepatocytes were treated with either recombinant sFRP4 or 

WISP1 as described above (2.2.2.5). To study the effect of the recombinant protein on basal 

and insulin-stimulated glycogen synthesis, myotubes and hepatocytes were starved for 

glucose in glucose starvation medium (Table 8) for 90 min at 37°C, 5% CO2. Following, 

myotubes were incubated in serum-free differentiation medium (Table 7) and hepatocytes in 

serum-starvation-medium (Table 5) both supplemented with D-[14C(U)]-glucose (2 μCi/mL) in 
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the presence or absence of 100 nM insulin for 3h at 37°C, 5% CO2 as previously described 

(Hessvik et al., 2010). After washing cells twice with ice-cold 1x PBS, cells were solubilized in 1 

M potassium hydroxide (KOH). Then, samples were incubated with a final concentration of 3 

M KOH and 20 mg/ml glycogen (Table 6) and heated at 80°C for 20 min. Glycogen precipitation 

occurred by adding ice-cold absolute ethanol to the samples. After centrifugation of the 

samples (2,000 × g, 20 min, 4 C), the supernatant was discarded. The glycogen precipitates 

were washed once with ethanol 70% and resuspended in 500 μl H2Obidest. Incorporated D-

[14C(U)]-glucose was assessed by liquid scintillation counting of 300 μl lysate in 3 ml Rotiszint® 

eco plus. Protein content was determined in 10 μl cell lysates in duplicates by BCA Protein 

Assay Kit as described in 2.2.4.5 und used for normalization of corresponding CPM (counts per 

minute) measurements.  

 

2.2.5.5 De novo lipogenesis (DNL) in primary hepatocytes 

The impact of sFRP4 on DNL in primary hepatocytes was performed by assessing 14C-acetate 

incorporation as previously described (Akie et al., 2015; Jelenik et al., 2017). Therefore, cells 

were exposed 24h to sFRP4 (100 ng/ml) in absence and presence of insulin (100 nM) in serum-

starvation medium (Table 7) followed by addition of 10 μM acetate and 0.5 μCi [14C]-acetate 

(Table 5) to the medium for additional 2h or 4h. Then, cells were washed two times with 

1x PBS and lysed in 120 μl 0.1 M HCl by scraping. 10 μl of HCl lysate were used for 

determination of protein concentration by BCA Protein Assay Kit (2.2.4.5). Lipids were 

extracted by chloroform-methanol mixture (2:1, v/v) followed by vortexing, incubation for 5 

min at RT and addition of 250 μl H2Obidest. After centrifugation at 3,000x g at RT, the lower lipid 

containing phase was measured for lipogenic activity by liquid scintillation counting in 4 

ml Rotiszint® eco plus. 14C incorporation was normalized to protein content.  

 

2.2.5.6 Glucose production assay in primary hepatoytes 

To determine the effect of sFRP4 on glucose production via glycogenolysis and 

gluconeogenesis in primary hepatocytes, 4h before termination of 24h sFRP4 exposure, 

serum-starvation medium was replaced to glucose production medium (Table 8) with or 

without 2 mM sodium lactate and 2 mM sodium pyruvate, 100 nM insulin and fresh 

recombinant sFRP4 at 37°C, 5% CO2. Following, cell culture supernatant was collected and 

applied for enzymatic, colorimetric determination of glucose concentration using Glucose 
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(GO) Assay Kit (Table 10) on an iMark™ Microplate Absorbance Reader (Table 1) according to 

supplier´s instructions. Cells were lysed in RIPA buffer without PhosSTOP Phosphatase 

Inhibitor and Complete Protease Inhibitor Cocktail and protein concentration was assessed by 

Pierce BCA Protein Assay Kit (2.2.4.5). Glucose production in primary hepatocytes was 

calculated from glucose concentration normalized to protein concentration.  

 

2.2.5.7 Fatty acid oxidation (FAO) 

Fatty acid oxidation assays were performed using an oxidation chamber. Cells were seeded 

with a density of 3x 104 cells for hepatocytes and 5x 104 cells for hSkMC in a 48-well plate as 

described above. Cells were exposed to sFRP4 (100 ng/ml) for 4h or 24h in fatty acid free 

serum-starvation medium for hepatocytes and serum-free differentiation medium for hSkMC 

(Table 7). FCCP or inhibitors of the fatty acid β-oxidation including oligomyocin, antimycin 

A/rotenone or etomoxir were added to cells 15 min before fatty acids. An absorbent filter 

paper with a surface area of 4 m2 was fitted to each well adjacent to a cell well and incubated 

with 50 μl 1 M NaOH. Then, cells were exposed to [14C]-fatty acid working solution containing 

0.3 μCi [14C]-palmitic acid, 57 μM fatty acid free BSA and 9 μM L-carnitin in corresponding 

serum-starvation medium. Cell culture plates were fixed in the oxidation chamber and put for 

4h at 37°C, 5% CO2. Afterwards, cells were exposed to final 0.5 M HCl, cell culture supernatant 

and corresponding absorbent filter paper were transferred to new 48-well plate which was 

fixed in the oxidation chamber and incubated overnight 37°C, 5% CO2. The release of 14CO2 

was absorbed on NaOH filter paper which was assessed by liquid scintillation counting in 

3 ml Rotiszint® eco plus. 10 μl of lysate were used for determination of protein concentration 

by Pierce BCA Protein Assay (2.2.4.5). CPM measurements of 14CO2 release were normalized 

to protein content presenting fatty acid oxidation.  

 

2.2.5.8 Fatty acid uptake in primary hepatocytes 

Primary hepatocytes were washed once with KRH buffer (Table 8). Cells were incubated in 

serum-starvation medium supplemented with 1% fatty acid free BSA for 2h at 37°C. Following, 

cells were washed three times with 37°C warm KRH/0.1% BSA and once with KRH without BSA. 

Cells were incubated with 1 ml KRH including 40 μmol/l BSA before palmitate uptake was 

performed by addition of 1 ml KRH transport buffer containing [3H]-palmitate (Table 8) for 15 

min at 37°C. The uptake was stopped by aspiration of medium followed by three times 
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washing steps with ice-cold KRH/0.1% BSA. Cell were lysed in 300 μl 0.1 M HCl and 100 μl of 

lysate were used for liquid scintillation counting in 3 ml Rotiszint® eco plus. For assessment of 

protein content, 10 μl of lysate were taken (2.2.4.5). CPM values of [3H] palmitate uptake were 

normalized to protein.  

 
2.2.5.9 Analysis of cellular mitochondrial respiration and glycolysis  

The analysis of cellular mitochondrial respiration and glycolysis was accomplished by 

recording of oxygen consumption (OCR) and extracellular acidification (ECAR) rate in living 

cells using the Seahorse XFe96 extracellular flux analyzer (Table 3) as previously described 

(Blumensatt et al., 2017). For this, primary hepatocytes were seeded with a density of 1x 104 

cells per well and C2C12 myoblast with a density of 5,000 cells per well on XFe96 cell culture 

microplates (Table 10). Primary hepatocytes were seeded on type-I collagen coated XFe96 cell 

culture microplates, with final concentration of 50 μg/ml collagen diluted in 0.02 M acetic 

acid. Myoblast were differentiated on XFe96 cell culture microplates into myotubes for 

experiments. Hepatocytes and myotubes were treated with sFRP4 for the indicated time 

points and as described above (2.2.2.6). For analysis of mitochondrial respiration from OCR, 

cell medium was switched to unbuffered Seahorse mitochondrial respiration assay medium 

(Table 8) (pH 7.4 at 37oC) and cells were incubated in a non-CO2 incubator at 37°C, 1h before 

starting the experiment. OCR was measured under basal conditions and upon consecutive 

injections of the following compounds: 1 μM oligomycin, 0.5 μM FCCP for hepatocytes and 

1 μM FCCP for myotubes followed by 0.5 μM or 1 μM antimycin A and rotenone for 

hepatocytes and myotubes, respectively. For analysis of glycolysis from ECAR, myotubes were 

exposed to sFRP4 for 24h either in serum-free differentiation medium containing 5 mM (low 

Glc) or 25 mM (high Glc) glucose followed by incubation in unbuffered Seahorse glycolysis 

assay medium (Table 8). The ECAR measurement was performed under basal conditions 

followed by sequential injection of 10 mM glucose, 1 μM oligomycin and 100 mM 2-

Deoxyglucose (2-DG). OCR and ECAR were recorded in 3 cycles during basal respiration or 

glycolysis and after each injection step. Each cycle consisted of 3 min mixing and 3 min 

measurement. Monitored data were analyzed with WAVE software (2.2.7). Cellular protein 

content in each XFe96 cell culture microplate well was determined by lysis in Seahorse cell 

lysis buffer (Table 6) and Pierce BCA Protein Assay Kit as described in 2.2.4.4 and used for 

assay normalization. 
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2.2.6 Histological techniques 

2.2.6.1 Oil red O staining of lipids 

Oil red O is a dye suitable for staining of neutral lipids within cultured cells or histological 

tissues and therefore enables the quantification and imaging of lipid accumulation. The 

staining is based on the lipophilic property of the dye to be more soluble in lipoid material 

than in its solvent resulting in a red staining of lipids. 

0.7 g oil red O powder (Table 6) was dissolved in 200 ml isopropanol. To prepare a 60% oil red 

O working solution, the stock solution was diluted with H2O (v/v) and filtered (0.2 μm) 

immediately before use. Cell culture supernatant was removed, cells were washed once with 

1x PBS and fixed with 500 μl of 10% formalin per 12-well for 1h at 37°C. After removing the 

formalin, cells were washed with 60% isopropanol and 400 μl of oil red O working solution per 

12-well was added for 10 min at room temperature under gentle agitation. Following, cells 

were washed four times with H2O. For imaging of lipid accumulation, cultured wells were filled 

with H2O and observed under the microscope. 

 

2.2.7 Statistical analysis and software 

If not stated otherwise in Figures, data were presented as mean ± standard deviation (SD) or 

95% confidence interval of the mean of independent experiments. To identify significant 

differences between datasets with at least three n´s, different statistical tests were applied. 

For comparison of differences between two groups, unpaired or paired two-tailed t-test was 

used. Multiple comparisons between groups were assessed with ANOVA (one-way or two-

way) following Bonferroni, Dunnett´s, Holm-Sidak´s, Tukey´s or Sidak´s correction analysis. 

Correlations between datasets were calculated with (partial) Spearman correlation 

coefficients or analyzed with linear regression using four different models: (1) unadjusted, (2) 

adjusted for age, (3) adjusted for BMI and (4) adjusted for age and BMI. Statistical analyses for 

in vitro experiments were performed using GraphPad Prism version 7.0 (GraphPad Software, 

La Jolla, CA, USA). Statistical analysis on the clinical data was conducted using SPSS Statistics 

(IBM, version 24.0, Ehningen, Germany). In all analyses, p-values <0.05 were considered as 

statistically significant. Quantification of chemiluminescence signals was performed using 

Image LabTM Software 6.0 (Biorad Laboratories, München, Germany). Assesment and analysis 

of OCR and ECAR were conducted using WAVE software version 2.6 (Santa Clara, CA, USA).  
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Data of the secretome proteomics were statistically analyzed with Spectronaut  v11, 

(Biognosys, Zürich, Swizerland). Protein secretion classification was performed with 

http://www.cbs.dtu.dk/services/SecretomeP/, http://www.cbs.dtu.dk/services/SignalP/ 

(Bendtsen et al., 2004; Petersen et al., 2011). Knowledge based analyses of the differential 

abundant proteins was performed with Inguenity Pathway Analyses (IPA®), winter release 

2017 (Qiagen, Hilden, Germany). 

 

2.2.8 Databases 

Information on protein structures and length were obtained from 

https://www.ncbi.nlm.nih.gov/protein and http://www.uniprot.org and details on genes 

were taken from https://www.ncbi.nlm.nih.gov/gene/6424.  



Results 
 

58 
 

3 Results 

3.1 Association of WISP1 with obesity and T2D and its role in the regulation of insulin 

action and glucose metabolism in liver and muscle 

Unless otherwise noted, the described results of this work on page 58 to 74 have been 

adopted and were parts from the result section of the under References and Appendix cited 

manuscript Hörbelt et al. (2018) which has been published in the journal Diabetologia (Epub 

ahead of print).  

Patient raw data and material that were kindly provided by Prof. Dr. Lapauw of Ghent 

University are stated in material section 2.2.1. All analyses and calculations of the data sets 

shown in the result section were performed as part of this thesis and the manuscript unless 

otherwise noted.  

 
3.1.1 Anthropometric and metabolic characteristics of the study participants 

The characteristics of the 33 normal-weight men and 102 morbidly obese men, of whom 46 

had type 2 diabetes were listed in Table 22. The obese men without type 2 diabetes had a 

higher BMI, fat mass, and larger adipocytes than normal-weight men (all p<0.001), increased 

fasting insulin levels (p<0.01), a reduced insulin sensitivity (p<0.05) and increased beta cell 

function (p<0.001), both estimated by HOMA modelling (p<0.05). The obese participants with 

type 2 diabetes were older than the obese men without type 2 diabetes (p<0.001). In addition, 

fat mass (p<0.05) and fasting glucose levels (p<0.001) were higher, and beta cell function 

(p<0.05) was reduced in the obese men with type 2 diabetes vs those without type 2 diabetes.  
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Table 22. Patient characteristics 

Variable Normal-weight Obese  Obese + T2D  p 

N (men) 33 56  46  
 

Age (years) 46.9 (42.3-51.5) 42.1 (39.2-45.1)  52.0 (49.2-54.8) §§§ <0.001 

BMI (kg2/m) 24.2 (23.2-25.2) 41.2 (39.7-42.6) *** 43.1 (41.1-45.1) *** <0.001 

Fat, % body weight 24.2 (22.1-26.4) 37.6 (33.5-41.7) *** 44.1 (41.3-46.9) ***, § <0.001 

SAT cell size, m2 3508 (2724-4292) 6425 (5726-7123) *** 5765 (5237-6294) *** <0.001 

VAT cell size, m2 3494 (2679-4309) 6004 (5027-6982) *** 5576 (4899-6253) *** <0.001 

Metabolic variables 
 

 
 

 
 

Fasting glucose, 

mmol/l 

5.06 (4.67-5.45) 5.67 (5.21-6.13) 
 

8.09 (7.18-9.01) ***, 

§§§ 

<0.001 

Fasting insulin, 

pmol/l 

37.4 (30.0-44.7) 136 (90.3-181) 
** 

170 (135-204) 
*** 

<0.001 

HOMA-IR 1.20 (0.94-1.47) 5.79 (2.94-8.63) * 8.85 (6.86-10.84) ** <0.001 

HOMA2-%B 81.8 (64.1-100) 139 (118-160) *** 106 (87.3-124) § <0.001 

HbA1c (%)a 

(mmol/mol) 

NA 5.78 (5.47-6.09) 

(39.67 (36.28-43.06)) 
 

7.48 (6.51-8.45) 

(58.25 (47.65-68.85)) 
§§ 

 

CRP, mg/l  

(nmol/l) 

2.31 (1.08-3.54) 

(22 (10.29-33.71)) 

4.78 (3.57-5.99) 

(45.52 (34-57.05)) 
* 

3.74 (2.62-4.87) 

(35.62 (24.95-46.38)) 
 

<0.01 

Circulating adipokine levels  
 

 
 

 
 

Adiponectin, mg/l 8.86 (7.35-10.38) 5.04 (4.26-5.82) *** 4.37 (3.69-5.04) *** <0.001 

Chemerin, μg/l 188 (162.9-214.8) 206.70 (188-225.4)  235 (213.1-256.9) * <0.05 

Leptin, μg/l 3.74 (2.41-5.06) 32.04 (24.71 -39.37) *** 34.94 (29.66 -40.23) *** <0.001 

MCP1, ng/l 220 (338-499.1) 334.9 (300.2-369.6)  408.1 (358.3-457.9)  <0.05 

Omentin, μg/l 383.5 (349.5-417.6) 387.6 (348.8-426.5)  442.8 (400.6-485)  >0.05 

HO-1, ng/l 555.0 (294.2–815.8) 867.1 (563.5-1170.7)  578.4 (344.4-812.3)  0.072 

VAT expression (AU) 
 

 
 

 
 

ADIPO 171.7 (61.8-281.6) 43.6 (32.9-54.2) ** 54.6 (32.9-76.3) **, §§ <0.01 

RARRES 1.16 (0.87-1.45) 0.92 (0.82-1.02)  0.81 (0.70-0.93) * * <0.05 

CCL2 3.09 (0.90-5.28) 1.463 (0.83-2.10)  1.39 (0.66-2.12)  >0.05 

ITLN1 9.04 (-0.60-18.68) 13.86 (7.7-20.03)  16.56 (9.07-24.04)  >0.05 

HMOX1b 1.75 (0.95-2.55) 1.96 (-0.29-4.22)  2.17 (1.18-3.16)  0.791 
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The data are presented as mean (95% CI). Differences between the participant groups were calculated using 

ANOVA and Bonferroni correction for multiple comparisons. *p<0.05, **p<0.01 and ***p<0.001 obese men vs 

normal-weight men; §p<0.05, §§p<0.01 and $$$p<0.001, obese men with vs without type 2 diabetes. The p-values 

in the right-hand column show the corresponding significance across all three groups by ANOVA. aFor HbA1c, only 

data for ten obese participants and 15 participants with type 2 diabetes available. bFor HMOX1 expression, data 

for 15 normal-weight individuals, five obese individuals and 16 individuals with type 2 diabetes available. BMI, 

body mass index; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; CRP, C-reactive protein; MCP1, 

monocyte chemotactic protein; T2D, type 2 diabetes; HOMA2-%B, computer model of homeostasis model 

assessment (HOMA) for β-cell function (%B) (according to Hörbelt et al., 2018). Contribution: Data except for 

ADIPOQ, RARRES2, CCL2, ITLN1 and HMOX1 were measured at Ghent University and kindly provided for analyses 

of this work. Additional measurements for ADIPOQ, RARRES2, CCL2, ITLN1 and HMOX1 were performed as part 

of this thesis. 

 

A subgroup of 42 obese men, of whom eight had type 2 diabetes, underwent an OGTT. As 

expected, the post-load glucose levels were higher in individuals with type 2 diabetes 

(Figure 9A, B), while post-load insulin levels were lower (Figure 9C, D), when compared with 

participants without type 2 diabetes. 
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3.1.2 WISP1 serum levels and gene expression in visceral adipose tissue in obesity and 

type 2 diabetes 

WISP1 circulating levels were obtained in 123 out of 135 participants. In samples from two 

participants (one normal-weight and one obese), WISP1 levels were below the limit of 

detection; in the other participants without data, no serum sample was available for analysis. 

The circulating WISP1 level was 42.6 (28.5, 56.6) ng/l in normal-weight men (n=30) and 70.8 

(55.2, 86.4) ng/l in obese men (n=93) (p<0.05, Figure 10A). There was no statistically significant 

difference in circulating WISP1 level between obese men with (69.4 [48.5, 90.3] ng/l; n=44) 

and without type 2 diabetes (72.2 [48.4, 95.6] ng/l; n=49) (Figure 10A).  

VAT biopsies to analyze WISP1 gene expression levels were available for 92 participants from 

the ‘HepObster’ cohort. The expression of WISP1 was 1.9-fold higher in VAT from obese men 

(n=76) than in VAT from normal-weight men (n=16) (p<0.05). As with circulating WISP1 levels, 

no statistically significant differences in WISP1 expression levels between obese men with 

(n=31) and without type 2 diabetes (n=45) were observed (Figure 10B). In paired SAT samples, 

WISP1 mRNA levels were very low; reliable detection of WISP1 (Ct<35 and single-peak melting 

curve) was achieved in only nine of the 33 samples analysed (data not shown). In addition, 

WISP1 mRNA expression levels in the explants of paired SAT and VAT samples collected from 

study participants with obesity were compared (four men, two women, BMI 

47.94 ± 3.96 kg/m2, age 43.73 ± 4.59 years). In accordance with a previous report 

(Murahovschi et al., 2015), WISP1 expression was ninefold higher in VAT than in SAT (p<0.05) 

(Figure 10C). Therefore, only values of the WISP1 expression in VAT were used for further 

analysis. 

Figure 9. Glucose and insulin levels after an oral glucose tolerance test (OGTT). Glucose (A), AUC glucose (B), 

insulin (C), and AUC insulin (D) levels after an oral glucose tolerance test in morbidly obese men without (n=34, 

open circles) and with (n=8, filled circles) type 2 diabetes. AUC, area under the curve. The ***, **, and * indicate 

p<0.001, p<0.01, and p<0.05 for the differences between participants with or without type 2 diabetes as 

calculated by t-test, respectively. 
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Figure 10. WISP1 serum levels and gene expression in visceral adipose tissue. WISP1 serum levels and gene 

expression in VAT. Quantification of circulating WISP1 levels (A) and gene expression in VAT normalized to 

YWHAZ, RPS18, UBE2D2 (B) from normal-weight (control, n=30 (A), n=16 (B)) and obese men with (n=44 (A), 

n=31 (B)) and without (n=49 (A), n=45 (B)) type 2 diabetes. (C) Expression of WISP1 in paired samples of VAT and 

SAT (C, n=6). Data (A-C) are presented as dot plot in which the mean and 95% CI for each group are shown. 

Differences among normal-weight men and obese men with and without T2D (brackets) were analysed by Mann-

Whitney test (A, B). Brackets link data for obese men without and with T2D for analysis. Differences among all 

groups were analysed by ANOVA and Bonferroni correction for multiple comparisons (B). Data were analysed by 

paired t-test (C). *p<0.05, obese vs normal-weight men (A, B); *p<0.05, VAT vs SAT (C) (according to Hörbelt et 

al., 2018). Contribution: Measurements were performed as part of this thesis. Validating data of WISP1 

expression in explants of paired SAT and VAT biopsies of exemplified individuals were performed by Dr. Olga 

Pivovarova at the DIfE in Potsdam, Figure 10C. 

 
3.1.3 Correlation of WISP1 serum levels and WISP1 VAT gene expression with 

determinants of body composition and glucose metabolism 

WISP1 VAT expression was positively associated with HOMA-IR (r=0.272, p=0.034) and with 

fasting glucose levels (r=0.262, p=0.042) (Table 23). Furthermore, a positive association with 

fasting insulin levels was observed (r=0.231), although this did not reach statistical significance 

(p=0.073).  
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Circulating WISP1 levels displayed a negative association with age (r=−0.193, p=0.034) and 

positive associations with determinants of body composition (e.g. BMI [r=0.207, p=0.022]) as 

well as with subcutaneous adipocyte cell size (r=0.368, p=0.015) (Table 23). There was also an 

association between circulating WISP1 level and visceral adipocyte cell size (r=0.292, p=0.058), 

although this did not reach statistical significance. Several determinants of glucose 

metabolism were positively associated with serum WISP1 levels: fasting insulin (r=0.255, 

p=0.022) and glucose (r=0.188, p=0.094); HOMA-IR (r=0.275, p=0.014); post-load glucose 

levels at multiple time points (30 min [ r=0.312, p=0.072], 60 min [r=0.443, p=0.009], 120 min 

[r=0.335, p=0.052]) and AUC for glucose between 0 and 120 min (r=0.413, p=0.015) (Table 23). 

To note is, that calculations for HOMA-indices only were performed for normal-weight 

individuals and morbidly obese participants without type 2 diabetes and not taking glucose-

lowering medication or insulin (Wallace et al., 2004). 

 

Table 23. Correlation analysis for WISP1 expression and serum levels with anthropometric and metabolic 

markers. 

Variable WISP1 VAT WISP1 serum 

N (men) 78 123 

Age, years 0.183 (0.084) -0.193 (0.034)* 

BMI, kg/m2 0.019 (0.859) 0.207 (0.022)* 

Fat, % body weight -0.477 (0.339) 0.279 (0.067) 

SAT cell size, m2 0.040 (0.932) 0.368 (0.015)* 

VAT cell size, m2 -0.064 (0.891) 0.292 (0.058) 

Fasting glucose, mmol/la 0.262 (0.042)* 0.188 (0.094) 

Fasting insulin, pmol/la 0.231 (0.073) 0.255 (0.022)* 

HOMA-IRa,b 0.272 (0.034)* 0.275 (0.014)* 

HOMA2-%Ba,b 0.019 (0.886) 0.130 (0.252) 

ISI Gutt0–120 minb 0.001 (0.995) -0.401 (0.035)* 

Insulin, OGTT, at 0 mina,b 0.142 (0.408) 0.110 (0.541) 

Insulin, OGTT at 30 mina,b 0.114 (0.507) -0.008 (0.963) 

Insulin, OGTT, at 60 mina,b 0.073 (0.672) 0.205 (0.252) 

Insulin, OGTT, at 120 mina,b 0.007 (0.969) 0.176 (0.326) 

Insulin, OGTT, AUCa 0.051 (0.769) 0.100 (0.579) 

Glucose, OGTT, at 0 mina,b -0.048 (0.778) 0.172 (0.330) 

Glucose, OGTT at 30 mina,b 0.019 (0.910) 0.312 (0.072) 
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Variable WISP1 VAT WISP1 serum 

Glucose, OGTT, at 60 mina,b 0.014 (0.934) 0.443 (0.009)** 

Glucose, OGTT, at 120 mina,b -0.044 (0.795) 0.335 (0.052) 

AUC glucose0–120 min, mmol/la,b 0.025 (0.884) 0.413 (0.015)* 

The data are presented as Pearson’s r (p). aVariables with a skewed distribution were log-transformed prior to 

the regression analysis. bIn the analysis of OGTT data, participants with insulin treatment were excluded from 

the analysis. ISI, insulin sensitivity index; OGTT, oral glucose tolerance test. *p<0.05 and **p<0.01 (according to 

Hörbelt et al., 2018). Contribution: Data were measured at Ghent University and kindly provided for analyses of 

this work. 

 

As shown in Table 24, adjusting for age had no major impact on the relationship between 

WISP1 gene expression and HOMA-IR ( =0.261, p=0.041) but the associations with fasting 

glucose ( =0.232, p=0.085) and fasting insulin ( =0.233, p=0.069) lost their statistical 

significance (Table 24). The association between HOMA-IR and WISP1 gene expression lost 

statistical significance upon adjustment for age and BMI ( =0.240, p=0.101). 

 

Table 24. Regression analysis of WISP1 expression in visceral adipose tissue. 

Variable Unadjusted Age adjusted Age and BMI adjusted 

BMI, kg/m2 0.024 (0.824) 0.020 (0.854) NA 

Fat, % body weight -0.477 (0.339) -0.497 (0.401) -4.584 (0.320) 

SAT cell size, m2 0.040 (0.932) 0.037 (0.944) 1.052 (0.733) 

VAT cell size, m2 -0.064 (0.891) -0.188 (0.775) -2.729 (0.320) 

Fasting glucose, mmol/la 0.262 (0.042)* 0.232 (0.085) 0.212 (0.120) 

Fasting insulin, pmol/la 0.231 (0.073) 0.233 (0.069) 0.205 (0.168) 

HOMA-IRa,b 0.272 (0.034)* 0.261 (0.041)* 0.240 (0.101) 

HOMA2-%Ba,b 0.019 (0.886) 0.065 (0.630) 0.002 (0.988) 

ISI Gutt0–120 minb 0.001 (0.995) -0.007 (0.974) -0.068 (0.753) 

The data indicate standardized regression coefficient β, with p-value shown in parentheses using measured 

WISP1 expression data of study participants of all groups (normal-weight, obese, obese+T2D) combined. 
aVariables with a skewed distribution were log-transformed prior to the regression analysis. bParticipants treated 

with insulin were excluded from the analysis. *p<0.05 and **p<0.01 (according to Hörbelt et al., 2018). 

Contribution: Data were measured at Ghent University and kindly provided for analyses of this work. 

 

The associations of WISP1 serum levels with BMI ( =0.192, p=0.033), subcutaneous adipocyte 

size ( =0.322, p=0.039), post-load glucose at 60 min ( =0.442, p=0.013) and AUC glucose0–
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120min ( =0.428, p=0.021) remained significant after adjusting for age (Table 25). After 

adjusting for age and BMI, the associations between circulating WISP1 and post-load glucose 

at 60 min ( =0.434, p=0.018), and AUC glucose 0-120min ( =0.420, p=0.028) were still statistically 

significant (Table 25). Moreover, circulating WISP1 levels were negatively associated with 

Gutt’s index of insulin sensitivity (r=−0.401, p=0.035; n=28; Table 25) and this association 

remained significant after adjusting for age and BMI ( =−0.438, p=0.037; Table 25). 

 

Table 25. Regression analysis of circulating WISP1 levels. 

Variable Unadjusted Age adjusted Age and BMI adjusted 

BMI, kg/m2 0.207 (0.022)* 0.192 (0.033)* NA 

Fat, % body weight 0.279 (0.067) 0.288 0.056) -0.115 (0.794) 

SAT cell size, m2 0.368 (0.015)* 0.322 (0.039)* 0.191 (0.399) 

VAT cell size, m2 0.292 (0.058) 0.265 (0.081) 0.146 (0.397) 

Fasting glucose, mmol/la 0.202 (0.091) 0.201 (0.079) 0.183 (0.114) 

Fasting insulin, pmol/la 0.241 (0.044)* 0.182 (0.123) 0.128 (0.385) 

HOMA-IRa,b 0.262 (0.028)* 0.210 (0.073) 0.171 (0.231) 

HOMA2-%Ba,b 0.099 (0.415) 0.035 (0.771) -0.056 (0.676) 

ISI Gutt0–120 minb -0.401 (0.035)* -0.397 (0.042)* -0.438 (0.037)* 

Glucose, OGTT at 30 mina,b 0.312 (0.072) 0.312 (0.107) 0.313 (0.108) 

Glucose, OGTT, at 60 mina,b 0.443 (0.009)** 0.442 (0.013)* 0.434 (0.018)* 

Glucose, OGTT, at 120 mina,b 0.335 (0.052) 0.331 (0.077) 0.320 (0.100) 

AUC glucose0–120 min, mmol/la,b 0.416 (0.015)* 0.428 (0.021)* 0.420 (0.028)* 

The data indicate standardized regression coefficient β, with p-value shown in parentheses using measured 

WISP1 serum data of study participants of all groups (normal-weight, obese, obese+T2D) combined. aVariables 

with a skewed distribution were log-transformed prior to the regression analysis. bParticipants treated with 

insulin were excluded from the analysis. *p<0.05 and **p<0.01 (according to Hörbelt et al., 2018). Contribution: 

Data were measured at Ghent University and kindly provided for analyses of this work. 

 

3.1.4 Correlates of WISP1 serum and gene expression levels with markers of adipose 

tissue and systemic inflammation 

Because WISP1 has been shown to induce an inflammatory response in human macrophages 

(Murahovschi et al., 2015), next the association of WISP1 expression and serum levels with 

markers of adipose tissue inflammation (mRNA levels of ADIPOQ, RARRES2, CCL2, ITLN1) and 

systemic inflammation (adiponectin, CRP, chemerin, leptin, MCP-1, omentin) were in focus of 
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investigation. Moreover, the association of WISP1 with serum HO-1 which is associated with 

insulin resistance and adipose tissue inflammation and activates Wnt signaling was studied (Li 

et al., 2008; Vanella et al., 2013). Compared with normal-weight participants, circulating levels 

of adiponectin, leptin and CRP were increased and VAT ADIPOQ mRNA levels were decreased 

in obese individuals (p<0.001, p<0.001, p=0.014 and p=0.002, respectively) (Table 22). Serum 

levels of chemerin and VAT levels of RARRES2 mRNA were higher in obese individuals with vs 

without diabetes (p=0.014 and p=0.010, respectively) (Table 22).  

Circulating WISP1 levels showed a negative association with serum adiponectin (r=−0.190, 

p=0.031) and a highly significant positive association with serum HO-1 levels (r=0.437, p=1.3 

× 10−5) (Table 26). An association with serum adiponectin remained significant after adjusting 

for age ( =-0.176, p=0.041). The association with serum adiponectin remained significant after 

adjusting for age ( =−0.176, p=0.041); the association with HO-1 remained significant after 

adjusting for age ( =0.319, p=0.002) and for age and BMI ( =0.303, p=0.004). WISP1 mRNA 

expression in VAT showed a positive correlation with CCL2 expression (r=0.253, p=0.021) 

(Table 26) and this association remained statistically significant after adjusting for age and BMI 

( =0266, p=0.015). 

 

Table 26. Correlation analysis of WISP1 expression and serum levels with inflammatory markers. 

Variable WISP1 VAT WISP1 serum 

N (men) 78 123 

CRP, nmol/la 0.045 (0.691) -0.110 (0.246) 

Adiponectin, mg/la -0.092 (0.410) -0.190 (0.031)* 

Chemerin, μg/l 0.074 (0.511) -0.068 (0.449) 

Leptin, μg/l 0.114 (0.476) 0.103 (0.358) 

Omentin, μg/l 0.135 (0.228) -0.095 (0.283) 

MCP1, ng/la 0.080 (0.482) -0.181 (0.055) 

HO-1, ng/l -0.261 (0.073) 0.437 (1.3x10-5)*** 

ADIPOQ VAT (AU) 0.030 (0.797) -0.004 (0.963) 

RARRES2 VAT (AU) -0.132 (0.235) 0.005 (0.961) 

CCL2 VAT (AU) 0.253 (0.021)* 0.008 (0.931) 

ITLN1 VAT (AU) 0.118 (0.295) -0.174 (0.070) 

HMOX1 (AU)b 0.122 (0.795) 0.124 (0.470) 
aVariables with a skewed distribution were log-transformed prior to the analysis. Correlation analysis was 

performed using Pearson or Spearman test dependently on the data distribution and presented as r (p) or rho 



Results 
 

67 
 

(p). b n=36. ***, ** and * indicate p<0.001, p<0.01, and p<0.05 (according to Hörbelt et al., 2018). Contribution: 

Data except for ADIPOQ, RARRES2, CCL2, ITLN1 and HMOX1, were measured at Ghent University and kindly 

provided for analyses of this work. Additional measurements for ADIPOQ, RARRES2, CCL2, ITLN1 and HMOX1 

were performed as part of this thesis.  

 

3.1.5 Effects of WISP1 on insulin signaling and glucose metabolism in myotubes and 

hepatocytes 

The observed relationship between circulating WISP1 and HOMA-IR as well as post-load 

glucose levels, together with the previous observation of the negative association between 

WISP1 VAT expression and hyperinsulinaemic–euglycaemic clamp-derived insulin sensitivity 

(Murahovschi et al., 2015) suggest that WISP1 may interfere with insulin signaling. To examine 

this in more detail, primary hSkMC were exposed to recombinant WISP1 before analysis of 

insulin action. As shown in Figure 11A, B the insulin-mediated induction of Akt on Thr308 and 

Ser473 phosphorylation in primary hSkMC was reduced by 40% in cells that were exposed to 

1 μg/l WISP1 before the addition of insulin. The reductions in insulin-mediated Akt 

phosphorylation induced by WISP1 were accompanied by decreases in insulin-mediated 

GSK3 -Ser9, p70S6K-Thr389 and IRβ-Tyr-1150/1151 phosphorylation (Figure 11C-E). This 

inhibition of the insulin-mediated phosphorylation was achieved already in the presence of 

0.1 μ/l WISP1. 
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Figure 11. Effect of WISP1 on insulin signaling in primary hSkMCs. Representative western blots and bar graphs 

show the effects of WISP1 on insulin-stimulated phosphorylation of Akt-Thr308 (A), Akt-Ser473 (B), GSK3β-Ser9 

(C), and p70 S6 kinase-Thr389 (D), IRβ-Tyr1150/1151 (E) and on protein abundance of IRS-1 (F). The dividing lines 

in the blots in (F) indicate places where the blot has been cut. The scattered bar graphs indicate the mean ± SD 

for the phosphorylation levels obtained in four to five (A, C, D), three to five (B), four (E, F) independent 

experiments in primary hSkMCs obtained from different donors. The phosphorylation levels were normalized for 

the protein abundances of the non-phosphorylated proteins, GAPDH or -tubulin, as indicated. The values 
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obtained in cells incubated with 100 nM insulin only were considered as the control and set at 100%. The effects 

of WISP1 and insulin were analysed by two-way ANOVA with Bonferroni correction for multiple comparisons. 

*p<0.05 **p<0.01 and ***p<0.001, with vs without WISP1 incubation; †p<0.05 ††p<0.01 and †††p<0.001, with vs 

without insulin stimulation. Differences among groups were calculated by one-way ANOVA with Tukey´s multiple 

comparisons test (F). †††p<0.001, with vs without WISP1 incubation (according to Hörbelt et al., 2018). 

 

Of further note, the reductions in phosphorylation levels could not be ascribed to changes in 

the protein abundances of Akt, IRβ, GSK3  or p70S6K (Figure 12). In contrast, the abundance 

of IRS-1 protein was reduced by ~50% in cells that were exposed to WISP1 (Figure 11F).  

 
Figure 12. Effect of WISP1 on protein abundance of components of insulin action in primary hSkMC. The graphs 

show the mean ± SD for the protein abundance of Akt (A), GSK3β (B), p70 S6 kinase (C) and IRβ (D) in cells kept 

untreated (0 μg/l) or exposed to WISP1. The expression levels were normalized for the protein abundances of 

GAPDH and -tubulin, respectively. The values obtained in cells that were kept untreated only were considered 

as control and set at 100% (according to Hörbelt et al., 2018).  

 

To demonstrate the functional relevance of the reduced insulin signaling, further effects of 

the WISP1 treatment on insulin-stimulated glycogen synthesis were investigated. Insulin 

treatment (100 nM) for 3h significantly increased glycogen synthesis in primary human 

myotubes compared with basal conditions, whereas in cells pre-incubated with 0.1 or 1 μg/l 

WISP1 for 24h, this effect was completely abrogated (Figure 13). 
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Largely comparable data were obtained for the murine hepatocyte cell line AML12. Exposing 

AML12 cells to WISP1 caused a dose-dependent reduction in insulin-induced Akt-Thr308 and 

Akt-Ser473 phosphorylation (Figure 14A, B). The induction of GSK3 -Ser9 phosphorylation by 

insulin in hepatocytes was not affected by WISP1 (Figure 14C) whereas the inhibition of 

insulin-induced Akt phosphorylation was accompanied by a reduction in p70S6K-Thr389 and 

IRβ-Tyr-1150/1151 phosphorylation (Figure 14D, E). Therefore, to corroborate the effects of 

WISP1 on distal Akt signaling, another Akt substrate, namely phosphorylation of FoxO1 at 

Ser256, was analyzed. Figure 14F shows that incubating AML12 cells with 0.1 and 1 μg/l WISP1 

impaired the induction of FoxO1-Ser256 phosphorylation by insulin. 

Figure 13. Effect of WISP1 on insulin-stimulated glycogen synthesis in primary hSkMC. Myotubes were exposed 

to WISP1 for 24h before glycogen synthesis was determined as incorporation of D-[U-14C]-glucose into glycogen 

in the absence or presence of insulin (100 nM) for 3h. Data are normalised to amount of protein for three 

independent experiments (n=3) and are shown as mean ± SD. The effects of WISP1 and insulin were analyzed by 

two-way ANOVA and Bonferroni correction for multiple comparisons. ††p<0.01, with vs without insulin 

(according to Hörbelt et al., 2018). 
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Figure 14. Effect of WISP1 on insulin signaling in AML12 hepatocytes. Representative Western blots and bar 

graphs show the effects of WISP1 on insulin-stimulated phosphorylation of Akt-Thr308 (A), Akt-Ser473 (B), 

GSK3β-Ser9 (C), p70 S6 kinase-Thr389 (D), IRβ-Tyr1150/1151 (E) and FoxO1-Ser256 (F) and on protein abundance 

of IRS-1 (G). The dividing lines in the blots in G indicate places where the blot has been cut. The scattered bar 

graphs indicate the mean ± SD for the phosphorylation levels obtained in three to four independent experiments. 

The phosphorylation levels were normalized for the protein abundances of the non-phosphorylated protein, 

GAPDH or -tubulin, as indicated. The values obtained in cells incubated with 100 nM insulin only were 

considered as the control and set at 100%. The effects of WISP1 and insulin were analyzed by two-way ANOVA 

with Bonferroni (A-F) and one-way ANOVA (G) with Dunnett´s correction for multiple comparisons. *p<0.05 and 

**p<0.01, with vs without WISP1 incubation; †p<0.05 ††p<0.01 and †††p<0.001, with vs without insulin stimulation 

(according to Hörbelt et al., 2018). 

 

In contrast to the findings in myotubes, the abundance of IRS-1 protein was doubled in AML12 

cells exposed to WISP1 (Figure 15G), whereas the abundances of Akt, GSK3 , p70S6K, IRβ and 

FoxO1 were not affected (Figure 15). In addition, WISP1 incubation had no effect on the 

abundance of IRS-2 (Figure 15F). 
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Figure 15. Effect of WISP1 on protein abundance of components of insulin action in mouse AML12 hepatocytes. 

The graphs show the mean ± SD for the protein abundance of Akt (A), GSK3β (B), p70 S6 kinase (C), IRβ (D), FoxO1 

(E) and IRS-2 (F) in cells kept untreated (0 μg/l) or exposed to WISP1. The expression levels were normalized for 

the protein abundances of GAPDH and -tubulin, as indicated. The values obtained in cells that were kept 

untreated only were considered as control and set at 100% (according to Hörbelt et al., 2018).  

 

Further, WISP1 treatment abrogated the insulin-mediated suppression of the gluconeogenic 

genes Pck1 and G6pc in primary mouse hepatocytes (Figure 16). 
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Figure 16. WISP1 impaired the insulin-mediated suppression of gluconeogenic gene expression in primary 

hepatocytes. Hepatocytes were exposed to WISP1 for 24h. The last 60 min of the WISP1 incubation was carried 

out in the absence or presence of insulin (100 nM). Pck1 (A) and G6pc (B) expression levels were assessed by 

quantitative RT-PCR and normalized to 18S. Data represent mean ± SD of the expression levels of five 

independent experiments using cells from different mice. The values obtained for untreated cells were 

considered as controls and set as 1. Differences among conditions were calculated by two-way ANOVA with 

Bonferroni correction for multiple comparisons. *p<0.05, with vs without WISP1 incubation; ††p<0.01, with vs 

without insulin stimulation (according to Hörbelt et al., 2018). 
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3.2 Association of the adipokine sFRP4 with obesity and type 2 diabetes and its 

functional role in skeletal muscle and liver physiology 

The second part of this thesis focuses on the investigation whether the expression of the 

adipokine sFRP4 was altered with obesity and/or type 2 diabetes and associated with insulin 

resistance. Further, this part examines the impact of sFRP4 on the regulation of insulin action 

and energy metabolism in two major insulin-sensitive cell-types including skeletal muscle cells 

and hepatocytes (unpublished data).  

 

3.2.1 Anthropometric and metabolic characteristics of the study participants 

The basic characteristics of the 28 normal-weight men, 46 obese men and 42 obese men with 

type 2 diabetes are presented in Table 27. For the analyses, the data were kindly provided by 

colleagues from the Department of Internal medicine at Ghent University as stated in 2.2.1. 

Obese men with type 2 diabetes differed in their ages in comparison to obese participants 

without type 2 diabetes (p<0.01). In addition to higher BMI, obese study participants without 

type 2 diabetes had significant elevated fasting insulin levels (p<0.01), triglycerides (p<0.05) 

and C-reactive protein (CRP) (p<0.01) levels compared to normal-weight men. Study 

participants with type 2 diabetes had enhanced fasting glucose levels in comparison to obese 

subjects without type 2 diabetes and normal-weight individuals (both p<0.001) and higher 

fasting insulin levels (p<0.001) and an increased HOMA-IR compared to normal-weight men 

(p<0.01). In contrast, all obese men showed significant lower adiponectin levels (p<0.001) but 

higher serum leptin levels (all p<0.001) than normal-weight men. Additionally, obese 

individuals with and without type 2 diabetes had lower SLC2A4/GLUT4 expression levels in 

VAT than normal-weight men (all p<0.01).  
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Table 27. Clinical cohort characteristics of normal-weight (controls) and obese study participants with and 

without type 2 diabetes. 

Variable Normal-weight Obese Obese + T2D p 

N (men) 28 46 42  

Age (years) 48.61 42.54## 51.33 0.003 

BMI (kg2/m) 24.12 (23.05 - 25.18) 40.96 39.4 - 42.52)*** 42.91 (40.80 - 45.02)*** <0.001 

Metabolic variables    

Fasting glucose (mmol/l) 5.71 (4.44 - 6.99) 5.72 (5.21 - 6.22) ## 7.63 (6.72 - 8.54)** 0.001 

Fasting insulin (pmol/l) 35.21 (27.87 - 42.55) 133.3 (76.93 – 189.6)** 164.7 (125.1 – 204.3)*** 0.001 

HOMA-IR 1.32 (0.91 - 1.72) 5.85 (2.34 - 9.35) 8.05 (5.91 - 10.18)** 0.006 

Triglycerides (mg/dl) 132.9 (105.9  - 159.8) 217.7 (158 – 277.4)* 214.4 (174.4 – 254.4) 0.04 

CRP (mg/l) 2.06 (0.77 - 3.35) 4.72 (3.39 - 6.06) ** 3.46 (2.3 - 4.63) 0.02 

Circulating adipokine levels      

Adiponectin (mg/l) 9.35 (7.44 - 11.25) 4.96 (4.09 - 5.84)*** 4.28 (3.51 – 5.05)*** <0.001 

Leptin (μg/l) 4.03 (2.41 – 5.66) 30.56 (22.2 – 38.91)*** 34.81 (28.71 – 40.91)*** <0.001 

VAT expression (AU)    

SLC2A4/GLUT4 2.35 (1.53 - 3.17) 1.26 (0.95 - 1.57) ** 1.34 (1.0 - 1.68)** 0.003 

Data are presented as mean (95% CI). Differences between the participant groups were calculated using one-

way ANOVA and Bonferroni correction for multiple comparisons. *vs normal-weight controls; #vs obese + T2DM. 

*/#p<0.05, **/##p<0.01, ***/###p<0.001. SLC2A4/GLUT4, solute carrier family 2 (glucose transporter) member 4. 

 

3.2.2 sFRP4 mRNA expression in VAT of obese men with and without T2D and its 

association with markers of insulin resistance, glucose and lipid metabolism 

sFRP4 mRNA expression was determined in VAT and SAT of study participants of the described 

cohort (Table 27). Interestingly, the expression of sFRP4 in VAT was 1.9-fold higher than in SAT 

(Figure 17A, p<0.001). sFRP4 mRNA expression in VAT was increased by 2.8-fold in obese 

individuals (p<0.01) and 3.7-fold in obese men with type 2 diabetes (p<0.001) compared to 

normal-weight men (Figure 17B). Furthermore, sFRP4 mRNA was 1.3-fold higher expressed in 

VAT of obese, type 2 diabetic individuals than in men with obesity but without type 2 diabetes 

(Figure 17B). However, sFRP4 mRNA expression in SAT neither was altered with obesity nor 
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with type 2 diabetes (Figure 17C). Therefore, only values for sFRP4 expression in VAT were 

used for further analysis. 

 

It was examined whether sFRP4 mRNA expression in VAT associates with established markers 

of insulin resistance, obesity and metabolic regulation in the study samples (all three groups 

combined) using four different models: (1) unadjusted, (2) adjusted for age, (3) adjusted for 

BMI and (4) adjusted for age and BMI. sFRP4 mRNA expression in VAT was positively 

correlated with BMI (rs=0.424, p<0.001), HOMA-IR (rs=0.475, p<0.001), fasting glucose 

(rs=0.233, p=0.014) and insulin (rs=0.484, p<0.001), triglyceride (rs=0.349, p<0.001), leptin 

(rs=0.359, p=0.003) and serum CRP levels (rs=0.231, p=0.022) whereas inversely associated 

with circulating adiponectin levels (rs=-0.500, p<0.001) and SLC2A4/GLUT4 mRNA expression 

in VAT (rs=-0.451, p<0.001) (Table 28). All correlations remained significant after adjustment 

for age, except the associations of sFRP4 VAT expression with fasting glucose (p=0.638), serum 

Figure 17. sFRP4 mRNA expression in VAT and SAT of normal-weight (controls) and obese men with and 

without T2D. Relative mRNA expression levels of sFRP4 in VAT and SAT of combined study participant groups 

(A, paired samples n=54) and grouped in normal-weight (controls) and obese men with and without T2D 

(B n=116, C n=59) were shown. Relative mRNA expression was obtained by qRT-PCR, normalized to geomean of 

YWHAZ, RPS18, UBE2D2 and analyzed by 2- ΔΔCt-method. Data are given as mean and 95% CI. Differences among 

groups were analyzed using paired t-test or one-way ANOVA following Tukey´s multiple comparisons test. * 

versus normal-weight controls; # versus obese + T2DM. */# p< 0.05; **/##p < 0.01; ***/### p < 0.001. 
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leptin (p=0.098) and CRP levels (p=0.874) were cofounded by age. sFRP4 VAT expression was 

no further correlated with SLC2A4/GLUT4 VAT expression, glucose and insulin levels and 

HOMA-IR after adjustment for BMI. However, the associations of sFRP4 with triglyceride levels 

(rs=0.306, p=0.001) and circulating adiponectin levels (rs=-0.279, p=0.004) were independent 

of BMI and still remained significant after adjustment for age and BMI.  

 

Table 28. Association of sFRP4 expression in VAT with metabolic variables and adipokines. 

Variable Unadjusted Age adjusted BMI adjusted Age and BMI adjusted 

Age* 0.057 (0.55) NA 0.088 (0.360) NA 

BMI (kg/m2)§  0.424 (<0.001) 0.387 (<0.001) NA NA 

Metabolic variables    

Fasting glucose (mmol/l) 0.233 (0.014) 0.046 (0.638) - 0.022 (0.821) - 0.049 (0.618) 

Fasting insulin (pmol/l) 0.484 (<0.001) 0.270 (0.005) 0.147 (0.129) 0.144 (0.138) 

HOMA-IR 0.475 (<0.001) 0.217 (0.025) 0.100 (0.304) 0.096 (0.325) 

Triglycerides (mg/dl) 0.349 (<0.001) 0.329 (<0.001) 0.300 (0.001) 0.306 (0.001) 

CRP (mg/l) 0.231 (0.022) 0.016 (0.874) - 0.108 (0.289) - 0.100 (0.331) 

Circulating adipokine levels    

Adiponectin (mg/l) -0.5 (<0.001) - 0.400 (<0.001) - 0.272 (0.004) - 0.279 (0.004) 

Leptin (μg/l) 0.359 (0.003) 0.204 (0.098) - 0.167 (0.177) - 0.167 (0.179) 

VAT expression (AU)       

SLC2A4/GLUT4 -0.451 (<0.001) - 0.301 (0.018) - 0.158 (0.225) - 0.157 (0.232) 

Data are given as partial Spearmen correlation coefficient rs and corresponding p-values in parentheses. 

*adjusted for BMI only. §adjusted for age only. *p<0.05 and **p<0.01.  

 

3.3 The role of sFRP4 in the regulation of insulin action and energy metabolism in 

skeletal muscle cells  

The results of the correlation analyses showed that sFRP4 associated with BMI, fasting glucose 

and insulin levels, overall peripheral insulin resistance and further strongly correlated 

triglycerides. These findings suggest that the adipokine sFRP4 might play role in the regulation 

of glucose and lipid metabolism in peripheral and insulin-responsive tissues. To address this, 
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first the effect of sFRP4 on glucose homeostasis and insulin action was investigated in skeletal 

muscle using differentiated C2C12 myotubes and primary human skeletal muscle cells 

(hSkMC). 

 

3.3.1 The impact of sFRP4 on glycolysis, mitochondrial respiration and fatty acid 

oxidation in myotubes 

The impact of sFRP4 on glycolysis was assessed by recording the extracellular acidification rate 

(ECAR) in C2C12 myotubes (Figure 18A-F). Cells exposed 24h to sFRP4 showed similar rates of 

glycolysis compared to controls under high as well as low glucose culture conditions (Figure 

18A, B). Further, neither glycolytic capacity nor glycolytic reserve were altered by sFRP4 (C-F).  
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To determine the effect of sFRP4 on mitochondrial respiration, spare respiratory capacity, ATP 

production and coupling efficiency, C2C12 myotubes were exposed to sFRP4 (100 ng/ml) for 

24h followed by oxygen consumption rate (OCR) measurements in presence of specific 

inhibitors and inducers of the mitochondrial respiratory chain using an extracellular flux 

analyzer. 24h treatment of the cells with sFRP4 (100 ng/ml) did not affect spare respiratory 

capacity, but significantly increased basal and maximal mitochondrial respiration and ATP 

production by 1.22-, 1.2- and 1.19-fold (all p<0.01), respectively (Figure 19B, C, D). 

Figure 18. Effect of sFRP4 on glycolysis in myotubes. C2C12 myotubes were treated 24h with 100 ng/ml sFRP4 

in medium containing high (A, C, E) or low (B, D, F) glucose (Glc). Following, ECARs were measured in controls (0 

ng/ml sFRP4) and sFRP4-treated cells (100 ng/ml) after sequential injection of glucose (10 mM) oligomycin (1 

μM) and 2-deoxy-D-glucose (2-DOG, 100 mM). The calculated ECARs were used for assessing glycolysis (A, B), 

glycolytic capacity (C, D), glycolytic reserve (E, F). The figures show the data presented as mean ± SD of three 

independent experiments (n=3). 
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Furthermore, the proton leak was elevated in response to sFRP4 compared to untreated 

control cells but without reaching statistical significance (p=0.07) (Figure 19F).  

Mitochondrial oxidation of fatty acids was examined by incubation of primary hSkMC with 

[14C]-palmitic acid after 24h treatment with sFRP4 (100 ng/ml) followed by assessing the 

release of [14C]-CO2 which was produced in an oxidation chamber. The application of an 

inducer and inhibitors of the mitochondrial respiratory chain verified that the produced [14C]-

CO2 can be ascribed to mitochondrial oxidation. Whereas FCCP significantly induced palmitic 

acid oxidation by 36% (p<0.05), oligomyocin, antimycin A/rotenone and etomoxir significantly 

inhibited oxidation in myotubes by 79%, 87% and 73% (all p<0.001, Figure 20A), respectively. 

However, 24h sFRP4 exposure to hSkMC did not affect palmitic acid oxidation (Figure 20B). 

Figure 19. sFRP4 increased mitochondrial respiration in myotubes. C2C12 myotubes were treated with 24h 

sFRP4. In C2C12, OCRs were measured in controls (0 ng/ml sFRP4) and sFRP4-treated cells (100 ng/ml) after 

sequential injection of oligomycin (1 μM), FCCP (1 μM) and antimycin A/rotenone (each 1 μM). Figure shows a 

representative graph (A) of measured OCRs which were used for assessing basal respiration (B), maximal 

respiration (C), ATP production (D), spare respiratory capacity (E) and proton leak (F). The presented data are the 

mean ± SD of five independent experiments. Differences among groups were calculated by unpaired t-test. 

*p<0.05, **p<0.01, ***p<0.001 for sFRP4 versus basal. 

Figure 20. Effect of sFRP4 on fatty acid oxidation in primary hSkMC. Myotubes were exposed to sFRP4 (100 

ng/m) for 24h (B) or to inducers (FCCP) and inhibitors (Oligomycin, Antimycin, Rotenone, Etomoxir) of fatty acid 

β-oxidation (A). Following, cells were incubated with 14C-palmitate for 4h. Data show oxidation of isotopic 

labeled palmitate of four to five independent experiments (n=4-5) presented as mean ± SD in cultured hSkMC. 

The values obtained for sFRP4-untreated cells were considered as controls (0 ng/ml). Differences among 

conditions were calculated by t-test. *p<0.05, ***p<0.001 versus control cells. 
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3.3.2 sFRP4 increased phosphorylation of AMPK in primary hSkMC 

The effect of sFRP4 on AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase 

(ACC), essential regulators of mitochondrial biogenesis, glucose and lipid metabolism, was 

determined in hSkMC. Acute incubation with sFRP4 for 4h increased phosphorylation of 

AMPKα-Thr172 by 52% (p<0.05) and slightly increase phosphorylation of ACC-Ser79 by 44% 

without reaching statistical significance (p<0.16) compared to control cells (Figure 21A, B), 

indicating an increased activity of AMPK.  

 

Figure 21. Effect of short-time exposure of sFRP4 on AMPK signaling in primary hSkMC. hSkMC were treated 

with 100 ng/ml sFRP4 for 4h. Following cell lysis, protein lysates were analyzed for phosphorylation levels of 

AMPKα-Thr172 and its substrate ACC-Ser79 (A, B) and abundance for AMPKα and ACC protein (C, D). The protein 

signals were normalized for the abundance of total protein (A, B) and/or loading control β-actin or GAPDH (A-D). 

Data show representative Western blots and mean ± SD of four independent experiments using cells from 

different donors (n=4). The values obtained for sFRP4-untreated cells were considered as controls (0 ng/ml). 

Differences among conditions were calculated by t-test. *p<0.05 for sFRP4-treated versus control cells. 
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Long time exposure of primary hSkMC with sFRP4 for 24h did not affect phosphorylation levels 

of AMPKα-Thr172 and its substrate ACC-Ser79 (Figure 22A, B). The abundances of AMPK and 

ACC were not affected by sFRP4 neither after 4h nor 24h incubation period (Figure 21C, D; 

22C, D). 

 

Figure 22. Effect of long-time sFRP4 exposure on AMPK-signaling in primary hSkMC. hSkMC were treated with 

100 ng/ml sFRP4 for 24h. Following cell lysis, protein lysates were analyzed for phosphorylation levels of AMPKα-

Thr172 and its substrate ACC-Ser79 (A, B) and abundance for AMPKα and ACC protein (C, D). The protein signals 

were normalized for the abundance of total protein (A, B) and loading control β-actin or GAPDH (A-D). Data show 

representative Western blots and mean ± SD of four independent experiments using cells from different donors 

(n=4). The values obtained for sFRP4-untreated cells were considered as controls (0 ng/ml). Differences among 

conditions were calculated by t-test. *p<0.05, **p<0.01, ***p<0.001 for sFRP4-treated versus control cells.  
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3.3.3 Effect of sFRP4 on AMPK-FoxO signaling in primary hSkMC  

To determine whether the observed increase in the phosphorylation of AMPK was directly 

induced by sFRP4, hSkMC were exposed to sFRP4 (100 ng/ml) in the absence and presence of 

the selective and reversible AMP-kinase inhibitor Compound C (20 μM, CompC) for 4h. The 

sFRP4 induced increase on AMPK-Thr172 phosphorylation was abrogated by 40 % in cells pre-

incubated with CompC (Figure 23A). CompC alone did not interfere with AMPK-Thr172 

phosphorylation compared to untreated control cells (Figure 23A). Furthermore, the sFRP4-

induced increase in AMPK phosphorylation was accompanied by decreased phosphorylation 

levels of FoxO3a-Ser253 by 45% (p=0.04) whereas pre-incubation with CompC abrogated the 

reduction of FoxO3a-Ser253 phosphorylation mediated by sFRP4 (Figure 23B).  
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As illustrated in Figure 23C, D, neither AMPKα nor FoxO3a protein levels were affected by 

sFRP4 or CompC (Figure 23B).  

 

3.3.4 The impact of sFRP4 on AMPK-FoxO-mediated induction of E3 ubiquitin ligases in 

primary hSkMC 

Primary human myotubes were treated with sFRP4 for 4h in absence and presence of CompC 

to test whether sFRP4 regulated the abundance of MuRF1 and MAFbx/atrogin-1 E3 ubiquitin 

ligases via AMPK-FoxO signaling (Figure 24A, B). MuRF1 protein was significantly increased by 

33% (p<0.05) in cells incubated with sFRP4 compared to untreated cells. In contrast, this effect 

was abolished when cells were exposed to CompC 30 min prior to sFRP4 administration for 4h 

(Figure 24A).  

 

Figure 23. sFRP4 decreased inhibiting phosphorylation of FoxO3a via AMPK signaling in primary hSkMC. hSkMC 

were treated either with 100 ng/ml sFRP4 and/or 20 μM CompC for 4h. Following cell lysis, protein lysates were 

analyzed for phosphorylation levels of AMPKα-Thr172 and its substrates pFoxO3a-Ser256 (A, B) and abundance 

for AMPK, FoxO3a protein (D, E). The protein signals were normalized for the abundance of total protein and 

loading control GAPDH or α-tubulin. Data show representative Western blots and mean ± SD of independent 

experiments (n=3-7). The values obtained for sFRP4-untreated cells were considered as controls (0 ng/ml) and 

set as 100%. Differences among conditions were calculated by t-test. *p<0.05 for sFRP4-treated versus control 

cells.  
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Similar results but with a larger extent were found for the impact of sFRP4 on MAFbx/atrogin-

1. sFRP4 significantly induced MAFbx/atrogin-1 protein by 23% (123.9 ± 15.05%, p<0.05) 

whereas CompC alone even decreased MAFbx/Atrogin-1 abundance by 28% (72.61 ± 10.0%, 

p<0.05) compared to control cells (100 ± 15.49%) (Figure 24B). However, pre-incubation with 

CompC abrogated the sFRP4-induced increase of MAFbx/atrogin-1 protein (61.54 ± 15.94%, 

p<0.001).  

 

3.3.5 Effect of sFRP4 on sirtuin activity in primary hSkMC 

To determine the effect of sFRP4 in absence and presence of CompC on the activity of sirtuins 

(SIRT), NAD+-dependent regulators of energy metabolism, primary hSkMC were pre-incubated 

with CompC (20 μM) for 30 min prior to administration of sFRP4 (100 ng/ml) for further 4h or 

24h. Cellular SIRT activity was calculated from luminescence measurements. Figure 25A, B 

shows that neither 4h nor 24h sFRP4 exposure affected SIRT in hSkMC (p=0.2; p=0.85, 

respectively). In contrast, CompC incubation for 4h significantly inhibited SIRT activity by 3-

fold (p<0.01) compared to untreated control cells. CompC still suppressed SIRT activity in cells 

simultaneously treated with sFRP4 for 4h (p<0.05) by 2.5-fold in comparison to control cells 

(Figure 25A). SIRT activity was reduced by 1.7-fold (p<0.001) in cells incubated with CompC for 

24h. CompC administration followed by sFRP4 incubation for 24h reduced SIRT activity 

(p=0.06) compared to untreated hSkMC although did not reach statistical significance (Figure 

25B).  

Figure 24. Impact of sFRP4 on E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1 in primary hSkMC. hSkMC

were treated either with 100 ng/ml sFRP4 and/or 20 μM CompC for 4h. Following cell lysis, protein lysates were 

analyzed for MuRF1 and MAFbx/atrogin-1 (A, B). The protein signals were normalized for the abundance of the 

loading control GAPDH or α-tubulin. Data show representative Western blots and mean ± SD of five independent 

experiments (n=5). The values obtained for sFRP4-untreated cells were considered as controls (0 ng/ml) and set 

as 100%. Differences among conditions were calculated by one-way ANOVA followed by Dunnett´s or Holm-

Sidak´s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001 for sFRP4-treated versus control cells; 
#p<0.001 versus sFRP4. 
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3.3.6 The impact of sFRP4 on proteasome activity in primary human skeletal muscle 

cells  

To assess the effect of sFRP4 on proteasome activity in more detail, hSkMC were incubated 

with sFRP4 for 24h in absence and presence of Bortezomib (BZ), a cell-permeable and 

reversible inhibitor of the chymotrypsin-like 26S proteasome activity (Figure 26A, B). To 

exclude cytotoxic effects mediated by BZ exposure on hSkMC, first different concentrations of 

BZ (1-100 nM) were used for 24h treatment of cells followed by fluorescence measurements. 

As Figure 26A illustrated, none of the used BZ concentrations induced cytotoxicity in primary 

myotubes compared to the cytotoxicity control (100 ± 2.1%), cells treated with a lysis solution, 

and untreated control cells (28.54 ± 1.35%). 10 nM BZ have been used for further analysis. 

24h sFRP4 exposure of hSkMC increased proteasome activity by 27% (p<0.01) compared to 

untreated control cells (Figure 26B). Pre-incubation of hSkMC with 10 nM BZ inhibited 

proteasome activity by 56% (p<0.001). In combination, sFRP4 did not affect proteasome 

activity in cells that were pre-treated with BZ (31.81 ± 5.11%) compared to cells incubated 

with the inhibitor alone (44.28 ± 2.72%).  

Figure 25. Effect of sFRP4 on sirtuin activity in primary human skeletal muscle cells. Primary hSkMC were 

exposed 4h (A) and 24h (B) to 100 ng/ml sFRP4 to assess its effect on cellular sirtuin activity using SIRT-Glo™. 

Data show the mean ± SD of independent experiments (n=3-4). Data of untreated cells were regarded as controls 

and set as 1. Differences between treatments were calculated by t-test. *p<0.05, **p<0.01 versus untreated 

cells. 
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3.3.7 Effect of sFRP4 on IRS-1 levels in primary human skeletal muscle cells 

The observed associations of sFRP4 with glucose levels and peripheral insulin resistance 

indicated that sFRP4 might interfere with insulin signaling. Therefore, the impact of sFRP4 on 

IRS-1, a key mediator of insulin action, was examined in primary hSkMC. IRS-1 protein levels 

were significantly reduced by 35% (p<0.001) upon 24h but not 4h sFRP4 exposure (100 ng/ml) 

in in vitro cultured hSkMC compared to untreated cells (Figure 27A, B). The effect of 24h sFRP4 

treatment on IRS-1 protein was not due to decreased IRS1 mRNA expression in primary hSkMC 

(Figure 27C).  

 

 

 

 

 

 

Figure 26. Analysis of sFRP4 on proteasome activity in primary hSkMC. hSkMC were exposed 24h to different 

concentrations of Bortezomib (BZ) to assess the effect of the used concentrations on cellular cytotoxicity and 

integrity using CellTox™ Green Cytotoxicity Assay (A, n=2). 100 ng/ml sFRP4 for 24h with or without 10 nM BZ 

have been used to examine their impact on proteasome activity (B). Data show the mean ± SD of two (A) and 

five (B) independent experiments using cells from different donors. Data of untreated cells were regarded as 

controls and set as 100%. Two-way ANOVA analyses followed by Sidak's multiple comparisons test were 

performed. ***p<0.001 for BZ versus untreated or sFRP4 treated cells. ##p<0.01 for sFRP4-treated versus 

untreated cells. 
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Given that sFRP4 induced proteasome activity and decreased IRS-1 abundance but not mRNA 

expression in hSkMC suggested that IRS-1 might be a target of proteasome-dependent 

degradation mediated by sFRP4. To further analyze this, hSkMC were exposed to sFRP4 with 

and without pre-incubation of BZ for 24h (Figure 28). BZ alone did not affect IRS-1 levels in 

hSkMC (86.94 ± 12.74%, p=0.39). Incubation of the cells with the proteasome inhibitor BZ, 

30 min prior to sFRP4 exposure for further 24h, fully restored IRS-1 protein amount (p<0.05) 

to comparable levels of untreated control cells. 
 

Figure 27. IRS-1 protein was decreased by sFRP4 in primary human skeletal muscle cells. IRS-1 abundance (A) 

in hSkMC were determined upon 4h (A) and 24h (B) sFRP4 treatment (100 ng/ml) and IRS-1 expression after 24h 

sFRP4 exposure (C). IRS-1 protein levels were assessed by Western blotting and normalized to β-actin or α-

tubulin. Representative blots are shown. IRS1 mRNA expression levels were measured by quantitative RT-PCR 

and normalized to YWHAZ and EIF4A2. Bar graphs represent data as mean ± SD of the IRS-1 levels of independent 

experiments using cells from different donors (n=3-5). The values obtained for sFRP4-untreated cells were 

considered as controls (0 ng/ml) and set as 1 or 100%. Differences among conditions were calculated by t-test. 

*p<0.05, **p<0.01, ***p<0.001 for sFRP4-treated versus control cells (A-B). 
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Figure 28. sFRP4 induced proteasome-dependent degradation of IRS-1 in primary hSkMC. 100 ng/ml sFRP4 for 

24h with or without 10 nM BZ have been used to examine their impact on IRS-1 abundance. Data show the 

mean ± SD of independent experiments (n=5-6). Data of untreated cells were regarded as controls and set as 

100 %. Two-way ANOVA analyses followed by the Sidak's multiple comparisons test were performed. ***p<0.001 

for BZ vs untreated or sFRP4 treated cells; #p<0.05 for sFRP4-treated vs untreated cells.  

 

3.3.8 Effect of sFRP4 on cellular insulin signaling in primary hSkMC 

To investigate in vitro whether reduced IRS-1 abundance in hSkMC was accompanied with 

impaired insulin signaling in response to sFRP4, phosphorylation levels of Akt and its 

substrates GSK3β and FoxO were determined in cells exposed 24h to sFRP4 prior to an acute 

insulin stimulus. Although sFRP4 did not affect basal and insulin-induced phosphorylation of 

Akt-Ser473, Akt-Thr308 and GSK3β-Ser9 in hSkMC, the insulin-mediated phosphorylation of 

FoxO1/3a-Thr24/32 was reduced by ~30% in response to sFRP4 (70.57 ± 18.24, p<0.01) 

compared to control cells (Figure 29A-D).  



Results 
 

91 
 

 
Figure 29. Effect of sFRP4 on insulin signaling in primary hSkMC. Primary hSkMC were treated with sFRP4 for 

24h prior to insulin stimulation (10 min). Following cell lysis, protein lysates were analyzed for phosphorylation 

levels of Akt-Ser473 (A), Akt-Thr308 (B), GSK3β-Ser9 (C) and FoxO1/3a-Thr24/32 (D). The protein signals were 

normalized for the abundance of the loading control β-actin or GAPDH. Figures show representative Western 

blots and data are presented as mean ± SD of the phosphorylation levels of five independent experiments. The 

values obtained for sFRP4-untreated cells were considered as controls. All values were normalized to insulin-

treated control cells (control + Ins) which were set as 100%. Differences among groups were calculated by two-

way ANOVA analyses followed by the Sidak's multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001 for 

insulin vs basal #p<0.05; ##p<0.01; ###p<0.001 for sFRP4-treated vs untreated cells. 

 

The inhibitory effect of sFRP4 on insulin-mediated FoxO phosphorylation also was observed 

by using antibodies specific for either FoxO1-Ser256 phosphorylation or FoxO3a-Ser253 

phosphorylation (Figure 30). Neither FoxO1 nor FoxO3a abundances were affected by sFRP4 

(Figure 30B, D). 
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Figure 30. Impact of sFRP4 on insulin-induced phosphorylation of FoxOs in primary hSkMC. hSkMC were 

treated 24h with 100 ng/ml sFRP4 in the presence (+) or absence (-) of insulin (100 nM) (A-D). Signals for the 

phosphorylation levels of FoxO1-Ser256 (A) and FoxO3a-Ser253 (C) were normalized for the abundance of FoxO1 

(B) and FoxO3a (D) and the loading control α-tubulin or GAPDH. Bar graphs represent data as mean ± SD of the 

phosphorylation levels or protein abundance of independent experiments using cells from different donors (n=3-

4). The values obtained for sFRP4-untreated cells were considered as controls. All values were normalized to 

control cells in presence of insulin and set as 100%. Differences among groups were calculated by two-way 

ANOVA followed by Sidak's multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001 for insulin versus basal. 

 

The impaired insulin-mediated phosphorylation of FoxO1 did not result from the reduction in 

IRS-1 levels induced by sFRP4 (Figure 31). This was tested in more detail in cells that were pre-

treated with BZ followed by sFRP4 exposure for 24h. Here, sFRP4 still decreased the insulin-
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mediated phosphorylation of FoxO1-Ser256 in absence and presence of the inhibitor by 37% 

and 44% respectively (both p<0.05), compared to control cells (Figure 31A). BZ and sFRP4 

exposure did not affect FoxO1 abundance (Figure 31B). 

 
Figure 31. Effect of sFRP4 and BZ on insulin-mediated phosphorylation of FoxO in hSkMC. hSkMC were treated 

24h with 100 ng/ml sFRP4 in the presence (+) or absence (-) of BZ prior to insulin stimulation (10 min, 100 nM). 

Phosphorylation levels of FoxO1-Ser256 and FoxO1 protein were normalized either for the abundance of FoxO1 

protein and/or the loading control α-tubulin and GAPDH. Bar graphs represent data as mean ± SD of FoxO1-

Ser256 phosphorylation levels (A) and FoxO1 protein abundance (B) of independent experiments using cells from 

different donors (n=3-4). The values obtained for sFRP4-untreated cells were considered as controls. All values 

were normalized to control cells in presence and set as 100%. Differences among groups were calculated by two-

way ANOVA followed by Sidak's multiple comparisons test. *p<0.05 for insulin versus basal; #p<0.05 versus 

untreated cells. 

  

3.4 Analysis of sFRP4 and isolation of primary hepatocytes from C57Bl6 and aP2-

SREBP-1c mice 

Given the hypothesis that sFRP4 acts as metabolic active adipokine, further analyses were 

focused on the role of sFRP4 on liver. The investigations in liver focused on two major points: 

i) the mechanistically action of sFRP4 on a metabolic healthy liver, and ii) alterations of the 

sFRP4 action on liver of lipodystrophic mice (aP2-SREBP-1c). The latter model is characterized 

by hepatic lipid accumulation and the complete loss of adipose tissue, so lacking VAT 

expressed sFRP4. To investigate predominant tissue expression and circulating levels of sfrp4 

in mice, tissues biopsies and plasma samples were obtained from C57Bl6 and aP2-SREBP-1c 
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mice. To mimic the effect of the adipokine sFRP4 in vitro and to further examine whether 

sFRP4 affect hepatic energy homeostasis, lipid metabolism and insulin action in liver, primary 

hepatocytes were isolated from the phenotypical C57Bl6 control and diseased aP2-SREBP-1c 

mouse models.  

 

3.4.1 Clinical characterization of C57Bl6 and aP2-SREBP-1c mice 

The clinical parameters of the mice used for the study were summarized in Table 29. At 24 

weeks of age, aP2-SREBP-1c mice had developed their full lipodystrophic phenotype with 

complete loss of white adipose tissue and enlarged fatty liver. This was determined in slightly 

increased overall body weight (p<0.001) compared to respective C57Bl6 control mice, due to 

massively increased liver weight (p<0.001), despite complete loss of visceral adipose tissue 

mass. 

The clinical parameters of the aP2-SREBP-1c mice indicated dyslipidemia characterized by 

increased FFA (p<0.001), TG (p<0.001), and cholesterol (p<0.01) in plasma. Furthermore, aP2-

SREBP-1c mice had a pronounced insulin resistance with increased plasma glucose (p<0.001) 

and insulin levels (p<0.001) in combination with elevated HOMA-IR (p<0.001) and 

compensatory increase in HOMA-%ß (p<0.001) in comparison to C57Bl6 mice. In concordance 

to the lipodystrophy phenotype, leptin levels were drastically reduced (p<0.001). Liver 

enzymes glutamat-oxalacetat-transaminase (GOT) (p<0.001) and glutamat-pyruvat-

transaminase (GPT) (p<0.001) were increased, indicating liver functional impairment, but not 

liver injury yet, as glutamate dehydrogenase (GLDH) (p=0.09) was not significantly elevated. 
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Table 29. Clinical characteristics of C57Bl6 and aP2-SREBP-1c. 

Variable C57Bl6 aP2-SREBP-1c p 

N (male) 10 10  

Age (weeks) 24 24  

Weight (g) 30.67 (29.39-31.96) 36.29 (34.38-38.20) <0.001 

Liver (mg) 1835 (1747-1923) 3886 (3170-4602) <0.001 

Liver/weight (mg/g) 59.83 (58.25-61.41) 107.5 (86.74-128.20) <0.001 

VAT (g) 0.81 (0.74-0.88) NA <0.001 

Metabolic variables    

TG (mg/dl) 124.5 (144.2-134.8) 302.3 (280-323.9) <0.001 

Cholesterol (mg/l) 106.5 (96.52-116.5) 127.9 (117.9-137.9) <0.01 

FFA (g/l) 1.00 (0.74-1.25) 6.23 (6.00-6.46) <0.001 

HOMA-IR 0.30 (0.21-0.40) 4.13 (3.45-4.81) <0.001 

Plasma glucose (mg/dl) 127 (116.3-137.7) 238.8 (219.8-257.8) <0.001 

Plasma insulin (μlU/ml) 0.94 (0.72-1.16) 6.95 (6.10-7.80) <0.001 

HOMA-%β 119.1 (93.51-144.7) 317.2 (273.9-360.40) <0.001 

Leptin (ng/ml) 15.88 (10.43-21.32) 1.04 (0.61-1.46) <0.001 

GOT (U/l) 36.60 (29.33-43.87) 329.7 (285.5-373.9) <0.001 

GPT (U/l) 35.40 (30.14-40.66) 131.2 (119.2-143.2) <0.001 

GLDH (U/I) 9.19 (3.99-14.40) 21.70 (11.58-31.82) 0.09 

Data are presented as mean (95% CI). Significance differences were calculated by t-test and are stated by p-

values. Triglycerides, TG; free fatty acids, FFA; glutamat-oxalacetat-transaminase, GOT; glutamat-pyruvat-

transaminase, GPT; glutamate dehydrogenase, GLDH.  
 

3.4.2 Expression and circulating levels of sfrp4 in metabolic healthy C57Bl6 mice and 

lipodystrophic aP2-SREBP1c mice 

The predominant tissue-specific mRNA expression pattern of sfrp4 was investigated in five 

different insulin-sensitive tissues including VAT, SAT, gastrocnemius (GAS) muscle, liver and 

pancreas. As Figure 32A shows, in C57Bl6 mice sfrp4 mRNA expression was highest in VAT 
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(2.67 (0.98–4.37) AU) followed by GAS muscle (1.69 (1.24-2.13) AU). Sfrp4 expression was also 

detectable in SAT (0.95 (0.72-2.61 AU), p<0.05) and to a minor extent in liver (0.03 (0.006-

0.06) AU, p<0.001) and pancreas (0.08 (0.002-0.15) AU, p<0.001), but the expression levels 

were significantly lower than in VAT. In lipodystrophic aP2-SREBP-1c mice sfrp4 expression 

was determined in GAS muscle, liver and pancreas (Figure 32B). sfrp4 expression was highest 

in GAS muscle (1.87 (1.23-2.48) AU) and significantly lower expression levels were detected in 

liver (0.01 (0.001-0.03) AU, p<0.001) and pancreas (0.19 (0.10-0.47) AU, p<0.001) of aP2-

SREBP-1c mice. Thus, expression levels of sfrp4 in aP2-SREBP-1c mice in the examined tissues 

were similar to C57Bl6 mice. 

Circulating sfrp4 levels in plasma of C57Bl6 control mice were 44.95 (40.29-49.61) ng/ml, 

whereas sfrp4 plasma levels in aP2-SREBP-1c mice were significantly lower 36.38 (33.24-

39.51) ng/ml (p=0.002, Figure 32C).  

Figure 32. sfrp4 mRNA expression in peripheral tissues and sfrp4 plasma levels in C57Bl6 and aP2-SREBP-1c 

mice. Sfrp4 mRNA expressions in VAT and SAT (C57Bl6 n=4-5), gastrocnemius muscle (GAS) (C57Bl6 n=6, aP2-

SREBP-1c n=4), liver (C57Bl6 n=6, aP2-SREBP-1c n=4) and pancreas (C57Bl6 n=6, aP2-SREBP-1c n=4) of C57Bl6 (A, 

B) and aP2-SREBP-1c mice (B) were obtained by qRT-PCR and analyzed by ΔCt method. Sfrp4 plasma levels were 

detected by ELISA in C57Bl6 (n=13) and aP2-SREBP-1c (n=16) (C). Data are given as mean (95% CI). Differences 

among groups were analyzed using one-way ANOVA following Tukey´s (A) or two-way ANOVA following Sidak´s 

(B) multiple post hoc comparisons test or t-test (C). **p<0.005 (C); *p< 0.05, **p< 0.005, ***p< 0.001 vs VAT, 
##p<0.005 between tissues (A), ###p<0.001 differences in C57Bl6, §§§p<0.001 differences in aP2-SREBP-1c (B). 
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3.4.3 Isolation of primary hepatocytes from C57Bl6 and lipodystrophic aP2-SREBP-1c 

mice 

Primary hepatocytes of C57Bl6 and aP2-SREBP-1c mice were isolated from perfused livers 

from sacrificed mice via a two-step collagenase perfusion technique of the liver as previously 

described (Akie and Cooper, 2015). However, modifications to this protocol needed to be 

established for successful isolation of primary hepatocytes from C57Bl6 and aP2-SREBP-1C 

mice. Livers of aP2-SREBP-1c mice exhibited increased weight and pronounced elevated lipid 

accumulation compared to livers of C57Bl6 mice (3.4.1, Table 29). Therefore, time and flow 

rates of liver perfusion buffer and digestion buffer needed to be adopted from 3 ml/min (2-3 

min) and 3.5 ml/min (6 min) for C57Bl6 to 5 ml/min (~4 min) and 5 ml/min (10 min) for aP2-

SREBP-1c mice. Moreover, higher amounts of collagenase were used for the digestion of aP2-

SREBP-1c livers with 120 U/ml compared to 100 U/ml for C57Bl6 livers to obtain full digestion 

of liver tissue. For successful isolation of primary hepatocytes from C57Bl6 and aP2-SREBP-1c 

mice, cell suspension was washed by centrifugation 50x g, 5 min and 4°C whereas separation 

from non-viable cells occurred by centrifugation with 90% Percoll gradient 50x g, 10 min, 4°c 

without brake (Figure 8). Although the overall viabilities of the isolated hepatocytes from 

C57Bl6 and aP2-SREBP-1c were similar, the isolation of primary hepatocytes from C57Bl6 

yielded in average in higher amounts of viable cells than isolations of aP2-SREBP-1c 

hepatocytes. 

 

3.4.4 Analysis of lipid accumulation in hepatocytes isolated of C57Bl6 mice and ap2-

SREBP-1c mice 

To verify that hepatocytes isolated of aP2-SREBP-1c mice maintained the ectopic lipid 

accumulation and a ´fatty liver´ phenotype when cultured in vitro, oil red O stainings were 

accomplished with hepatocytes isolated of control C57Bl6 and aP2-SREBP-1c mice after one 

day of culture. The phase-contrast microscopic images of hepatocytes after the oil red O 

staining showed that hepatocytes of C57Bl6 as well as of aP2-SREBP-1c exhibited a 

characteristic binucleated and hexagonal phenotype (Figure 33A, B). In contrast, aP2-SREBP-

1c hepatocytes morphologically accumulated more cytosolic lipid droplets compared to 

control C57Bl6 hepatocytes as represented by the corresponding bright-field images of the oil 

red O stainings (Figure 33C, D). 
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Figure 33. Lipid accumulation in hepatocytes of C57Bl6 (controls) and aP2-SREBP-1c mice. Representative 

phase-contrast microscopic (A, B) and corresponding bright-field (C, D) images (20x magnification) of fixed and 

oil red-O stained hepatocytes. Images show intracellular lipid accumulation in hepatocytes of C57Bl6 control 

mice (A, C) and aP2-SREBP1c (B, D) mice after one day in culture.  

 

3.4.5 Investigation of insulin signaling in hepatocytes of C57Bl6 mice and ap2-SREBP-1c 

mice 

As described in 3.4.1, the aP2-SREBP-1c mice developed pronounced insulin resistance. To 

assess whether primary hepatocytes isolated of aP2-SREBP-1c also exhibited impairments in 

insulin signaling in vitro, the phosphorylation levels of Akt-Ser473 and Akt-Thr308 in absence 

and presence of insulin in hepatocyte lysates of C57Bl6 and aP2-SREBP-1c mice were 

compared (Figure 34A, B). Although insulin was still able to increase phosphorylation of Akt-

Ser473 and Akt-Thr308 in aP2-SREBP-1c hepatocytes, the insulin-mediated phosphorylation 

level of Akt-Ser473 and Akt-Thr308 were significantly reduced by 36.17% (p=0.03, Figure 34A) 

and 84.87% (p<0.001) respectively, compared to its phosphorylation levels in hepatocyte of 

C57Bl6 mice. Moreover, aP2-SREBP1-c hepatocytes had lower IRS-1 protein levels than 

hepatocyte of control mice, although this did not reach statistical significance (p=0.11) (Figure 

34C). 
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Figure 34. Insulin signaling in primary hepatocytes of C57Bl6 and aP2-SREBP-1c mice. Figures show 

representative Western blots and data are presented as mean ± SD for the phosphorylation levels of Akt-Ser473 

(A), Akt-Thr308 (B) and protein abundance of IRS-1 (C) of three independent experiments (n=3). The protein 

signals were normalized for the abundance of non-phosphorylated protein and loading control GAPDH. The 

values obtained for insulin-unstimulated cells were considered as controls. All values were normalized to insulin-

treated cells of C57Bl6 (control + Ins) which were set as 100%. Differences among groups were calculated by two-

way ANOVA analyses followed by the Sidak's multiple comparisons test or t-test. *p<0.05, **p<0.01, ***p<0.001 

for insulin versus basal; #p<0.05; ##p<0.01; ###p<0.001 for sFRP4-treated versus untreated cells. C57, C57Bl6 mice; 

aP2, aP2-SREBP-1c mice. 
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3.5 The role of sFRP4 in the regulation of insulin action, energy and lipid metabolism 

in primary hepatocytes of C57Bl6 and aP2-SREBP-1c mice 

 

3.5.1 Effect of sFRP4 on primary hepatocytes of metabolic healthy C57Bl6 mice 

The impact of sFRP4 and potential mechanisms of its action on energy and lipid metabolism 

and insulin signaling was investigated by using primary hepatocytes isolated from metabolic 

healthy C57Bl6 mice. 

 

3.5.1.1 Analysis of sFRP4 on the regulation of glucose metabolism in primary hepatocytes 

of metabolic healthy C57Bl6 

To examine whether sFRP4 affected gluconeogenesis in primary hepatocytes, cells were 

treated with 100 ng/ml sFRP4 for 4h or 24h followed by insulin stimulation for further 60 min. 

Figure 35A, B showed that insulin significantly suppressed the mRNA expression of Pck1 and 

G6pc in untreated hepatocytes compared to basal conditions by 1.7-fold (p<0.05) and 2.2-fold 

(p<0.01), respectively. Whereas incubation of cells with sFRP4 for 4h or 24h, completely 

abrogated the insulin-mediated suppression of Pck1 as well as G6pc expression compared to 

basal conditions. Further, 4h sFRP4 reduced Pck1 (p=0.05) and G6pc (p=0.07) expression but 

without reaching statistical significance while 24h sFRP4 exposure significantly decreased 

G6pc expression under basal conditions compared to untreated control cells (1 ± 0.26 vs. 0.6 

± 0.05, p<0.05).  

Next, it was determined in more detail whether the impaired insulin-mediated expression of 

gluconeogenic genes induced by sFRP4 also was associated with changes in glucose 

production in primary hepatocytes. The rate of hepatic glucose production via 

gluconeogenesis depends on the presence of gluconeogenic substrates including pyruvate and 

lactate. Therefore, cells were exposed to sFRP4 for 4h and 24h followed by stimulation with 

2 mM sodium lactate and 2 mM sodium pyruvate for 4h in absence and presence of insulin. 

Incubation of hepatocytes with the gluconeogenic substrates significantly increased glucose 

release in the cell culture supernatant by 1.5-fold (p<0.001) compared to untreated cells under 

basal conditions (Figure 35C). Whereas insulin tended to decrease lactate- and pyruvate-

stimulated glucose production in control cells by 1.2-fold (p=0.1), it failed to suppress glucose 

production in hepatocytes incubated with sFRP4 for 4h and 24h but without statistical 
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significance. However, sFRP4 did not affect lactate- and pyruvate-stimulated glucose 

production in absence of insulin compared to sFRP4-untreated cells. 

To test the effect of sFRP4 on glycogen synthesis, primary hepatocytes were exposed to sFRP4 

for 4h and 24h prior to incubation with 14C-labeled glucose with or without insulin for 3h. 

Thereby, glycogen synthesis was represented by the incorporation of 14C-glucose into 

glycogen. Insulin significantly induced glycogen synthesis in untreated hepatocytes and in cells 

pre-incubated with sFRP4 for 4h compared to basal conditions both by 1.4-fold (all p<0.01) 

(Figure 35D). However, insulin failed to promote glycogen synthesis in hepatocytes pre-

incubated with sFRP4 for 24h. Therefore, the 24h sFRP4 incubation time of hepatocytes has 

been used for further analysis on lipid metabolism.  

Figure 35. Impact of sFRP4 on insulin-mediated suppression of gluconeogenic genes, glucose production and 

glycogen synthesis in primary hepatocytes. Hepatocytes were exposed to sFRP4 (100 ng/ml) for 4h or 24h (A-D) 

in absence or presence of insulin (100 nM) for 60 min (A, B), 4h (C) or 3h (D) supplemented with the 

gluconeogenic substrates sodium lactate and pyruvate (each 2 mM) (C). Pck1 (A) and G6pc (B) expression levels 

were assessed by quantitative RT-PCR and normalized to 18S. Data represent mean ± SD of the expression levels 

of independent experiments (n=4-6). Hepatocyte culture supernatants were used for determination of glucose 

concentration. Glucose production was calculated by normalization of glucose concentration levels to protein 

content and presented as mean ± SD of independent experiments (n=4-8) (C). Glycogen synthesis was 



Results 
 

102 
 

determined as incorporation of D-[14C(U)]-glucose into glycogen normalized to protein amount of independent 

experiments (n=6) (D) represented as mean ± SD. The values obtained for untreated cells without (A-C) or with 

insulin (D) were considered as controls and set as 1. Differences among conditions were calculated by two-way 

ANOVA analyses followed by the Sidak's multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001 versus 

insulin; #p<0.05 control versus sFRP4.  

 

3.5.1.2 Effect of sFRP4 on mitochondrial respiration in primary hepatocytes of metabolic 

healthy C57Bl6 

To study the effect of sFRP4 on hepatic mitochondrial respiration, primary hepatocytes of 

C57Bl6 were exposed to sFRP4 (100 ng/ml) for 4h and 24h followed by extracellular flux 

analyzer measurements in the absence and presence of specific inhibitors and inducers of the 

mitochondrial respiratory chain (Figure 36A-G). The data showed that sFRP4 did not alter the 

mitochondrial bioenergetic profile in primary hepatocytes in regard to basal respiration, spare 

respiratory capacity, ATP production and proton leak.  
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Figure 36. Effect of sFRP4 on mitochondrial respiration in primary hepatocytes. Hepatocytes were treated 4h 

and 24h with sFRP4. OCRs were measured in controls (0 ng/ml sFRP4) and sFRP4-treated cells (100 ng/ml) after 

sequential injection of oligomycin (1 μM, a), FCCP (0.5 μM, b) and antimycin A/rotenone (each 0.5 μM, c). 

Figure A show a representative graph of measured OCRs normalized to protein amount which were used for 

assessing basal respiration (B), maximal respiration (C), spare respiratory capacity (D), ATP production (E), 

coupling efficiency (F) and proton leak (G). The presented data are the mean ± SEM (A) or mean ± SD (B-G) of 

independent experiments (n=6-8). Differences among groups were calculated by one-way ANOVA following 

Tukey´s multiple comparison test. *p<0.05 for sFRP4 vs basal. 

 

Only maximal respiration and coupling efficiency were increased in hepatocytes when 

incubated 24h with sFRP4 (20.48 ± 3.66 pmoles O2/min/μg protein, p=0.07; 0.8 ± 0.18, p=0.07, 

respectively) compared to untreated cells (15.27 ± 3.27 pmoles O2/min/μg protein; 0.63 ± 

0.07, respectively), but these changes did not reach statistical sufgnificance (Figure 36C, F). 

 

3.5.1.3 Effect of sFRP4 on energy metabolism in primary hepatocytes of metabolic 

healthy C57Bl6 

The impact of sFRP4 on mitochondrial oxidation and uptake of palmitic acid was examined in 

primary hepatocytes. The release of produced [14C]-CO2 was determined in hepatocytes upon 

incubation with substances that promote or inhibit mitochondrial oxidation or after treatment 

with sFRP4, as already described for assessing the effect of sFRP4 on fatty acid oxidation in 

myotubes (Figure 37A). Incubation of hepatocytes with FCCP induced palmitic acid oxidation 

(182.2 ± 84.65 CPM/μg protein, p=0.2) compared to basal conditions (103.78 ± 27.89 CPM/μg 

protein) whereas oligomycin (30.35 ± 19.45 CPM/μg protein, p=0.02), antimycin/rotenone 

(42.86 ± 19.08 CPM/μg protein, p=0.04) and etomoxir (26.58 ± 18.63 CPM/μg protein, p=0.02) 

significantly inhibited fatty acid oxidation (Figure 37A, left panel). However, hepatocytes 

exposed to sFRP4 oxidized palmitic acids similar to untreated hepatocytes (Figure 37A, right 

panel). In addition, not only fatty acid oxidation but also uptake of fatty acids which was 

measured by cellular uptake of [3H]-palmitic acid, was not altered after treatment of 

hepatocytes with sFRP4 (Figure 37B). 
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Figure 37. Effect of sFRP4 on fatty acid oxidation, uptake and DNL in primary hepatocytes. Hepatocytes were 

exposed to sFRP4 (100 ng/ml) for 24h (A right panel, B, C) or inducer (FCCP) or inhibitors of fatty acid β-oxidation 

(oligomycin, antimycin, rotenone, etomoxir) (A left panel). For DNL studies, cells were incubated with or without 

insulin (100 nM) during experiment. Cells were incubated with either 14C-palmitate (A), 3H-palmitate (B) for 

15 min or with 14C-acetate for 2h and 4h (C). Data show oxidation (A) or incorporation of isotopic labeled 

palmitate (B) or 14C-acetate as lipogenic activity (C) of independent experiments (A, B n=3-5; C n=10-12) 

presented as mean ± SD in cultured hepatocytes. The values obtained for sFRP4-untreated cells were considered 

as controls (0 ng/ml). Differences among conditions were calculated by t-test (A, B) or two-way ANOVA analyses 

followed by Sidak's multiple comparisons test (C). *p<0.05, **p<0.01, ***p<0.001 versus control cells; #p<0.05 

versus sFRP4 treated cells. 

 

3.5.1.4 Effect of sFRP4 on lipid metabolism in hepatocytes of metabolic healthy C57Bl6 

mice 

For analysis of DNL, primary hepatocytes were treated with sFRP4 as indicated in Figure 37C 

in absence or presence of insulin followed by incubation with 14C-labeled acetate for additional 

2h and 4h. The assessed incorporation of 14C-acetate during this time represented the cellular 

lipogenic activity. Figure 37C showed that insulin significantly increased hepatic lipogenic 
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activity after 2h (4.36 ± 1.2 vs 7.47 ± 2.15 CPM/μg protein, basal vs insulin, p<0.05) and 4h 

(7.74 ± 3.69 vs 11.97 ± 5.69 CPM/μg protein, basal vs insulin, p<0.05) in untreated hepatocytes.  

Moreover, a time-dependent increase in basal as well as insulin-stimulated lipogenic activity 

in untreated hepatocytes by 1.7- for 2h and 1.5-fold for 4h measurements could be observed.  

Hepatocytes exposed to sFRP4 did not synthesize statistically significant more lipids under 

basal (4.36 ± 1.2 vs. 5.87 ± 1.6 CPM/μg protein, control vs. sFRP4, p=0.66) and insulin-

stimulated conditions (7.47 ± 2.15 vs. 10.07 ± 4.64 CPM/μg protein, control + Ins vs. sFRP4 + 

Ins, p=0.47) after a 2h measurement compared to untreated control cells. This effect became 

even more strikingly after a 4h measurement: sFRP4 significantly increased the insulin-

mediated hepatic lipogenic activity in comparison to cells that were kept untreated (11.97 ± 

5.69 vs. 17.78 ± 10.64 CPM/μg protein, control + Ins vs. sFRP4 + Ins, p<0.05).  

 

3.5.1.5 Effect of sFRP4 on AMPK signaling in primary hepatocytes of metabolic healthy 

C57Bl6  

To determine whether sFRP4 affect AMPK signaling in primary hepatocytes, cells were treated 

with sFRP4 (100 ng/ml) for 4h followed by analysis of the phosphorylation of AMPK at Thr172 

and its substrate ACC at Ser79. Oligomycin, a potent activator of AMPK, was exposed to 4h and 

used as a positive control for AMPK phosphorylation in the performed experiments. 
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Exposing hepatocytes to sFRP4 for 4h did not affect the phosphorylation of AMPK, which was 

significantly increased in cells incubated with either 0.5 μM or 1 μM oligomycin by 3.3- and 

2.8-fold, respectively (both p<0.001) (Figure 38A, B). Whereas the phosphorylation of ACC-

Ser79 was decreased by ~48% (p=0.09) when cells were treated with sFRP4 although this did 

not reach statistical significance (Figure 38).  

 

3.5.1.6 Analysis of sFRP4 in the regulation of insulin signaling in primary hepatocytes of 

metabolic healthy C57Bl6 mice 

The correlation of sFRP4 with insulin resistance (Table 28) and the observed impairments 

mediated by sFRP4 on insulin regulated gluconeogenic gene expression, glycogen synthesis 

and de novo lipogenesis, strongly indicated that sFRP4 interferes with insulin signaling in 

primary hepatocytes. To study this in more detail, primary hepatocytes were exposed to sFRP4 

for 24h prior to an acute insulin stimulus followed by analysis of the phosphorylation status of 

substrates belonging to the insulin signaling pathway. In accordance with the functional 

impairments of insulin action by sFRP4 in hepatocytes, the insulin-mediated phosphorylation 

of Akt-Ser 473 was significantly reduced in cells pre-incubated with sFRP4 for 24h by 46% 

(p<0.01) compared to untreated hepatocytes, whereas the phosphorylation of Akt at Thr308 

was not affected by sFRP4 (Figure 39A, B). Additionally, the decrease in insulin-mediated 

phosphorylation of Akt-Ser473 was accompanied by impaired insulin-induced 

phosphorylation of its substrates GSK3β-Ser9 and FoxO1-Ser256 by 43% (p<0.05) and 46% 

(p<0.05) respectively, in cells exposed 24h to sFRP4 in comparison to cells that were kept 

untreated (Figure 39C, D). sFRP4 did not affect phosphorylation of Akt-Ser473, GSK3β-Ser9 

and FoxO1-Ser256 under basal conditions. 

The decrease in phosphorylation levels of Akt and GSK3β in cells treated 24h with sFRP4 could 

not be ascribed to changes in corresponding protein abundances (Figure 40A, B). However, the 

Figure 38. Effect of sFRP4 on AMPK signaling in primary hepatocytes. Hepatocytes were treated with 100 ng/ml 

sFRP4 or oligomycin (0.5 μM, 1 μM) for 4h. Following cell lysis, protein lysates were analyzed for phosphorylation 

levels of AMPKα-Thr172 and its substrate ACC-Ser79 (A-C). 4h oligomycin treatment of hepatocytes served as an 

activation control of AMPK signaling. The protein signals were normalized for the abundance of loading control 

GAPDH. Data show representative Western blots and bar graphs showing the mean ± SD of the phosphorylation 

levels of three independent experiments (n=3). The values obtained for sFRP4-untreated cells were considered 

as controls (0 ng/ml). Differences were calculated by t-test. ***p<0.001 versus control cells. 
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decrease in insulin-mediated phosphorylation of FoxO1-Ser256 induced by sFRP4 coincided 

with a reduction in FoxO1 abundance by 55% (p=0.001) compared to untreated hepatocytes  

(Figure 40C). 

Figure 39. Effect of sFRP4 on insulin signaling in primary hepatocytes. Hepatocytes were treated with sFRP4 for 

24h prior to insulin stimulation (10 min). Following cell lysis, protein lysates were analyzed for phosphorylation 

levels of Akt-Ser473 (A), Akt-Thr308 (B), GSK3β-Ser9 (C) and FoxO1-Ser256 (D). The protein signals were 

normalized for the abundance of the respective non-phosphorylated protein and the loading control GAPDH. 

Figures show representative Western blots and data are presented as mean ± SD of the phosphorylation levels 

of four independent experiments. The values obtained for sFRP4-untreated cells were considered as controls. 

All values were normalized to insulin-treated control cells (control + Ins) which were set as 100%. Differences 

among groups were calculated by two-way ANOVA analyses followed by the Sidak's multiple comparisons test. 

*p<0.05, **p<0.01, ***p<0.001 for insulin vs basal;  #p<0.05; ##p<0.01; ###p<0.001 for sFRP4-treated vs untreated 

cells. 
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Figure 40. Effect of sFRP4 incubation on protein abundance of components of insulin action in primary 

hepatocytes. The Figure shows representative Western blots and data are presented as mean ± SD for the 

protein abundance of Akt (A), GSK3β (B), and FoxO1 (C) in four independent experiments. The protein signals 

were normalized for the abundance of the loading control GAPDH. The values obtained for sFRP4-untreated cells 

were considered as controls. All values were normalized to control cells which were set as 100%. Differences 

were calculated by t-test. **p<0.01 for sFRP4-treated versus untreated cells.  

 

IRS-1/2 are key molecules more upstream of the insulin signaling cascade and direct 

intracellular substrates of the insulin receptor in liver. As Figure 41A illustrated, hepatocytes 

pre-incubated with sFRP4 for 4h had similar IRS-1 levels (p=0.5) whereas 24h sFRP4 treated 

cells had reduced IRS-1 protein levels by 35% (p<0.001) in comparison to control cells. As in 

muscle, Irs1 mRNA expression was not altered by 24h sFRP4 exposure of cells (Figure 41B). 

24h sFRP4 exposure of hepatocytes did not affect IRS-2 abundance (Figure 41C).  
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3.5.1.7 Impact of sFRP4 on IRS-1 degradation and proteasome activity in hepatocytes of 

metabolic healthy C57Bl6 mice 

sFRP4 decreased IRS-1 abundance but not mRNA expression in hepatocytes which indicated a 

post-translational regulation of the IRS-1 protein induced by sFRP4 including proteasome-

dependent degradation. To test this assumption in more detail, the proteasome inhibitor BZ 

was used in the experiments. To prevent that BZ affected viability of hepatocytes, first 

different concentrations of BZ [1-100 nM] were exposed for 24h to hepatocytes. Incubation 

of hepatocytes to 1 nM or 10 nM BZ did not affect metabolic activity, whereas 100 nM BZ 

remarkably reduced the cellular viability by ~65% (Figure 42A) compared to control cells. 

Therefore, 10 nM BZ have been used for further analysis. Primary hepatocytes were pre-

incubated with 10 nM BZ for 30 min before sFRP4 was added to the cells for 24h followed by 

analysis of IRS-1 protein levels. As Figure 42B shows, sFRP4 significantly reduced IRS-1 levels 

(p=0.02) and this reduction was completely restored to similar levels observed in controls 

when cells were pre-incubated with BZ followed by sFRP4 exposure (100 ± 16.42% vs 89.13 ± 

12.97%; basal vs sFRP4+BZ). BZ alone did not affect IRS-1 levels compared to control cells.  

Figure 41. IRS-1 abundance was decreased by sFRP4 in primary hepatocytes. IRS-1 abundance (A) in

hepatocytes were determined upon 4h and 24h sFRP4 treatment (100 ng/ml) (A), and Irs1 expression (B) and

IRS-2 abundance (C) after 24h sFRP4 exposure. IRS-1 and IRS-2 protein levels were assessed by Western blotting 

and normalized to GAPDH. Irs1 mRNA expression levels were measured by quantitative RT-PCR and normalized 

to Hprt1 and Rps18. Representative blots are shown. Bar graphs represent data as mean ± SD of the IRS-1 and

IRS-2 levels of independent experiments using cells from different donors (n=3-9). The values obtained for sFRP4-

untreated cells were considered as controls (0 ng/ml) and set as 1 or 100%. Differences among conditions were 

calculated by t-test. *p<0.05, **p<0.01, ***p<0.001 for sFRP4-treated versus control cells. 
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Moreover, the inhibitory effect of BZ and the impact of sFRP4 on chymotrypsin-like 26S 

proteasome activity in hepatocytes were examined. BZ incubation for 24h significantly 

reduced chymotrypsin-like activity of the proteasome by 43% (p=0.002) (Figure 42C). In 

contrast, 24h sFRP4 treatment did not affect proteasome activity in hepatocytes neither when 

added alone nor after 30 min pre-incubation with BZ for 24h.  

 

Figure 42. Impact of the proteasome on reduced IRS-1 levels induced by sFRP4 exposure in hepatocytes. 

Hepatocytes were exposed 24h to BZ (1-100 nM) to assess the effect of the used concentrations on metabolic 

cellular activity and thus viability using CellTiter-Glo® Luminescent Cell Viability Assay (A, n=2). 100 ng/ml sFRP4 

for 24h with or without 10 nM BZ have been used to examine its impact on IRS-1 abundance (B) and proteasome 

activity (C). Data show the mean ± SD of three to six independent experiments (B-C). Data of untreated cells were 

regarded as controls and set as 100 %. Two-way ANOVA analyses followed by the Sidak's multiple comparisons 

test were performed. *p<0.05, **p<0.01, ***p<0.001 versus untreated cells. 



Results 
 

111 
 

Interestingly, in hepatocytes incubated with proteasome inhibitor BZ before sFRP4 exposure, 

the insulin-mediated phosphorylation levels of Akt-Ser473 (p<0.001) and GSK3β-Ser9 (p=0.02) 

were no further reduced as observed in cells treated with sFRP4 alone (Figure 43A, B). 

However, BZ treatment did not affect sFRP4-induced decrease on insulin-mediated 

phosphorylation of FoxO1-Ser256 (Figure 43C).  

Figure 43. Effect of sFRP4 and BZ on insulin signaling in primary hepatocytes. Hepatocytes were treated 24h 

with 100 ng/ml sFRP4 in the presence (+) or absence (-) of BZ prior to insulin stimulation (10 min). 

Phosphorylation levels of pAkt-Ser473 (A), pGSK3β-Ser9 (B) and pFoxO1-Ser256 (C) were normalized for the 

loading control GAPDH. Bar graphs represent data as mean ± SD of phosphorylation levels of independent 

experiments using cells from different mice (n=5). The values obtained for sFRP4-untreated cells were considered 

as controls. All values were normalized to control cells in presence of insulin and set as 100%. Differences among 
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groups were calculated by two-way ANOVA followed by Sidak's multiple comparisons test. *p<0.05 for insulin 

versus basal; #p<0.05 versus sFRP4 treated cells. 

 

Protein abundances of Akt and GSK3β were not altered in hepatocytes that were pre-

incubated with BZ (Figure 44A, B). sFRP4 induced reduction of FoxO1 protein levels (p=0.003) 

were not completely restored with BZ treatment (p=0.08) compared to untreated control cells 

(Figure 44C). 

Figure 44. Effect of sFRP4 and BZ on protein abundance of components of insulin action in primary 

hepatocytes. Hepatocytes were treated 24h with 100 ng/ml sFRP4 in the presence (+) or absence (-) of BZ. 

Abundance of Akt (A), GSK3β (B) and FoxO1 (C) were normalized for the loading control GAPDH. Bar graphs 

represent data as mean ± SD of phosphorylation levels of independent experiments using cells from different 

mice (n=3). The values obtained for sFRP4-untreated cells were considered as controls. All values were 

normalized to control cells and set as 100%. Differences among groups were calculated by t-test. *p<0.05 versus 

basal. 
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3.5.1.8 Effect of sFRP4 on cellular sirtuin activity in primary hepatocytes of metabolic 

healthy C57Bl6 mice 

To assess the effect of sFRP4 on sirtuin activity, primary hepatocytes were exposed 24h to 

100 ng/ml sFRP4 followed by luminescence measurements which are directly proportional to 

relative sirtuin activity. As Figure 45 shows, sFRP4 significantly reduced SIRT activity in primary 

hepatocytes by 1.7-fold (p=0.03) in comparison to cells that were kept untreated.  

 
Figure 45. Effect of sFRP4 on sirtuin activity in primary hepatocytes of C57Bl6. Hepatocytes were exposed 24h 

to 100 ng/ml sFRP4 to assess its effect on cellular sirtuin activity using SIRT-Glo™. Data show the mean ± SD of 

four independent experiments using cells from different mice. Data of untreated cells were regarded as controls 

and set as 1. Differences between treatments were calculated by t-test. *p<0.05 versus untreated cells. 

 

3.5.2 Effect of sFRP4 on primary hepatocytes isolated of lipodystrophic aP2-SREBP-1c 

mice 

Next to the mechanistically investigations of the impact of sFRP4 in primary hepatocytes, 

further analyses focused on changes in the sFRP4 response on energy and lipid metabolism 

and insulin signaling in primary hepatocytes of aP2-SREBP-1c mice that exhibited diminished 

circulating sfrp4 levels and an increased hepatic lipid accumulation and impaired insulin 

signaling (Figures 33, 34). 

 

3.5.2.1 Effect of sFRP4 on mitochondrial respiration in primary hepatocytes isolated of 

lipodystrophic aP2-SREBP-1c mice 

The results from the oil red O stainings (Figure 33) confirmed an increased accumulation of 

lipids in aP2-SREBP-1c hepatocytes and also indicated an impaired cellular lipid metabolism in 

vitro. Based on the findings that sFRP4 affected lipogenesis and tended to increase 
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mitochondrial function in hepatocytes of C57Bl6 mice (Figures 36, 37), it should be clarified 

whether sFRP4 also modulated these processes in hepatocytes with an existing impaired 

insulin response, pronounced lipid accumulation and signs of functional impairments (Figures 

33, 34).  

For analysis of hepatic mitochondrial respiration in primary hepatocytes of aP2-SREBP-1c 

mice, cells were incubated with sFRP4 (100 ng/ml) for 24h before OCR measurements in the 

absence and presence of specific inhibitors and inducers of the mitochondrial respiratory 

chain. As illustrated in Figure 46A-G, the mitochondrial function here studied by mitochondrial 

respiration, spare respiratory capacity, coupling efficiency, ATP production and proton leak 

was not affected by sFRP4 in aP2-SREBP-1c hepatocytes. However, hepatocytes isolated of 

aP2-SREBP-1c mice showed lower OCR levels for basal as well as mitochondrial respiration 

(Figure 46B, C) in comparison to C57Bl6 hepatocytes (Figure 36B, C).  

 
Figure 46. Effect of sFRP4 on mitochondrial respiration in primary hepatocytes of aP2-SREBP-1c mice. 

Hepatocytes were treated 24h with sFRP4. OCRs were measured in controls (0 ng/ml sFRP4) and sFRP4-treated 

cells (100 ng/ml) after sequential injection of oligomycin (1 μM, a), FCCP (0.5 μM, b) and antimycin A/rotenone 
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(each 0.5 μM, c). Figure show a representative graph (A) of measured OCRs normalized to protein amount which 

were used for assessing basal respiration (B), maximal respiration (C), spare respiratory capacity (D), ATP 

production (E), coupling efficiency (F) and proton leak (G). The presented data are the mean ± SEM (A) or 

mean ± SD (B-G) of independent experiments (n=6). Differences among groups were calculated by unpaired t-

test. 

 

3.5.2.2 Effect of sFRP4 on energy metabolism in primary hepatocytes of lipodystrophic 

aP2-SREBP-1c mice 

The functionality of the aP2-SREBP-1c hepatocytes in mitochondrial fatty acid oxidation was 

verified by the observation of reduced palmitic acid oxidation following oligomycin (28.74 ± 

19.26 CPM/μg protein, p=0.05), antimycin/rotenone (26.55 ± 10.51 CPM/μg protein, p=0.04) 

and etomoxir (29.87 ± 15.84 CPM/μg protein, p=0.06) incubation compared to untreated 

hepatocytes (Figure 47A, left panel). In line with the reduced induction of mitochondrial 

respiration by FCCP (Figure 47) in aP2-SREBP-1c hepatocytes compared to the levels in C57Bl6 

hepatocytes (Figure 36), the palmitic acid oxidation also could not be promoted by addition 

of the uncoupling reagent FCCP in comparison to basal conditions (91.58 ± 41.55 CPM/μg 

protein vs. 82.24 ± 18.93 CPM/μg protein, FCCP vs. basal, p=0.97) (Figure 47A, left panel). 

Furthermore, administration of sFRP4 to aP2-SREBP-1c hepatocytes for 24h did not affect 

palmitic acid oxidation (Figure 47A, right panel). This observation was accompanied with no 

changes on fatty acid uptake in cells exposed 24h to sFRP4 compared to cells that were kept 

untreated (Figure 47B).  

 

3.5.2.3 Effect of sFRP4 on lipid metabolism in primary hepatocytes of lipodystrophic aP2-

SREBP-1c mice 

Moreover, the effect of sFRP4 on hepatic DNL was determined in primary hepatocytes of aP2-

SREBP-1c by 2h and 4h measurements of the incorporation of 14C-labeled acetate which is 

directly proportional to hepatic lipogenic activity. As illustrated in Figure 47C insulin increased 

hepatic DNL after 2h and 4h measurement compared to basal conditions in untreated control 

cells but failed to achieve statistical significance (2h basal vs. insulin: 8.82 ± 3.36 CPM/μg 

protein vs 16.78 ± 11.06 CPM/μg protein, p=0.9; 4h basal vs. insulin: 19.55 ± 10.55 CPM/μg 

protein vs 30.69 ± 26.09 CPM/μg protein, p=0.8). Hepatic lipogenic activity in general was 

higher in aP2-SREBP-1c mice than in C57Bl6 hepatocytes as shown in Figure 37. No changes 
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on basal and insulin-stimulated hepatic lipogenic activity after 2h and 4h measurement were 

observed in hepatocytes pre-incubated 24h with sFRP4 compared to untreated control cells.  

 

 

3.5.2.4 The impact of sFRP4 on insulin signaling in primary hepatocytes of lipodystrophic 

aP2-SREBP-1c mice 

The findings that sFRP4 reduced insulin signaling on the levels of Akt, GSK3β and FoxO1 in 

hepatocytes of C57Bl6 mice that generally exhibit an intact metabolism, lead to the hypothesis 

that sFRP4 also might affect insulin action in hepatocytes that already have an impaired insulin 

sensitivity phenotype. To determine this in more detail, primary aP2-SREBP-1c hepatocytes 

Figure 47. Effect of sFRP4 on fatty acid oxidation, uptake and DNL in primary hepatocytes of aP2-SREBP-1c. 

Hepatocytes were exposed to sFRP4 (100 ng/ml) for 24h (A right panel, B, C), inducer (FCCP) or inhibitors of fatty 

acid β-oxidation (oligomycin, antimycin, rotenone, etomoxir) (A left panel). For DNL studies, cells were incubated 

with or without insulin (100 nM) during experiment. Cells were incubated with either 14C-palmitate (A), 3H-

palmitate (B) for 15 min or with 14C-acetate for 2h and 4h (C). Data show oxidation (A) or incorporation of isotopic 

labeled palmitate (B) or 14C-acetate as lipogenic activity (C) of independent experiments (n=3-5) presented as 

mean ± SD in cultured hepatocytes. The values obtained for sFRP4-untreated cells were considered as controls 

(0 ng/ml). Differences among conditions were calculated by t-test. *p<0.05 versus control or insulin-treated cells. 
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were exposed to sFRP4 for 24h prior to an acute insulin stimulus followed by analysis of the 

phosphorylation levels and protein abundances of Akt, GSK3β and FoxO1 (Figure 48). Similar 

to the effects of sFRP4 on Akt phosphorylation in hepatocytes of C57Bl6 but even more 

strikingly, sFRP4 significantly decreased the insulin-induced phosphorylation of Akt-Ser473 

and Akt-Thr308 by 55% (p<0.001) and 69% (p<0.001) in comparison to untreated cells 

(Figure 48A, B). These observed reductions on Akt phosphorylation induced by sFRP4 

coincided with a significant decrease in the insulin-mediated phosphorylation of GSK3β-Ser9 

by 76% (p<0.001) in cells pre-incubated with sFRP4 for 24 h compared to cells that were kept 

untreated (Figure 48C).  
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As Figure 48D shows, sFRP4 did not affect the ratio of phosphorylated FoxO1-Ser256 to FoxO1 

protein in cells stimulated with insulin compared to the ratio in respective control cells. 

However, the phosphorylation status of FoxO1-Ser256 itself as well as FoxO1 protein 

abundance were reduced by 25.5% (p=0.18) and by 69% (p<0.001) respectively, by sFRP4 

under basal conditions compared to untreated cells (Figure 49A). These reductions became 

even more strikingly in cells exposed to sFRP4 followed by an acute insulin stimulus. Here, 

sFRP4 reduced the phosphorylation of FoxO1-Ser256 and FoxO1 protein by 68% (p<0.001) and 

83% (p<0.001), respectively. Further, it is to note that insulin failed to significantly induce 

phosphorylation of FoxO1-Ser256 (p=0.1) whereas reduced FoxO1 protein by 33% (p=0.04) in 

untreated control cells (Figure 49A). IRS-1 abundance was not significantly affected by sFRP4 

in aP2-SREBP-1c hepatocytes (p=0.26) (Figure 49B). Although the impaired phosphorylation of 

Akt in cells exposed to sFRP4 could not be ascribed to changes in Akt abundance, GSK3β levels 

were reduced by 30% (p<0.05) by sFRP4 (Figure 49C, D). 

 

Figure 48. Effect of sFRP4 on insulin signaling in primary hepatocytes of aP2-SREBP-1c. Figures show 

representative Western blots and data are presented as mean ± SD for the protein abundance of Akt (A), GSK3β-

Ser9 (B), and FoxO1(C) of four independent experiments. The protein signals were normalized for the abundance 

of the non-phosphorylated protein and the loading control GAPDH. The values obtained for sFRP4-untreated cells 

were considered as controls. All values were normalized to insulin-treated control cells (control + Ins) which were 

set as 100%. Differences among groups were calculated by two-way ANOVA analyses followed by the Sidak's 

multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001 for insulin versus basal #p<0.05; ##p<0.01; ###p<0.001 

for sFRP4-treated versus untreated cells. 
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3.5.2.5 Effect of sFRP4 on cellular sirtuin activity in primary hepatocytes of lipodystrophic 

aP2-SREBP-1c mice 

To observe the effect of sFRP4 on sirtuin activity in metabolic dysfunctional hepatocytes of 

aP2-SREBP-1c, cells were exposed 24h to 100 ng/ml sFRP4 followed by measurements of 

sirtuin activity. The data show that sFRP4 did not affect SIRT activity in primary hepatocytes 

of aP2-SREBP-1c compared to untreated cells. (Figure 50). 

Figure 49. Effect of sFRP4 on phosphorylation level and protein abundance of components of insulin action in 

primary hepatocytes of aP2-SREBP-1c. The figures show representative Western blots and data are presented 

as mean ± SD for the protein abundance of FoxO1 and pFoxO1-Ser256 (A), IRS-1 (B), Akt (C), GSK3β (D) of four 

independent experiments (n=4). The protein signals were normalized for the abundance of the loading control 

GAPDH. The values obtained for sFRP4-untreated cells were considered as controls. Values were normalized to 

insulin-untreated (B-D) or insulin-treated control cells (control + Ins) (A) which were set as 100%. Differences 

among conditions were calculated by two-way ANOVA analyses followed by the Sidak's multiple comparisons 

test (A) or t-test (B-D). *p<0.05, **p<0.01, ***p<0.001 for insulin/sFRP4 versus basal; #p<0.05, ###p<0.001 versus 

sFRP4-treated cells. 

Figure 50. Effect of sFRP4 on sirtuin activity in primary hepatocytes of aP2-SREBP-1c. Hepatocytes were 

exposed 24h to 100 ng/ml sFRP4 to assess its effect on cellular sirtuin activity using SIRT-Glo™. Data show the 

mean ± SD of three independent experiments using cells from different mice. Data of untreated cells were 

regarded as controls and set as 1.  
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3.6 Impact of sFRP4 on the secretome of hepatocytes from C57Bl6 and aP2-SREBP-1c 

mice 

Secreted molecules are important mediators in the inter-organ communication and enable 

systemic reactions to environmental, e.g. nutritional, conditions, or alterations in tissues 

metabolism. To mimic inter-organ communication of the adipokine sFRP4 on a metabolic 

healthy liver and a liver with pronounced hepatic lipid accumulation and an insulin resistant 

phenotype, primary hepatocytes isolated from C57Bl6 and aP2-SREBP-1c mice were either left 

untreated or treated with sFRP4 (100 ng/ml) for 24h. Hepatic secretomes of these four 

conditions were analyzed by untargeted proteome analyses with consecutive mass 

spectrometry for protein identification (appendix, Table 30). The comparisons identified 48 

differential secreted proteins (6 up and 42 down in C57Bl6) in the comparison C57Bl6 vs aP2-

SREBP-1c. Of these, 19 proteins were assigned as secreted (SP+/SP-) and 29 as non-secreted 

(NP) proteins. If cells of both models were treated with sFRP4, the analysis revealed 58 

differential secreted proteins (29 up and 29 down in C57Bl6 sFRP4) in the comparison C57Bl6 

sFRP4 vs aP2-SREBP-1c sFRP4. Of these, 22 were assigned as SP+/SP- and 36 as NP proteins. 

The administration of sFRP4 on primary hepatocytes of the healthy C57BL6 mice resulted in 

29 differential secreted proteins compared to untreated cells (22 up and 7 down in C57Bl6 

sFRP4). Of these, 5 were assigned as SP+/SP- and 24 as NP proteins. If cells of the 

lipodystrophic mice were treated with sFRP4, the comparison to untreated cells revealed 29 

differential secreted proteins (13 up and 16 down in aP2-SREBP-1c sFRP4). Of these 12 were 

assigned as SP+/SP- and 17 as NP proteins (appendix, Table 30). An overall secretion network 

can be generated from the secreted molecules that emphasizes the interaction and the 

specificity of secreted proteins for the respective comparison (Figure 51). The Figure 51 shows 

that the differential secreted proteins are rather specific for each of all four comparisons. 

Knowledge-based functional annotation with such limited numbers of molecules may not be 

informative. The differences observed in both of these comparisons involving C57Bl6 and aP2-

SREBP-1c were mainly due to the different genotypes and not to the application of sFRP4, 

indicated e.g. by interactions with lipid metabolism, directly (Appendix, Table 31).  
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The secretome analyses focused on the specific action of sFRP4 on healthy and metabolically 

diseased hepatocytes.  

In the analyses the effect of sFRP4 stimulation of C57Bl6 pointed to KRT14 as the predominant 

regulator molecule (p-value of overlap, 1.67 x 10-5) that is also differentially regulated (2.016-

fold regulated in the comparison). In the C57Bl6 mice, the analyses revealed further keratins 

involved in intracellular signal transduction, e.g. KRT76, KRT79, KRT17 and KRT13 (Figure 52). 

In the lipodystrophic fatty liver model, sFRP4 exposure resulted in the differential regulation 

of alpha 2 macroglobulin (A2M), which is involved in the inhibition of all known classes of 

proteinases, as well as the enzyme PLA2G2E (p-value of overlap, 1.98 x 10-9) that was the key 

upstream activator deduced from the differential secreted proteins (Appendix, Table 31). In 

these comparisons, molecular links to hepatic fibrosis (p-value of enrichment: 8.71 x 10-3, in 

Figure 51. Interaction of differential secreted proteins. Differential secreted proteins (determined with 

Spectronaut® v11; >1.5-fold, p-value <0.05, t-test) were used to generate an interaction Network (IPA®). Color 

code indicates proteins that were unique in either comparison, connecting lines indicate direct or indirect (dotted 

line) knowledge-based interaction of the molecules. 
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aP2-SREBP-1c; 1.91 x 10-2 in C57Bl6), but also to molecules and interaction networks with 

impact activities on other tissues like heart or kidney can be observed in C57Bl6 e.g. proteins 

related to renal ischemia (7.59 x 10-4) or renal failure (2.88 x 10-3), or cardiac fibrosis (3.98 x 

10-2) (Appendix, Table 31). In aP2-SREBP-1c, e.g. proteins related to renal failure (2.88 x 10-3) 

were enriched as well as LXR/RXR activation (1.20 x 10-2) involved in metabolic lipid and 

cholesterol clearance. 

In regard to pathway activation, components of the glucocorticoid receptor signaling pathway 

were the highest regulated once in both cell systems (8.9 x 10-9) in C57Bl6 and to lower extend 

(5.37 x 10-6) in aP2-SREBP-1c derived hepatocytes. The enrichment was mainly due to the 

various keratin protein family members, involved in intracellular filament formation (Figure 

52). 

 

Figure 52. Components of glucocorticoid signaling in sFRP4-induced secretion in healthy and metabolic 

diseased hepatocytes. Proteins with differential secretion (1.5-fold, p-value <0.05) were used for IPA® core 

analyses (A). Color code indicates different abundance (red: increase in condition 1, green: decrease in condition 

1) based on fold change level. Different abundance of network protein is indicated in detail in the hierarchical 

cluster. Scheme of glucocorticoid receptor signaling (B). Location of secreted molecules is highlighted. 
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4 Discussion 

The health burden of obesity and obesity-related metabolic diseases is based on increased fat 

mass, mainly the metabolically active visceral fat. Next to the surplus of metabolites and an 

increased risk for oxidative stress, an alteration in the amount and composition of secreted 

adipokines is specific for obese compared to lean conditions and crucial for alterations in 

adipose tissue function, metabolic flexibility and adipose tissue health.  

Furthermore, adipokines regulate whole-body energy homeostasis by interference with 

distinct tissues, even in a tissue-specific manner and dependent on each adipokine´s specific 

nature. This thesis focused on the functional characterization of two recently identified 

adipokines i.e. WISP1 and sFRP4 (Lehr et al., 2012; Murahovschi et al., 2015) and aimed to 

explore the role of WISP1 and sFRP4 in the context of obesity and type 2 diabetes and their 

function in the regulation of energy metabolism and insulin action in two major insulin-

responsive tissues, skeletal muscle and liver.  

Recent studies indicate an association of WISP1 and sFRP4 with obesity and metabolic 

impairments present in T2D (Anand et al., 2016; Barchetta et al., 2017; Brix et al., 2016; 

Ehrlund er al., 2013; Mahdi et al., 2012; Murahovschi et al., 2015; Tacke et al., 2017). Whilst 

the present thesis further supports an association of WISP1 with inflammation, insulin 

resistance and obesity independent of T2D, sFRP4 turned out to be a factor implicated in 

obesity and T2D that associated with lipidemia. Functional, the thesis provides evidence for 

the specific actions of the two adipokines, while WISP1 abrogated insulin action in vitro in 

skeletal muscle and liver, sFRP4 promoted protein breakdown along with IRS-1 degradation 

and might be linked to cellular stress response in skeletal muscle cells while strongly impaired 

insulin action in hepatocytes resulting in reduced insulin signaling but increased lipid 

synthesis. The results obtained for both adipokines are further discussed separately.  
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4.1 The novel adipokine WISP1 associated with insulin resistance and impaired insulin 

action in human myotubes and mouse hepatocytes 

Like in the results section, parts of the discussion on page 124 to 130 have been taken over 

from the manuscript cited under References and Appendix (Hörbelt et al., 2018).  

 

4.1.1 WISP1 associated with visceral adiposity and insulin resistance independent of 

glycemic status  

The data described in this thesis showed that both circulating levels of WISP1 and expression 

of WISP1 mRNA in VAT were increased in obese men, irrespective of type 2 diabetes status. 

Regression analysis showed that WISP1 expression and circulating levels of WISP1 were 

associated with variables reflecting insulin resistance and adipose tissue inflammation, even 

after adjusting for age and BMI. In vitro studies on primary hSkMCs as well as the mouse 

hepatocyte cell line AML12 showed that recombinant WISP1 directly impaired insulin action 

by inhibiting the Akt signaling pathway. 

The reported data on VAT and SAT explants revealed visceral adipose tissue as a major depot 

for WISP1. The increased WISP1 expression in VAT of obese men is in line with previous 

reports (Barchetta et al., 2017; Murahovschi et al., 2015; Sahin Ersoy et al., 2016; Tacke et al., 

2017) suggesting that WISP1 expression is regulated by body weight. High-fat feeding in mice 

increased the expression of WISP1 in adipose tissue (Ferrand et al., 2017; Murahovschi et al., 

2015) while diet-induced weight loss in humans lowered WISP1 expression in adipose tissue 

(Murahovschi et al., 2015). Further, these findings strongly suggest WISP1 as a factor 

associated with visceral adiposity and the onset of T2D. During obesity-related adipose tissue 

dysfunctions, visceral adipose tissue has been characterized as the depot of WAT with more 

hypertrophic properties, higher metabolic activity, pronounced inflammatory response and 

expression of lipogenic and lipolytic genes compared to SAT (Ibrahim et al., 2010; Komolka et 

al., 2014; Weisberg et al., 2003). In the onset of obesity, increased VAT accumulation as well 

as ectopic lipid accumulation in peripheral tissue including liver and skeletal muscle may occur 

when energy storage capacity of SAT is exceeded (Cuthbertson et al., 2017; Jensen et al., 

2008). Hence, visceral abdominal adiposity rather than peripheral adiposity has been mainly 

associated with dysregulations in glucose and lipid metabolism and T2D (Ibrahim et al., 2010). 

The present study also detailed the relationship between WISP1 and insulin sensitivity. In 

individuals with normal glucose tolerance, WISP1 expression in adipose tissue is related to 
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determinants of insulin sensitivity (Murahovschi et al., 2015; Tacke et al., 2017). The data 

reported in the present work additionally showed that circulating levels of WISP1 were 

negatively associated with insulin sensitivity. Although the associations with fasting glucose 

and insulin levels as well as HOMA-IR in this cohort of obese men were confounded by BMI, 

this was not the case when considering glucose clearance after an OGTT. The association 

between circulating WISP1 and post-load glucose levels was not affected by adjustments for 

age and BMI, strongly suggesting that WISP1 may interfere with insulin signaling in target 

tissues for insulin action. 

Another interesting finding is that circulating WISP1 level was positively associated with 

plasma glucose in the OGTT (independent of BMI) and negatively with the Gutt index of insulin 

sensitivity, confirming the association of WISP1 with insulin resistance. However, circulating 

WISP1 was not further increased in obese individuals with diabetes and showed no association 

with HOMA-IR after adjustment for BMI. It should be noted that in the analysis of glucose in 

the OGTT, HOMA-IR and Gutt index, individuals treated with insulin were excluded from the 

analysis. In the described cohort (Table 22), all individuals with diabetes were treated with 

insulin, so that all those with diabetes were completely excluded from the analysis. For the 

correct analysis of WISP1 association with plasma glucose in future studies, drug-naive 

individuals with diabetes should be investigated. Nevertheless, the mentioned results confirm 

that WISP1 level is directly related to adiposity independent of glycemic status. This is in 

agreement with previously published data of Barchetta et al. and Tacke et al., who also found 

no difference in plasma WISP1 levels between diabetic and non-diabetic individuals (Barchetta 

et al., 2017; Tacke et al., 2017).  

Beyond obesity, recent studies linked WISP1 to the onset of hepatic steatosis in mice by 

reporting that the knockdown of WISP1 in obese mice reduced lipid accumulation and the 

lipogenesis-associated proteins SREBP-1c, stearoyl-CoA desaturase-1 (SCD1) and fatty acid 

synthase (FAS) (Jung et al., 2018). However so far, these findings could not be validated in 

human studies, since no differences of WISP1 expression in livers of individuals with NAFLD 

and no associations with NAFLD activity score (NAS) and liver fat content were found 

(Murahovschi et al., 2015). Additionally, no correlation of WISP1 plasma levels with NAFLD 

were detectable (Barchetta et al., 2017). 
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4.1.2 WISP1 impaired insulin signaling and insulin action on glucose metabolism in 

myotubes and hepatocytes  

The in vitro data reported in this study corroborate the suggestion that WISP1 may interfere 

with insulin signaling in insulin target tissues (Figure 53). Recombinant WISP1 was found to 

impair insulin signaling in two different cell types, namely primary hSkMCs and murine AML12 

hepatocytes. The skeletal muscle accounts for around 45% to 55% of the body weight in 

normal-weight adults (Janssen et al., 2000; Zurlo et al., 1990). The skeletal muscle is the largest 

insulin-responsive organ and with a contribution of over 80%, the primary site for insulin-

stimulated glucose uptake and thus crucial for systemic glucose disposal (Ferrannini et al., 

1988; Thiebaud et al., 1982). Additionally, the skeletal muscle is the major tissue for glycogen 

storage with an approximately 4 times higher capability than the liver (Egan and Zierath, 

2013). In muscle, satellite cells proliferate into myoblasts that differentiate into multi-

nucleated myotubes to form myofibers by fusion with other myotubes. The insulin-responsive 

myotubes are essential for the regulation of skeletal muscle function (Eckstein et al., 2017). 

The liver plays a crucial role in systemic glucose and lipid homeostasis by regulating 

production, storage, consumption, disposal and delivery of lipids, glucose and proteins. The 

liver predominantly contains hepatocytes (60%-70%), the major site for energy homeostasis, 

but also non-parenchymal cells (30%-40%) including liver sinusoidal endothelial cells (LSEC), 

Kupffer cells, lymphocytes, and to a minor extent biliary cells and hepatic stellate cells (HSCs) 

(Gao et al., 2008; Racanelli et al., 2006). 

In both, skeletal muscle cells and hepatocytes, WISP1 inhibited the insulin-mediated 

phosphorylation of Akt, an important regulator of multiple aspects of glucose metabolism, 

such as glucose uptake, glycogen synthesis and suppression of hepatic glucose production by 

insulin.  

The interaction of WISP1 with the Akt signaling pathway has been observed in different cell 

types in previous studies. In vitro, WISP1 has been shown to inhibit apoptosis by suppressing 

mitochondrial release of cytochrome C and inducing antiapoptotic Bcl-XL via activation of Akt 

signaling pathway (Su et al., 2002). In cardiomyocytes, WISP1 prevented cell death via dual 

activation of Akt and canonical β-catenin signaling (Venekatesan et al., 2010). Further, WISP1 

induced hypertrophy in cardiomyocytes via activation of Akt signaling (Colston et al., 2007). 

Recent studies reported that WISP1 impaired insulin-mediated phosphorylation of Akt by 

activation of NFκB and c-Jun N-terminal kinases (JNK) signaling in C2C12 myotubes (Jung et 
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al., 2018) while WISP1 exposure exerted no effects on Akt signaling in human mesenchymal 

stem cell-derived adipocytes (Murahovschi et al., 2015).  

Moreover, the data presented in this study demonstrate the functional relevance of the 

reduced insulin signaling in both cell types. Human myotubes pre-incubated with WISP1 

displayed impaired insulin-stimulated glycogen synthesis and exposure to WISP1 abrogated 

the insulin-mediated suppression of the gluconeogenic genes Pck1 and G6pc in mouse primary 

hepatocytes.  

WISP1 deficiency in mice leads to a slightly lower body weight than found in wild-type animals 

but unfortunately no data on glucose traits or insulin sensitivity are available yet (Maeda et 

al., 2015). In contrast, WISP1 did not interfere with insulin-mediated Akt phosphorylation in 

3T3L1 adipocytes (Murahovschi et al., 2015). Apart from potential tissue-specific effects, other 

possible reasons for this difference may include the duration of WISP1 exposure (24h in the 

present study vs 30 min in the 3T3-L1 experiment) as well as the concentration of WISP1 

applied. The WISP1 concentrations used in the experiments reported in this work were 

representative of the levels found in the circulation whereas the 3T3-L1 adipocytes were 

exposed to supra-physiological concentrations of WISP1. Moreover, different signaling 

pathways might be involved in the actions of WISP1 in various cell types (Ferrand et al., 2017). 

Importantly, the impaired insulin-mediated Akt phosphorylation in primary hSkMCs and 

AML12 hepatocytes was accompanied by inhibition of the phosphorylation of several of its 

well-characterized substrates. In myotubes, reductions in the insulin-mediated 

phosphorylation of GSK3  and p70S6K paralleled the inhibition of Akt phosphorylation. 

Strikingly, in AML12 hepatocytes, the insulin-mediated phosphorylation of GSK3  was not 

impaired by recombinant WISP1, whereas the phosphorylation of p70S6K and FoxO1 were 

markedly reduced or even abrogated. Tissue-specific differences in the phosphorylation of Akt 

substrates have also been reported by others (Bouzakri et al., 2006; Gonzalez and McGraw, 

2009). Gene silencing experiments in cultured cells as well as studies on mouse models 

suggest that tissue-specific changes in the abundance of Akt isoforms as well as the insulin 

receptor substrates IRS-1 and IRS-2 contribute to Akt substrate selection (Bouzakri et al., 2006; 

Gonzalez and McGraw, 2009), 
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Figure 53. Schematic diagram showing how WISP1 impaired insulin action in skeletal muscle cells and 

hepatocytes. During obesity, WISP1 VAT expression and WISP1 serum levels increased. In vitro, physiological 

concentrations of WISP1 impaired insulin action on phosphorylation of IRβ, Akt and GSK3β and reduced IRS-1 

protein in myotubes while reduced insulin-mediated phosphorylation of IRβ, Akt, GSK3β and FoxO1 in 

hepatocytes (pink arrow downwards). WISP1 abrogated insulin-mediated induction of glycogen synthesis in 

myotubes (pink arrow downwards) and insulin-induced suppression of gluconeogenic gene expression (pink 

arrow upwards). Examined effects (solid arrow), potential effects (dotted arrow). GSK3β, glycogen synthase 

kinase 3β; FoxO1, forkhead box protein O1; IRβ, insulin receptor β; VAT, visceral adipose tissue.  

 

4.1.3 WISP1 associated with adipose tissue and systemic inflammation 

As previously mentioned, WISP1 is a proinflammatory adipokine (Murahovschi et al., 2015) 

and circulating WISP1 showed an association with systemic levels of IL-8 levels in a cohort of 

non-diabetic and diabetic individuals linking WISP1 to inflammation (Barchetta et al., 2017). 

Multiple studies demonstrated an association of WISP1 with inflammatory events in different 

tissues and cell types. WISP1 levels were enhanced in human intestine of individuals with 

inflammatory bowel disease and further induced by TNF-α (Zhang et al., 2016). Moreover, 

Chen et al. reported that WISP1 induced the pro-inflammatory cytokine TNF-α via binding to 

αvβ3 integrin and activation of toll-like receptor (TLR)-4/cluster of differentiation (CD)-14 in 

lung-derived macrophages of mice after sepsis (Chen et al., 2016). In vivo, ablation of WISP1 

reduced serum levels of the inflammatory proteins MCP-1 and TNF-α and JNK phosphorylation 

in skeletal muscle and liver in high-fat diet-induced obese mice (Jung et al., 2018). In line with 
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that, WISP1 exposure increased JNK phosphorylation in cultured mouse hepatocytes and 

C2C12 myotubes (Jung et al., 2018).  

The data of this thesis further revealed the association between circulating WISP1 and 

markers of adipose tissue and systemic inflammation. Interestingly, the serum HO-1 level was 

the strongest predictor of circulating WISP1, even after adjustment for age and BMI. HO-1, 

encoded by HMOX1, is a stress-induced protein that is critical for stem cell differentiation 

(Kozakowska et al., 2014). Induction of the Hmox1 gene in mice is protective against 

deleterious obesity phenotype as characterized by a reduced number of enlarged adipocytes, 

an increased number of small adipocytes and a higher adiponectin concentration (Li et al., 

2008). Moreover, increased HO-1 expression in human mesenchymal stem cell-derived 

adipocytes decreases differentiation and lipid accumulation of adipocytes via upregulation of 

the Wnt signaling cascade (Vanella et al., 2013). These data allow to speculate that 

upregulation of Wnt signaling by HO-1 leads to higher expression levels and possibly 

production of WISP1 from younger adipocytes. This, in turn, might result in tissue remodelling 

characterized by the redistribution of in-tissue and in-body insulin sensitivity and an increased 

insulin resistance in older cells (i.e. redistribution of glucose and other substrates with better 

supply of young and proliferating cells). Several studies linked WISP1 to aberrant tissue 

remodelling that entailed fibrotic events. Königshoff et al. reported that WISP1 expression 

associated with pulmonary fibrosis in mice and human and WISP1 induced remodeling of ECM 

components and expression of fibrosis-specific genes in lung fibroblast (Königshoff et al., 

2009). In cardiomyocytes, WISP1 has been shown to induce hypertrophy, fibroblast 

proliferation and expression of components of the ECM (Bernscheider and Konigshoff, 2011; 

Colston et al., 2007; Venkatachalam et al., 2009). WISP1 expression was enhanced in fibrotic 

rat livers and induced by TNF-a and TGF-β in hepatic stellate cells (Jian et al., 2014). Moreover, 

in cohort of individuals with type 2 diabetes, circulating WISP1 was found to associate with 

procollagen-III peptide (PIIINP), an established marker for cardiac and hepatic fibrosis 

(Barchetta et al., 2018). Hence, the participation of WISP1 as an extracellular matrix protein 

in fibrotic events in skeletal muscle and liver should be addressed in future studies. 

A limitation of the present study is that it could not be detailed the mechanism by which WISP1 

inhibits insulin action especially because of the high complexity of the Wnt signaling pathway 

(Niehrs et al., 2012). Based on the modular structure of WISP1, several functional receptors 

have been identified. Previous studies showed that WISP1 interacted with integrin α(5)β in 
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human bone marrow stromal cells (Ono et al., 2011). Furthermore, WISP1 has been shown to 

bind decorin and biglycan in the extracellular matrix of fibroblasts (Desnoyers et al, 2001). The 

presence of an IGF binding protein domain in CCN proteins including WISP1 suggests an 

interference with the IGF and insulin signalling pathway (Lorenzatti et al., 2011; Lopez-

Bermejo et al., 2006; Yamanaka et al., 1997). Our observations showed a decrease in the 

insulin-mediated tyrosine phosphorylation of insulin receptor-β/IGF-1 receptor by WISP1, 

indicating that WISP1 might act by interfering with these receptors or insulin in myotubes and 

hepatocytes. The inhibition of insulin action by adipo(cyto)kines is frequently associated with 

a decreased protein abundance of IRS-1 (Eckstein et al., 2017; Wiza et al., 2013). Although 

WISP1 was found to decrease the abundance of IRS-1 in myotubes, this was not the case in 

AML12 hepatocytes. The latter cell line even displayed an increase in IRS-1 protein levels 

following WISP1 exposure, whereas the abundance of IRS-2 was unaltered by WISP1 

treatment. This raises the possibility that WISP1 may use alternative mechanisms to impair 

insulin action in myotubes and hepatocytes. The second limitation of this study is that it was 

conducted in men (but not in women), and that the OGTT data were collected in a subgroup 

of the obese men. Without additional studies, caution should be taken when generalising 

these findings to the entire population. 

 

4.2 sFRP4 mRNA expression was enhanced in VAT of obese men with and without T2D 

and associated with triglycerides and markers of insulin resistance  

Recent studies identified sFRP4 as a novel adipokine, expressed and secreted by WAT in 

rodents and humans (Ehrlund et al., 2013; Lehr et al., 2012; Mastaitis et al., 2015). However, 

WAT-depot specific expression of sFRP4 in obese individuals without and with type 2 diabetes 

and the functional role of sFRP4 in the regulation of insulin action and energy metabolism in 

pivotal insulin-responsive target cell types, i.e. skeletal muscle cells and hepatocytes, have not 

been elucidated so far.  

The findings of the present thesis revealed that sFRP4 was rather expressed in VAT than in SAT 

and sFRP4 mRNA levels were significant higher in obese men compared to normal-weight 

men. Interestingly, sFRP4 expression in VAT was even higher in obese men with type 2 

diabetes compared to obese men without type 2 diabetes emphasizing the novelty of this 

work. Furthermore, sFRP4 VAT mRNA associated with fasting insulin and glucose levels, 

HOMA-IR and strongly correlated with triglycerides and adiponectin levels. These findings 
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strongly suggest sFRP4 as a factor associated with visceral adiposity, peripheral insulin 

resistance and the onset of T2D and emphasized the role of sFRP4 as an adipokine and its 

potential involvement in lipid homeostasis. 

These observations are in line with recent studies that suggest increased serum sFRP4 as a 

biomarker for obesity and type 2 diabetes in humans, even prior their diabetes diagnosis and 

linked sFRP4 to the onset of insulin resistance (Anand et al., 2016; Brix et al., 2016; Ehrlund et 

al., 2013; Garufi et al., 2015; Mahdi et al., 2012). Further analyses showed increased circulating 

sFRP4 in individuals with obesity independent of type 2 diabetes and demonstrated an 

association of sFRP4 serum levels with insulin sensitivity, body fat mass and adipose tissue 

vascularization (Garufi et al., 2014). In a cross-sectional study, circulating sFRP4 levels were 

positively correlated with fasting glucose levels, insulin levels, glycated hemoglobin and 

HOMA-IR (Anand et al., 2016). In addition, BMI, triglycerides and HDL-cholesterol were found 

to be major predictors for sFRP4 (Brix et al., 2016). Although the reported ranges of 

physiological sFRP4 serum levels slightly differed between the examined cohorts in 

dependence of ethnical background of the study participants, all cited studies demonstrated 

significantly increased circulating sFRP4 levels with obesity and/or diabetes. The observations 

presented in this work complement the previous findings by verifying increased sFRP4 also on 

mRNA level in VAT of obese, type 2 diabetic men. 

 

4.3 The adipokine sFRP4 impaired insulin action and energy metabolism in human 

myotubes and mouse hepatocytes 

The findings presented in this work hypothesized an interference of the adipokine sFRP4 with 

insulin action and lipid metabolism in insulin-responsive target tissues. Hence, in vitro studies 

aimed at elucidating the impact of sFRP4 in skeletal muscle cells and hepatocytes. Thereby in 

vitro concentrations of sFRP4 were used that were in the reported range found in the 

circulation (Anand et al., 2016; Garufi et al., 2015).  

 

4.3.1 sFRP4 increased mitochondrial respiration and AMPK phosphorylation in 

myotubes 

Under resting conditions, the skeletal muscle accounts for around 30% of whole body energy 

metabolism (Egan and Zierath, 2013). During fasting, the skeletal muscle induces fatty acid 
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oxidation whereas suppresses glycolysis and glucose oxidation to provide energy for 

maintenance of whole body energy homeostasis (Houmard et al., 2008; Kiens et al., 2006). 

Due to the crucial role of skeletal muscle in metabolic adaptions and glycemic control, 

metabolic impairments of skeletal muscle are frequently associated with the onset of obesity 

and the development of T2D (Kelley and Mandarion, 2000; Storlien et al., 2004).  

sFRP4 did not affect glycolysis and fatty acid oxidation whereas it induced basal as well as 

maximal mitochondrial respiration in myotubes. Mitochondria are the primary site for 

oxidative ATP generation via the electron transport chain. Hence, metabolic dysfunctions in 

mitochondria in skeletal muscle have been linked to impaired metabolite oxidation, 

intracellular lipid accumulation and the development of insulin resistance and T2D (Kim et al., 

2008b; Lowell and Shulman 2005; Samuel and Shulman 2012; Turner and Heilbronn 2008), 

and have been observed in skeletal muscles of obese, insulin-resistant individuals with or 

without T2D (Morino et al., 2005; Ritov et al., 2010). Beyond their function in ATP generation, 

mitochondria are a major site for production of reactive oxygen species (ROS). Multiple 

studies demonstrated an association of increased ROS production in skeletal muscle with 

impaired mitochondrial function and the onset of insulin resistance (Anderson et al., 2009; 

Fisher-Wellmann et al., 2013). The data reported in this work showed that sFRP4 tended to 

increase proton leak across the mitochondrial membrane of myotubes. Increased proton leak 

leads to incomplete coupling of the substrate oxygen to ATP production and has been found 

to be promoted by increased ROS production (Brookes et al., 2005). Thus, the data of this 

thesis indicate that sFRP4 may challenge the anti-oxidant defense capacity in myotubes.  

The observed increase in mitochondrial respiration in C2C12 myotubes induced by sFRP4 was 

accompanied by an enhanced ratio of AMPK phosphorylation to AMPK protein indicating an 

increase in AMPK activity. AMPK suppresses ACC by phosphorylation at Ser-79 that results in 

increased fatty acid oxidation, since ACC inhibits via induced malonyl-CoA the carnitine 

palmitoyltransferase 1 (CPT1) and thus the mitochondrial transport of fatty acids for β-

oxidation (Fediuc et al., 2006; Munday et al., 1988). However, sFRP4-induced AMPK 

phosphorylation in myotubes did not entail an inhibition of ACC. The increase in AMPK 

phosphorylation along with delayed increased mitochondrial respiration induced by sFRP4 

might be a response to cellular stress that limits damage to mitochondria and thus sustains 

mitochondrial homeostasis and cell survival. 
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The presented data suggest a minor role of sFRP4 in the regulation of glucose and fatty acid 

metabolism in skeletal muscle under basal insulin-unstimulated conditions. These findings 

might indicate that the interaction of sFRP4 and skeletal muscle likely did not account for or 

just play a minor role in the observed correlation of sFRP4 VAT expression and fasting glucose 

levels and thus systemic glucose homeostasis. However, to gain more insight, further 

investigations are needed.  

 

4.3.1.1 sFRP4 induced abundance of E3 ubiquitin ligases via AMPK-FoxO3a signaling in 

primary hSkMC 

The FoxO transcription factors are crucial mediators in the regulation of cellular stress 

response, apoptosis, mitochondrial function, lipid and glucose metabolism in skeletal muscle 

and direct transcriptional and posttranscriptional substrates of AMPK (Calnan and Brunet, 

2008; Canto et al., 2009; Greer et al., 2007; Tong et al., 2009; Sanchez et al., 2014). 

Phosphorylation of FoxO3a at Ser253 and Thr32 has been identified to be essential for its 

nuclear exclusion and inhibition of its transcriptional activity (Salih and Brunet, 2008). sFRP4 

reduced the inhibitory phosphorylation of FoxO3a at Ser235 in primary hSkMC by induction 

of AMPK signaling. AMPK-dependent activation of FoxO3a has been implicated in the 

modulation of muscle protein breakdown by induction of the E3 ubiquitin ligases MuRF1 and 

MAFbx/atrogin-1 (Bodine et al., 2001; Gomes et al., 2001; Nakashima and Yakabe., 2007; 

Krawiec et al., 2007; Sandri et al., 2004; Tong et al., 2009;). MuRF1 and MAFbx/atrogin-1 were 

elevated under catabolic conditions along with oxidative stress or inflammation in skeletal 

muscle and found to regulate skeletal muscle proteolysis (Bodine et al., 2001; Gomes et al., 

2001). FoxO3a but also FoxO1 are direct transcription regulators of MuRF1 and 

MAFbx/atrogin-1 (Sandri et al., 2004; Stitt et al., 2004; Wadell et al., 2008). AMPK activation 

e.g. by AICAR resulted in increased expression of Foxo1 and Foxo3a along with increased 

MuRF1 and MAFbx expression and enhanced protein degradation (Nakashima and Yakabe., 

2007) while inhibition of activated AMPK resulted in the suppression of MuRF1 and MAFbx 

expression in myotubes. (Krawiec et al., 2007).  

sFRP4 exposure significantly induced the abundances of MuRF1 and MAFbx/atrogin-1 by 

AMPK-FoxO3a signaling in primary hSkMC while the inhibition of AMPK prevented the sFRP4 

mediated increase in MuRF1 and MAFbx levels. However, the underlying mechanism entailing 
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the AMPK-mediated suppression of inhibitory FoxO3a phosphorylation at Ser256 in cells 

treated with sFRP4 remains unclear.  

Akt has been described to be the specific kinase for phosphorylation of FoxO3a at Ser253 and 

Thr32 resulting in the nuclear exclusion and transcriptional inhibition of the transcription 

factor (Brunet et al., 1999). In contrast, AMPK-mediated phosphorylation of FoxO3 at six 

distinct sites was associated with its transcriptional activation (Greer et al., 2007). Thus, the 

reduced phosphorylation of FoxO3a at Ser253 by sFRP4 might be accompanied by AMPK-

specific phosphorylation of FoxO3a leading to an inhibition of FoxO3a phosphorylation by Akt 

via potential processes that impair the access of Akt to its corresponding phosphorylation site 

(Ser253) in FoxO3a. This hypothesis is supported by findings of Tong et al. who showed that 

AICAR-activated AMPK mediated a reduction in the inhibitory phosphorylation of FoxO3a at 

other Akt associated sites in C2C12 myotubes while induced FoxO3a nuclear transport and 

activity via direct phosphorylation of FoxO3 at the specific sites Ser412/588 that entailed 

increased abundance of MuRF1 and MAFbx (Tong et al., 2009). Thus, to gain further 

mechanistic insight of the sFRP4-AMPK-FoxO3a interaction, it would be interesting to examine 

in future studies whether the activating AMPK phosphorylation induced by sFRP4 results in an 

increased stimulatory phosphorylation of FoxO3a at AMPK specific sites.  

In addition, AMPK has been shown to induce the activity of NAD+-dependent deacetylase 

SIRT1 along with increased transcriptional activity of FoxO1 and FoxO3a in skeletal muscle 

(Canto et al., 2009). Besides phosphorylation, FoxO transcription factors are posttranslational 

de-/acetylated to modulate their stability and transcriptional activity (Boccitto and Kalb, 

2011). Several studies demonstrated that SIRTs deacetylated and activated FoxO3a which 

resulted in its nuclear translocation and target gene expression (Brunet et al., 2004; Ferguson 

et al., 2015; Wang et al., 2007). Moreover, synergistical regulation of FoxO3a by 

phosphorylation and de-/acetylation events led to alterations in its subcellular localization and 

transcriptional activity (Matsuzaki et al., 2005; Senf et al., 2011). These studies indicate further 

potential mechanisms via which sFRP4 induction of AMPK might result in a reduced inhibitory 

phosphorylation of FoxO3a at Ser253 and increased MuRF1 and MAFbx levels as observed in 

primary hSkMC. However, while AMPK inhibition significantly reduced SIRT activity in primary 

hSkMC, sFRP4 did not affect SIRT activity, providing a basic proof that the observed sFRP4-

induced effects in skeletal muscle cells were independent of sirtuin activity and thus 

deacetylation events.  
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4.3.1.2 sFRP4 activated the proteasome in primary hSkMC  

The E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1 are important mediators of the ATP-

dependent ubiquitin proteasome pathway that exhibits the major site for the degradation of 

intracellular proteins in skeletal muscle (Lecker et al., 1999). Further, MuRF1 and MAFbx levels 

have been found to be remarkably increased during skeletal muscle protein degradation 

linking them to enhanced proteasome activity, loss of muscle mass and decreased muscle fiber 

size, a condition known as skeletal muscle atrophy (Bodine et al., 2001; Gomes et al., 2001).  

The observed findings that sFRP4 induced the E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-

1 in hSkMC via AMPK-FoxO3 signaling strongly suggested that it also modulate the activity of 

the ubiquitin-dependent proteasome system. The first and so far only therapeutically 

applicated proteasome inhibitor in humans is the dipeptide boronate BZ (Adams et al., 1998; 

Chauhan et al., 2008; Kisselev and Goldberg, 2001). BZ is cell permeable and selectively 

inhibits the β subunit of the catalytic 20S core of the proteasome with a substantial higher 

potency for the chymotrypsin-like activity than the trypsin- or caspase-like activity and 10 nM 

BZ have been used for effective inhibition of the proteasome activity in primary skeletal 

muscle cells (Crawford et al., 2006; Jager et al., 1999; Körner et al., 2014). While BZ alone or 

in combination with sFRP4 reduced the chymotrypsin-like activity of the proteasome, sFRP4 

administration alone significantly increased proteasome activity.  

The proteasomal degradation of misfolded and damaged proteins is crucial to regulate 

inflammatory responses, cell development and cell cycle control. However, increased 

proteasome activity and protein catabolism over a long time is strongly associated with the 

onset of excessive muscle loss and diabetes (Franch et al., 2005; Lecker et al., 2006). Increased 

proteasome activity has been observed in cultured primary skeletal muscle cells isolated from 

morbidly obese individuals (Bollinger et al., 2015). 

The observed data provide evidence that the sFRP4-mediated increase in MuRF1 and 

MAFbx/atrogin-1 abundance induced by AMPK-FoxO3a signaling associated with an increase 

in proteasomal activity in primary human skeletal muscle cells. In line with this, sFRP4 

exposure increased mitochondrial respiration in myotubes and thus cellular ATP, the 

indispensable fuel for the proteasome. Therefore, one can speculate that sFRP4 might induce 

mitochondrial respiration to provide sufficient energy for enhanced proteasome activity. 

Along with the increased abundance of MuRF1 and MAFbx/atrogin-1, the observations linked 

sFRP4 to impaired proteolysis in skeletal muscle that might cause skeletal muscle atrophy 
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which has been found in skeletal muscles of older individuals with type 2 diabetes (Kim et al., 

2014; Leenders et al., 2013; Park et al., 2009). Moreover, enhanced FoxO activity, increased 

abundance of MuRF1 and MAFbx and proteasome activity have been associated with the 

onset of insulin resistance in skeletal muscle (Ostler et al., 2014; Woodworth-Hobbs et al., 

2014). 

 

4.3.1.3 sFRP4 mediated IRS1 degradation by the proteasome and reduced insulin-induced 

phosphorylation of FoxO independent of Akt in primary human skeletal muscle 

cells 

Appropriate IRS-1 level in skeletal muscle are essential for differentiation, growth, glucose and 

lipid metabolism and thus maintenance of health (Eckstein et al., 2017). In contrast, reduced 

IRS-1 protein levels have been found in skeletal muscles of obese, insulin-resistant humans 

(Goodyear et al., 1995). The exposure of 24h sFRP4 to primary human skeletal muscle cells 

significantly reduced IRS-1 abundance without affecting IRS1 gene expression suggesting 

posttranslational modifications i.e. proteasomal degradation. Reduced IRS-1 levels induced by 

sFRP4 were completely restored to normal levels when the proteasome was inhibited 

providing proof for the proteasome-dependent degradation of IRS-1 by sFRP4 in primary 

hSkMC. Proteasomal degradation of the IRS-1 protein has been linked to impaired insulin 

signaling and the onset of insulin resistance (Carvalho et al., 1999; Greene et al., 2003; Shah 

et al., 2004). Thus, reduced IRS-1 levels were accompanied by diminished insulin-mediated 

Akt phosphorylation and glucose uptake in skeletal muscles of insulin-resistent or T2D 

individuals (Krook et al., 1998; Takano et al., 2001). 

Mechanistically, hyperinsulemia and chronic insulin exposure have been shown to induce 

proteasomal IRS-1 degradation via the PI3K/Akt/mTOR pathway (Berg et al., 2002; Greene et 

al., 2003).  

However, the reduction of IRS-1 levels by sFRP4 was not accompanied by an impaired insulin-

mediated phosphorylation of Akt and GSK3β, although the insulin-induced phosphorylation 

levels of FoxO1-Thr24/Ser256 as well as of FoxO3a-Thr32/Ser253 were significantly reduced. 

This investigation excluded that the degradation of IRS-1 entailed with an impaired Akt and 

GSK3β singling in primary human skeletal muscle cells.  

Additionally, the insulin-mediated inhibitory phosphorylation of FoxO1 in response to 24h 

sFRP4 administration was not dependent on proteasome activity. These data confirmed that 
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the decrease in FoxO1 phosphorylation did not result from reductions in IRS-1 protein and 

thus is not associated with impaired IRS-1 downstream signaling. More likely, these 

observations suggest an IRS-1 and Akt independent mechanism causing a reduction in the 

inhibitory phosphorylation of FoxO in response to sFRP4 under an acute insulin stimulus. 

Hence, these data may provide evidence that FoxO1 and FoxO3a might be targeted by other 

kinases or protein phosphatases for instance by the mammalian STE20-like protein kinase-1 

(MST-1) or the protein phosphatase 2A (Lehtinen et al., 2006; Singh et al., 2010) in response 

to sFRP4, causing the observed decrease in the inhibitory insulin-mediated phosphorylation 

of the transcription fators. 

Distinct IRS-1 specific E3 ubiquitin ligases have yet been identified that mediate IRS1-

degradation including SOCS-1/3, Cbl-b and F-box only protein (FBxo40) (Nakao et al., 2009; 

Rui et al., 2002; Shi et al., 2011). Studies providing precise evidence that MuRF1 and 

MAFbx/atrogin-1 are specific E3 ligases for IRS-1 do not exist so far, thus raises another issue 

that needs to be clarified in future investigations. Taken together, the described findings 

suggest sFRP4 as a potential biomarker for visceral adiposity before and during the onset of 

T2D. Moreover, the in vitro observations indicate that sFRP4 might be involved in impaired 

insulin action in skeletal muscle and atrophic conditions by promoting mitochondrial 

respiration and proteasome activity along with IRS-1 degradation related to the activation of 

AMPK-FoxO3a signaling in primary human skeletal muscle cells (Figure 54). 
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Figure 54. Effect of sFRP4 on insulin action and energy metabolism in primary hSkMC. sFRP4 expression in VAT 

was increased with obesity and type 2 diabetes. In vitro, sFRP4 induced the proteasome activity and IRS-1 

degradation in skeletal muscle cells (pink arrow upwards). Moreover, sFRP4 promoted mitochondrial respiration 

and induced phosphorylation of AMPK that resulted in reduced inhibitory FoxO3a phosphorylation (pink arrow 

downwards) and increased abundance of MuF1 and MAFbx/atrogin-1 linking sFRP4 to impaired proteolysis, 

stress response and insulin resistance in skeletal muscle. However, sFRP4 did not affect phosphorylation of Akt, 

GSK3β and SIRT activity in skeletal muscle cells (equal sign). Examined effects (solid arrow), potential effects 

(dotted arrow). AMPK, AMP-activated protein kinas; ACC, acetyl-CoA carboxylase; FoxO1/3a, forkhead box 

protein O1/3a; GSK3β, glycogen synthase kinase 3β; IRS-1, insulin receptor substrate-1; SIRT, sirtuin. 

 

4.3.2 sFRP4 expression was not restricted to visceral adipose tissue in mice 

The data presented in this thesis are in line with previous studies that identified VAT as a major 

depot for the expression and secretion of the adipokine sFRP4 in humans (Ehrlund et al., 2013; 

Visweswaran et al., 2015). However, sFRP4 also has been described to be expressed and 

secreted from pancreatic islets and serum sFRP4 was higher in individuals with T2D (Mahdi et 

al., 2012; Taneera et al., 2012). Accompanying with this, in vitro and in vivo studies showed 
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that sFRP4 was associated with inflammation, insulin resistance and β-cell dysfunction (Mahdi 

et al., 2012; Taneera et al., 2012). In mice, sfrp4 expression was mainly found in VAT but also 

in gastrocnemius (GAS) muscle but not in pancreatic islets (Mastaitis et al., 2015). To gain 

further insight how adipose tissue accounts for the sFRP4 levels that are present in the 

circulation, comparative tissue expression and plasma analyses of sfrp4 has been 

accomplished in C57Bl6 mice and in lipodystrophic aP2-SREBP-1c mice. Although circulating 

sfrp4 was significantly lower in plasma of aP2-SREBP-1c mice compared to C57Bl6 mice, sfrp4 

was still detectable with a substantial amount, verified adipose tissue as an important source 

for systemic sfrp4 but also give proof that it is not the only sfrp4 releasing tissue in 

lipodystrophic mice. In accordance with previous findings (Mastaitis et al., 2015), the present 

data also showed that the sfrp4 expression was mainly restricted to VAT in C57Bl6 mice. 

Besides VAT, GAS muscle showed the highest sfrp4 expression suggesting the skeletal muscle 

as a further site for sfrp4 secretion. In humans, sFRP4 is also expressed and secreted from 

primary skeletal muscle cells. Studies by Hartwig et al. identified sFRP4 as a myokine, (Hartwig 

et al., 2014) confirming the skeletal muscle as an important source for sFRP4 beyond adipose 

tissue. Although the expression levels of sfrp4 in GAS muscle of C57Bl6 and aP2-SREBP-1c mice 

were similar, it remains unclear whether sfrp4 abundance and release are altered in skeletal 

muscles between the two genotypes.To rule out whether the loss of adipose tissue in aP2-

SREBP-1c results in an altered sfrp4 expression and secretion profile by other tissues e.g. 

skeletal muscle which may entail changes in systemic sfrp4 levels, sfrp4 protein abundance 

and secretion from different tissues than VAT should be examined in further studies. In 

conclusion, the presented data give evidence that even though VAT is one major source for 

sFRP4, the circulating sFRP4 pool does not seem to be restricted by VAT but also determined 

by other peripheral tissues, among them most likely the skeletal muscle. 

 

4.3.2.1 sFRP4 impaired suppression of gluconeogenic genes, insulin-mediated glycogen 

synthesis and insulin signaling in hepatocytes of healthy C57Bl6 

The observed strong associations of sFRP4 in VAT with serum triglycerides even after 

adjustment for age and BMI, hypothesized that sFRP4 might be involved in the control of lipid 

metabolism next to insulin action. Further, VAT-derived adipokines are directly secreted into 

the portal vein system and thus delivered to the liver, linking sFRP4 to a potential function in 

the regulation of glucose and lipid metabolism in liver. 
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An imbalance in the regulation of hepatic energy metabolism is crucial in the development of 

pathophysiological changes including insulin resistance, type 2 diabetes and NAFLD 

(Bechmann et al., 2012). Approximately 90% of the systemic glucose production is derived and 

synthesized by the liver (Ekberg et al., 1999; Petersen et al., 2017; Moore et al., 2012). The 

overall glucose production and disposal by the liver are pivotal for the peripheral glucose 

homeostasis and are driven by processes including gluconeogenesis, glycogenolysis and 

glycogen synthesis, and rates of these processes were increased in individuals with type 2 

diabetes causing increased systemic blood glucose that manifests in hyperglycemia and insulin 

resistance (Basu et al., 2005; Boden et al. 2001; Magnusson et al., 1992; Petersen et al., 2017).  

Insulin regulates hepatic gluconeogenesis by suppression of the expression of the key 

gluconeogenic enzymes Pck1 and G6pc to sustain glucose homeostasis. As described in the 

present thesis, elongated sFRP4 exposure reduced the basal and abrogated the insulin-

mediated suppression of Pck1 and G6pc expression. Interstingly, sFRP4 seemed to uncouple 

impairments on gluconeogenic gene expression from hepatic glucose production in presence 

of gluconeogenic substrates. Moreover, prolonged sFRP4 exposure blunted the insulin-

induced stimulation of glycogen synthesis. Hence, the observations give evidence that sFRP4 

impaired insulin action in primary hepatocytes which resulted in dysregulated 

gluconeogenesis and glycogen synthesis and thus might be involved in impaired glucose 

disposal. In line with this, reduced hepatic glycogen synthesis along with decreased liver 

glycogen content was described to be associated with reduced insulin sensitivity and an 

impaired overall glucose disposal in individuals with type 2 diabetes (Krssak et al., 2004; Solini 

et al., 2001). In addition, mice deficient for liver glycogen synthase, the key enzyme in glycogen 

synthesis, exhibited impaired hepatic glucose disposal and insulin signaling (Irimia et al., 

2017).  

In accordance with the reported functional findings, sFRP4 exposure remarkably impaired 

insulin signaling on level of Akt, GSK3β and FoxO1 in primary hepatocytes, thus linking sFRP4 

to hepatic insulin resistance. FoxO1 is a master mediator of the expression of the 

gluconeogenic genes G6Pc and PCK1 and thus hepatic glucose production, activated during 

fasting and suppressed postprandially by insulin-dependent activation of Akt (Matsumoto et 

al., 2007; Puigserver et al., 2003). Mice with liver specific loss of either the insulin receptor, 

Akt or IRS-1/IRS-2 displayed increased FoxO1-mediated hepatic glucose production along with 

severe insulin resistance and glucose intolerance while metabolic impairments were restored 
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if combined with ablation of FoxO1 in liver (Dong et al., 2008; Lu et al., 2012; Matsumoto et 

al., 2007; Titchenell et al., 2015). These studies suggested an alternative, IR-, IRS- and Akt-

independent mechanism via which FoxO1 regulates hepatic glucose production (Titchenell et 

al., 2015). The decrease in insulin-mediated phosphorylation of FoxO1 in response to sFRP4 

could in part be ascribed to the reduced FoxO1 protein abundance. This reduction might 

indicate a cellular attempt to compensate for the impaired insulin effect on FoxO1 induced by 

sFRP4. Constitutively active hepatic FoxO1 has been associated with impaired fasting glucose, 

hyperinsulinemia and increased TG levels and steatosis in mice while liver specific deletion of 

FoxO1 was found to decrease gluconeogenesis and restore hyperglycemia in ob/ob mice 

(Altomonte et al., 2003, 2004; Nakae et al., 2001, 2002; Zhang et al., 2006). In addition, 

previous studies demonstrated that the hepatic gain of function of FoxO1 promoted insulin 

signaling via positive feedback mechanisms amongst others by stimulation of Irs2 expression 

and suppression of Akt inhibiting kinases (Ide et al., 2004; Matsumoto et al., 2006). Hence, the 

above described reductions in Pck1 and G6pc expression might be a result of reduced FoxO1 

protein concomitant with impaired insulin signaling in response to sFRP4. 

Phosphorylation of glycogen synthase (GS) by GSK3 results in its inhibition and subsequent 

suppression of glycogen synthesis (Roach et al., 2002). sFRP4 administration decreased the 

ratio of the insulin-mediated inhibitory phosphorylation of GSK3β-Ser9 to GSK3β protein 

which might further be involved in the observed inhibition of the insulin-mediated glycogen 

synthesis. Although increased GSK3 activity in obesity and diabetes associated with impaired 

hepatic glucose disposal and insulin resistance (Eldar-Finkelmann 1999; Nikoulina et al., 2000), 

recent studies in GSK deficient mice suggested that stimulation of hepatic glycogen synthesis 

by insulin can also occur independent of GSK3 (Wan et al., 2013).  

Thus, the data reported in the present thesis suggest an association of sFRP4 with an impaired 

glucose disposal in response to insulin at site of liver.  

 

4.3.2.2 sFRP4 impaired insulin signaling via proteasomal degradation of IRS-1 in primary 

hepatocytes  

IRS-1/2 are crucial regulators of hepatic insulin signaling, glucose metabolism and growth 

(Dong et al., 2006). Moreover, similar to skeletal muscle, reduced IRS-1 levels in liver have 

been associated with insulin resistance and hyperinsulinemia as reported in ob/ob mice (Saad 

et al., 1992).  
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sFRP4 exposure to primary hepatocytes resulted in a significant reduction of IRS-1 protein 

without affecting IRS-2 indicating that the decreased IRS-1 levels accounted for the impaired 

insulin signaling that was not compensated by the IRS-2 isoform. This is in line with 

observations in obese human with and without T2D who had reduced IRS-1 levels in liver 

accompanied with reduced insulin signaling while hepatic IRS-2 levels were not affected (Sajan 

et al., 2015). Moreover, sFRP4 mediated the posttranslational degradation of IRS-1 by the 

proteasome as observed in skeletal muscle cells. However, in contrast to skeletal muscle cells, 

sFRP4 did not induce the overall chymotrypsin-like activity of the proteasome in hepatocytes 

suggesting that sFRP4 just promoted the proteasomal degradation of particular proteins in 

primary hepatocytes. FoxO1 protein levels and phosphorylation were reduced in response to 

sFRP4, and not fully restored to levels of untreated cells upon inhibition of the proteasome. 

Ubiquitination of FoxO transcription factors and their subsequent proteasomal degradation 

have been reported to be promoted by deacetylation (Wang et al., 2012; Kitamura et al., 

2005). Contradictory, FoxO1 deacetylation by SIRT1 prevented Akt-dependent inhibitory 

phosphorylation of FoxO1 and has been reported to induce FoxO1-mediated gluconeogenic 

gene expression, gluconeogenesis and thus glucose release from hepatocytes while the loss 

of SIRT1 has been associated with reduced gluconeogenesis (Erion et al., 2009; Frescas et al., 

2005). Hence, the observed reduction of SIRT activity in primary hepatocytes in response to 

sFRP4 might be a cause or a consequence of the mentioned decrease in FoxO1 protein and 

the observed changes in gluconeogenic gene expression. 

Beyond the restored IRS1-levels, proteasome inhibition restored insulin signaling on Akt and 

GSK3β phosphorylation in hepatocytes confirming that sFRP4 impaired insulin signaling in part 

via proteasome dependent degradation of IRS-1. 

 

4.3.2.3 Mitochondrial energy metabolism was not affected by sFRP4 in primary 

hepatocytes 

In liver, mitochondria are the key regulators of β-oxidation, tricarboxylic acid cycle (TCA), ATP 

generation via oxidative phosphorylation and formation of ROS (Bechmann et al., 2012; Li et 

al., 2015). The role of impaired mitochondrial function in the onset of hepatic insulin 

resistance, type 2 diabetes and/or NAFLD remains uncertain. Some reports associated 

mitochondrial dysfunctions in liver with reduced insulin sensitivity and T2D, whereas 

accumulating studies demonstrated increased hepatic mitochondrial respiration in obese, 
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insulin-resistant humans with and without NAFLD as well as in diabetic mice with severe 

hyperglycemia (Franko et al., 2014; Koliaki et al., 2015; Schmid et al., 2011; Sunny et al., 2011; 

Szendroedi et al., 2009). However, mitochondrial respiration and function were not affected 

by sFRP4 in hepatocytes of C57Bl6. 

Hepatic fatty acid metabolism is stimulated by either dietary circulating fatty acid or fatty acids 

derived from extrahepatic tissues. In dependence of cellular energy level and metabolic 

conditions, fatty acids are either metabolized for ATP supply via mitochondrial fatty acid β-

oxidation in hepatocytes during fasting or esterified to TAG for hepatic storage in lipid droplets 

or packed into VLDL particles for secretion into the bloodstream (Bechmann et al., 2012; Rui 

et al., 2014). Long-chain fatty acids like palmitic acids need to be activated by cytosolic acyl-

CoA-synthase to acyl-CoA before they are actively transported into mitochondria, in a 

substrate-inhibitory process (Bechmann et al., 2012; Rui et al., 2014; Abu-Elheiga et al., 2000). 

Concomitant with unaltered mitochondrial respiration, sFRP4 did not interfere with 

mitochondrial palmitic acid oxidation in primary murine hepatocytes.  

In the fasted state, adipocytes supply lipolysis-derived NEFAs for uptake and metabolization 

in hepatocytes while dietary fats were packed in chylomicrons and delivered to the liver 

(Bechmann et al., 2012; Rui et al., 2014). Hepatocytes actively take up fatty acids 

predominantly via fatty acid transporter 2/5 and the membrane-bounded glycoprotein fatty 

acid translocase (CD36/FAT), a process that is tightly regulated by glucagon and insulin (Arner 

et al., 2005). Along with unaltered mitochondrial β-oxidation, sFRP4 also did not affect 

palmitate uptake. In conclusion, the mentioned data give evidence that sFRP4 is likely not 

involved in the regulation of mitochondrial energy metabolism in primary hepatocytes of 

healthy C57Bl6 mice.  

 

4.3.2.4 sFRP4 induced a selective insulin resistant state in primary hepatocytes of C57Bl6 

mice 

The key observations of sFRP4 action in primary hepatocytes were the significant increase of 

the insulin-mediated de novo lipid synthesis while the insulin-induced glycogen synthesis and 

gluconeogenic gene expression was abrogated along with an induction of IRS-1 degradation 

that resulted in impaired insulin signaling. Increased hepatic de novo lipogenesis is frequently 

associated with the onset of insulin resistance (Kawano and Cohen 2013). Excessive energy 

intake from diet along with dysfunction and insulin resistance in adipose tissue and/or skeletal 
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muscle impede the disposal of ingested nutrients by extrahepatic tissues. Hence, the liver 

attempts to compensate the surplus of energy by metabolizing that entails increased hepatic 

glucose production, triglyceride accumulation and hepatic insulin resistance (Samuel and 

Shulman, 2018). Extrahepatic-derived glucose and NEFAs promote hepatic DNL independently 

of insulin by providing metabolic substrates that are converted and esterified resulting in 

hepatic DAG and TAG accumulation. The surplus of glucose delivery into liver functions as 

activator of hepatic carbohydrate-responsive element-binding protein (ChREBP), while the 

increased lipid components release and activate SREBP-1c transcription factors that further 

fuel glycolysis and DNL in liver (Samuel and Shulman, 2018). Besides increased lipogenesis, 

hepatic insulin resistance results in reduced glycogen synthesis while hepatic glucose 

production is enhanced paving the way to metabolic liver pathologies such as NAFLD (Kawano 

and Cohen 2013; Ameer et al., 2014; Jelenik et al., 2017). However, it still remains to be 

elucidated what is cause and consequence in the interaction of hepatic insulin resistance and 

metabolic impairments associated with the development of NAFLD. Although previous studies 

did not find associations for circulating sFRP4 or sFRP4 VAT expression with histopathological 

liver parameters related to NAFLD, sFRP4 expression was significantly increased in VAT of 

obese individuals with NAFLD (Bekaert et al., 2016). 

In vitro, sFRP4 increased insulin responsiveness on hepatic lipogenesis while abrogated insulin 

action on hepatic glucose metabolism suggesting the contribution of distinct insulin-mediated 

pathways that independently control lipid synthesis and glucose metabolism in liver. The 

action of sFRP4 therefore mimics the paradox phenomenon of selective insulin resistance on 

lipid metabolism in liver, initially described by Goldstein und Brown (Goldstein und Brown, 

2008). This model hypothesizes that insulin signaling via the Akt/FoxO1 pathway is impaired 

and thus the suppression of gluconeogenesis and hepatic glucose output whereas SREBP-1c-

mediated DNL is promoted in response to insulin causing hyperglycemia, hypertriglyceridemia 

and hyperinsulinemia, the hallmarks of type 2 diabetes (Goldstein and Brown, 2008). Thereby, 

reduced IRS-1 protein might entail impaired insulin signaling induced by sFRP4 while 

unaffected IRS-2 protein might be involved in the maintenance or even increase of insulin 

action on lipid synthesis in hepatocytes in response to sFRP4. The question whether sFRP4 

induced hepatic lipogenesis that entails increased triglyceride accumulation in hepatocytes or 

enhanced secretion of lipids should be addressed in future investigations. Deacetylation of 

SREBP-1c, the key regulator of lipid synthesis, by SIRT1 has been shown to result in the 
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suppression of hepatic DNL (Ponugoti et al., 2010) whereas deletion of SIRT1 in hepatocytes 

has been found to associate with the onset of hepatic steatosis (Purushotham et al., 2009). 

Thus, the sFRP4-induced reduction in the activity of sirtuins further supports a role of sFRP4 

in promoting dysregulations of hepatic lipid metabolism in hepatocytes. In conclusion, the 

described observations provide evidence that sFRP4 impaired insulin signaling and glucose 

disposal while favoured lipid synthesis in hepatocytes linking it to hepatic selective insulin 

resistance and the onset of NAFLD and/ or T2D (Figure 55).  

 
Figure 55. Effect of sFRP4 on insulin action, energy and lipid metabolism in primary murine hepatocytes. sFRP4 

impaired insulin signaling, glucose and lipid metabolism in hepatocytes. With obesity and the onset of type 2 

diabetes, sFRP4 VAT expression increased. In vitro, sFRP4 induced IRS-1 degradation and abrogated insulin action 

on phosphorylation of Akt, GSK3β and FoxO1, glycogen synthesis and gluconeogenic gene expression in 

hepatocytes while promoted insulin-mediated lipid synthesis (pink arrow upwards) linking sFRP4 to hepatic 

insulin resistance, impaired glucose disposal and lipid metabolism. Moreover, sFRP4 decreased FoxO1 protein 

and SIRT activity in hepatocytes (pink arrow downwards). However, neither fatty acid uptake (FAU), fatty acid 

oxidation (FAO) nor mitochondrial respiration and AMPK phosphorylation were affected in response to sFRP4 

(equal sign). Examined effects (solid arrow), potential effects (dotted arrow). AMPK, AMP-activated protein 

kinas; ACC, acetyl-CoA carboxylase; DNL, de novo lipogenesis; FoxO1, forkhead box protein O1; G6pc, glucose-6-
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phosphatase c; GSK3β, glycogen synthase kinase 3β; IRS-1, insulin receptor substrate-1; Pck1, 

phosphoenolpyruvate carboxykinase 1; SIRT, sirtuin.  

 

4.3.2.5 sFRP4 severely diminished insulin signaling and reduced FoxO1 in metabolic, 

dysfunctional hepatocytes of lipodystrophic aP2-SREBP-1c mice 

The conditions of selective insulin resistance have been observed in humans and rodents with 

lipodystrophy. Due to the loss of adipose tissue, lipodystrophy causes excessive ectopic 

storage of fat in liver concomitant with enhanced hepatic DNL that in humans likely entails 

severe hepatic insulin resistance, dyslipidemia, hyperglycemia, hypertriglyceridemia, 

hyperinsulinemia and/or NAFLD that might progress to NASH (Garg et al., 2000; Kim et al., 

2000; Petersen et al., 2002; Garg et al., 2000; Semple et al., 2009). Lipodystrophic aP2-SREBP-

1c mice lack adipose tissue. Thus, these mice display e.g. increased insulin secretion, ectopic 

lipid accumulation and increased gluconeogenesis in liver and skeletal muscle in concert with 

hepatic and whole-body insulin resistance (Shimomura et al., 1998, 1999). Hepatic insulin 

resistance in aP2-SREBP-1c has been reported to manifest in impaired insulin signaling and 

abrogated insulin-induced suppression of gluconeogenesis but increased SREBP-1c-mediated 

lipid synthesis (Shimomura 1998, 1999). Thus, with lipodystrophy, the onset of hepatic insulin 

resistance is dissociated from severe visceral adiposity while confirming hepatic lipid 

accumulation as a leading cause. Hence, investigations of sFRP4 exposure to hepatocytes 

isolated from lipodystrophic mice provided insight into sFRP4 associated impairments on 

insulin action. The aP2-SREBP-1c mice used in this thesis completely lacked WAT and displayed 

dyslipidemia, pronounced insulin resistance, dramatically reduced plasma leptin and liver 

dysfunction. Hepatocytes isolated of aP2-SREBP-1c mice exhibited impaired insulin signaling 

while displayed larger and more lipid droplets and increased lipogenic activity than 

hepatocytes of corresponding C57Bl6 mice providing evidence that these cells maintained 

their insulin resistant phenotype in culture. Although sFRP4 exposure did neither affect energy 

metabolism nor lipid synthesis in primary hepatocytes of aP2-SREBP-1c mice, it dramatically 

reduced insulin responsiveness on Akt and GSK3β phosphorylation indicating that sFRP4 has 

the ability to even worsen the insulin resistant conditions present in hepatocyte of 

lipodystrophic mice. Moreover, sFRP4 alone and in concomitant with insulin dramatically 

reduced FoxO1 protein and sFRP4 decreased GSK3β. In contrast to hepatocytes of healthy 

C57Bl6 mice, sFRP4 did not affect IRS-1 in hepatocytes of lipodystrophic mice. However, these 
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findings do not exclude that sFRP4 may exert changes in IRS-1 serine/threonine 

phosphorylation that has been shown to result in inhibition of IRS-1 signal transduction (Copps 

and White, 2012). Although sFRP4 impaired insulin signaling, the reduction of hepatic FoxO1 

in response to sFRP4 suggests that sFRP4 might compensate for the displayed insulin 

resistance and nutrient overflow to sustain glucose levels and thus counteract hyperglycemia. 

Hence, sFRP4 impaired insulin responsiveness on the levels of Akt and GSK3β phosphorylation 

while maintained insulin action on lipogenesis in hepatocytes with an existing disrupted 

insulin sensitivity and elevated lipid synthesis linking sFRP4 to the induction of hepatic insulin 

resistance.  

 

4.4 sFRP4 induced the secretion of factors from hepatocytes that are involved in 

glucocorticoid receptor signaling 

Proteins that are secreted from the liver have been implicated in the regulation of glucose and 

lipid metabolism in an auto-/para- and endocrine fashion. The proteome and bioinformatic 

approaches of the secretomes of metabolic intact and impaired hepatocytes isolated from 

C57Bl6 and lipodystrophic aP2-SREBP-1c mice treated with sFRP4 revealed that sFRP4 

associated with hepatic fibrosis on molecular level in hepatocytes of both genotypes. Further, 

hints for molecular interactions with cardiac fibrosis and renal ischemia and failure could be 

observed. Besides hepatic insulin resistance and ectopic lipid accumulation in liver, fibrosis is 

a crucial characteristic of NASH (Brunt et al., 2004) supporting a potential association of sFRP4 

with NASH related pathophysiological metabolic alterations in liver. In the secretome of 

hepatocytes of both genotype, sFRP4 mediated the enrichment of proteins associated with 

LXR/RXR activation. The nuclear receptor liver X receptor (LXR) along with the retinoid X 

receptor (RXR) are important regulators of hepatic lipid metabolism and have been reported 

to be activated by Akt and induce hepatic lipogenesis by promoting SREBP-1c expression and 

proteolytic activation (Chawla et al., 2001; Fon Tacer and Rozman, 2011; Yoshikawa et al., 

2001). In aP2-SREBP-1c hepatocytes, the bioinformatic analyses revealed PLA2G2E as the 

major regulator molecule that encoded for the phospholipase group IIE secretory 

phospholipase A2. The enzyme phospholipase A2 hydrolyzes phospholipids into 

lysophospholipids and free fatty acids. Another phospholipase, the secreted PLA2G1B, has 

been reported to induce lysophospholipid absorption and hepatic lipogenesis while inhibited 

hepatic fatty acid oxidation that entail hyperlipidemia (Hollie and Hui, 2011). The enrichment 
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analyses of secretomes of sFRP4 treated hepatocytes from C57Bl6, pointed to keratin 14 

(KRT14) as the major upstream regulator. Keratins are intermediate filaments of the 

cytoskeleton of hepatocytes, displaying structural roles by ensuring mechanical stability but 

also cytoprotective capabilities by regulating cellular stress response. Alterations of the 

keratin cytoskeleton leading to misfolding or keratin aggregation and have been associated 

with pathological impairments in liver during NASH (Zatlouka et al., 2006). However, so far 

only keratin 8 and keratin 18 have been identified in hepatocytes (Tao et al., 2009). Moreover, 

web-based analyses of secretome data of hepatocytes of both genotypes revealed that 

components of the glucocorticoid receptor signaling pathway are differentially enriched 

suggesting pathway activation, predominantly due to keratin gene family members.  

The nuclear glucocorticoid receptor regulates transcription in response to glucocortides that 

are syntethized from the acetly-CoA-mevalonate-cholesterol biosynthesis pathway. 

Glucocorticoid receptor signaling plays a pivotal role in lipid metabolism in adipose tissue and 

liver. In adipose tissue glucocorticoid receptor activation induced lipolysis, fatty acid release 

but decreased lipogenesis (Divertie et al., 1991; Gathercole et al., 2011; Wang et al., 2015). In 

liver glucocorticoide signaling promotes lipogenic gene expression, gluconeogenesis and 

glycogenolysis and thus lipid synthesis and accumulation, hence it has been implicated in the 

development of NAFLD (Canalis et al., 1983; Dich et al., 1983; Dolinsky et al., 2004; Mueller et 

al., 2012). Thus, the differential effects of sFRP4 on DNL observed in metabolic healthy and 

diseased hepatocytes were accompanied by differential secretion profiles of these cells. 

Further, the analyses indicate that beyond the here reported findings, sFRP4 may exerts 

distinct effects even on other tissues including heart and kidney, by modulating the secretion 

of proteins from hepatocytes that amongst others are involved in glucocorticoid receptor 

signaling.  

 

4.5 Conclusion and perspectives  

The present thesis aimed to explore the role of the adipokines WISP1 and sFRP4 in the context 

of obesity and type 2 diabetes and their function in the regulation of energy metabolism and 

insulin action in two major insulin-responsive tissues, skeletal muscle and liver. Previous 

studies predominately are based on the impact of sFRP4 and WISP1 on adipose tissue, whilst 

their roles in skeletal muscle and liver are largely obscure yet, thus supporting the novelty of 

the findings reported in this thesis.  
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The first part of this thesis focused on the role of WISP1 in the proposed issues. The findings 

of this work identified WISP1 as a determinant of obesity in men. The increases in circulating 

WISP1 levels associated with variables reflecting insulin resistance in vivo in individuals with 

obesity. In vitro studies corroborate the associations observed in the clinical study by showing 

that recombinant WISP1 impaired insulin signaling in both insulin-sensitive cell types, i.e. 

myotubes and hepatocytes with consequent impaired gluconeogenesis and glycogen 

synthesis. The data provide evidence that WISP1 may regulate whole-body insulin sensitivity 

and glucose uptake due to its effects on insulin signaling in liver and muscle and thus may be 

a promising target for the prevention and treatment of obesity and diabetes.  

As a perspective of the findings of the thesis, further investigations might focus on the detailed 

mechanism via which WISP1 inhibits insulin action. Furthermore, the in vitro observations may 

be target for validation in in vivo animal studies to determine phenotypical effects of WISP1 

on whole-body glucose disposal, insulin resistance and the development of diabetes and 

obesity. The described studies were conducted in men only. In regard to the clinical 

consideration of WISP1 and its utilization as a biomarker for obesity and T2D in humans, an 

extension of the study cohort including women would be needed to provide an approach for 

the generalization of the findings to entire population.  

 

The second part of this work reported the impact of sFRP4 as a potential biomarker for 

adiposity and T2D in men since the clinical associations corroborate an interference of sFRP4 

with insulin action, glucose and lipid metabolism. Functional investigations revealed that in 

primary human skeletal muscle cells sFRP4 induced mitochondrial respiration and promoted 

proteasome activity and degradation of IRS-1 likely via activation of AMPK-FoxO3a signaling 

and sFRP4 may impede insulin action apart from Akt signaling transduction. In conclusion, the 

present data suggest sFRP4 as a promotor of cellular stress response, impaired insulin 

signaling and atrophic conditions in skeletal muscle. 

The strong association of sFRP4 in VAT with circulating triglycerides indicated a potential role 

of sFRP4 in liver metabolism that was confirmed in vitro. sFRP4 impaired the insulin response 

on molecular level and on glycogen synthesis and induced IRS-1 degradation while enhanced 

insulin action on DNL and thus promoted lipid synthesis in primary murine hepatocytes. In 

addition, sFRP4 further impeded the insulin action on molecular level but did not affect 

insulin-mediated lipid synthesis in metabolic dysfunctional hepatocytes. These findings 



Discussion 
 

150 
 

support the role of sFRP4 as mediator of impaired glucose disposal and selective insulin 

resistance in hepatocytes. 

Taken together, this thesis provides first evidence that sFRP4 may modulate systemic insulin 

sensitivity, glucose disposal and lipidemia based on the reported findings in skeletal muscle 

and liver, justifying sFRP4 to be considered in future research as a potential target for the 

prevention of T2D and NAFLD.  

As a perspective, an investigation of the impact of sFRP4 on insulin-mediated metabolic 

pathways including glycogen synthesis and glucose uptake but also fatty acid uptake, lipid 

synthesis and storage, would provide important functional insight for the interference of 

sFRP4 with insulin action on skeletal muscle. Further investigations ought to target the 

mechanism via which sFRP4 exerts its effects in skeletal muscle and liver, to unravel the 

potential role of sFRP4 in the development of whole-body insulin resistance. One promising 

target might be the effect of sFRP4 on FoxO, as it turned out to be a common substrate of 

sFRP4 in skeletal muscle and liver and thus providing an approach for further studies in this 

direction. Investigations of sFRP4 action on hepatic lipid accumulation and secretion would be 

important to get detailed insight whether sFRP4 contributes to a fatty liver phenotype and/or 

a state of dyslipidemia and thus the development of T2D and NAFLD. For consideration of 

sFRP4 as a clinical indicator for obesity and T2D in humans, an extension of the study cohort 

including women as proposed for WISP1, might allow a generalization of the describes 

observations.  

 

The investigations described in this thesis identified the adipokines WISP1 and sFRP4 as 

effectors in the inter-organ communication that directly interfere with metabolic events in 

skeletal muscle cells and hepatocytes in a cell-type specific manner. The elucidation of 

adipokine secretion patterns and translational studies as performed in this thesis will help to 

better understand the complex interaction network of distinct metabolic tissues and provide 

insight in metabolic alterations related to health and disease.  
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