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Summary 

The Rab-GTPase-activating protein (RabGAP) TBC1D4 is a regulator of glucose uptake into 

skeletal muscle and white adipose tissue (WAT) by mediating GLUT4 translocation to the plasma 

membrane. Recently, a common loss-of-function variant in the TBC1D4 gene (p.Arg684Ter) was 

identified in the indigenous Greenlandic population that confers TBC1D4 depletion specifically in 

muscular tissues. Furthermore, homozygous p.Arg684Ter allele carriers exhibit postprandial 

hyperglycemia and an increased risk to develop type 2 diabetes mellitus. Whole-body Tbc1d4-deficient 

mice (D4KO) reflect the human phenotype in demonstrating postprandial hyperglycemia caused by 

impaired insulin-stimulated glucose uptake into oxidative skeletal muscle fibers and WAT, 

accompanied with reduced GLUT4 abundance. Interestingly, physical activity improves glucose 

homeostasis particularly in homozygous p.Arg684Ter allele carriers, implicating the relevance of a 

skeletal muscle TBC1D4-independent pathway. In D4KO mice, regular exercise training results in 

enhanced insulin-stimulated glucose uptake and a restored GLUT4 abundance into primary white 

adipocytes, but not in skeletal muscle.  

The present study investigated the individual contribution of skeletal muscle and WAT in 

exercise-mediated improvements in whole-body glycemia, previously observed in D4KO mice. 

Therefore, skeletal muscle-specific (mD4KO) and white adipocyte-specific Tbc1d4-deficient (aD4KO) 

mice were metabolically characterized after a chronic exercise intervention. We demonstrated that 

tissue-specific TBC1D4 ablation in skeletal muscle or adipose tissue alone did not lead to pronounced 

improvements in WAT after a chronic exercise intervention. While mD4KO mice displayed an impaired 

glucose transport and reduced GLUT4 abundance in skeletal muscle, aD4KO mice exhibited 

impairments in glucose uptake exclusively in the WAT. Both tissue-specific knockout mouse lines were 

characterized by postprandial hyperglycemia, but only mD4KO animals had improved postprandial 

glycemia in response to chronic exercise. However, aD4KO mice were glucose intolerant, which was 

restored after the training intervention. Therefore, both tissues in concordance might be responsible 

for the exercise-mediated improvements observed in trained whole-body D4KO mice. We suggest that 

the Tbc1d4-deficient skeletal muscle secretes a factor in response to the chronic exercise intervention 

that affects insulin sensitivity of Tbc1d4-deficient WAT. The performed transcriptome analysis in 

Gastrocnemius muscle of mD4KO mice provided evidence that TBC1D4 might regulate vesicle 

trafficking by linking trans-Golgi-network and endosome-derived vesicles, which might bridges the gap 

to Tbc1d4-deficient WAT, improving its insulin sensitivity. 

Further investigations will aim to clarify the complex interaction in skeletal muscle-adipocyte 

crosstalk. Thereby, focusing on Tbc1d4-deficient WAT and its presumably altered signal transduction, 

which might contribute to the observed improved insulin sensitivity after chronic exercise.  
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Zusammenfassung  

Das Rab-GTPase-aktivierende Protein (RabGAP) TBC1D4 spielt eine wichtige Rolle in der 

Regulierung der Glukoseaufnahme in die Skelettmuskulatur und ins weiße Fettgewebe (WAT), da es 

die Translokation von GLUT4 zur Plasmamembran koordiniert. In der indigenen Grönländischen 

Population wurde kürzlich eine weit verbreitete loss-of-function Variante im TBC1D4 Gen 

(p.Arg684Ter) identifiziert, die zu einer skelettmuskel-spezifischen TBC1D4 Depletion führt. 

Homozygote Allelträger dieser Variante zeigen eine postprandiale Hyperglykämie, sowie ein erhöhtes 

Risiko an Typ 2 Diabetes mellitus zu erkranken. Ganzkörper Tbc1d4-defiziente Mäuse (D4KO) spiegeln 

diesen humanen Phänotyp, da sie ebenfalls eine postprandiale Hyperglykämie aufweisen, bedingt 

durch eine gestörte Insulin-stimulierte Glukoseaufnahme in oxidative Muskelfasern und ins WAT, 

einhergehend mit einer verringerten GLUT4 Abundanz. Nach sportlicher Aktivität verbessert sich die 

Glukosehomöostase interessanterweise ausschließlich in homozygoten p.Arg684Ter Allelträgern, das 

auf einen TBC1D4-unabhängigen Signalweg im Skelettmuskel schließen lässt. Ebenfalls D4KO Mäuse 

zeigen nach einem chronischen Ausdauertraining eine verstärkte Insulin-stimulierte 

Glukoseaufnahme. Zudem ist die GLUT4 Abundanz im WAT wiederhergestellt, allerdings nicht im 

Skelettmuskel.  

Der individuelle Beitrag der Skelettmuskulatur und des WAT bezüglich der verbesserten 

Ganzkörper-Glyklämie nach körperlicher Aktivität wurde in der hier vorliegenden Studie untersucht. 

Dazu wurden Skelettmuskel-spezifische (mD4KO) und Adipozyten-spezifische Tbc1d4-defiziente 

(aD4KO) Mäuse nach einer chronischen Trainingsintervention metabolisch charakterisiert. Die 

gewebsspezifische TBC1D4 Defizienz in Muskel und WAT führte nach dem chronischen Training zu 

keiner verbesserten Insulinsensitivität des WAT. Dies deutet darauf hin, dass beide Gewebe im 

Zusammenspiel für die TBC1D4-abhängigen Verbesserungen der Ganzkörper-Glykämie in trainierten 

D4KO Mäusen verantwortlich sind. mD4KO Mäuse zeigten nach der Trainingsintervention eine 

Verbesserung in der postprandialen Hyperglykämie, wohingegen dies nicht bei aD4KO Mäusen 

beobachtet wurde. Wir nehmen an, dass der Tbc1d4-defiziente Muskel nach dem Training einen Faktor 

sekretiert, der die postprandialen Blutglukosespiegel verbessert. Die in der vorliegenden Arbeit 

durchgeführte Transkriptomanalyse des Gastrocnemius Muskels von mD4KO Mäusen liefert Beweise, 

dass TBC1D4 möglicherweise den Vesikeltransport reguliert, in dem es das Trans-Golgi-Netzwerk mit 

Endosom-assoziierten Vesikeln verknüpft und so die Insulinsensitivität des Tb1d4-defizienten WAT 

verbessern könnte.  

Künftige Untersuchungen zielen darauf die komplexe Interaktion zwischen Skelettmuskulatur 

und WAT weiter aufzuklären. Dafür wird Tbc1d4-defizientes WAT hinsichtlich einer veränderten 

Signaltransduktion untersucht, das möglichlichweise die Insulinsensitivität nach chronischem Training 

verbessert.
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1 Introduction 

1.1 Diabetes mellitus 

Diabetes mellitus is a group of metabolic diseases characterized by chronically increased blood glucose 

levels (hyperglycemia), due to impaired insulin secretion and/or reduced insulin sensitivity (DeFronzo 

et al., 2015). In 2021, 537 million adults (between 20 and 79 years) worldwide suffered from diabetes 

mellitus and it is estimated that this number will rise up to 783 million cases by 2045 (IDF, 2021). 

Diabetes mellitus is one of the leading causes of death, as 6.7 million people died in 2021 due to this 

disease. In Germany, around 6.2 million adults (between 20 and 79 years) currently suffer from 

diabetes, which accounts for an age-adjusted prevalence of 6.9 % (IDF, 2021).   

Besides gestational diabetes and other specific forms, diabetes mellitus is classified into two main 

types: type 1 diabetes mellitus (T1DM) usually develops during childhood and adolescence and is 

associated with an absolute insulin deficiency (Gale, 2005, Atkinson et al., 2014). The complete 

degradation of insulin-producing pancreatic β-cells in the islets of Langerhans is the cause of this 

autoimmune disease, resulting in the need for a lifelong insulin substitution (Bluestone et al., 2010, 

Atkinson et al., 2014).  

In comparison, T2DM usually occurs during adulthood and is associated with insulin resistance in 

peripheral tissues, impaired insulin secretion and obesity (Roden and Shulman, 2019, Stumvoll et al., 

2005). Due to impaired insulin sensitivity and a relative insulin deficiency, insulin-stimulated glucose 

uptake into peripheral tissues like skeletal muscle or adipose tissue is decreased, leading to 

continuously rising blood glucose levels (Czech, 2017, Czech, 2020, Galicia-Garcia et al., 2020). An 

interaction between genetic predisposition, risk factors (obesity, hypertension and dyslipidemia) and 

lifestyle factors (sedentary lifestyle and smoking) are leading causes for the manifestation of T2DM 

(Collaboration, 2016, Galicia-Garcia et al., 2020, Wong et al., 2016, Maddatu et al., 2017).  

Untreated or insufficiently treated T1DM and T2DM lead to serious short-term and long-term 

complications. The ketoacidotic coma is a characteristic complication for T1DM patients, as the 

absolute insulin deficiency leads to dramatically increased blood glucose levels if untreated (>250 

mg/dl) (Evans, 2019, Kitabchi et al., 2009). Symptoms are polyuria and metabolic acidosis, as ketone 

bodies are produced in an uncontrolled manner, thus leading to the acidification of the blood, a life-

threatening situation (Fayfman et al., 2017, Miles et al., 1980). In conditions of relative insulin 

deficiency, for instance in patients with T2DM, the hyperosmolar coma presents a severe short-term 

complication. Relative insulin deficiency leads to blood glucose levels higher than 600 mg/dl, resulting 
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in dehydration, polyuria and altered level of consciousness (Kitabchi et al., 2009, Fayfman et al., 2017). 

Likewise, hypoglycemia leads to severe complications, as low blood glucose levels result in confusion, 

seizures, loss of consciousness or death (Kittah and Vella, 2017, Cryer, 2007). Complications due to 

increased blood glucose levels that develop over time affect many organ systems. The main common 

long-term complications in T2DM are nephropathy, neuropathy, retinopathy and cardiomyopathy 

(Emerging Risk Factors et al., 2010, Vinik et al., 2013, Jindal et al., 2013, Wang and Lo, 2018).  

 

1.2 Obesity and insulin resistance  

T2DM is strongly associated with obesity and peripheral insulin resistance (Haslam, 2010). Obesity is 

defined as an abnormal or excessive fat accumulation with a body mass index (BMI) >30 kg/m² (WHO, 

2000). According to the World Health Organization (WHO), in 2016 more than 1.9 billion adults were 

overweight with a BMI >25 kg/m². Of these, over 650 million individuals were obese. Thereby, the 

worldwide obesity rate has been nearly tripled since 1975 (WHO, 2021). In Germany, 67 % of male and 

53 % of female individuals were overweight in 2016, among those one fourth was classified as obese 

(Schienkiewitz et al., 2017). The increased obesity prevalence is attributed to environmental factors, 

such as an excessive energy intake of a high-caloric diet and a sedentary lifestyle (Dunstan et al., 2012, 

Barazzoni et al., 2018). In addition, the individual genetic predisposition accounts for the steadily 

increasing number of obese people (Prasad and Groop, 2015).  

A common consequence of obesity is insulin resistance, defined as impaired insulin action in insulin-

target tissues like the skeletal muscle or the adipose tissue (Petersen and Shulman, 2018, Lustig et al., 

2022). Thereby, insulin fails to induce insulin signaling, leading to reduced glucose uptake and further 

rising blood glucose levels. In order to compensate hyperglycemia, insulin production in pancreatic β-

cells is increased, which results eventually in hyperinsulinemia (Elton et al., 1994, Friedman et al., 1994, 

da Silva Rosa et al., 2020). T2DM develops when pancreatic β-cells fail to compensate for the insulin 

resistance in peripheral tissues (Goodpaster and Sparks, 2017). Various reasons lead to the 

development of insulin resistance. A causative role in the development of insulin resistance has been 

observed for elevated levels of plasma free fatty acid (FFA) (Guerreiro et al., 2022). Insulin resistant 

individuals display increased plasma FFA concentration as insulin is not able to inhibit lipolysis in 

adipose tissue appropriately (Abdul-Ghani and DeFronzo, 2010, Groop et al., 1989, Groop et al., 1991). 

Simultaneously, obese individuals display an increased entry of FFAs into diverse non-adipose tissues 

such as the skeletal muscle, without correspondingly enhanced lipid oxidation, thus intramyocellular 

lipids (IMCL) accumulate (Shulman, 2014, Barazzoni et al., 2018, Bell et al., 2010). Due to the partial 
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degradation of FFAs within skeletal muscle, bioactive lipid molecules, such as diacylglycerols (DAGs) 

and ceramides accumulate and further induce impairments in insulin action, for instance via the 

activation of atypical PKC isoforms and protein phosphatase 2A, which leads to phosphorylation of 

serine residues of IRS-1 and AKT dephosphorylation (Itani et al., 2000, Dobrowsky et al., 1993, da Silva 

Rosa et al., 2020, Laurens and Moro, 2016). Moreover, pro-inflammatory cytokines releasing immune 

cells (for instance macrophages and T-cells) have been observed in adipose tissue and skeletal muscle 

of obese individuals, resulting in local muscle inflammation that further promotes insulin resistance by 

disrupting insulin-stimulated tyrosine phosphorylation of IR or IRS, or by downregulating molecules 

involved in insulin signaling (Wu and Ballantyne, 2020, Wu and Ballantyne, 2017)  

 

1.3 Energy metabolism in skeletal muscle and adipose tissue  

1.3.1 Skeletal muscle anatomy 

Skeletal muscles account for about 40 % of total body weight in lean humans and affect the movement 

such as locomotion and maintaining posture (Frontera and Ochala, 2015). Moreover, skeletal muscle 

is built in a bundles-with-bundles structure. Overall, skeletal muscle consists of fibers that are bundled 

into fascicles, each of them containing 10 to 100 muscle fibers that are individual muscle cells, called 

myocytes (Mukund and Subramaniam, 2020). Muscle fibers are long protein bundles composed of thin 

and thick filaments. Thin filaments contain mainly actin, tropomyosin and troponin, whereas thick 

filaments consist mainly of myosin. These filaments occur in repeated basic functional units 

(sarcomeres), which are necessary for skeletal muscle contraction (Frontera and Ochala, 2015, 

Mukund and Subramaniam, 2020).  

Skeletal muscle consists of two major fiber types, namely slow-twitch (type I) and fast-twitch (type II) 

fibers (Frontera and Ochala, 2015, Schiaffino and Reggiani, 2011). Slow-twitch or type I muscle fibers 

are resistant to fatigue, as they are mostly relying on oxidative metabolism, because of their high 

mitochondrial and oxidative enzyme content (Chen et al., 2022). Moreover, they are saturated with 

mitochondria and myoglobin, thus appearing with a red color (Schiaffino, 2018). Type I fibers are found 

more abundantly in endurance athletes, as they are contracting for a long period with little force 

generation (Mukund and Subramaniam, 2020). In comparison, fast-twitch or type II fibers demonstrate 

a high capacity of glycolytic enzymes to ensure adequate ATP generation (Sawano and Mizunoya, 

2022). They are further divided into the subtypes IIA, IIB, and IIX due to their expression patterns of 

myosin heavy chain isoforms (Schiaffino, 2018). Fast-twitch fibers exhibit a low myoglobin and 

mitochondrial content, but are abundant in glycolytic enzymes, which give them their characteristic 
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light color (Mukund and Subramaniam, 2020, Schiaffino, 2018). As these fiber types exhibit faster 

contraction times due to a rapid level of calcium release and uptake by the sarcoplasmic reticulum, 

they are fatiguing easier than type I fibers, thus are more abundant in strength and power athletes 

(Mukund and Subramaniam, 2020, Frontera and Ochala, 2015). 

   

1.3.2 Adipose tissue anatomy  

Adipose tissue accounts for 20-28 % of the total body mass in lean humans (Thompson et al., 2012). 

As the potentially largest endocrine organ, it plays a pivotal role in the regulation of physiological 

functions, including metabolic homeostasis, appetite, angiogenesis, immunity and the cardiovascular 

system (Coelho et al., 2013). Adipose tissue is usually divided into white (WAT), brown (BAT), and beige 

adipose tissue (BeAT). WAT is mainly located either subcutaneously (subcutaneous white adipose 

tissue, scWAT) or in the abdominal cavity (visceral white adipose tissue, visWAT) (Aldiss et al., 2018). 

scWAT is located under the skin and accounts for the majority of WAT in humans, whereas visWAT is 

found around the kidneys, intestines, vasculature, and heart (Despres and Lemieux, 2006). Moreover, 

visWAT possesses a greater cardio-metabolic risk following expansion (Despres and Lemieux, 2006). 

The main function of WAT is to store and mobilize energy via the accumulation of triglycerides and the 

oxidation of fatty acids (Mu et al., 2021, Morigny et al., 2021). In comparison, BAT is located primarily 

in the supraclavicular region and expends energy for thermogenesis when it is activated, a process 

known as “non-shivering thermogenesis” (Cannon and Nedergaard, 2004, Sacks and Symonds, 2013). 

Thereby, oxidative metabolism is uncoupled in favor of heat production via uncoupling protein 1 

(UCP1), a protein located in the inner membrane of the mitochondria (Sacks and Symonds, 2013, 

Fedorenko et al., 2012). BeAT is located in WAT and possesses similarities to BAT, as it also produces 

heat (Shao et al., 2019).  

  

1.3.3 Metabolic flexibility and fuel selection  

Metabolic flexibility is defined as the capacity of organisms to accordingly adapt fuel oxidation to fuel 

availability during alterations in energy demand (Goodpaster and Sparks, 2017, Mengeste et al., 2021). 

In healthy individuals during fasting conditions, FFAs serve as principal fuel source for energy 

production in skeletal muscle (Chomentowski et al., 2011). In the absence of insulin, skeletal muscle 

glucose uptake is decreased, whereas simultaneously lipolysis in adipose tissue is increased. FFAs are 

released into the circulation and, in turn, taken up by skeletal muscle for energy generation via fatty 
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acid oxidation (FAO) (Rynders et al., 2018, Hue and Taegtmeyer, 2009). Thereby, fuel oxidation 

switches from glucose to fatty acid oxidation. In contrast, during postprandial conditions blood glucose 

levels are rising, stimulating the secretion of insulin from the pancreatic β-cells. Consequently, skeletal 

muscle glucose uptake is initiated and glucose further oxidized for energy production, whereas lipid 

oxidation is prevented (Rynders et al., 2018, Chomentowski et al., 2011, Hue and Taegtmeyer, 2009). 

Moreover, insulin inhibits lipolysis in adipose tissue, thus reducing FFA levels in the blood stream. 

Beside the nutritional status, physical activity requires a tremendous degree of metabolic flexibility in 

order to ensure fuel availability and utilization in response to the increased energy demand (Egan and 

Zierath, 2013, Hawley et al., 2014).  

 

1.3.4 Glucose uptake into skeletal muscle and adipose tissue  

Skeletal muscle and adipose tissue are the main tissues for glucose disposal in response to insulin 

stimulation. Approximately 80 % of the blood glucose is taken up by skeletal muscle, while adipose 

tissue accounts for around 10 % of whole-body glucose uptake (Ng et al., 2012). Insulin-stimulated 

glucose uptake into skeletal muscle and adipose tissue is facilitated via the glucose transporter type 4 

(GLUT4; gene name SLC2A4). In skeletal muscle, both insulin and muscle contraction induce glucose 

uptake via enhanced GLUT4 translocation to the plasma membrane (Fazakerley et al., 2022). Although 

adipose tissue plays only a minor role in whole-body glucose uptake compared to skeletal muscle, 

insulin-stimulated adipose tissue glucose uptake has an important impact on whole-body glycemia. 

Adipose tissue-specific GLUT4 knockout mice display glucose intolerance and IR, and in vivo glucose 

uptake into adipose tissue is reduced by approximately 50 % in these animals. Individual animals even 

developed severe IR and diabetes, emphasizing the importance of adipose tissue in regulating whole-

body glycemia (Minokoshi et al., 2003, James et al., 1985). Interestingly, in vivo glucose uptake into 

skeletal muscle is also impaired in these animals, indicating an important inter-organ crosstalk 

between these two tissue types (Abel et al., 2001).  

In response to carbohydrate intake, blood glucose levels increase, leading to the release of insulin into 

the blood stream from pancreatic β-cells (Campbell and Newgard, 2021). Then, insulin binds to the 

insulin receptor (IR) that is located in the cell membrane of skeletal muscle and adipose tissue. The IR 

is a tyrosine kinase and built as a hetero-tetramer, consisting of two extracellular α- and two 

intracellular β-subunits, covalently connected via disulfide bridges. Insulin binds to the α-subunits, 

thereby initiating a conformational receptor change, leading to the autophosphorylation of various 

tyrosine residues of the β-subunits (Boucher et al., 2014). The activated tyrosine kinase phosphorylates 

different insulin receptor substrates (IRS), thereby activating phosphatidylinositol-3’-kinase (PI3K) that 



1. Introduction 

     16 
   

in turn phosphorylates phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) (Boucher et al., 2014). PIP3 recruits the protein kinase B (PKB = AKT) to the plasma 

membrane, where it is activated via phosphorylation by 3-phosphoinositide-dependent kinase 1 

(PDK1). In skeletal muscle as well as in adipose tissue, activated AKT phosphorylates the Rab-GTPase-

activating proteins (RabGAPs) TBC1D1 and TBC1D4 (also known as Akt substrate of 160 kDa = AS160) 

(Miinea et al., 2005, Sano et al., 2003, Chavez et al., 2008). Phosphorylation of both RabGAPs leads to 

the activation of Rab (Ras related in brain) proteins, that promote the translocation of GLUT4-

containing storage vesicles (GSVs) to the plasma membrane, resulting in the fusion of GLUT4 with the 

plasma membrane, hence initiating the glucose transport into the cell (Fazakerley et al., 2022).  

Beside insulin stimulation, skeletal muscle contraction leads to increased glucose uptake into skeletal 

muscle (Richter et al., 2021). In response to skeletal muscle contraction, for instance during exercise, 

intracellular calcium concentration increases, triggering the interaction of the myofibrillar actin-

myosin complex and thereby causing ATP-dependent muscle contraction (Mukund and Subramaniam, 

2020). The increasing ATP demand in contracting skeletal muscle fibers increases the AMP:ATP-ratio, 

thus activating the AMP depending protein kinase (AMPK) via one of its upstream kinase liver kinase 

B1 (LKB1). AMPK in turn phosphorylates the two RabGAPs TBC1D1 and TBC1D4 at various sites, leading 

to GLUT4 translocation and increased glucose influx into the cell (Richter and Hargreaves, 2013). Figure 

1 summarizes the insulin- and contraction-stimulated glucose uptake into skeletal muscle 
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Figure 1: Insulin- and contraction-stimulated glucose uptake into skeletal muscle.  Insulin binds to the IR, which leads to its 
autophosphorylation, resulting in the phosphorylation of IRS1, which in turn phosphorylates PI3K. PI3K catalyzes the 
conversion of PIP2 to PIP3, which recruits AKT to the plasma membrane, where it is activated via phosphorylation by PDK1. 
Activated AKT phosphorylates the RabGAPs TBC1D1 and TBC1D4. In the unphosphorylated state, both RabGAPs catalyze GTP 
hydrolysis, thereby Rab proteins remain in their more inactive GDP-bound conformational state and inhibiting GLUT4 
translocation. Upon phosphorylation, RabGAP function is inhibited, thus Rab proteins are in their more active GTP-bound 
state, leading to the translocation of GLUT4 to the plasma membrane. Beside insulin stimulation, skeletal muscle contraction 
initiates a phosphorylation cascade, resulting in enhanced glucose uptake, independently of insulin. Due to the high energy 
demand during contraction, the AMP/ATP ratio increases, as well as the intracellular Ca2+ concentration that lead to the 
activation of LKB1 and CaMKK, which in turn phosphorylate AMPK. Activated AMPK then phosphorylates to two RabGAPs, 
which leads to the translocation of GLUT4 containing storage vesicles to the plasma membrane, hence increasing glucose 
influx. IR = insulin receptor; IRS1 = insulin receptor substrate 1; PI3K = phosphoinositide 3-kinase; PIP2 = phosphatidylinositol-
4,5-bisphosphate; PIP3 = phosphatidylinositol-3,4,5-trisphosphate; AKT = protein kinase B; PDK1 = phosphoinositide-
dependent kinase 1; RabGAP = Rab-GTPase-activating protein; Rab = Ras related in brain; GTP = guanosine triphosphate; GDP 
= guanosine diphosphate; AMP = adenosine monophosphate; ATP = adenosine triphosphate; LKB1 = liver kinase 1; CaMKK = 
calcium/calmodulin-dependent protein kinase kinase; AMPK = AMP-activated kinase.  

 

1.3.5 Glucose metabolism in insulin-responsive peripheral tissues   

Glucose serves as an important energy source for skeletal muscle and adipose tissue in the form of 

ATP. Following glucose uptake, it is directly phosphorylated to G6P via hexokinase II, the predominant 

hexokinase isoform expressed in skeletal muscle (Ritov and Kelley, 2001). During glycolysis, G6P is 

further metabolized to pyruvate, which in turn enters the mitochondria under aerobic conditions to 

be converted via pyruvate dehydrogenase (PDH) into acetyl-CoA, the starting point of the tricarboxylic 

acid (TCA) cycle (Dashty, 2013). Throughout the diverse reaction steps during the TCA cycle, NADH and 

FADH2 are obtained, which are needed for the oxidative phosphorylation to generate ATP. Under 

anaerobic conditions, for instance during exercise, pyruvate is converted to lactate, then released into 
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the circulation and finally taken up by hepatocytes, to be further metabolized for either 

gluconeogenesis or re-oxidized to pyruvate and acetyl-CoA for energy supply (Yang et al., 2020).  

Besides entering the glycolytic pathway, glucose is stored in the form of glycogen in skeletal muscle 

and liver upon insulin stimulation (Zhang et al., 2021, Hers, 1976). Relative to its weight, liver has the 

highest glycogen content in the body with up to 10 %, whereas skeletal muscle glycogen content makes 

up to 1-2 % of total skeletal muscle mass (Wasserman, 2009, den Otter and van Boxtel, 1971, Knuiman 

et al., 2015). In the postprandial state, glycogen synthesis is initiated with the conversion of G6P to 

glucose-1-phosphate (G1P) that is subsequently metabolized to uridine diphosphate (UDP)-glucose 

and further synthesized to glycogen via glycogen synthase (GS) (Adeva-Andany et al., 2016). During 

long-term fasting conditions, liver glycogen is broken down to G6P and eventually dephosphorylated 

to glucose by glucose-6-phosphatase in the cytosol of hepatocytes (McGarry et al., 1987). 

Furthermore, the gluconeogenic pathway is triggered during fasting that exclusively occurs in the liver. 

Skeletal muscle or adipose tissue deriving non-carbohydrate metabolites, such as lactate, glycerol and 

glycogenic amino acids, are transported into the liver and serve as precursors for gluconeogenesis (Sen 

and Das, 2018, Zhang et al., 2018). Finally, glucose is released into the blood stream to maintain glucose 

homeostasis. 

 

1.3.6 Lipid metabolism in skeletal muscle and adipose tissue  

Besides glucose, lipids serve as important energy source for skeletal muscle and adipose tissue. In 

postprandial conditions, plasma FFA are taken up by the adipose tissue and stored as triacylglycerols 

(triglyerides) that are hydrolyzed for internal energy consumption or released into circulation for 

further substrate utilization (Smith and Kahn, 2016). In case of an oversupply of dietary carbohydrates, 

adipose tissue and mainly the liver are able to synthesize the excess of carbohydrates into fatty acids, 

called “de novo lipogenesis” (DNL) (Ameer et al., 2014). The DNL pathway involves the conversion of 

glycolysis-derived pyruvate to acetyl-CoA that further enters the TCA cycle. The resulting citrate enters 

the cytosol and is converted again to acetyl-CoA, which is subsequently converted to malonyl-CoA that 

serves as the substrate for the generation of saturated palmitate. The generated palmitate is further 

elongated to complex long-chain fatty acids (LCFA) that are stored as triglycerides, which in turn 

provide energy via β-oxidation (Ameer et al., 2014, Frayn et al., 2006). During conditions of high energy 

demand, for instance fasting or exercise, triglycerides are metabolized in the mitochondrial β-oxidation 

for the generation of acetyl-CoA. In adipose tissue, lipolysis is increased, leading to the release of lipids 

as non-esterified free fatty acids (NEFAs) into the circulation. After the depletion of glycogen stores, 

skeletal muscle takes up NEFAs as an additional fuel source via fatty acid transporters, such as fatty 
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acid translocase (FAT/CD36) or fatty acid transport proteins (FATP1 and FATP4). Within the muscle 

cells, fatty acids are further stored as triglycerides or directly converted to acetyl-CoA in the 

mitochondrial β-oxidation, in order to fuel TCA cycle and the oxidative phosphorylation pathway (Watt 

and Hoy, 2012).  

  

1.3.7 Disturbed glucose and lipid metabolism in T2DM in skeletal muscle and adipose 

tissue 

Insulin resistance is associated with metabolic inflexibility, thereby the highly regulated glucose and 

lipid metabolism is disturbed, leading to the progress of T2DM. Insulin is no longer able to suppress 

lipolysis in adipose tissue, thus plasma FFAs are chronically elevated, which are then in turn taken up 

by skeletal muscle (Sangwung et al., 2020). Interestingly, obese individuals express an increased 

abundance of fatty acid transporters, such as FAT/CD36, leading to the increased influx of FFAs into 

skeletal muscle. Within the myocytes, FFAs accumulate in the form of IMCL (Bergman and Goodpaster, 

2020, Hulver et al., 2003, Coen et al., 2013). Eventually, increased IMCL accumulation results in 

mitochondrial dysfunction, characterized by impaired mitochondrial function, reduced mitochondrial 

biogenesis and content, impaired autophagy and reduced FAO activity (Bergman and Goodpaster, 

2020, Roden, 2005, Sangwung et al., 2020, Coen et al., 2013). Additionally, several mitochondrial 

enzymes show a reduced activity due to insulin resistance. It has been shown, that CPT-1 activity is 

reduced, leading to an impaired mitochondrial import of FFA, thereby promoting accumulation of IMCL 

(Colberg et al., 1995). In addition, β-hydroxy-acyl-CoA dehydrogenase activity, a key enzyme of FAO, is 

decreased, which results in the partial degradation of FFAs that further promotes mitochondrial 

dysfunction (Consitt et al., 2009). As a consequence of the partial FFA degradation, harmful lipid 

metabolites, such as diacylglycerols (DAGs) and ceramides accumulate within the myocytes 

(Goodpaster and Sparks, 2017, Kelley et al., 1999). They are playing key roles in the dysregulated 

phosphorylation of IR, IRS and AKT, hence further promoting insulin resistance (Bergman and 

Goodpaster, 2020, Zick, 2005, Dobrowsky et al., 1993, Sangwung et al., 2020). Moreover, lipid 

metabolites are shown to engage stress-activated serine kinases like JNK and non-typical PKC isoforms, 

thus attenuating insulin signaling by hyperphosphorylation of serine/threonine residues of the IR 

(Bergman and Goodpaster, 2020, Perreault et al., 2018, Kellerer et al., 1998, Itani et al., 2000).   

Due to the impairments in the insulin signaling cascade, insulin-stimulated glucose uptake into skeletal 

muscle and adipose tissue is impaired, thereby contributing to hyperglycemia and insulin resistance 
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(Sangwung et al., 2020, Yu et al., 2002, Li et al., 2004). Taken these data into account, the importance 

of an intact insulin signaling for the regulation of glucose and lipid metabolism is indispensable.  

 

1.4 Chronic exercise  

1.4.1 Role of chronic exercise in the prevention and treatment of T2DM 

Chronic exercise training is an effective tool in the prevention and treatment of T2DM. Beneficial 

effects are observed in patients with T2DM, including positive impacts on body composition (reduced 

total body fat and visceral adipose tissue), cardio-metabolic risk factors (improved lipid profile and 

blood pressure), and in particular on whole-body glucose homeostasis (reduced plasma fasting glucose 

levels, reduced plasma insulin levels, improved insulin sensitivity) (Balducci et al., 2012, Magkos et al., 

2020, Kadoglou et al., 2007). The risk to develop insulin resistance, impaired glucose tolerance and 

T2DM is reduced in individuals maintaining a physically active lifestyle, as exercise interventions 

prevent the onset of T2DM (Pan et al., 1997, Zanuso et al., 2010). However, the combination of exercise 

training together with a diet intervention led to even more remarkable improvements in the reduction 

of T2DM prevalence (Ried-Larsen et al., 2019, Johansen et al., 2017, Tuomilehto et al., 2001, Boule et 

al., 2001). These findings suggest that an increase in physical activity, together with a comprehensive 

lifestyle modification program, is probably an important contributor to T2DM remission (Magkos et 

al., 2020)  

 

1.4.2 Exercise types  

Exercise is usually divided into endurance and resistant exercise. Endurance (or aerobic) exercise is 

characterized by the contraction of diverse muscle groups at a high frequency for a longer duration, 

but a relatively low workload, for instance during low-speed running. This exercise mode aims towards 

an elevated skeletal muscle oxidation and ameliorated endurance capacity, resulting in enhanced 

cardiac output, maximal oxygen consumption and mitochondrial biogenesis (Roden, 2012, Hughes et 

al., 2018). In contrast, resistant exercise involves the contraction of defined muscle groups at a low 

frequency, but with a heavy work load, e.g. during weight lifting. Thereby, muscle size increases and 

the strength improves (Hughes et al., 2018). However, both exercise types have shown to contribute 

toward the delayed onset of age-related diseases such as insulin resistance and T2DM. Therefore, a 

combination of endurance and resistant exercise training is recommended for the prevention and 
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treatment of T2DM (Pesta et al., 2017, Colberg et al., 2016). Apart from endurance and resistance 

training, further training modes positively contribute to overall health. For instance, high intensity 

interval training (HIIT), characterized by relatively short bouts of repeated vigorous activity, 

interspersed by periods of rest or low-intensity exercise for recovery (Gibala and Jones, 2013), has 

been shown to efficiently reduce total fat mass (Kolnes et al., 2021) and is effective for reducing 

postprandial glycemia and insulinemia, particularly in individuals with impaired glucose tolerance 

(Khalafi et al., 2022).  

 

1.4.3 Metabolic regulations and adaptations during endurance exercise  

In order to ensure energy supply during physical activity, ATP generation via metabolic pathways is 

mandatory to maintain activity of enzymes involved in membrane excitability, sarcoplasmic reticulum 

calcium handling, and myofilament cross-bridge cycling (Hargreaves and Spriet, 2020). Endurance 

activities that are lasting several minutes to hours, carbohydrate (muscle glycogen and blood glucose) 

and fat (muscle triglyceride and LCFA) oxidation provide almost all the ATP, in order to guarantee 

skeletal muscle contraction (Hawley and Leckey, 2015, van Loon et al., 2001, Romijn et al., 1993). The 

enhanced glucose and fatty acid oxidation is accompanied with increased skeletal muscle uptake of 

both metabolites (Ahlborg et al., 1974, Wasserman, 2009). Oxidized glucose derives from an increased 

liver output due to hepatic glycogen stores and gluconeogenesis from precursors, such as lactate, 

glycerol and certain amino acids (Wasserman, 2009, Coggan et al., 1995, Richter et al., 2021).  

The overall endurance performance improves due to increased oxidative capacity, as neural function 

(maximal voluntary contraction, rate of force development) is ameliorated and an increase in type IIa 

muscle fibers is seen (Aagaard and Andersen, 2010, Aagaard et al., 2007). Moreover, skeletal muscle 

hypertrophy and growth is observed due to aerobic training (Konopka and Harber, 2014). Additionally, 

several molecules (Ca2+, AMP, ADP, Pi’) are generated during skeletal muscle contraction that have 

direct effects on metabolic pathways, kinases and signaling cascades. One important player is the 

AMPK, an energy sensing enzyme activated during exercise that is crucial for regulating skeletal muscle 

glucose uptake in response to exercise (McConell, 2020). It is hypothesized that AMPK’s major role 

may be regulating glucose uptake after, rather than during exercise, due to its contribution to GLUT4 

endocytosis instead of exocytosis (Kjobsted et al., 2019b, Yang and Holman, 2005). Moreover, it is 

mediating some of the key adaptive responses to exercise in skeletal muscle, such as mitochondrial 

biogenesis and enhanced GLUT4 expression (Hargreaves and Spriet, 2020, Stuart et al., 2010). Elevated 

levels of mitochondrial markers, such as PGC1α, referred to as master regulator of mitochondrial 

biogenesis, display a fundamental component of endurance exercise induced adaptations (Pilegaard 
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et al., 2003, Little et al., 2010, Jacobs et al., 2013). Recently, p53 has been shown to be elevated in 

response to aerobic exercise, thereby emerging as key player in substrate metabolism and controlling 

mitochondrial biogenesis (Granata et al., 2016, Saleem et al., 2009, Saleem and Hood, 2013). 

Moreover, citrate synthase activity, the predominant marker used to determine alterations in 

mitochondrial content, is increased after endurance exercise, which further supports the increased 

oxidative capacity (Granata et al., 2016, Hughes et al., 2018). In addition, improved endurance 

performance is attributed to enhanced fatigue resistance, as proteins involved in mitochondrial ATP 

production, TCA cycle, FFA transport and oxidation, glycolytic metabolism, glucose transport and 

glycogen synthesis, are increased (Egan and Zierath, 2013). For instance, increased protein levels of 

hexokinase II and GLUT4 have been observed after chronic exercise training, both crucial players in 

glucose metabolism (Raun et al., 2020, Kleinert et al., 2018). Moreover, it is believed that insulin-

stimulated GLUT4 translocation is increased as well, since insulin-stimulated phosphorylation of AKT 

and TBC1D4 is potentiated in response to exercise training (Hansen et al., 2020, Vind et al., 2011, Sylow 

et al., 2021, Bienso et al., 2015).  

Likewise, adipose tissue in particular benefits from endurance exercise, not only purely due to reduced 

visceral and subcutaneous fat mass (Ibanez et al., 2005, Kirwan et al., 2017, Mu et al., 2021). Insulin 

sensitivity in scWAT is improved after exercise training, evaluated by the suppression of lipolysis, 

accompanied by increased protein expression of IR and hexokinase II (Richter et al., 2021, Riis et al., 

2019). In conditions of obesity, adipose tissue is known to be low-grade inflamed (Wu and Ballantyne, 

2017). Exercise training has shown to decrease inflammation as cytokine production is suppressed and 

infiltration of immune cells is reduced (Dandona et al., 2003, Balducci et al., 2010). Hence, leading to 

the normalization of adipokine signaling (Jorge et al., 2011, Kirwan et al., 2017). Moreover, browning, 

a process exclusively observed in white adipose tissue represents a major adaptation to endurance 

exercise (Mu et al., 2021). Browning is defined as a phenotypic switch in adipose tissue from energy 

storing white adipocytes towards more thermogenic adipocytes, thereby improving insulin sensitivity 

(Aldiss et al., 2018, Wu et al., 2014). Within this process, UCP1 plays a crucial role, as it mediates the 

uncoupling of oxidative metabolism from ATP production to heat production (Cannon and Nedergaard, 

2004, Fedorenko et al., 2012). After exercise training, an increase in Ucp1 expression in scWAT has 

been observed (Mu et al., 2021, Bostrom et al., 2012). Taken these data together, chronic exercise is 

an effective tool for the improvement of overall and tissue-specific insulin sensitivity.  
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1.5 Rab-GTPase-activating proteins (RabGAP) 

1.5.1 Structure and function of the RabGAP TBC1D4  

TBC1D4 belongs to the family of Rab-GTPase-activating proteins (RabGAPs) and is a crucial player in 

GLUT4 translocation, and thereby in insulin signaling and skeletal muscle contraction metabolism 

(Chadt et al., 2015, de Wendt et al., 2021, Espelage et al., 2020). This RabGAP contains two N-terminal 

phosphotyrosine binding domains (PTB), a calmodulin-binding domain (CBD), and a C-terminal GAP 

domain, which is responsible for its GTP hydrolysis activity (Mafakheri et al., 2018). TBC1D4 has a 

length of about 1298 amino acids, a size of 160 kDa and is primarily abundant in oxidative skeletal 

muscle fibers (Soleus), adipose tissue and the heart (Wang et al., 2013, Dokas et al., 2013, Sakamoto 

and Holman, 2008). Two predominant TBC1D4 gene isoforms are known. The long isoform, exhibiting 

the additional exons 11 and 12, and the short isoform that is lacking these exons. The short TBC1D4 

isoform is widely expressed, whereas the long isoform is primarily expressed in skeletal muscle and 

the heart (Moltke et al., 2014, Binsch et al., 2023). Moreover, the RabGAP TBC1D4 is a downstream 

substrate of AKT and AMPK, thus becoming phosphorylated in response to insulin stimulation and 

skeletal muscle contraction at specific serine (Ser) and threonine (Thr) residues, which results in 

association with 14-3-3 proteins (Mafakheri et al., 2018). Thereby, it has been shown that TBC1D4 is 

phosphorylated via AKT at Ser318, Ser570, and Thr642, whereas AMPK phosphorylates TBC1D4 at Ser588 

and Ser751. In contrast, Ser341, Thr642 and Ser704 were found to be phosphorylated by both, AKT and 

AMPK (Figure 2) (Mafakheri et al., 2018, Taylor et al., 2008, Kramer et al., 2006, Cartee, 2015, Treebak 

et al., 2014).  

 

Figure 2: Structure and phosphorylation sites of TBC1D4.  TBC1D4 consists of two PTB-binding domains, a CBD domain and 
the functional GAP domain. Several serine and threonine phosphorylation sites have been reported that are phosphorylated 
via AKT and/or AMPK. Blue marked residues represent AKT phosphorylation sites and green marked sites display AMPK 
phosphorylation sites. Moreover, several residues are found to be phosphorylated by both, thereby marked in black. Of note, 
murine phosphorylation sites are displayed in brackets. PTB = phosphotyrosine binding domain; CBD = calmodulin binding 
domain; GAP = GTPase activating protein. Modified from Mafakheri et al. 2018.   
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The exact mechanism of RabGAP-mediated GLUT4 translocation is still not fully understood. However, 

there is evidence that inhibiting the interaction between RabGAPs and Rab-GTPases is crucial in this 

process (Mafakheri et al., 2018). Rab-GTPases are small 21 kDa sized proteins that play an important 

role in vesicle formation, vesicle docking, vesicle trafficking, and vesicle fusion with the plasma 

membrane (Zerial and McBride, 2001, Stenmark, 2009, Pfeffer, 2017). Rab proteins are active in their 

GTP-bound conformational state, which is promoted via guanine nucleotide exchange factors (GEFs) 

that catalyze GDP release and subsequently GTP binding to the Rab proteins (Figure 3) (Pfeffer and 

Aivazian, 2004, Barr and Lambright, 2010). Thereby, active GTP-bound Rab proteins trigger the 

redistribution of GLUT4 from GSVs to the plasma membrane, eventually enabling glucose influx into 

the cell (Zerial and McBride, 2001). At basal conditions, RabGAPs catalyze GTP hydrolysis of Rab-

GTPases, thereby maintaining them in their inactive GDP-bound conformational state. Inactive GDP-

bound Rab proteins prevent the translocation and fusion of GSVs to the plasma membrane (Mafakheri 

et al., 2018). Recent findings provide evidence that TBC1D4 phosphorylation inhibits the interaction 

with the cytoplasmic tail of the GLUT4-vesicle resident protein insulin-regulated aminopeptidase 

(IRAP), thereby leading to the dissociation of TBC1D4 from the GSVs, thus transferring Rab proteins 

into their active GTP-bound conformational state (Eickelschulte et al., 2021).  

 

Figure 3: Rab GTPase conformational states.  Rab GTPases constantly cycle between their active GTP-bound state and their 
inactive GDP-bound conformational state. GEFs initiate the GTP loading, whereas GAPs hydrolyze GTP to GDP, thereby 
inactivating the Rab proteins. Rab = Ras related in brain; GEF = Guanine nucleotide exchange factor; GAP = GTPase-activating 
protein.  

  

1.5.2 The impact of TBC1D4 to human metabolic phenotypes and diseases 

TBC1D4 has been observed to play a crucial role in human skeletal muscle insulin resistance. A TBC1D4 

mutation, coding for a truncated protein lacking the GAP domain, confers postprandial 

hyperinsulinemia in humans. This mutant has been shown to bind in vitro wildtype (WT) TBC1D4, thus 

inhibiting GLUT4 translocation (Dash et al., 2009). Moreover, a TBC1D4 nonsense loss-of-function 
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variant in the Greenlandic Island population is associated with postprandial hyperglycemia and 

increased prevalence to develop T2DM in homozygous allele carriers (Moltke et al., 2014). This TBC1D4 

p.Arg684Ter variant is specifically affecting the long TBC1D4 isoform, primarily expressed in skeletal 

muscle. Thus, individuals carrying this nonsense variant display a muscle-specific depletion of TBC1D4, 

resulting in postprandial insulin resistance. Other tissues like liver or adipose tissue are not affected by 

the p.Arg684Ter variant, as they are expressing the short TBC1D4 isoform (Andersen and Hansen, 

2018). Interestingly, in homozygous allele carriers, a reduced GLUT4 protein abundance was observed, 

which is likely secondary to the lack of TBC1D4 (Moltke et al., 2014). Likewise, a disruption of the 

TBC1D4 gene is also common among North American Inuit from Canada and Alaska, resulting in 

exclusively elevated postprandial blood glucose levels (Manousaki et al., 2016). The TBC1D4 gene 

mutation may have been induced by evolutionary adaptive processes to the traditional Inuit diet that 

was low in carbohydrates and consisted mostly of fish and marine mammals like seals. Thus, prolonged 

postprandial hyperglycemia might have been advantageous (Andersen and Hansen, 2018). 

Interestingly, a recent study has shown that physical activity attenuates postprandial hyperglycemia in 

homozygous allele carriers of the previously described TBC1D4 loss-of-function mutation (Schnurr et 

al., 2021).  

 

1.5.3 The role of Tbc1d4-deficiency on glucose and lipid metabolism in animal models  

In order to investigate the role of TBC1D4 in whole-body metabolism, genetically modified animal 

models have been used in a number of studies. Thus, emphasizing the crucial role of TBC1D4 in insulin 

sensitivity, as whole-body Tbc1d4 deficiency leads to impairments in insulin sensitivity and glucose 

tolerance in rodents (Espelage et al., 2020). In detail, insulin-stimulated glucose uptake into oxidative 

Soleus muscle and primary white adipocytes are severely impaired due to the TBC1D4 knockout (KO) 

and a reduction in the GLUT4 abundance has been observed (Chadt et al., 2015, de Wendt et al., 2021, 

Zhou et al., 2017). Of note, mRNA levels of Slc2a4 are unaffected due to the Tbc1d4 efficiency, showing 

RabGAP deficiency-associated depletion of skeletal muscle GLUT4 seems to appear as a result of 

posttranslational miss-sorting process (Chadt et al., 2015, Xie et al., 2016). Additionally, TBC1D4 is 

considered as signaling hub between glucose and lipid metabolism, since Tbc1d4-deficient mice 

preferably use lipids as energy substrates, simultaneously exert an elevated FAO in vivo (Chadt et al., 

2015). This enhanced lipid use may be a result from altered trafficking and/or abundance of proteins 

involved in fatty acid transport and oxidation (Espelage et al., 2020, Miklosz et al., 2016). Thus, it is 

shown that D4KO animals display in skeletal muscle an increased level of FAT/CD36 and fatty acid-

binding protein (FABPpm) (Miklosz et al., 2016). Interestingly, TBC1D4 also plays a central role in the 
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enhancement of skeletal muscle insulin sensitivity after exercise and enhanced insulin-stimulated 

TBC1D4 phosphorylation is linked to elevated glucose uptake in response to insulin (Wang et al., 2018, 

Kjobsted et al., 2019a).   

 

1.6 Organ crosstalk between skeletal muscle and adipose tissue  

The organ crosstalk between skeletal muscle and adipose tissue is mediated via numerous circulating 

factors. In response to external stimuli, for instance exercise, both tissues secrete various proteins, 

which are termed “exerkines” or “myokines” and “adipokines”, respectively to their organ of origin 

(Pedersen et al., 2004, Pedersen and Febbraio, 2012, Priest and Tontonoz, 2019). Thus, it has been 

shown that myokines mediate exercise-induced beige adipose tissue development, as irisin is reported 

to brown WAT in mice (Severinsen and Pedersen, 2020). Moreover, the exercise-mediated release of 

the myokine Interleukin (IL)-6 has been shown to enhance lipolysis and FAO in rodents, which further 

demonstrates the close crosstalk between skeletal muscle and adipose tissue (Pedersen and Febbraio, 

2008). Likewise, WAT-derived adipokines, such as adiponectin and leptin play important roles in whole-

body energy homeostasis and influence skeletal muscle by promoting fatty acid uptake and oxidation, 

mitochondrial function and biogenesis, glucose uptake and muscle regeneration (Li et al., 2011, Krause 

et al., 2019, Kahn et al., 2019). Interestingly, transplantation of trained WAT in sedentary mice results 

in an improvement of glucose uptake in skeletal muscle and whole-body metabolism, possibly due to 

an altered adipokine profile in WAT after training (Stanford et al., 2015), emphasizing the key role of 

adipose tissue-skeletal muscle connectivity in glucose homeostasis (Kotani et al., 2004).  

 

1.7 Protein secretion  

Protein transport from their site of synthesis in the cytoplasm to their functional location is an essential 

characteristic of all living cells (Sarvas et al., 2004). Hence, the delivery of soluble proteins and cargoes 

to the extracellular space is indispensable (Viotti, 2016). The majority of secretory proteins reach their 

destination conventionally via the transport through the endoplasmic reticulum (ER) to the Golgi 

apparatus, further to the plasma membrane, where they are eventually released into the extracellular 

space (Rabouille, 2017). This secretion pathway is defined as the “classic” or “conventional” protein 

secretion, initiated by the recognition of signal peptides (Kim et al., 2018b, Ferro-Novick and Brose, 

2013). The newly synthesized proteins exit the ER, reaching the Golgi network before being dispatched 

to the plasma membrane, lysosome, endosome or peroxisome (Gee et al., 2018, Viotti, 2016). The 
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fusion of vesicular intermediates and organelles is mediated among other things by Rab proteins and 

their regulators (Kim et al., 2018b, Mellman and Warren, 2000). However, several proteins reach their 

destinations via the unconventional protein secretion pathway that comprises cargos without a signal 

peptide that are able to translocate across the plasma membrane, and cargos with signal peptides that 

reach the plasma membrane by bypassing the Golgi apparatus, despite entering the ER (Rabouille, 

2017, Kim et al., 2018b, Rabouille et al., 2012). However, proteins could still function in the 

extracellular matrix, despite being secreted, for instance via proteolytic ectodomain shedding, a post-

translation modification (Lichtenthaler et al., 2018). Thereby, proteases cleave a membrane protein 

close to or within its transmembrane domain, leading to the release of the soluble extracellular domain 

(ectodomain). The cleaved ectodomain substrate may be eventually secreted (Lichtenthaler et al., 

2018, Kapeller et al., 1973, Black, 1980). Several studies have shown that ectodomain shedding 

influences many processes, such as cholesterol homeostasis, inflammatory disorders or Alzheimer’s 

disease (Lichtenthaler et al., 2018).  

 

1.7.1 RabGAPs and their involvement in protein secretion   

The small Rab-GTPases are known to serve as master regulators of membrane trafficking. Thereby, 

they are controlling several different aspects of vesicular transport, such as vesicle tethering, docking 

and fusion with the plasma membrane (Novick, 2016, Grosshans et al., 2006). As already described in 

chapter 1.5.1, Rab proteins are regulated by specific proteins: GEFs catalyze the GTP-binding to Rab 

proteins, thereby transforming them into their active form, while GAPs promote GTP hydrolysis, hence 

converting the Rabs into their inactive state (Novick, 2016). This leads to the assumption that also GAPs 

play an essential role in protein secretion. Interestingly, it has been shown in yeast that the RabGAPs 

Gyp5p and Gyl1p recruit Rvs167p to the small-bud tip, where it plays a role in polarized exocytosis 

(Prigent et al., 2011). Over the past years, the focus of investigations has been set on the role of Rab-

GTPases in secretory pathways. Studies in yeast have shown that several human Rab homologs play 

important roles in the protein secretion (Novick, 2016, Jedd et al., 1997). Of special interest, Sec4, a 

Rab8 homolog, drives the docking and fusion of vesicles to the plasma membrane (Grosshans et al., 

2006, Jin et al., 2011, Walch-Solimena et al., 1997). Moreover, Rab8 itself has also been implicated in 

the traffic from endosomes to the basolateral membranes of polarized cells (Ang et al., 2003, Henry 

and Sheff, 2008). At least in makrophages, TBC1D4 has shown to regulate cargo secretion in a Rab14-

dependent manner (Weimershaus et al., 2018). Therefore, it cannot be ruled out that TBC1D4 plays 

also an essential role in the skeletal muscle protein secretion pathway.  
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1.8 Aim of the thesis  

Several studies have shown the important role of TBC1D4 in whole-body glycemia. Whole-body D4KO 

mice exhibit postprandial hyperglycemia, impaired glucose tolerance, and reduced insulin-stimulated 

glucose uptake in Soleus and primary white adipocytes, accompanied by a reduction in GLUT4 protein 

abundance (Chadt et al., 2015, de Wendt et al., 2021, Springer PhD thesis, 2018). Interestingly, a recent 

study in our grouo showed that whole-body glycemia was restored, at least in part, after chronic 

exercise training of D4KO mice, associated with increased insulin-stimulated glucose uptake and GLUT4 

abundance in primary white adipocytes (Springer PhD thesis, 2018). In order to investigate this 

mechanism further, and the contribution of muscle and fat tissue to the phenotype, muscle-specific 

(mD4KO) and adipocyte-specific Tbc1d4-deficient (aD4KO) mice were generated using the Cre/LoxP 

technology and the following key questions were addressed in this study:  

1. What is the contribution of skeletal muscle and adipose tissue to the metabolic phenotype 

of D4KO?  

2. How does chronic exercise training affect Tbc1d4-deficient skeletal muscle and adipose 

tissue?  

3. Does an inducible Tbc1d4 knockout recapitulate the phenotype of whole-body Tbc1d4-

deficient mice?  
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2 Material & Methods 

2.1 Material 

2.1.1 Mouse strains 

All mouse strains used throughout the study are listed in Table 1.  

Table 1: Mouse strains 

Strain Abbreviation Genetic modification Supplier 

Flp deleter mouse/N Flp  Dr. Thomas Wunderlich, 

Dr. Karina Schöfisch (MPI 

Cologne, Germany) 

B6.FVB-Tg(Adipoq-

cre)1Evdr/J 

Adipoq-Cre Adiponectin Cre recombinase  Jackson Laboratory (Bar 

Harbor, Maine, USA)   

B6.Cg-Tg(ACTA1-

cre)79Jme/J 

HSA-Cre Human skeletal actin Cre 

recombinase 

Jackson Laboratory (Bar 

Harbor, Maine, USA)   

Inducible HSA-Cre-ER HSA-Cre-ER Inducible human skeletal actin 

Cre recombinase  

Prof. Dr. Jørgen 

Wojtaszewski, Dr. Rasmus 

Kjøbsted (Kopenhagen, 

Denmark) 

B6.Tbc1d4tm1 Floxed Floxed Tbc1d4 gene German Diabetes Center 

(DDZ), Düsseldorf, 

Germany 

B6.Tbc1d4tm1-

Tg(ACTA1-cre)79Jme/J 

mD4KO Muscle-specific Tbc1d4-

deficiency 

DDZ, Düsseldorf, Germany 

B6.Tbc1d4tm1-

Tg(Adipoq-cre)1Evdr/J 

aD4KO Adipocyte-specific Tbc1d4-

deficiency 

DDZ, Düsseldorf, Germany 

   

2.1.2 Mouse diet 

Animals were fed a standard chow diet (SD) purchased from Ssniff (Soest, Germany). Table 2 

summarizes the dietary composition.   
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Table 2: Composition of mouse diet  

Diet 

(Cat.-No.) 

Fat 

(cal %) 

Protein 

(cal %) 

Carbohydrate 

(cal %) 

Total calorie content 

(kcal/g) 

SD (V1126) 11 36 53 3,3 

 

2.1.3 Genotyping primers  

Table 3 displays the used primers for the genotyping.  

Table 3: Genotyping primers 

Primer Sequence (5’ → 3’) 

Adiponectin-Cre Fwd: CTAGGCCACAGAATTGAAAGATCT 

Rev: GTAGGTGGAAATTCTAGCATCATCC 

Col F: TCCAATTTACTGACCGTACACCAA 

Col R: CCTGATCCTGGCAATTTCGGCTA 

Floxed Tbc1d4fl_geno_Fwd9: CTGTGAAGCCAAGCAGAGGA  

CSD-loxF: GAGATGGCGCAACGCAATTAATG 

CSD-R: GTAGGGACCTAGTGATGGTGGTCTC 

HSA-Cre conventional Fwd: GCGGTCTGGCAGTAAAAACTATC 

Rev: GTGAAACAGCATTGCTGTCACTT 

HSA-Cre inducible Fwd: AAGCAGAGGGCTTCCCCAACA  

Rev: CTTCCTCTTCTTCTTGGGCATGGT 

LacZ Fwd: ATCACGACGCGCTGTATC 

Rev: ACATCGGGCAAATAATATCG 
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2.1.4 Antibodies 

Following antibodies were used during the Western Blot (Table 4).  

Table 4: Antibodies 

Name Host Species Supplier Order. # Dillution used in TBS-T 

AS160/TBC1D4 Rabbit Abcam (Cambridge, 

UK) 

#ab189890 1:1000 + 5 % milk 

powder 

GAPDH Rabbit Cell Signaling 

(Danvers, MA, USA) 

#2118 1:5000 + 5 % milk 

powder 

GLUT4 Rabbit Custom-made (Prof. 

Al-Hasani DDZ, 

Düsseldorf) 

 1:2000 + 5 % milk 

powder 

TBC1D1 Rabbit Cell Signaling 

(Danvers, MA, USA) 

#4629 1:1000 + 5 % milk 

powder 

Anti-Rabbit-HRP Goat Dianova (Hamburg, 

Germany) 

111-035-003 1:20.000 + 5 % milk 

powder 

1:5000 + 5 % milk 

powder 

 

2.1.5 Reaction Kits 

The following table displays the used reaction kits in the present thesis (Table 5).  

Table 5: Reaction Kits 

Reaction Kit Supplier 

BCA Protein Assay Kit Pierce (Rockford, IL, USA) 

miRNeasy Mini Kit Qiagen (Hilden, Germany) 

RNase-free DNase Set  Qiagen (Hilden, Germany) 

Western Lightning ECL Enhanced 

Chemiluminescence Substrate 

PerkinElmer (Waltham, MA, USA) 
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2.1.6 Molecular weight size markers  

Following molecular weight size markers were used in the present thesis (Table 6).  

Table 6: Molecular weight size markers  

Molecular weight size marker Supplier 

50 bp DNA ladder Thermo Scientific (Peqlab, Wilmington MA, USA) 

100 bp DNA ladder  Thermo Scientific (Peqlab, Wilmington MA, USA) 

1 kb DNA ladder Thermo Scientific (Peqlab, Wilmington MA, USA) 

PageRuler Prestained Protein Ladder Thermo Scientific (Peqlab, Wilmington MA, USA) 

 

2.1.7 Chemicals 

Table 7 summarizes the used chemicals.  

Table 7: Chemicals 

Chemical Supplier 

2-deoxyglucose Sigma-Aldrich (St. Louis, MO, USA) 

2-propanol  Applichem (Darmstadt, Germany) 

5x HF Buffer Mobidiag (Espo, Finland) 

6x DNA Loading Dye Thermo Scientific (Peqlab, Wilmington MA, USA) 

10x Green Buffer  Thermo Scientific (Peqlab, Wilmington MA, USA) 

Acrylamid 4K Solution (37. 5:1; 30 %) Applichem (Darmstadt, Germany) 

Actraprid Penfill Insulim human Novo Nordisk (Bagsværd, Denmark) 

Adenosine Sigma-Aldrich (St. Louis, MO, USA) 

Albumin Fraction V (BSA) Merck (Darmstadt, Germany) 

Ammonium persulfate (APS) Serva (Heidelberg, Germany) 

Avertin (2,2,-Tribromoethanol) Sigma-Aldrich (St. Louis, MO, USA) 

Bromophenol blue Applichem (Darmstadt, Germany) 

Calcium chloride dehydrate (CaCl2 · 2 H2O) Merck (Darmstadt, Germany) 

Chloroform  Applichem (Darmstadt, Germany) 

Collagenase Type 1 Worthington Biochemical (Lakewood, NJ, USA) 

Corn Oil  Sigma-Aldrich (St. Louis, MO, USA) 

D-(+)-Glucose Sigma-Aldrich (St. Louis, MO, USA) 

Deoxynucleoside Triphosphate Set (dNTPs) Roche (Mannheim, Germany) 
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Dimethylsulfoxide (DMSO)  Applichem (Darmstadt, Germany)  

Dinonyl Phthalate  PHYWE (Göttingen, Germany) 

Dithiothreitol (DTT) Carl Roth (Karlsruhe, Germany) 

Dream Taq Polymerase Thermo Scientific (Peqlab, Wilmington MA, USA) 

Ethanol, absolute (EtOH) Merck (Darmstadt, Germany) 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth (Karlsruhe, Germany) 

Ethylene glycol bis (2-aminoethylether)-N, N, N’, 

N’-tetra acetic acid (EGTA) 

Carl Roth (Karlsruhe, Germany) 

Glucose (20 %) B Braun (Melsungen, Germany) 

Glycerol MP Biomedicals (Santa Ana, CA, USA) 

Glycine Applichem (Darmstadt, Germany) 

HD Green fluorescent dye  Intas Science Imaging (Göttingen, Germany) 

HEPES 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

Sigma-Aldrich (St. Louis, MO, USA) 

Heptane (Isomers) Carl Roth (Karlsruhe, Germany) 

Hydrochloric acid (HCL) Carl Roth (Karlsruhe, Germany) 

Magnesium sulfate heptahydrate (MgSO4 · 7 

H2O) 

Merck (Darmstadt, Germany) 

Mannitol Applichem (Darmstadt, Germany) 

Methanol Carl Roth (Karlsruhe, Germany) 

Phosphatase inhibitor tablets (PhosSTOP) Roche (Mannheim, Germany) 

Potassium chloride (KCl) Merck (Darmstadt, Germany) 

Potassium dihydrogen phosphate (KH2PO4) Merck (Darmstadt, Germany) 

Powdered milk Carl Roth (Karlsruhe, Germany) 

Proteinase Inhibitor Cocktail (cOmplete) Roche (Mannheim, Germany) 

Proteinase K Carl Roth (Karlsruhe, Germany)  

Pyruvate  Applichem (Darmstadt, Germany)  

Rotiszint eco plus Carl Roth (Karlsruhe, Germany) 

Sodium acetate  Sigma-Aldrich (St. Louis, MO, USA) 

Sodium chloride (NaCl) Carl Roth (Karlsruhe, Germany) 

Sodium dodecyl sulfate (SDS) Carl Roth (Karlsruhe, Germany) 

Sodium hydrogen carbonate (NaHCO3) Merck (Darmstadt, Germany) 

Sodium sulfate (Na2SO4) Merck (Darmstadt, Germany) 

Sulphuric acid Carl Roth (Karlsruhe, Germany) 
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Tamoxifen Sigma-Aldrich (St. Louis, MO, USA) 

N, N, N’, N’-Tetramethylendiamine (TEMED) Carl Roth (Karlsruhe, Germany) 

Tris Carl Roth (Karlsruhe, Germany) 

Triton X-100 Sigma-Aldrich (St. Louis, MO, USA) 

TRIzolTM RNA Isolation Reagent Thermo Scientific (Peqlab, Wilmington, MA, 

USA) 

Tween 20 Applichem (Darmstadt, Germany)  

 

2.1.8 Radioactive isotopes 

Radiolabeled chemicals were used for ex vivo experiments to measure glucose uptake into skeletal 

muscle and primary white adipocytes and are listed in Table 8.  

Table 8: Radioactive chemicals  

Radiolabeled Chemical Supplier 

[3H]-2-deoxyglucose Hartmann Analytic (Brunswick, Germany) 

[14C]-D-glucose Hartmann Analytic (Brunswick, Germany) 

[14C]-mannitol PerkinElmer (Waltham, MA, USA) 

 

2.1.9 Buffers and solutions 

Following buffers and solutions were used in the present thesis (Table 9).  

Table 9: Buffers and solutions 

Buffer and solution  Ingredients 

DNA Isolation  

DNA lysis buffer 0.1 M Tris-HCl (pH 8.0), 0.2 M NaCl, 5 mM EDTA, 

0.4 % SDS 

TE buffer   10 mM Tris-HCl (pH 8.0), 1 mM EDTA  

Glucose uptake into primary white adipocytes  

Krebs-Ringer-Bicarbonate HEPES buffer (KRBH) 

 

  

Stock I: 118.5 mM NaCl, 4.7 mM KCl, 1.2 mM 

KH2PO4, 25 mM NaHCO3, gassing with carbogen 

gas for 20 min on ice; +Stock II: 2.5 mM CaCl2 · 2 

H2O, 1.2 mM MgSO4 · 7 H2O, 5 mM HEPES, gassing 
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  with carbogen gas for 10 min on ice, 1 % BSA 

finally added 

Lipid extract solution 78 Vol. % 2-propanol, 20 Vol. % heptane, 2 Vol. % 

sulphuric acid 

Glucose uptake into isolated skeletal muscle  

Avertin solution 5 ml MQ water, 250 µl Avertin  

Krebs-Henseleit buffer (KHB) 

 

Stock I: 118.5 mM NaCl, 4.7 mM KCl, 1.2 mM 

KH2PO4, 25 mM NaHCO3, gassing with carbogen 

gas for 20 min on ice; +Stock II: 2.5 mM CaCl2 · 2 

H2O, 1.2 mM MgSO4 · 7 H2O, 5 mM HEPES, gassing 

with carbogen gas for 10 min on ice, 1 % BSA 

finally added 

Hot incubation buffer 

 

19 mM Mannitol, 1 mM 2-deoxyglucose 

with/without 120 nM Insulin, 2.5 µCi/ml [3H]-2-

deoxyglucose, 0.7 µCi/ml [14C]-mannitol 

Incubation buffer 15 mM Mannitol, 5 mM Glucose with/without 120 

nM Insulin (solved in KHB) 

 

Recovery buffer 

 

15 mM Mannitol, 5 mM Glucose (solved in KHB) 

Rinse buffer 20 mM Mannitol, with/without 120 nM Insulin 

(solved in KHB) 

 

Protein and Western Blot analysis   

Blocking solution 

 

5 % powdered milk, TBS-Tween (1x) 

 

Electrophoresis buffer 25 mM Tris, 192 mM glycine, 0.1 % SDS, 20 Vol % 

glycerol, 8 & SDS, 10 mM EDTA,  
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Laemmli sample buffer (4x LSB) 

 

0.25 M Tris, 6 % DTT, 0.2 % bromophenol blue (pH 

6.8) 

Separating gel buffer 1.5 M Tris, 0.4 % SDS (pH 8.8) 

Stacking gel buffer 0.5 M Tris, 0.4 % SDS (pH 6.8) 

TBS-Tween buffer (TBS-T, 1x) 10 mM Tris, 150 mM NaCl, 0.05  Vol. % Tween 20 

Transfer buffer 25 mM Tris, 192 mM glycine, 20 % methanol 

Ex vivo induction of skeletal muscle 

contraction  

 

Tension buffer 15 mM mannitol, 8 mM pyruvate (solved in KHB 

without BSA)    

 

2.1.10 Devices  

Table 10 displays the used devices.  

Table 10: Devices  

Device Supplier 

Centrifuge 5415 C Eppendorf (Hamburg, Germany) 

Centrifuge 5424 R Eppendorf (Hamburg, Germany) 

ChemiDoc XRS+ Bio-Rad Laboratories (Munich, Germany) 

Contour Glucometer Bayer (Leverkusen, Germany) 

GelDoc XR+  Bio-Rad Laboratories (Munich, Germany)  

iMARK Microplate Reader Bio-Rad Laboratories (Munich, Germany) 

Microbeta Counter PerkinElmer (Waltham, MA, USA) 

NanoDrop 2000 Thermo Scientific (Peqlab, Wilmington, MA, 

USA) 

Thermomixer Compact Eppendorf (Hamburg, Germany) 

TissueLyser II Qiagen (Hilden, Germany) 

Treadmill systems  TSE Systems (Bad Homburg, Germany) 

Whole Body Composition Analyzer  Echo MRI (Houston, TX, USA) 
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2.1.11 Software  

Following software were used throughout the present thesis (Table 11).  

Table 11: Software 

Software Supplier 

GraphPad Prism 9 GraphPad Software Inc (San Diego, CA, USA) 

Image Lab Bio-Rad Laboratories (Munich, Germany) 

Microplate Manager 6 Bio-Rad Laboratories (Munich, Germany) 

NanoDrop 2000 Thermo Scientific (Peqlab, Wilmington, MA, 

USA) 

Phenomaster TSE Systems (Bad Homburg, Germany) 

 

2.2 Methods  

2.2.1 Study design 

The experimental time line for the tissue-specific training study is represented in Figure 5. Female 

mD4KO and floxed littermates as well as male mD4KO, aD4KO and floxed controls were randomly 

assigned to either the training or sedentary cohort. The four-week chronic exercise training on 

treadmills (2.2.2.4) started in week-of-life 12. Glucose tolerance was determined via an intraperitoneal 

(i. p.) glucose tolerance test (GTT) (2.2.2.5) in week 14 and insulin sensitivity via an i. p. insulin tolerance 

test (ITT) (2.2.2.6) in week 15, respectively. To determine the exercise capacity of the mice, a physical 

capacity test (2.2.2.7) was performed in week 15. The body composition (2.2.2.8) was measured before 

(week 8) and after (week 16) the four-week exercise training. Moreover, in the same week a fasting 

and refeeding experiment (2.2.2.9) has been performed. In the final week 17, insulin stimulated 

glucose uptake was measured ex vivo in Soleus muscle (2.2.2.10) and isolated primary white adipocytes 

(2.2.2.11) from white adipose tissue. The remaining tissues were harvested during ex vivo 

measurements and stored at -80 °C for further processing.  
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Figure 4: Study design for the four-week treadmill training with tissue-specific Tbc1d4-deficient mice.  Chronic exercise 
training intervention started at week of life 12, on three days a week, with one exercise bout per day. i.p. GTT = intraperitoneal 
glucose tolerance test; i.p. ITT = intraperitoneal insulin tolerance test; F/R = Fasting and refeeding experiment; NMR = nuclear 
magnetic resonance; GT = glucose transport. 

  

2.2.2 Animal experiments 

2.2.2.1 General animal housing 

Mice were kept in Makrolon type III-cages (EBECO, Castrop-Rauxel, Germany) in groups of up to six 

mice per cage. The environmental temperature was 22 °C and the mice were exposed to a 12 hours 

light-dark cycle with lights on from 6 am to 6 pm. Unless otherwise mentioned, all animals had ad 

libitum access to diet and water. All experiments were approved by the Ethics Committee of the State 

Agency of Nature, Environment and Consumer Protection (LANUV, North Rhine-Westphalia, Germany; 

reference numbers 81-02.04.2018.A160 and 84-02.04.2017.A102).  

 

2.2.2.2 Generation of skeletal muscle-specific and adipocyte-specific Tbc1d4-deficient animals  

To generate tissue-specific Tbc1d4-deficient animals, several breeding steps were necessary. 

Tbc1d4tm1a mice were commercially acquired from the Knockout Mouse Project (KOMP) repository. 

These animals exhibited a neomycin resistance cassette for the initial selection of embryonic stem 

cells, and a LacZ reporter gene to verify gene expression. Both genetic elements were flanked by 

flippase recognition target (FRT) sites. The aim of the first breeding step was to remove these genetic 

elements. Therefore, Tbc1d4tm1a animals were crossed with flippase (Flp) deleter mice that 

overexpressed the Flp recombinase. Flp binds to the FRT sites, thereby removing the neomycin 

resistance cassette and the LacZ reporter gene (Figure 5). Afterwards, a backcrossing step with 

C57BL/6J animals was necessary to remove the Flp transgene from the colony (Tbc1d4tm1c).  
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Figure 5: Removal of the neomycin resistance cassette and LacZ reporter gene.  In order to remove both genetic elements 
required for the initial selection of embryonic stem cells, Tbc1d4tm1a mice were crossed with animals overexpression the Flp 
recombinase. Flp binds to the FRT sites that flank the LacZ gene and neomyocin resistance cassette, thereby removing both 
genetic elements. Flp = flippase; FRT = flippase recoginition target.  

Then, Tbc1d4tm1c animals were crossed with mice overexpressing a tissue-specific Cre recombinase. 

The Cre enzyme targets LoxP sites, a 34 bp consensus sequence that flanks the gene-of-interest, in our 

study the Tbc1d4 gene. Thereby, the LoxP flanked DNA is excised, creating two types of DNA with 

circular, excised and inactivated Tbc1d4 gene (Kim et al., 2018a) (Figure 6). For the generation of 

conventional mD4KO animals, Tbc1d4tm1a mice were mated with B6.Cg-Tg(ACTA1-cre)79Jme/J animals 

that are overexpressing a conventional human skeletal muscle actin (HSA)-Cre recombinase. 

Furthermore, adipocyte-specific Tbc1d4-deficient mice (aD4KO) were characterized in this thesis. 

Thus, Tbc1d4tm1a animals were crossed with B6.FVB-Tg(Adipoq-cre)1Evdr/J mice.    

 

 

Figure 6: Generation of conventional tissue-specific Tbc1d4 knockout mice.  Tbc1d4tm1c mice are crossed with animals 
overexpressing the tissue-specific Cre recombinase. The Cre enzyme targets LoxP sites, thereby the LoxP flanked DNA is 
excised.  

To generate inducible muscle-specific Tbc1d4-deficient mice (mD4KO.ind), Tbc1d4tm1c animals were 

mated with mice overexpressing a human skeletal actin (HSA)-Cre recombinase that is fused with 

mutant estrogen receptor ligand-binding domains (CreER). These CreER fusion proteins are tamoxifen 

sensitive but estrogen insensitive, thereby sequestered in the cytoplasm in an inactive form in the 
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absence of tamoxifen. In response to tamoxifen administration, a conformation change is induced, 

leading to the nuclear translocation and activation of Cre recombinase, thus allowing excision of floxed 

DNA sequences (Andersson et al., 2010) (Figure 7).  

 

Figure 7: Generation of inducible Tbc1d4 knockout mice.  In the absence of tamoxifen, the CreER fusion protein is 
sequestered in an inactive form in the cytoplasm. In response to tamoxifen injection, a conformation change is induced, 
leading to the nuclear translocation and activation of the Cre recombinase, thus allowing excision of the floxed DNA 
sequences. CreER = Cre estrogen receptor ligand-binding domain.  

Tbc1d4tm1c mice, without the overexpression of a tissue-specific Cre recombinase served as control 

animals.  

 

2.2.2.3 Tamoxifen treatment  

To induce a skeletal muscle-specific Tbc1d4 knockout, the selective estrogen receptor modulator 

tamoxifen was used. In the absence of tamoxifen, the Cre-ER fusion protein is sequestered in the 

cytoplasm in an inactive form by heat shock protein 90 (Hsp90), leading to the expression of the 

respective target gene. After tamoxifen is administered, it binds to the ER, which induces a 

conformational change in the ER and promotes the release from Hsp90. Consequently, nuclear 

translocation and Cre recombinase activation is promoted. Thereby, the respective target gene is 

excised (McCarthy et al., 2012, Andersson et al., 2010). Tamoxifen (Table 7) was disolved in corn oil to 

receive a final concentration of 30 mg/ml. In order to solve tamoxifen appropriately, the mixture was 

incubated for 1 hour at 55 °C and 1400 rpm in a Thermomixer (Table 10) and vortexed every 3-5 

minutes for 30 seconds. 100 µl tamoxifen were administrated intraperitoneally into each mouse on 

alternate three days. Before each injection, the tamoxifen solution was warmed to 37 °C.  
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2.2.2.4 Chronic exercise treadmill training 

The chronic exercise training intervention was carried out with a four-lane treadmill system (Table 10). 

Tissue-specific D4KO mice and floxed littermates performed a chronic exercise training intervention 

for four weeks with three training days per week and one training unit per day. Each training unit 

started with a 5 minutes warm-up at 6-9 m/min running, followed by a 55 minutes running period with 

increasing speed and duration levels. During the following weeks, speed, duration and inclination were 

constantly increased up to a final exercise bout of 60 minutes at 12 m/min to 22 m/min running at an 

inclination of 13 °. During the training intervention, mice were motivated to run by pushing them 

carefully with a paper tissue from behind. This exercise protocol was modified from previously 

established treadmill experiments within our institute (Springer PhD thesis, 2018). A detailed protocol 

of the chronic exercise training intervention is shown in the supplemental section (Supplemental Table 

1).      

 

2.2.2.5 Intraperitoneal glucose tolerance test (i.p.GTT) 

The ability to dispose a glucose load is defined as glucose tolerance, whereas in glucose intolerant 

conditions this ability is impaired (Ahrén, 2013). In the present study, glucose tolerance was measured 

via an intraperitoneal glucose tolerance test (i.p.GTT). During the experiment, mice were kept 

individually in cages without access to the diet but with ad libitum access to water. After 16 hours of 

fasting, mice were weighed and basal blood glucose levels were determined with a glucometer (Table 

10). For this purpose, a small portion of the tail tip was cut with a scalpel to obtain one drop of blood. 

Subsequent to these baseline measurements, sterile glucose (2 g/kg body weight, 20 % solution) was 

injected intraperitoneally into each mouse and blood glucose levels were determined from the tail tip 

without further incision at 15, 30, 60 and 120 minutes after injection.  

 

2.2.2.6 Intraperitoneal insulin tolerance test (i.p.ITT) 

To assess whole-body insulin sensitivity, an intraperitoneal insulin tolerance test (i.p.ITT) was 

performed. During the i.p.ITT random fed mice were kept individually in cages without food, but ad 

libitum access to water. Basal blood glucose levels were determined with a glucometer (Table 10) as 

described in 2.2.2.5. Afterwards, mice were injected intraperitoneally with human recombinant insulin 

(1 U/kg body weight; Actrapid, Novo Nordisk), and blood glucose levels were determined at 15, 30 and 

60 minutes following the injections.  
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2.2.2.7 Physical capacity test 

Physical fitness of the animals was assessed with an one-lane calorimetric treadmill system (Table 10). 

These treadmills possess air-tight covers and are connected to a calorimetric control unit, thereby 

allowing to monitor oxygen consumption (VO2), carbon dioxide production (VCO2) and respiratory 

exchange ratio (RER; ratio VCO2/VO2) during the running. The measurements were conducted at a 

flow-rate of 0.4 l/min and a sample flow rate of 0.25 l/min. Calorimetric parameters were recorded 

every 5 seconds by the PhenoMaster software (Table 11). The determination of the physical fitness (= 

running performance) started with a 2 minutes warm-up phase at 9 m/min running speed and an 

inclination of 5°. The speed increased constantly every two minutes until mice reached exhaustion. 

Exhaustion was defined as the time point where the mice were unable to remain running on the 

treadmill, despite pushing them forward with sliders. In order to calculate the maximal oxygen 

consumption (VO2max), the average of 30 seconds of the VO2 plateau was determined.  

  

2.2.2.8 Body composition 

Body weight was measured using scales (Sartorius, Göttingen, Germany). To determine body 

composition of the mice, nuclear magnetic resonance (NMR) spectroscopy (Table 10) was used. 

Therefore, mice were placed in tubes (20 cm in diameter) to fix them. Then, the tube was inserted into 

the NMR device and the measurement lasted 60 seconds. Here, nuclei of atoms are exposed to a 

magnetic field and absorb electromagnetic radiation, then re-emitting it at a specific frequency that 

depends on the strength of the magnetic field and the magnetic properties of the isotope. Thus, based 

on this frequency, the proportion of the respective tissues can be determined.  

   

2.2.2.9 Fasting and Refeeding  

To measure postprandial blood glucose levels, mice were subjected to a fasting and refeeding 

experiment. After a 16 hours-fasting period, basal blood glucose levels were measured with a 

glucometer from tail vene blood (Table 10). Then, mice had access to the standard diet for 1, 2 hours 

and 4 hours, respectively, and blood glucose levels were determined at every time point. In addition, 

30 µl blood samples were collected in microvettes at each time point (Microvette CB 300 LH, Sarstedt, 

Nümbrecht, Germany) by gently massaging the tail tip. Blood samples were centrifuged at 2000 x g for 

5 minutes and 4 °C and plasma was collected and stored at -80 °C for further analysis.  
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2.2.2.10 Ex vivo insulin-stimulated glucose uptake in isolated skeletal muscles 

Skeletal muscle glucose uptake was determined ex vivo by the accumulation of [3H]-2-deoxyglucose 

(Table 8) in skeletal muscle with the use of [14C]-mannitol (Table 8) as marker for the extracellular 

space. Previously to the experiment, mice were fasted for 4 hours and then anesthetized via 

intraperitoneal injection of 500 mg/kg Avertin [2,2,2-tribromoethanol], in order to isolate skeletal 

muscles from living mice. Intact isolated Soleus muscles were placed in glass vials and incubated in 

different buffers (Table 9) at 30 °C in a shaking water bath under constant gassing with carbogen gas 

(95 % O2, 5 % CO2). After dissection of the Soleus muscles, mice were sacrificed by cervical dislocation 

for collecting the remaining tissues. First, Soleus muscles were incubated in recovery buffer (Table 9) 

for 30 minutes, following further 30 minutes incubation in incubation buffer (Table 9). From here on, 

one Soleus per animal was incubated at basal conditions, whereas the second muscle was incubated 

at insulin-stimulated conditions, by adding 120 mM insulin (Table 7) to the respective buffer. Next, 

Soleus muscles were placed in new glass vials containing rinse buffer (Table 9) for another 10 minutes 

at basal or insulin-stimulated conditions. Afterwards, Soleus muscles were incubated for 20 minutes in 

radioactive “hot” buffer (Table 9) containing isotope-labeled [3H]-2-deoxyglucose and [14C]-mannitol. 

After these incubation phases, the tendons of each muscle were removed with a scalpel, the muscles 

frozen in liquid nitrogen and stored at -20 °C for further analysis. For scintillation counting, Soleus 

muscles were homogenized on ice in 300 µl ice-cold lysis buffer (Table 9) containing 100 µl/ml 

phosphatase inhibitor (Table 7) and 40 µl/ml proteinase inhibitor (Table 7). The procedure of 

generating cleared protein lysates is described in detail in chapter 2.2.4.1. In the meantime, 2 ml 

reaction tubes were filled with 1.5 ml scintillation liquid (Table 7) and 40 µl of the cleared protein lysate 

was transferred into each tube. Subsequently, the radioactivity of the incorporated [3H]-2-

deoxyglucose and [14C-]-mannitol was counted in a scintillation counter (Table 10). The resulting counts 

per minute (cpm) were normalized to the protein concentration of the muscle lysates via BCA analysis 

(2.2.4.2). The calculation of the glucose uptake also takes into account the amount of extracellularly 

bound [3H]-2-deoxyglucose, which is determined by subtracting the values of [14C-]-mannitol as marker 

for the extracellular space from the measured data points of the intracellular [3H]-2-deoxyglucose 

(Mackrell and Cartee, 2012). Final values for skeletal muscle glucose uptake are expressed as 

nmol/mg/protein/20 minutes of [3H]-2-deoxyglucose incubation.   

 

2.2.2.11 Ex vivo insulin-stimulated glucose uptake in isolated primary white adipocytes  

Glucose uptake into primary white adipocytes was conducted ex vivo via the determination of 

incorporated radioactively labelled [14C]-D-glucose into mature adipocytes from WAT. Before the start 
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of the experiment, mice were fasted for 4 hours and anesthetized via intraperitoneal injection of 500 

mg/kg Avertin (Table 7). Primary adipocyte cells were isolated whilst dissecting one fat pad per mice 

and immediately transferring it to vials with 3 ml of pre-warmed (37 °C) KRBH buffer with 5 % BSA and 

200 nM adenosine (Table 7). The fat pad was mechanically minced with scissors and 6 mg collagenase 

was added to each vial. During the collagenase digest, the samples were incubated for 1 hour at 37 °C 

and 1400 rpm in a shaking water bath. The obtained cell lysates were filtered through 400 µm 

polyamide nylon meshs into a falcon tubes and centrifuged at 50 x g for 1 minute at room temperature 

(RT). The lower aqueous phase was carefully discarded and the cells were washed twice with 5 ml of 

fresh KRBH buffer by shortly centrifuging the cells in between the washing steps. Afterwards, the 

remaining adipocyte cells were taken up into 3 ml KRBH buffer. Then, 200 µl of the adipocyte 

suspension was incubated with 200 µl KRBH buffer with or without 120 nM insulin (Table 7) for 30 

minutes at 37 °C in a shaking water bath. In addition, 200 µl of the adipocyte suspension was 

transferred to 2.7 ml lipid extract solution (Table 9) and stored overnight at 4 °C for later lipid weight 

determination. After insulin incubation, the adipocyte cell suspension was incubated for another 30 

minutes with 0.1 µCi/µl [14C]-D-glucose at 37 °C. In order to stop the glucose uptake and to remove 

excess radioactivity, 280 µl of the adipocyte cell suspension was transferred to small tubes containing 

125 µl dinonyl phthalate oil and centrifuged at 9391 x g for 10 minutes at RT. Afterwards, the tubes 

were cut in the middle and the upper adipocyte cells-containing piece of the tube was placed in 

counting vials filled with 3 ml scintillation liquid (Table 7). The tubes were thoroughly vortexed and the 

radioactivity of the incorporated [14C]-D-glucose was measured in a scintillation counter (Table 10). 

The resulting cpm were normalized to the lipid weight of the samples as 1.2 ml heptane and 800 µl 

ddH2O were added to the overnight lipid extract solution and centrifuged at 201 x g for 5 minutes at 

RT. Then, 1 ml of the supernatant was transferred to tared glass tubes (Rotilabo-test tubes, Carl Roth, 

Karlsruhe, Germany) and the lipid samples were dried and evaporated by heating and gassing them 

with nitrogen for 15 minutes using Reacti-Therm and Reacti-Vap Evaporatin Unit (Pierce, Rockford, IL, 

USA). In order to calculate glucose uptake as cpm/mg lipid, the weight of the dried lipids was 

determined. Samples at basal and insulin-stimulated conditions, respectively, were measured in 

quintuple. As the glucose uptake experiment was carried out in parallel to the skeletal muscle glucose 

uptake, this assay was performed by the two research group technical assistants Anette Kurowski and 

Heidrun Podini.  
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2.2.3 Molecular biology methods 

2.2.3.1 Isolation of genomic DNA from mouse tail tips 

In order to determine the genotype of each animal, genomic DNA was isolated from mouse tissue that 

was collected during the ear notching process to distinguish individual animals throughout the 

intervention period. 200 µl DNA lysis buffer (Table 9) containing 10 µl Proteinase K was added to the 

mouse tissue and lysed overnight at 1200 rpm at 55 °C in a Thermomixer (Table 10). The next day, the 

lysate was centrifuged in a table centrifuge (Table 10) at RT for 1 minute at 16,000 x g to pellet the cell 

debris. The supernatant was collected in a fresh 1.5 ml tube and subsequently, 200 µl 100 % 

isopropanol was added and the tubes were vortexed for 2 sec. Afterwards, the tubes were centrifuged 

for 10 min at 20,000 x g at RT. The supernatant was discarded and the DNA pellet washed with 200 µl 

75 % ethanol, as the tube was vortexed and centrifuged for 5 min at 20,000 x g at RT. Subsequently, 

the supernatant was removed again and the pellet was dried in the thermomixer at 55 °C and 1200 

rpm for 15 minutes. Afterwards, 100 µl TE buffer (Table 9) was added and incubated for 5 minutes at 

55 °C and 1200 rpm. At the end, the tube was vortexed again and the DNA concentration was 

determined with the NanoDrop device (Table 10).   

 

2.2.3.2 Determination of nuclei acid concentration 

To determine the concentration of the isolated genomic DNA, a NanoDrop device (Table 10) was used. 

The measurement was conducted according to the instructions of the manufacturer. For DNA 

concentration measurements, 1 µl of sample were used. For further analysis, the DNA concentration 

was adjusted to 10 ng/µl.  

 

2.2.3.3 Polymerase chain reaction (PCR) 

To determine the genotype of the experimental animals, a Polymerase chain reaction (PCR) was 

performed to amplify a genetic region of interest. First, DNA was denaturated at 98 °C; thereby double-

stranded DNA became single-stranded DNA as hydrogen bonds between the nucleic bases were 

broken. Afterwards, primers annealed at 65 °C and the elongation step followed, where a DNA 

polymerase complemented the second DNA strand at 72 °C. With the help of dNTPs and forward and 

reverse primer, the DNA polymerase synthesized the complementary strand.  

To verify the success of the removed LacZ reporter gene and neomycin resistance cassette, a LacZ PCR 

was performed. In this study, mD4KO and aD4KO mice were investigated (2.2.2.2). To distinguish 
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between the HSA- and Adiponectin-Cre recombinase, two different PCR reactions were performed. 

Additionally a Floxed PCR was carried out, to determine whether animals displayed Floxed Tbc1d4 

alleles. Following tables display the reaction setups with a total reaction volume of 20 µl that were 

used to genotype tissue-specific Tbc1d4-deficient mice.  

 

Table 12 displays the reaction setup for genotyping the LacZ gene 

Table 12: Reaction setup for the LacZ PCR reaction 

Compound Volume (µl) Stock Concentration 

MQ H2O 8.8  

10x GrennGoTaq-Buffer 4  

dNTPs 2 8 mM 

LacZ 2_small_F 0.5 10 nM 

LacZ_2_small_R 0.5 10 nM 

Dream Taq Green 0.2 2 U/µl 

DNA 4 10 ng/µl 

 

 

The reaction setup for genotyping HSA-Cre is displayed in table 13.  

Table 13: Reaction setup for conventional HSA-Cre PCR 

Compound Volume (µl) Stock Concentration 

MQ H2O  7.8  

10x GreenGoTaq-Buffer 4.0  

dNTPs 2.0 8 mM 

Cre F (oIMR1084) 1.0 10 nM 

Cre R (oIMR1085) 1.0 10 nM 

Dream Taq Green 0.2 2 U/µl 

DNA 4.0 10 ng/µl 
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Table 14 summarizes the reaction setup for genotyping Adiponectin-Cre.  

Table 14: Reaction setup for Adiponectin-Cre PCR  

Compound Volume (µl) Stock Concentration 

MQ H2O 5.8  

5x HF Buffer 4.0  

dNTPs 2.0 8 mM 

iIMR7338 1.0 10 nM 

iIMR7339 1.0 10 nM 

Col 12249 1.0 10 nM 

Col 12250 1.0 10 nM 

Phusion-Polymerase 0.2 2 U/µl 

DNA 4.0 10 ng/µl 

 

  

The reaction setup for genotyping Floxed is summarized in table 15.  

Table 15: Reaction setup for Floxed PCR  

Compound Volume (µl) Stock Concentration 

MQ H2O 11.0  

5x HF Buffer 4.0  

DMSO  0.3  

dNTPs 0.5 8 mM 

Tbc1d4fl_Geno_Fwd9 0.5 10 nM 

CSD-loxF 0.5 10 nM 

CSD-R 1.0 10 nM 

Phusion-Polymerase 0.2 2 U/µl 

DNA 2.0 10 ng/µl 
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Following tables depict the thermocycler programs that were used for the diverse PCR reactions.   

Table 16: Genotyping thermocycler program for LacZ 

 LacZ   

Step Temp Time Repeats 

Hot Start 94 °C 5 min  

Denaturation  94 °C 30 sec 34 x 

Annealing 60 °C 30 sec 

Elongation  72 °C 30 sec 

72 °C 5 min  

Storage 4 °C ∞  

 

Table 17: Genotyping thermocycler programs for Cre recombinase  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 HSA-Cre conventional Adiponectin-Cre 

Step Temp Time Repeats Temp Time Repeats 

Hot Start 95 °C 5 min - 98 °C 30 sec - 

Denaturation 95 °C 15 sec 34 x 95 °C 10 sec 29 x 

Annealing 63 °C 15 sec 65 °C 30 sec 

Elongation 72 °C 15 sec 72 °C 20 sec 

72 °C 5 min - 72 °C 5 min - 

Storage 4 °C ∞ - 4 °C ∞ - 
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Table 18: Genotyping thermocycler programs for Floxed   

 

 

 

 

  

  

 

 

 

 

 

 

The PCR products were subsequently visualized with an agarose gel and a UV gel imager (Table 10).  

  

2.2.3.4 Agarose gel electrophoresis  

To separate the PCR products according to their length, an agarose gel electrophoresis was performed. 

Therefore, 1 % (Floxed) or 2 % (LacZ, Cre) agarose gels were prepared and 4.5 µl/100 ml of the 

fluorescent dye HD Green (Table 7) was added. This fluorescent dye intercalates between the DNA 

double helix and is stimulated with UV radiation. The agarose gel was transferred to an electrophoresis 

chamber and a comb was added. In case of the Floxed and Adiponectin-Cre PCR, 4 µl of 6xLoading Dye 

was added to each PCR product. Subsequently, 20 µl of the sample was loaded on the gel and the 

electrophoretic separation occurred at 120 V for 30 min. The PCR fragments were visualized with the 

UV gel imager GelDoc (Table 10).   

  

2.2.4 Biochemical methods 

2.2.4.1 Preparation of protein lysates from mouse tissue 

In order to prepare protein lysates from murine tissue, 300 µl (for Soleus muscle or WAT) or 500 µl (for 

Gastrocnemius muscle) ice-cold lysis buffer (Table 9) containing 100 µl/ml phosphatase inhibitor and 

40 µl/ml proteinase inhibitor (Table 7), was added to the tissue. In order to prepare protein lysates 

from skeletal muscle, a steel ball was added to each tube. Then, the reaction tube was placed in a 

TissueLyser (Table 10) for 5 minutes at 25 Hz for homogenization. The supernatant was transferred 

 Floxed  

Step Temp. Time Repeats 

Hot Start 98 °C 30 sec - 

Denaturation 98 °C 15 sec 9 x 

Decrease 1 °C per cycle Annealing 65-55 °C 30 sec 

Elongation 72 °C 40 sec 

Denaturation 98 °C 15 sec 35 x 

Annealing 57 °C 30 sec 

Elongation 72 °C 40 sec 

72 °C 5 min - 

Storage 4 °C ∞ - 
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into a fresh 1.5 ml reaction tube and then centrifuged for 10 minutes at 21,000 x g and 4 °C. 

Subsequently, the supernatant was collected and transferred into a fresh 1.5 ml tube and stored at -2 

80 °C for further use. To isolate proteins from WAT, 500 µl ice-cold lysis buffer (Table 9) was added to 

the tissue and incubated for 20 minutes on ice. Then the tubes were incubated rotating for further 30 

minutes at 4 °C. Afterwards, the supernatant was again transferred into a fresh 1.5 ml reaction tube 

and centrifuged for 10 minutes at 21,000 g and 4 °C. This step was conducted twice.   

 

2.2.4.2 Determination of protein concentration via Bicinchonic acid assay (BCA)  

Protein concentrations of murine tissues were determined using the BCA method (Smith et al., 1985). 

This method is based on the reduction of Cu2+ to Cu+ via electron transfer. Cu+ is building a complex 

with bicinchonic acid. The measurement was conducted using the BCA Protein Assay Kit (Table 5). First, 

a standard curve was added to a 96-well-microtiter plate. Then, protein lysates were added to the 

plate in a dilution of 1:20. All standards and samples were measured in technical duplicates. Table 20 

shows the pipetting scheme of the bovine serum albumin (BSA) standard curve.  

 

Table 19: Standard curve scheme 

Amount 

(µg/well) 

Concentration 

(µg/µl) 

BSA stock solution 

(µl) 

MQ water 

(µl) 

0.5 0.025 1.5 118.5 

1.0 0.050 3 117.0 

2.0 0.100 6 114.0 

3.0 0.150 9 111.0 

4.0 0.200 12 108.0 

5.0 0.250 15 105.0 

6.0 0.300 18 102.0 

7.0 0.350 21 99.0 

  

Then, the reaction solution was prepared by mixing solution A (containing BCA) and solution B (cupper 

sulfate) thoroughly in a ratio of 50:1 and adding 200 µl of the reaction solution to each well. 

Afterwards, the microtiter plate was incubated for 30 minutes at 37 °C and the extinction was 

measured at the iMARK microplate reader (Table 10) at 560 nm.   
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2.2.4.3 Sodium-dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

After determination of total protein concentration, protein lysates were separated electrophoretically 

via SDS-PAGE, according to their molecular mass. SDS was added to the protein lysates to apply a 

negative charge to the proteins. Thereby, proteins migrated within an electric field through a 

polyacrylamide gel matrix in the direction of the anode. Polyacrylamide acts as a molecular filter, thus 

small proteins migrated faster through the gel than big proteins. Thereby, proteins are separated 

according to their molecular mass.   

Protein lysates were diluted with 4x Laemmli buffer (Table 9) and MQ water to a final amount of 20 µg 

total protein. After vortexing, samples were incubated for 30 minutes at RT. During this incubation 

step, the protein in the samples are denaturated and a negative charge is applied proportional to the 

protein mass. Next, samples were centrifuged shortly and subsequently loaded on a 12 % SDS gel 

(Table 21). To estimate the molecular weight of the separated protein bands, a pre-stained protein 

standard (Table 7) was additionally loaded on the gel. Electrophoretic separation was carried out in 

electrode buffer (Table 9) at initial 50 V for 15 minutes and 150 V for further 45 – 60 minutes, using 

the Mini-PROTEAN Tetra Vertical Electrophoresis Cell systems (Table 10). 

 
Table 20: SDS-polyacrylamide gel preparation 

Compound Volume 

Stacking gel 

Stacking gel buffer (Table 9) 780 µl 

Acrylamide (30 %) 390 µl 

ddH2O 1.83 ml 

Ammonium persulfate (APS) 6 µl 

Tetraethylethylendiamine (TEMED) 3 µl 

Separation Gel (12 %) 

Separation buffer (Table 9) 2.34 ml 

Acrylamide  3 ml 

ddH2O 3.66 ml 

APS 18 µl 

TEMED 9 µl 
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2.2.4.4 Western Blot analysis and protein detection 

Proteins separated during SDS-PAGE were transferred onto a membrane in an electric field using a 

tank blot system (Tankblot Eco-Mini, Biometra, Göttingen, Germany). The gel from the SDS-PAGE was 

placed in a cassette with eight Whatman papers (Whatman plc, Maidstone, UK) and two sponges that 

allow constant energy supply. This cassette was transferred to a tank blot system filled with transfer 

buffer (Table 9) and the transfer was performed at 200 mA and 4 °C for 2 hours. Negatively charged 

proteins were blotted onto a nitrocellulose membrane of direction to the anode. After the transfer, 

the membrane was incubated in 5 % blocking solution (Table 9) for 1 hour at RT in order to minimize 

unspecific antibody binding on the membrane surface. Afterwards, the membrane was washed 

thoroughly with TBS-T (Table 9), and then incubated overnight with the respective primary antibody 

solution (Table 4). Next day, the membrane was washed for 30 minutes with 1x TBS-T and incubated 

for 1 hour at RT with the respective secondary horseradish-peroxidase (HRP)-conjugated antibody 

(Table 4) that bound to the constant region of the primary antibody. Then, the membrane was again 

washed for 30 minutes at RT. Subsequently, the membrane was incubated with ECL enhanced 

chemiluminescent substrate (Table 7), which consisted of two components that were mixed in a 1:1 

ratio. HRP catalyzed the conversion of luminol to 3-aminophtalate and the resulting emitted signal of 

the catalyzed reaction of HRP with the ECL substrate was detected with the transilluminator (Table 

10). Quantitative analysis was carried out with the Image Lab software (Table 11). In order to normalize 

each band, the abundance of the housekeeping protein Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was measured and given as ratio of the sedentary Floxed control group.  

   

2.2.5 Molecular biological methods  

2.2.5.1 RNA isolation from mouse tissue 

Total RNA from skeletal muscle (Gastrocnemius) was isolated by Trizol extraction using the miRNeasy-

Mini Kit (Table 5). 700 µl Trizol and a steel ball was added to the frozen tissue (30 mg) and lysis was 

accomplished in the TissueLyser for 5 minutes at 25 Hz. The supernatant was transferred to the 

QIAshredder column, incubated for 5 minutes at RT and then centrifuged at 18,407 x g for 2 minutes 

at 4 °C. The supernatant was transferred to Maxtract High Density Tubes (Qiagen, Hilden, Germany), 

and 140 µl chloroform was added, following 3 minutes incubation at RT. Then, a centrifugation step at 

12,000 x g for 15 minutes at 4 °C occurred. The resulting aqueous RNA solution was transferred to 1.5 

ml reaction tubes and mixed with 1.5 volume of 70 % EtOH. Subsequently, the RNA was purified using 

miRNeasy-Mini columns and DNase was digested using the RNase-free DNase Set (Table 5), according 

to the manufacturer’s instructions. Then, 350 µl RW-1 buffer was added to the column and centrifuged 
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for 15 seconds at 18,407 x g. 500 µl RPE buffer was added and again centrifuged at 18,407 x g for 15 

seconds. This step was repeated twice. RNA was eluted with 30 µl RNase free water and a final 

centrifugation step at 18,407 x g for 1 minute. Concentration of the RNA eluate was measured 

photometrically at 260 nm using a NanoDrop device (Table 10). Isolated RNA was then provided to our 

in-house Genomic Unit for RNA sequencing. 

 

2.2.5.2 RNA sequencing  

After total RNA isolation, sequencing was performed at our in house genomics platform using Takara 

MARTer® Stranded total RNA-Seq Kit v2 according to manufacturer’s instructions and Illumina NextSeq 

500/550 High Output Kit v2.5 at 50 million reads per sample and paired-end (2x75). Subsequent 

alignment to the mouse GRCm39/mm10 genome was achieved using STAR software (version 2.7.9a) 

(Dobin et al., 2013) and resulting gene expression was compared among the experimental groups 

regarding genotype and training status using DESeq2 software (Love et al., 2014). For levels of 

significance, resulting p-values were corrected for multiple testing following the Benjamini-Hochberg 

procedure (Benjamini and Hochberg, 1995). Enrichment and canonical pathway analyses as well as 

potential upstream target analyses were performed using Ingenuity Pathway Analysis (IPA) software 

(Qjagen, Hilden, Germany) based on fold-changes and level of significance (p-value < 0.01) for all 

analyses. The RNA sequencing was performed by Dr. Birgit Knebel, Dr. Pia Fahlbusch and Sylvia Jacobs. 

Ingenuity Pathway Analysis was conducted by Dr. Christian Binsch.  

 

2.2.6 Statistical analysis  

The data for all the experiments shown in this thesis are presented as mean ± standard error of the 

mean (SEM). The number of mice or samples (n) used for the respective experiment is indicated in the 

corresponding figure legend. Significant differences between two groups with two conditions (training 

and genotype) were determined using two-way ANOVA with recommended Sidak or Tukey post hoc 

tests. Values of p < 0.05 were considered statistical significant and expressed in the figures as follows: 

* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. GraphPad Prism 9 software was used for 

preparing the figures and performing the statistical analysis.  
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3 Results 

Previous studies have shown that whole-body Tbc1d4 deficiency in mice (D4KO) leads to impaired 

glucose tolerance, insulin insensitivity, postprandial hyperglycemia and impaired insulin- and 

contraction-stimulated glucose uptake into skeletal muscle and white adipocytes (de Wendt et al., 

2021, Chadt et al., 2015, Springer PhD thesis, 2018, Xie et al., 2016). Interestingly, a recent study in our 

group has shown that a four weeks chronic exercise intervention on treadmills was able to rescue the 

initially disturbed insulin-stimulated glucose uptake into primary white adipocytes in D4KO animals 

(Springer PhD thesis, 2018). Since TBC1D4 is highly abundant in oxidative Soleus muscle and WAT, the 

question arises which tissue contributes to the observed rescue effect after chronic exercise in D4KO 

mice. Therefore, we generated both skeletal muscle- and white adipocyte-specific Tbc1d4-deficient 

mouse lines (mD4KO and aD4KO, respectively), and subjected them to a chronic exercise intervention. 

Before, during and after the training intervention, we assessed whole-body glycemia, physical fitness 

and substrate utilization in these animals.  

  

3.1 Generation of muscle-specific Tbc1d4 knockout mouse strains  

3.1.1 Generation of inducible muscle-specific Tbc1d4 deficiency   

The generation of a muscle-specific D4KO mouse line required several breeding steps (2.2.2.2). To 

verify the successful deletion of the neomycin resistance cassette and the LacZ reporter gene, a LacZ 

PCR was performed (2.2.3.3) before and after the breeding with Flp deleter mice. The length of the 

LacZ PCR fragment was expected to have a size around 100 bp for heterozygous and homozygous 

floxed animals, before the breeding step with Flp deleter mice. Figure 8A displays the result of the LacZ 

PCR before and after the breeding step with Flp deleter mice. As expected, wildtype (+/+) animals did 

not display a band around 100 bp, whereas heterozygous (+/fl), and homozygous (fl/fl) floxed animals 

exhibited a band, confirming the existence of LacZ in floxed animals. After breeding with Flp deleter 

mice, no bands were detected in wildtype, heterozygous was well as in homozygous floxed animals, 

validating the successful deletion of the LacZ reporter gene.  

Afterwards, floxed animals were backcrossed with C57BL/6 mice and then mated with animals 

overexpressing an inducible HSA-CreER recombinase to achieve a muscle-specific Tbc1d4-deficiency. 

Two different genotyping PCR reactions were performed in order to distinguish the mice regarding 

their modified alleles and to validate the successful generation of mD4KO animals. The first PCR 

reaction aimed to distinguish between WT and heterozygous or homozygous Tbc1d4 floxed allele 
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carriers. The expected size of the floxed PCR fragment was around 400 bp, which was shown for sample 

3, identifying this animal as homozygous for the floxed allele. In comparison, heterozygous carriers of 

the floxed allele (e.g. sample 2) showed two bands around 400 bp and 591 bp, whereas WT mice 

(sample 1) expressed a band around 591 bp (Figure 8B). The second PCR reaction performed was 

designed to distinguish between WT animals and transgenic mice with an overexpression of the CreER 

recombinase under the control of the HSA promotor. The expected fragment size of the HSA-CreER 

allele was around 62 bp. Sample 2 exhibited a strong band around 62 bp, identifying this sample as 

heterozygous overexpressing HSA-CreER recombinase. In comparison, sample 1 exhibited a faint band 

around 62 bp, validating this sample as wildtype (Figure 8C).  

 

Figure 8: Generation and validation of inducible muscle-specific Tbc1d4-deficient mice.  To generate muscle-specific 
Tbc1d4-deficient mice the LacZ reporter gene and neomycin resistance cassette were ablated via breeding with Flp deleter 
mice. To varify the absence of the LacZ gene, a LacZ PCR was performed before, and after mating with Flp deleter animals 
(A). Before the ablation of the LacZ gene, heterozygous and homozygous floxed animals exhibited a band around 100 bp, 
whereas after the mating with Flp deleter mice, no more bands were detectable. In order to identify mD4KO.indu animals, a 
floxed PCR (B) and HSA-CreER PCR (C) were performed. Homozygous floxed animals displayed a band around 400 bp, whereas 
animals overexpressing the HSA-Cre recombinase showed a clear band around 62 bp. 

 

3.1.2 Generation of conventional muscle-specific Tbc1d4-deficient mice  

To generate conventional mD4KO animals, homozygous floxed mice were crossed with transgenic 

animals overexpressing a conventional HSA-Cre recombinase. Two genotyping PCR reactions were 

performed in order to distinguish the mice regarding their modified alleles and to validate the 

successful generation of conventional mD4KO mice. Likewise to the mD4KO.ind mouse line, the first 
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PCR reaction aimed to distinguish between WT and heterozygous or homozygous Tbc1d4 floxed allele 

carriers. Sample 3 exhibited a band around 400 bp, identifying this animal as homozygous for the floxed 

allele. In comparison, heterozygous carriers of the floxed allele (e.g. sample 2) showed two bands 

around 400 bp and 591 bp, whereas WT mice (sample 1) expressed a band around 591 bp (Figure 9A). 

The second PCR reaction performed distinguished between WT animals and transgenic mice with an 

overexpression of the conventional Cre recombinase under the control of the HSA promotor. The 

expected fragment size of the HSA-Cre allele was around 100 bp. Only sample 2 displayed a band 

around this size, identifying this sample as heterozygous overexpressing HSA-Cre recombinase. Sample 

1 exhibited no band around the expected size, validating this sample as wildtype (Figure 9B).  

 

Figure 9: Generation and validation of muscle-specific Tbc1d4-deficient mice.  In order to identify mD4KO animals two 
different PCR reactions were performed. The first reaction aimed to distinguish between WT and heterozygous or 
homozygoes Tbc1d4 floxed allele carriers (A). Homozygous floxed allele carriers display a band around 400 bp. The second 
PCR reaction identified WT animals and transgenic mice with an overexpression of the conventional HSA-Cre recombinase, 
with an expected fragment size of 100 bp (B).  

 

3.2 Metabolic phenotyping of mD4KO.ind mice  

3.2.1 Cre recombinase induction of mD4KO.ind mice  

Previous investigations in our group have shown that tamoxifen treatment induces hernia in male mice 

(data not shown), which was also observed by Ma and colleagues (Ma et al., 2015). Therefore, only 

female animals were treated with tamoxifen to induce a muscle-specific Tbc1d4 deficiency. Muscle-

specific TBC1D4 knockout was verified on protein level via Western blot technology (2.2.4.4). Protein 

abundance analysis revealed that in response to the tamoxifen injection, TBC1D4 protein abundance 

was only reduced by approximately 50 % compared to floxed control mice (Figure 10).  
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Figure 10: Validation of inducible TBC1D4 knockout.  Quantification of TBC1D4 in floxed and mD4KO.ind animals. Protein 
abundance was normalized on GAPDH and given as ratio of the floxed group. Data are presented as mean ± SEM (n=5-7). *** 
P<0.001; unpaired t-test, floxed vs. mD4KO.ind. Floxed controls are displayed in light green colors, whereas mD4KO.ind are 
shown in dark green bars.  

 

3.2.2 The impact of an inducible muscle-specific Tbc1d4 knockout on glucose homeostasis  

One of the most robost phenotypes observed in whole-body D4KO animals is postprandial 

hyperglycemia one hour after refeeding (de Wendt et al., 2021). In order to verify this phenotype in 

mD4KO.ind animals, a fasting and refeeding experiment (2.2.2.9) was performed. In response to the 

refeeding, floxed controls displayed increased blood glucose levels compared to baseline, which 

declined two and four hours after the refeeding (Figure 11A). Likewise, mD4KO.ind displayed elevated 

blood glucose levels in response to the refeeding. Surprisingly, mD4KO.ind animals displayed similar 

blood glucose levels one hour after refeeding compared to their floxed littermates. Likewise, no 

significant differences in blood glucose levels between floxed and mD4KO.ind animals were observed 

at other time points.  

Impaired insulin-stimulated glucose uptake into the oxidative Soleus muscle, presumably due to 

reduced protein abundance of the glucose transporter GLUT4, is another characteristic phenotype 

observed in D4KO mice (Springer PhD thesis, 2018, Chadt et al., 2015, Wang et al., 2013, Hargett et al., 

2016). Therefore, insulin-stimulated glucose uptake into intact isolated Soleus muscle was measured 

ex vivo (2.2.2.10). In response to insulin, floxed animals displayed a significantly increased glucose 

transport (Figure 11B). Similar to whole-body D4KO mice (Springer PhD thesis, 2018) mD4KO.ind 

animals exhibited reduced insulin-stimulated glucose uptake into Soleus compared to their control 
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littermates. However, a trend towards insulin stimulation was observable compared to basal 

conditions in mD4KO.ind animals. As impaired insulin-stimulated glucose uptake in whole-body D4KO 

mice is associated with an approximately 50 % reduction in GLUT4 protein content (Springer PhD 

thesis, 2018), GLUT4 abundance was determined via Western Blot technology (2.2.4.4). Interestingly, 

mD4KO.ind mice displayed only a mild reduction in GLUT4 protein abundance of about 25 % compared 

to floxed control animals (Figure 11C).  

The observed phenotypes in mD4KO.ind animals were less pronounced in comparison to whole-body 

D4KO mice. As the abundance of skeletal muscle TBC1D4 was only ablated around 50 %, it cannot be 

distinguished, whether the milder effects are due to the muscle-specific Tbc1d4 deficiency or due to 

the fact that TBC1D4 was still present. In order to exclude this technically limitation, conventional 

mD4KO animals were generated to enable the analysis of skeletal muscle Tbc1d4 deficiency after a 

chronic exercise intervention.  
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Figure 11: Phenotyping mD4KO.ind animals.  Blood glucose levels after a fasting and refeeding experiment (A). Data are 
shown as mean ± SEM (n=12-13). ## P<0.01, ### P<0.001, #### P<0.0001, basal vs. refed, 2-way ANOVA with Tukey post-
test; floxed vs. mD4KO.ind 2-way ANOVA with Sidak post-test. Insulin-stimulated glucose uptake into oxidative Soleus muscle 
(B). Data are shown as mean ± SEM (n=9-10). #### P<0.0001, Basal vs. Insulin, 2-way ANOVA with Sidak post-test; *** 
P<0.001, Floxed vs. mD4KO.ind, 2-way ANOVA with Sidak post-test. Western Blot quantification (C) of GLUT4 in floxed and 
mD4KO.ind animals. Protein abundance normalized on GAPDH and given as ratio of the floxed group. Data are shown as 
mean ± SEM (5-7). * P<0.05, unpaired t-test. Floxed controls are displayed in light green colors, whereas mD4KO.ind are 
shown in dark green bars.  

  

3.3 Metabolic phenotyping of female conventional mD4KO mice subjected to 

a chronic exercise intervention  

The following paragraph displays the phenotyping of female conventional mD4KO mice after a four 

weeks chronic exercise intervention.  
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3.3.1 Validation of muscle-specific Tbc1d4-deficiency  

In this thesis, both female and male conventional mD4KO mice and respective floxed littermates as 

controls were analyzed. To verify muscle-specific Tbc1d4-deficiency on protein level, a Western Blot 

analysis was performed using TBC1D4-specific antibodies (2.2.4.4). In comparison to floxed control 

animals, no signal for TBC1D4 protein was present in mD4KO Gastrocnemius muscle. As TBC1D4 is 

known to be highly abundant in WAT, TBC1D4 protein abundance was also determined in this tissue 

to determine the specificity of the knockout. TBC1D4 protein was detected in mD4KO animals to a 

similar amount as in floxed control mice (Figure 12).  

 

Figure 12: Validation of muscle-specific TBC1D4 ablation.  Representative Western Blot of TBC1D4 in Gastrocnemius 
(Gastroc) muscle and white adipose tissue (WAT) in female mD4KO and floxed mice.  

 

3.3.2 The impact of a muscle-specific Tbc1d4 knockout on body composition in female 

mice after chronic exercise intervention 

To measure body weight, lean and fat mass, female mD4KO mice were subjected before (week of life 

8) and after the exercise training (week of life 17) to a whole body composition analyzer (NMR) (Table 

10). The body composition measurements pre and post exercise are displayed in the supplement 

(Supplemental Figure 1). Figure 13 shows the body composition of floxed and mD4KO mice in the 

sedentary and trained state, respectively. No differences in body weight were observed between the 

genotypes or the training status (Figure 13A). Likewise, lean mass was unaltered between the groups 

(Figure 13B). Sedentary mD4KO mice showed an increased fat mass in the sedentary state compared 

to Floxed littermates. After the training period, the fat mass decreased in trained mD4KO compared 

to sedentary mD4KO mice, but no differences were observed between Floxed and mD4KO mice in the 

trained state (Figure 13C).  
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Figure 13: Body composition of female mD4KO.  Body weight (A), Lean (B) and Fat mass (C) of sedentary and trained floxed 
and mD4KO mice. Data are shown as mean ± SEM (n=9-12). § P<0.05, floxed vs. mD4KO, unpaired t-test; # P<0.05, sedentary 
vs. trained, unpaired t-test. Pink bars represent floxed control mice, whereas red bars symbolize mD4KO animals. Additionally, 
striped bars demonstrate the trained status.  

 

3.3.3 The impact of a muscle-specific Tbc1d4 knockout on glucose homeostasis in female 

mice after chronic exercise intervention 

Glucose tolerance was assessed via i.p.GTT after a 16 hours fasting period (2.2.2.5). Floxed and mD4KO 

mice showed increased blood glucose levels after i.p. injection of glucose that declined evenly over the 

time of the experiment (Figure 14A). No differences in the area under the curve (AUC) were observed 

between the groups (Figure 14B).  

Insulin sensitivity was measured via i.p.ITT (2.2.2.6). After i.p. injection of insulin, blood glucose levels 

decreased equally in random fed floxed and mD4KO animals in the sedentary and trained state (Figure 

14C). In the sedentary state, mD4KO tended towards reduced AUC compared to floxed mice (Figure 

14D). However, no significant differences in trained floxed and mD4KO were observed. Baseline 

corrected glucose tolernace and insulin sensitivity are displayed in Supplemental Figure 2.  

Postprandial blood glucose levels were determined during a fasting and refeeding experiment 

(2.2.2.9). After a 16 hours fasting period, sedentary and trained floxed and mD4KO animals displayed 

similar blood glucose levels (Figure 14E). One hour after ad libitum refeeding, sedentary mD4KO mice 

exhibited increased postprandial blood glucose levels compared to sedentary floxed animals. 

Interestingly, trained mD4KO mice demonstrated reduced blood glucose levels compared to sedentary 

littermates. Moreover, no statistical difference was observed between trained floxed and trained 

mD4KO mice 1 hour after refeeding. In addition, no alterations in the blood glucose levels were seen 

two and four hours after the refeeding when comparing genotypes and training status. 
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Figure 14: Glucose homeostasis in female mD4KO animals.  Blood glucose levels and AUC (A) after an i.p.GTT. Data are 
shown as mean ± SEM (n=10-11). Floxed vs. mD4KO, 2-way ANOVA with Sidak post-test; sedentary vs. trained, 2-way ANOVA 
with Sidak post-test. Blood glucose levels after an i.p. ITT and calculated AUC (B). Data are shown as mean ± SEM (n=8-12). 
Sedentary vs. trained, 2-way ANOVA with Sidak post-test; floxed vs. mD4KO, 2-way ANOVA with Sidak post-test. Blood glucose 
levels after a fasting and refeeding experiment (C). Data are shown as mean ± SEM (n=8-11). ## P<0.01, ### P<0.001, #### 
P<0.0001, 16 h fasted vs. 1h refed vs. 2h refed vs. 4h refed, 2-way ANOVA with Tukey post-test; ** P<0.01, **** P<0.0001, 
floxed sedentary vs. floxed trained vs. mD4KO sedentary vs. mD4KO trained, 2-way ANOVA with Tukey post-test. Pink bars 
represent floxed control mice, whereas red bars symbolize mD4KO animals. Additionally, striped bars demonstrate the 
trained status. 

 

3.3.4 The impact of a muscle-specific Tbc1d4 knockout on exercise capacity in female mice 

after chronic exercise intervention 

In order to determine exercise capacity after the chronic exercise intervention, time to exhaustion and 

maximum oxygen consumption were measured (2.2.2.7). In the sedentary state, mD4KO mice 

displayed a reduced time to exhaustion compared to floxed control littermates (Figure 15A). After four 

weeks of chronic exercise training, both floxed and mD4KO mice improved their running capacity 

significantly. However, trained mD4KO mice still displayed a reduced time to exhaustion compared to 
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trained floxed animals. The maximum oxygen consumption which is given as the VO2max value was 

unaltered compared the genotypes and training status (Figure 15B). 
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Figure 15: Exercise capacity of female mD4KO mice.  Time to exhaustion (A) and VO2max value (B) determined during indirect 
calorimetry in sedentary and trained floxed and mD4KO mice. Data are shown as mean ± SEM (n=6-12). * P<0.05, ** P<0.01, 
floxed vs. mD4KO, 2-way ANOVA with Sidak post-test; #### P<0.0001, sedentary vs. trained, 2-way ANOVA with Sidak post-
test. Pink bars represent floxed control mice, whereas red bars symbolize mD4KO animals. Additionally, striped bars 
demonstrate the trained status. 

 

3.3.5 Contribution of skeletal muscle TBC1D4 on insulin-stimulated glucose uptake into 

Soleus muscle and primary white adipocytes in female mice after chronic exercise 

intervention 

Whole-body D4KO mice showed dramatically impaired insulin-stimulated glucose uptake into the 

oxidative Soleus muscle and primary white adipocytes, both improved after a chronic exercise 

intervention (Springer PhD thesis, 2018). To validate whether the knockout of Tbc1d4 in skeletal 

muscle is responsible for the previously observed rescue effect, insulin-stimulated glucose uptake into 

Soleus muscle and primary white adipocytes of mD4KO and floxed mice was carried out ex vivo 

(2.2.2.10; 2.2.2.11).  

In the oxidative Soleus muscle, basal glucose uptake was unaltered between floxed and mD4KO mice. 

Likewise the training intervention had no impact on basal glucose uptake (Figure 16A). In response to 

insulin, sedentary and trained floxed animals displayed a significantly increased glucose transport. In 

comparison, no insulin stimulation was observed in sedentary and trained mD4KO mice. Moreover, 

sedentary mD4KO mice showed a significantly impaired insulin-stimulated glucose transport compared 
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to sedentary floxed littermates. Interestingly, after the chronic exercise intervention, glucose transport 

in mD4KO mice was significantly increased, and no statistic difference was observed compared to 

trained floxed mice. Of note, GLUT4 abundance in Soleus muscle was significantly reduced in sedentary 

and trained mD4KO compared to their respective floxed control (Figure 16B).   
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Figure 16: Insulin-stimulated glucose transport into oxidative Soleus muscle.  Insulin-stimulated glucose uptake into Soleus 
muscle (A). Data are shown as mean ± SEM (n=8-12). ## P<0.01, #### P<0.0001, Basal vs. Insulin, 2-way ANOVA with Sidak 
post-test; **** P<0.0001, floxed sedentary vs. floxed trained vs. mD4KO sedentary vs. mD4KO trained, 2-way ANOVA with 
Tukey post-test; § P<0.05, mD4KO sedentary at insulin vs. mD4KO trained at insulin, unpaired t-test. Western Blot 
quantification of GLUT4 (B) in sedentary and trained floxed and mD4KO mice. Protein abundance is normalized on GAPDH 
and given as ratio of sedentary floxed. Data are shown as mean ± SEM (n=8-9). Sedentary vs. trained, 2-way ANOVA with 
Sidak post-test; ## P<0.01, floxed vs. mD4KO, 2-way ANOVA with Sidak post-test; § P<0.05, floxed sedentary vs. mD4KO 
sedentary, unpaired t-test. Pink bars represent floxed control mice, whereas red bars symbolize mD4KO animals. Additionally, 
striped bars demonstrate the trained status. S = sedentary, T = trained. 

 

To further characterize whether the TBC1D4 deficiency in skeletal muscle is responsible for the rescue 

effect observed in WAT of whole-body D4KO mice, ex vivo [14C]-D-glucose uptake was measured in 

isolated adipocytes from gonadal white fat depots (2.2.2.11). No alterations in basal glucose uptake 

were observed between the genotypes or the training status, respectively (Figure 17A). In response to 

insulin, all groups displayed an equally significant increase in glucose transport into primary white 

adipocytes. Likewise, GLUT4 abundance in WAT was unaltered between the genotypes or the training 

status, respectively (Figure 17B).  
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Figure 17: Insulin-stimulated glucose transport into primary white adipocytes.  Insulin-stimulated glucose uptake into 
primary white adipocytes (A). Data are shown as mean ± SEM (n=10-12). #### P<0.0001, Basal vs. Insulin, 2-way ANOVA with 
Sidak post-test. Floxed sedentary vs. floxed trained vs. mD4KO sedentary vs. mD4KO trained, 2-way ANOVA with Tukey post-
test; Western Blot quantification of GLUT4 (B) in WAT of sedentary and trained floxed and mD4KO mice. Protein abundance 
is normalized on GAPDH and given as ratio of sedentary floxed. Data are shown as mean ± SEM (n=5-6). Floxed vs. mD4KO, 
2-way ANOVA with Sidak post-test; Sedentary vs. Trained, 2-way ANOVA with Sidak post-test. Pink bars represent floxed 
control mice, whereas red bars symbolize mD4KO animals. Additionally, striped bars demonstrate the trained status. S = 
sedentary, T = trained. 

 

3.4 Metabolic phenotyping of male conventional mD4KO mice subjected to 

chronic exercise intervention  

Besides female mD4KO, male mD4KO mice were also metabolically characterized before, during and 

after a four weeks chronic exercise intervention.  

 

3.4.1 Validation of muscle-specific Tbc1d4-deficiency  

In this thesis, both female and male conventional mD4KO mice and respective floxed littermates as 

controls were analyzed. To verify muscle-specific Tbc1d4-deficiency on protein level, a Western blot 

analysis was performed using TBC1D4-specific antibodies (2.2.4.4). In comparison to floxed control 

animals, no signal for TBC1D4 protein was present in female as well as male mD4KO Gastrocnemius 

muscle. As TBC1D4 is known to be highly abundant in WAT, TBC1D4 protein abundance was also 

determined in this tissue to determine the specificity of the knockout. TBC1D4 protein was detected 

in female and male mD4KO animals to a similar amount as in floxed control mice (Figure 18).  
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Figure 18: Validation muscle-specific Tbc1d4-defiency.  Representative Western Blot of TBC1D4 in Gastrocnemius (Gastroc) 
muscle and white adipose tissue (WAT) male mD4KO mice. 

 

3.4.2 The impact of a muscle-specific Tbc1d4 knockout on body composition in male mice 

after chronic exercise intervention 

To determine body composition of floxed and mD4KO mice during the four weeks chronic exercise 

intervention, a NMR analyzer was used (Table 10). Body composition was analyzed before (week of life 

8) and after (week of life 17) the chronic exercise intervention. The body composition analysis between 

pre and post exercise is displayed in the supplement (Supplemental Figure 3). Figure 19 displays the 

body composition of sedentary and trained male floxed controls and mD4KO mice. No differences 

were seen in the body weight between floxed and mD4KO mice in the sedentary as well as in the 

trained state (Figure 19A). Likewise, lean mass did not differ between the genotypes or the training 

status, respectively (Figure 19B). No alterations in fat mass between sedentary floxed and mD4KO mice 

were observed (Figure 19C). After the training period, both floxed and mD4KO mice displayed 

significantly reduced fat mass compared to their sedentary littermates. Within the trained cohort, no 

differences between floxed and mD4KO mice were determined. 
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Figure 19: Body composition of male mD4KO animals.  Body weight (A), Lean (B) and Fat mass (C) of sedentary and trained 
floxed and mD4KO mice. Data are shown as mean ± SEM (n=9-12). Floxed vs. mD4KO, 2-way ANOVA with Sidak post-test. # 
P<0.05, sedentary vs. trained, 2-way ANOVA with Sidak post-test. Light orange bars represent floxed controls and dark orange 
bars display mD4KO mice. Additionally, striped bars show the trained situation.  

 

3.4.3 The impact of a muscle-specific Tbc1d4 knockout on glucose homeostasis in male 

mice after chronic exercise intervention 

Glucose tolerance was measured via an i.p.GTT (2.2.2.5) and glucose levels were determined. Floxed 

and mD4KO mice displayed a similar time course during the GTT, and no differences in the AUC were 

measured between the genotypes or the training status, respectively (Figure 20A).  

To determine insulin sensitivity, an i.p.ITT was carried out (2.2.2.6). In response to the insulin injection, 

blood glucose levels decreased over time. No differences in the AUC between sedentary or trained 

floxed and mD4KO mice (Figure 20B). Baseline corrected glucose tolerance and insulin sensitivity is 

displayed in Supplemental Figure 4.  

To analyze postprandial blood glucose levels, a fasting and refeeding experiment was performed 

(2.2.2.9). After 16 hours of fasting, sedentary mD4KO mice displayed reduced blood glucose levels 

compared to sedentary floxed controls (Figure 20C). Moreover, sedentary mD4KO animals showed 

decreased blood glucose levels compared to their trained littermates. One hour after refeeding, 

sedentary mD4KO displayed increased postprandial blood glucose levels compared to sedentary floxed 

animals. Interestingly, the elevated postprandial blood glucose levels in the mD4KO mice were rescued 

after the training intervention, as blood glucose levels of trained mD4KO mice were significantly lower 

compared to sedentary mD4KO. Two and four hours after refeeding, respectively, no differences in 

blood glucose levels were observed between the four groups.  



3. Results 

     68 
   

0 15 30 45 60
0

50

100

150

200

Time (minutes)

B
lo

o
d

 g
lu

c
o

s
e

 (
m

g
/d

l)
 l
e

v
e

ls

a
ft

e
r 

i.
p

. 
 I
T

T

Floxed
sedentary

Floxed
trained

mD4KO
sedentary

mD4KO
trained

Sedentary Trained 

0

3000

6000

9000

12000

A
U

C
 B

lo
o

d
 g

lu
c
o

s
e

 i
.p

.I
T

T

Floxed mD4KO

Sedentary Trained 

0

20000

40000

60000

A
U

C
 B

lo
o

d
 g

lu
c
o

s
e
 i
.p

.G
T

T

Floxed mD4KO

0 15 30 45 60 75 90 105 120
0

100

200

300

400

500

Time (minutes)

B
lo

o
d

 g
lu

c
o

s
e

 (
m

g
/d

l)
 l
e

v
e

ls

a
ft

e
r 

i.
p

. 
 G

T
T

Floxed
sedentary

Floxed
trained

mD4KO
sedentary

mD4KO
trained

A B

C

16h fasted 1h refed 2h refed 4h refed

0

100

200

300

400

500

B
lo

o
d

 g
lu

c
o

s
e
 (

m
g

/d
l)

Floxed
sedentary

Floxed
trained

mD4KO
sedentary

mD4KO
trained

***
**

§

§§

###

####

###

##

#
##

##

 

Figure 20: Glucose homeostasis in male mD4KO animals.  Blood glucose levels and AUC (A) after an i.p.GTT. Data are shown 
as mean ± SEM (n=10-11). floxed vs. mD4KO, 2-way ANOVA with Sidak post-test; sedentary vs. trained, 2-way ANOVA with 
Sidak post-test. Blood glucose levels after an i.p. ITT and calculated AUC (B). Data are shown as mean ± SEM (n=10-11). 
Sedentary vs. trained, 2-way ANOVA with Sidak post-test; floxed vs. mD4KO, 2-way ANOVA with Sidak post-test. Blood glucose 
levels after a fasting and refeeding experiment (C). Data are shown as mean ± SEM (n=9-12). # P<0.05, ## P<0.01, ### P<0.001, 
#### P<0.0001, 16 h fasted vs. 1h refed vs. 2h refed vs. 4h refed, 2-way ANOVA with Tukey post-test; ** P<0.01, *** P<0.001, 
floxed sedentary vs. floxed trained vs. mD4KO sedentary vs. mD4KO trained, 2-way ANOVA with Tukey post-test. § P<0.05, 
floxed sedentary at 16 h fasted vs. mD4KO sedentary at 16 h fasted; §§ P<0.01, mD4KO sedentary at 16 h fasted vs. mD4KO 
trained at 16 h fasted, unpaired t-test. Light orange bars represent floxed controls and dark orange bars display mD4KO mice. 
Additionally, striped bars demonstrate the trained status.  

 

3.4.4 The impact of a muscle-specific Tbc1d4 knockout on exercise capacity in male mice 

after chronic exercise intervention 

In order to determine exercise capacity, animals were subjected to a running protocol on calorimetric 

treadmills to measure time to exhaustion and maximum oxygen consumption (2.2.2.7). In the 

sedentary state, no alterations between floxed and mD4KO animals were observed (Figure 21A). 

Likewise, within the trained group, no differences between the genotypes were seen. However, in 

comparison to sedentary littermates, trained floxed and mD4KO showed a significantly increased 

running capacity.   
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The maximum oxygen consumption, given as the VO2max value, was unaltered in the sedentary state 

between floxed and mD4KO mice (Figure 21B). After the chronic exercise intervention, floxed animals 

displayed a significant increase in the VO2max value. In contrast, no different VO2max value between 

trained and sedentary mD4KO mice were observed. Moreover, trained mD4KO exhibited an impaired 

maximum oxygen consumption compared to trained floxed controls.  
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Figure 21: Exercise capacity of male mD4KO mice.  Time to exhaustion (A) and VO2max value (B) determined during indirect 
calorimetry in sedentary and trained floxed and mD4KO mice. Data are shown as mean ± SEM (n=8-12). * P<0.05, floxed vs. 
mD4KO, 2-way ANOVA with Sidak post-test; # P<0.05, #### P<0.0001, sedentary vs. trained, 2-way ANOVA with Sidak post-
test. Light orange bars represent floxed controls and dark orange bars display mD4KO mice. Additionally, striped bars 
demonstrate the trained status. 

 

3.4.5 The contribution of skeletal muscle TBC1D4 on insulin-stimulated glucose uptake 

into Soleus muscle and primary white adipocytes in male mice after chronic exercise 

intervention 

Insulin-stimulated glucose uptake into isolated Soleus muscle was measured ex vivo using [3H]-2-

deoxyglucose and, in addition, [14C]-mannitol as marker for the extracellular space (2.2.2.10). In the 

basal state, sedentary mD4KO displayed reduced glucose transport compared to sedentary floxed 

controls (Figure 22A). In response to insulin, sedentary and trained floxed animals showed a 

significantly increased glucose uptake. However, neither sedentary nor trained mD4KO mice showed 

an insulin response. Moreover, sedentary and trained mD4KO demonstrated significantly impaired 

insulin-stimulated glucose transport compared to their respective controls. Noteworthy, GLUT4 

abundance in the Soleus muscle was reduced in mD4KO compared to Floxed controls in the sedentary 

as well as in the trained state (Figure 22B).  
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Figure 22: Insulin-stimulated glucose transport into oxidative Soleus muscle.  Insulin-stimulated glucose uptake into Soleus 
muscle (A). Data are shown as mean ± SEM (n=8-13). ## P<0.01, ### P<0.001; Basal vs. Insulin, 2-way ANOVA with Sidak post-
test; ** P<0.01, **** P<0.0001, floxed vs. mD4KO, 2-way ANOVA with Tukey post-test; § P<0.05, sedentary floxed at basal 
vs. sedentary mD4KO at basal, unpaired t-test. Western Blot quantification of GLUT4 (B) in sedentary and trained floxed and 
mD4KO mice. Protein abundance is normalized on GAPDH and given as ratio of sedentary Floxed. Data are shown as mean ± 
SEM (n=12-14). # P<0.05, ### P<0.001, floxed vs. mD4KO, 2-way ANOVA with Sidak post-test; Sedentary vs. trained, 2-way 
ANOVA with Sidak post-test. Light orange bars represent floxed controls and dark orange bars display mD4KO mice. 
Additionally, striped bars demonstrate the trained status. S = sedentary, T = trained.   

Next, insulin-stimulated glucose uptake into primary white adipocytes was determined ex vivo using 

[14C]-D-glucose (2.2.2.11). No alterations between the genotypes or the training status, respectively 

were observed at basal condition (Figure 23A). In response to insulin, floxed as well as mD4KO mice 

exhibited significantly increased glucose uptake in both the sedentary and trained state. Interestingly, 

trained floxed animals presented a significantly increased glucose transport compared to their 

sedentary littermates. In comparison, glucose transport into primary white adipocytes was unchanged 

in trained mD4KO, compared to sedentary animals. Moreover, GLUT4 protein level remained 

unaltered between the genotypes and the training status (Figure 23B).  
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Figure 23: Insulin-stimulated glucose transport into primary white adipocytes.  Insulin-stimulated glucose uptake into 
primary white adipocytes (A). Data are shown as mean ± SEM (n=7-11). ## P<0.01, #### P<0.0001, Basal vs. Insulin, 2-way 
ANOVA with Sidak post-test. Floxed sedentary vs. floxed trained vs. mD4KO sedentary vs. mD4KO trained, 2-way ANOVA with 
Tukey post-test; Western Blot quantification of GLUT4 (B) in WAT of sedentary and trained floxed and mD4KO mice. Protein 
abundance is normalized on GAPDH and given as ratio of sedentary floxed. Data are shown as mean ± SEM (n=5-7). Floxed 
vs. mD4KO, 2-way ANOVA with Sidak post-test; sedentary vs. trained, 2-way ANOVA with Sidak post-test. Light orange bars 
represent floxed control mice, whereas dark orange bars symbolize mD4KO animals. Additionally, striped bars demonstrate 
the trained status. S = sedentary, T = trained. 

 

3.5 Metabolic phenotyping of aD4KO mice subjected to chronic exercise 

intervention 

As TBC1D4 is also highly abundant in WAT, adipocyte-specific TBC1D4 KO (aD4KO) mice were 

generated to verify whether a deficiency of Tbc1d4 in WAT is accountable for the rescue effect in 

glycemic control previously observed in whole-body D4KO mice after chronic exercise training.  

 

3.5.1 Generation and validation of aD4KO mice   

To genotype aD4KO animals, a mouse line carrying floxed Tbc1d4 alleles was bred with a transgenic 

strain overexpressing a Cre recombinase under the control of an adiponectin promotor. Both gene loci 

were analyzed via specific PCR reactions in order to determine the respective genotype of the aD4KO 

mice. In order to distinguish between WT and heterozygous or homozygous Tbc1d4 floxed allele 

carriers, a floxed PCR reaction was performed (2.2.3.3). Homozygous Tbc1d4 floxed allele carriers 

exhibit a band around 400 bp, which was seen in sample 3. In comparison, sample 2 displayed two 
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bands around 400 bp and 591 bp, classifying this animal as heterozygous carrier for the floxed allele, 

while sample 3 was identified as WT mice, as it expressed a band around 591 bp (Figure 24A). The 

second PCR reaction aimed to distinguish between WT animals and transgenic mice with a 

heterozygous overexpression of the Cre recombinase under the control of the adiponectin promotor. 

The expected fragment sizes of the adiponectin-Cre allele was around 324 bp and 531 bp. Only sample 

2 displayed both bands at the expected sizes, identifying this sample as heterozygous overexpressing 

adiponectin-Cre recombinase. Sample 1 exhibited a band around 324 bp, validating this sample as 

wildtype (Figure 24B).  

 

Figure 24: Validation of adipocyte-specific Tbc1d4-deficient mice.  In order to identify aD4KO mice two different PCR 
reactions were performed. The first reaction aimed to distinguish between WT and heterozygous or homozygous Tbc1d4 
floxed allele carriers (A). Homozygous floxed allele carriers display a band around 400 bp. The second PCR reaction identified 
WT animals and transgenic mice overexpressing adiponectin-Cre recombinase, with two expected fragments around 324 bp 
and 531 bp (B).   

On protein level, adipocyte-specific Tbc1d4-deficiency could be confirmed, as WAT from aD4KO was 

lacking TBC1D4 in contrast to WAT from floxed mice (Figure 25). In comparison, Soleus muscle of 

aD4KO displayed a TBC1D4 band around 160 kDa.  

 

Figure 25: Validation of adipocyte-specific Tbc1d4-deficiency in aD4KO animals.  Representative Western Blot of TBC1D4 in 
WAT and Soleus of aD4KO animals.  
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3.5.2 The impact of an adipocyte-specific Tbc1d4 knockout on body composition in male 

mice after chronic exercise intervention 

Body composition was measured by a NMR analyzer (Table 10). Body composition was analyzed before 

(week of life 8) and after (week of life 16) the chronic exercise intervention. The body composition 

analysis between pre and post exercise is displayed in the supplement (Supplemental Figure 5). Figure 

26 displays the body composition of sedentary and trained male floxed controls and aD4KO mice after 

the exercise training. No differences in body weight between Floxed and aD4KO animals in the 

sedentary or trained state were detected (Figure 26A). Likewise, lean mass was unaltered between the 

genotypes or the training status (Figure 26B). Moreover, fat mass did not differ in sedentary and 

trained aD4KO compared to their Floxed littermates (Figure 26C).  
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Figure 26: Body composition of aD4KO mice.  Body weight (A), Lean (B) and Fat mass (C) of sedentary and trained Floxed and 
aD4KO mice. Data are shown as mean ± SEM (n=7-10). Floxed vs. aD4KO, 2-way ANOVA with Sidak post-test, sedentary vs. 
trained, 2-way ANOVA with Sidak post-test. Light blue bars represent floxed controls and dark blue bars display aD4KO mice. 
Additionally, striped bars show the trained condition. 

 

3.5.3 The effect of adipocyte-specific Tbc1d4 deficiency on whole-body glucose 

homeostasis after chronic exercise intervention 

Glucose homeostasis was measured via an i.p.GTT after a fasting period of 16 hours and blood glucose 

levels were determined (2.2.2.5). All animals displayed rising blood glucose levels after glucose 

injection (Figure 27A). Interestingly, sedentary aD4KO exhibited significantly higher blood glucose 

levels 15 minutes and 30 minutes after the glucose injection compared to sedentary floxed mice. The 

impaired glucose tolerance was also reflected in the AUC, which was increased in sedentary aD4KO 

compared to their floxed littermates (Figure 27B). In the trained state, no differences in glucose 
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clearance between floxed and aD4KO animals were measured, which is presented in the AUC. 

Interestingly, due to the chronic exercise intervention, trained aD4KO displayed decreased blood 

glucose levels 15 minutes post glucose injection in comparison to their sedentary controls. These 

improvements were also observed in the AUC, which tended to be reduced in trained aD4KO compared 

to the sedentary state.  

Insulin sensitivity was measured via an i.p.ITT (2.2.2.6). Blood glucose levels declined similarly during 

the time course in sedentary and trained Floxed and aD4KO mice (Figure 27C). This observation was 

also reflected in the AUC calculation. Baseline corrected glucose tolerance and insulin sensitivity are 

displayed in Supplemental Figure 6.  

Fasting as well as postprandial blood glucose levels were measured via a fasting and refeeding 

experiment (2.2.2.9). After a fasting period of 16 hours, basal blood glucose levels were reduced in 

sedentary aD4KO mice compared to sedentary floxed animals (Figure 27D). Moreover, after the 

chronic exercise intervention, trained floxed animals displayed a significant reduction in basal blood 

glucose levels compared to their sedentary controls. One hour after refeeding, sedentary aD4KO mice 

displayed postprandial hyperglycemia compared to their respective floxed control littermates. 

Surprisingly, even after the chronic exercise intervention, aD4KO mice still exhibited postprandial 

hyperglycemia compared to trained floxed mice. Two hours after refeeding, trained aD4KO displayed 

increased blood glucose levels compared to trained floxed animals and sedentary aD4KO mice.  
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Figure 27: Glucose homeostasis in aD4KO animals.  Blood glucose levels (A) after an i.p.GTT. Data are shown as mean ± SEM 
(n=9-11). § P<0.05, floxed sedentary vs. floxed trained at 15 min post injection, 2-way ANOVA with Tukey post-test; $ P<0.05, 
aD4KO sedentary vs. aD4KO trained at 15 min post injection, 2-way ANOVA with Tukey post-test; *** P<0.001, floxed 
sedentary vs. aD4KO sedentary at 30 min post injection, 2-way ANOVA with Tukey post-test; $$ P<0.01, aD4KO sedentary vs. 
aD4KO trained at 30 min post injection; Respective AUC (B) after an i.p.GTT. Data are shown as mean ± SEM (n=9-11). * 
P<0.05, floxed vs. aD4KO, 2-way ANOVA with Sidak post-test; # P<0.05, sedentary vs. trained, 2-way ANOVA with Sidak post-
test. Blood glucose levels after an i.p. ITT and calculated AUC (C). Data are shown as mean ± SEM (n=8-9). Floxed vs. aD4KO, 
2-way ANOVA with Sidak post-test; sedentary vs. trained, 2-way ANOVA with Sidak post-test. Blood glucose levels after a 
fasting and refeeding experiment (D). Data are shown as mean ± SEM (n=8-12). # P<0.05, ## P<0.01, ### P<0.001, #### 
P<0.0001, 16 h fasted vs. 1h refed vs. 2h refed vs. 4h refed, 2-way ANOVA with Tukey post-test; * P<0.05, *** P<0.001, **** 
P<0.0001, floxed sedentary vs. floxed trained vs. aD4KO sedentary vs. aD4KO trained, 2-way ANOVA with Tukey post-test. 
Light blue bars represent floxed control mice, whereas dark blue bars symbolize aD4KO animals. Additionally, striped bars 
demonstrate the trained status. 

  

3.5.4 The effect of a adipocyte-specific Tbc1d4 deficiency on exercise capacity after chronic 

exercise intervention 

To evaluate the exercise capacity of aD4KO animals after a chronic exercise intervention, the time to 

exhaustion and VO2max value were measured on calorimetric treadmills (2.2.2.7). Time to exhaustion 

was comparable between sedentary floxed and aD4KO mice (Figure 28A). In response to the chronic 

exercise intervention, time to exhaustion increased in floxed mice. In comparison, aD4KO did not 

improve their running capacity after the exercise training. Moreover, trained aD4KO displayed a 
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reduced exercise capacity compared to their respective floxed controls. In comparison, VO2max value 

was unaltered between the genotypes and training status (Figure 28B).  
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Figure 28: Exercise capacity of aD4KO mice.  Time to exhaustion (A) and VO2max value (B) determined during indirect 
calorimetry in sedentary and trained floxed and aD4KO mice. Data are shown as mean ± SEM (n=7-13). * P<0.05, floxed vs. 
aD4KO, 2-way ANOVA with Sidak post-test; #### P<0.0001, sedentary vs. trained, 2-way ANOVA with Sidak post-test. Light 
blue bars represent floxed control mice, whereas dark blue bars symbolize aD4KO animals. Additionally, striped bars 
demonstrate the trained status. 

 

3.5.5 The contribution of adipose tissue TBC1D4 on insulin-stimulated glucose uptake into 

Soleus muscle and primary white adipocytes in male mice after chronic exercise 

intervention 

Glucose uptake into oxidative Soleus muscle was measured ex vivo (2.2.2.10). No differences in the 

basal glucose transport were observed between the genotypes or the training status, respectively 

(Figure 29A). In response to insulin, sedentary and trained floxed and aD4KO animals displayed a 

significantly increased glucose transport. However, no differences were observed between the 

genotypes. Similar to the observed results in glucose transport, GLUT4 abundance in Soleus muscle 

was unaltered in floxed and aD4KO mice in both the sedentary and trained state (Figure 29C).  
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Figure 29: Insulin-stimulated glucose uptake into Soleus muscle.  Insulin-stimulated glucose uptake into Soleus muscle (A). 
Data are shown as mean ± SEM (n=7-13). # P<0.05, ## P<0.01, ### P<0.001; Basal vs. Insulin, 2-way ANOVA with Sidak post-
test; floxed sedentary vs. floxed trained vs. aD4KO sedentary vs. aD4KO trained, 2-way ANOVA with Tukey post-test. Outlier 
determined with GraphPad Grubb’s outlier test. Western Blot quantification of GLUT4 (B) in sedentary and trained floxed and 
aD4KO mice. Protein abundance is normalized on GAPDH and given as ratio of sedentary floxed. Data are shown as mean ± 
SEM (n=9-12). Floxed vs. aD4KO, 2-way ANOVA with Sidak post-test; Sedentary vs. Trained, 2-way ANOVA with Sidak post-
test. Light blue bars represent floxed control mice, whereas dark blue bars symbolize aD4KO animals. Additionally, striped 
bars demonstrate the trained status. S = sedentary, T = trained.   

 

Insulin-stimulated glucose transport into primary white adipocytes was measured ex vivo with the help 

of [14C]-D-glucose (2.2.2.11). Basal glucose uptake was unaltered between the genotypes and the 

training status (Figure 30A). In response to insulin, sedentary and trained floxed mice showed a 

significantly increased glucose transport. In comparison, sedentary aD4KO mice did not display an 

insulin response, furthermore, insulin-stimulated glucose uptake was significantly impaired compared 

to sedentary floxed animals. Unexpectedly, insulin-stimulated glucose uptake was still blunted in 

trained aD4KO animals. Further, glucose transport in trained aD4KO was significantly impaired 

compared to trained floxed mice. The blunted insulin-stimulated glucose uptake in aD4KO animals was 

accompanied by reduced GLUT4 protein abundance compared to floxed littermates (Figure 30B). 
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Figure 30: Insulin-stimulated glucose uptake into primary white adipocytes.  Insulin-stimulated glucose uptake into primary 
white adipocytes (A). Data are shown as mean ± SEM (n=8-12). #### P<0.0001, Basal vs. Insulin, 2-way ANOVA with Sidak 
post-test; *** P<0.001, **** P<0.0001, floxed sedentary vs. floxed trained vs. aD4KO sedentary vs. aD4KO trained, 2-way 
ANOVA with Tukey post-test. Western Blot quantification of GLUT4 (B) in WAT of sedentary and trained floxed and aD4KO 
mice. Protein abundance is normalized on GAPDH and given as ratio of sedentary floxed. Data are shown as mean ± SEM 
(n=7-11). # P<0.05, ### P<0.001, floxed vs. aD4KO, 2-way ANOVA with Sidak post-test; sedentary vs. trained, 2-way ANOVA 
with Sidak post-test. Outlier were determined via GraphPad Grubb’s outlier test. Light blue bars represent floxed control 
mice, whereas dark blue bars symbolize aD4KO animals. Additionally, striped bars indicate the trained status. S = sedentary, 
T = trained.  

 

3.6 The impact of TBC1D4 knockout on the skeletal muscle transcriptome 

after chronic exercise intervention  

The previously obtained results demonstrated that neither muscle-specific nor adipocyte-specific 

Tbc1d4-deficiency led to a full improvement in insulin-stimulated glucose uptake into primary white 

adipocytes after chronic exercise as demonstrated in the whole-body D4KO mice. These surprising 

results led to the assumption that Tbc1d4-deficient skeletal muscle secretes a factor in response to 

exercise that affects insulin sensitivity of Tbc1d4-deficient WAT. Therefore, an RNA sequencing 

approach (2.2.5.2) of Gastrocnemius muscle from sedentary and trained floxed and mD4KO mice, 

respectively was performed in order to gain further insights into the underlying cellular pathways.  
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3.6.1 Differentially regulated gene expression in Tbc1d4-deficient skeletal muscle after 

chronic exercise intervention  

In order to elucidate which genes potentially play an important role in promoting insulin sensitivity in 

Tbc1d4-deficient mice, global gene expression of Gastrocnemius muscle was analyzed and visualized 

between sedentary and trained mD4KO mice and their corresponding floxed control animals (Figure 

31). Outliers within the analyzed groups were identified with a Principal Component Analysis (PCA), 

which displays the variance (in percent) between samples in the same condition. Consequently, one 

sample in the sedentary mD4KO group was excluded from further analysis (Supplemental Figure 7). 

Comparing the different conditions in regard with genotype and training status, various differentially 

regulated genes were revealed (Figure 31A, P < 0.05). A comparable number of genes was differentially 

regulated due to the training intervention in both genotypes, with 475 genes in floxed control mice 

and 554 genes in mD4KO animals (Figure 31A). By comparing the genotypes, a smaller number of genes 

was differentially regulated at the sedentary state, with 760 differentially regulated transcripts (Figure 

31A and C) and 1173 differentially regulated genes in the trained state between floxed and mD4KO 

mice (Figure 31A and D). The overlap of differentially regulated genes between floxed and mD4KO 

mice in the sedentary and trained state involves 158 genes (Figure 31B).  
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Figure 31: Differential gene expression in mD4KO and floxed mice in the sedentary and trained state. Skeletal muscle 
transcriptome of sedentary and trained floxed and mD4KO mice was analyzed using RNA Sequencing and subsequently tested 
for differential gene expression. Numbers of differentially expressed genes between the different experimental conditions 
(A). Overlap of differentially regulated genes due to the exercise training between the genotypes (B). Corresponding volcano 
plots displaying the size of differential regulation and size of significance (C, D). Significance threshold was set at p < 0.05 (n 
= 3-4).   

After correction for multiple testing (adjusted p-value < 0.05), 15 genes were up- and 39 genes were 

downregulated in trained mD4KO compared to floxed littermates. The top 15 up- and downregulated 

genes are listed in Table 21 and Table 22, respectively. In order to further characterize the identified 

genes with regard to their cellular location, molecular function and biological process, respective gene 

ontology (GO) terms were included. Genes that are located within the extracellular space and/or are 

associated with intracellular transport, exocytosis and cell-cell signaling might be of special interest for 

further analysis, as these genes might be secreted itself or play a regulatory role in the processing of 

secreted factors. Thereby, they might alter the secretory profile of mD4KO mice after the chronic 

exercise training. Applying a filter regarding the cellular component, Npnt (Log2 Fold change = -1.155), 

Angptl4 (Log2 Fold change = -1.111), Glb1l2 (Log2 Fold change = -1.100) and Apod (Log2 Fold change 

= -0.722) were found to be in the extracellular space, matrix or region. In contrast, Sytl2 (Log2 Fold 

change = 0.867), Ccdc88c (Log2 Fold change = 0.393) and Arhgef17 (Log2 Fold change = 0.300) 

remained after filtering regarding “intracellular transport”, “exocytosis” and “cell-cell signaling”. 
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Interestingly, of these top regulated genes, only Fgfbp1 (Log2 Fold change = -2.017) and Adamts20 

(Log2 Fold change = 0.774) displayed both criteria, as they were observed to be located in the 

extracellular space and associated with cell-cell signaling and signal transduction. Therefore, these two 

genes might be interesting target genes for further functional analysis.  

Table 21: The 15 top downregulated genes in trained mD4KO compared to floxed littermates 

Gene 
Log2 Fold 
Change 

Adj. P-
value 

GO term 
Cellular 

component 

GO term       
Molecular function  

GO term     
Biological process 

Fgfbp1 -2.017 6.17E-07 
Extracellular 

space 
Growth factor 

binding 

Cell-cell signaling, 
fibroblast growth 
factor signaling 

Fos -1.914 1.44E-02 
Cytosol, 
nucleus 

DNA binding, 
transcription factor 

Skeletal muscle 
differentiation and 

proliferation 

Dach2 -1.455 1.37E-04 Nucleus 
DNA binding, 

transcription factor 
Regulation of 
transcription 

Cd28 -1.243 2.84E-03 
Plasma 

membrane 
Protein binding, 
protease binding  

Immune response, T 
cell activation and 

proliferation 

Tbc1d4 -1.200 7.45E-10 Cytosol 
GTPase activator 

activity 
Vesicle-mediated 

transport 

Npnt -1.155 1.44E-06 
Extracellular 

matrix, plasma 
membrane 

Integrin binding, 
calcium binding 

Cell-cell adhesion, 
ECM organization 

Angptl4 -1.111 1.74E-03 
Extracellular 

space 
Signaling receptor 

binding 
Lipid metabolic 

process 

Glb1l2 -1.100 3.59E-04 
Extracellular 

region 
Beta-galactosidase 

activity 
Carbohydrate 

metabolic process 

Odc1 -0.870 1.91E-06 Cytosol 
Decarboxylase 

activity  
Cell population 

proliferation 

Cebpd -0.805 4.73E-02 Nucleus 
DNA binding, 

transcription factor 
Regulation of cell 

differentiation  

Slc40a1 -0.774 8.35E-08 
Cytosol, plasma 

membrane 

Metal ion binding, 
transmembrane 

transporter activity 
Ion transport 

Aldh1a1 -0.764 3.86E-06 
Cytosol, 
nucleus 

Dehydrogenase 
activity 

Apoptotic process  
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Mafb -0.740 1.44E-02 Nucleus  
DNA binding, 

transcription factor 
Regulation of 
transcription 

Gfpt2 -0.735 2.75E-02 Cytosol 

Transaminase 
activity, 

carbohydrate 
derivate binding 

Energy reserve 
metabolic process 

Apod -0.722 1.80E-02 
Cytoplasm, 

extracellular 
space 

Cholesterol binding Lipid transport 

  

Table 22: The 15 top upregulated genes in trained mD4KO compared to floxed littermates.  

Gene 
Log2 
Fold 

Change 

Adj. P-
value 

GO term 
Cellular 

component 

GO term       
Molecular function  

GO term   
Biological process 

Atp1a4 1.507 3.44E-02 
Plasma 

membrane 
ATP binding, ATP 
hydrolysis activity 

Cellular ion 
homeostasis 

Catsperg1 1.475 3. 33E-02 Motile cilium Cell differentiation - 

Chrna1 1.061 1.22E-06 
Plasma 

membrane, 
synapse 

Acetylcholine binding  

Signal 
transduction, 

skeletal muscle 
contraction 

Sytl2 0.867 3.46E-02 
Cytoplasm, 

plasma 
membrane 

Small GTPase binding  
Exocytosis, 
intracellular 

protein transport 

Cited4 0.837 2.57E-05 
Cytoplasm, 

nucleus 
Transcription 

coactivator activity 

Response to 
estrogen, DNA 
transcription 

Adamts20 0.774 2.09E-02 
Extracellular 

space 
Endopeptidase activity  

Signal 
transduction, ECM 

organization 

Mpp3 0.764 7.13E-03 
Plasma 

membrane 
PDZ domain binding - 

Lrtm1 0.730 2.38E-03 
Plasma 

membrane 
Heparin binding 

Negative 
chemotaxis, 

synapse assembly 

Map3k7cl 0.726 5.81E-03 
Cytosol, 
nucleus 

- - 
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Tspan13 0.601 2.44E-04 
Plasma 

membrane 
Calcium channel 

regulatory activity 

Regulation of 
calcium ion 

transmembrane 
transport 

Klhl40 0.533 2.19E-02 Cytoplasm - 
Skeletal muscle 
development 

Rps6kc1 0.443 5.81E-03 
Endosome, 
lysosome 

ATP binding, protein 
serine kinase activity  

Protein 
phosphorylation 

Ccdc88c 0.393 3.44E-02 Cytoplasm G-protein binding 
Small GTPase 

mediated signal 
transduction 

Pdlim3 0.330 4.88E-02 Cytosol Actin binding 
Muscle structure 

development 

Arhgef17 0.300 4.86E-02 Cytosol 
Guanyl-nucleotide 

exchange factor 
activity 

Actin cytoskeleton 
organization, 

regulation of small 
GTPase mediated 

signal transduction  

 

3.6.2 ConsensusPathDB enrichment analysis of Tbc1d4-deficient skeletal muscle after 

chronic exercise intervention  

A gene set over-representation analysis using the tool  “ConsensusPathDB” (CPDB) (Herwig et al., 2016) 

was performed across multiple publicly available databases and repositories (e.g. KEGG and 

Reactome), with the aim to elucidate canonical pathways that were exclusively over-represented in 

trained mD4KO animals compared to their trained floxed controls. Therefore, pathways that were 

already described in trained vs. sedentary floxed, trained vs. sedentary mD4KO and sedentary mD4KO 

vs. sedentary floxed were excluded (Supplemental Figure 9). Differentially expressed genes below a 

significance threshold of p < 0.01 were introduced into the overrepresentation analysis. The analysis 

revealed 11 pathways exclusively over-represented in trained mD4KO compared to trained floxed 

animals (adjusted p-value < 0.01) (Table 23). Table 23 is divided into the respective pathway name and 

underlying database. Furthermore, adjusted p-value and annotated pathway size are depicted, as well 

as the amount of containing candidate genes within the pathway. Among the enriched signaling 

pathways were the “Adipocytokine signaling pathway” (adj. p-value = 0.00235), the “PPAR signaling 

pathway” (adj. p-value = 0.0065) and the “Thermogenesis pathway” (adj. p-value = 0.00744).  
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Table 23: CPDB enrichment analysis floxed trained vs. mD4KO trained  

Pathway  Database Adj. p-value Pathway size Candidates 

contained (%) 

Arrhythmogenic right 
ventricular 
cardiomyopathy 

KEGG 3.78E-04 77 10 (12.99 %) 

Dilated cardiomyopathy KEGG 6.01E-04 94 10 (10.64 %) 

Intracellular metabolism 
of fatty acids regulates 
insulin secretion 

Reactome 6.01E-04 3 3 (100.00 %) 

Metabolism Reactome 2.33E-03 1702 52 (3.06 %) 

Adipocytokine signaling 
pathway  

KEGG 2.35E-03 71 8 (11.27 %) 

Arginine and proline 
metabolism 

KEGG 2.54E-03 54 7 (12.96 %) 

Metabolism of 
polyamines 

Reactome 3.22E-03 13 4 (30.77 %) 

Diabetic cardiomyopathy KEGG 4.19E-03 211 13 (6.16 %) 

Cardiac muscle 
contraction 

KEGG 6.09E-03 87 8 (9.20 %) 

PPAR signaling pathway KEGG 6.50E-03 89 8 (8.99 %) 

Thermogenesis KEGG 7.44E-03 230 13 (5.65 %) 

   

3.6.3 Predicted upstream regulators of Tbc1d4-deficient skeletal muscle after a chronic 

exercise intervention  

In order to identify potential upstream regulators involved in differential gene expression in trained 

mD4KO compared to their floxed littermates, an expression analysis was conducted using Ingenuity 

Pathway Analysis (IPA) (2.2.5.2). In total, 448 upstream regulators with a p-value < 0.01 were predicted 

to be affected in trained mD4KO compared to their floxed controls. Thereof, 39 upstream regulators 

were predicted to be inhibited, whereas nine upstream regulators were predicted to be activated (Z-

Score > |2|). No prediction regarding their activation state could have been made for 400 of the 

affected upstream regulators. Figure 33A summarizes the 15 most significant (predicted) inhibited 

upstream regulators. Of these, the most inhibited upstream regulator was STAT3 (Z-Score = -3.285), 

followed by TCF7L2 (Z-Score = -3.046) and LIF (Z-Score = -2.882). In comparison, the predicted activated 

upstream regulators are displayed in Figure 33B. Here, the most predicted activated upstream 
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regulator was SIRT3 (Z-Score = 2.635), followed by APOE (Z-Score = 2.573) and TSC2 (Z-Score = 2.333). 

All predicted upstream regulators are listed in the supplement (Supplemental Table 2-5).  
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Figure 32: Predicted Upstream regulators. Predicted activated (A) and inhibited (B) upstream regulators in trained mD4KO 
mice compared to trained floxed controls.  

 

3.6.4 Predicted molecular functions and diseases of Tbc1d4-deficient skeletal muscle after 

chronic exercise intervention  

Next to the canonical pathways and upstream regulators, further over-representation analysis of 

diseases and molecular function were assessed using IPA. Based on this analysis molecular functions 

and diseases were identified that were affected in trained mD4KO compared to floxed littermates. 

Table 24 summarizes the 15 most significant predicted and inhibited and activated molecular functions 

in trained mD4KO mice compared to respective floxed littermates. Trained mD4KO mice displayed a 

predicted inhibited activity regarding “Organismal Development” (Z-Score = -2.401), “Gene 

expression” (Z-Score = -2.165) and “Molecular Transport” (Z-Score = 2.117) in contrast to the floxed 

controls. In comparison, “Organismal Survival” (Z-Score = 3.05) showed a predicted activation in 

trained mD4KO animals. A table with all significant annotated molecular functions and diseases is listed 

in the supplement (Supplemental Table 6-9).  
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Table 24: Predicted molecular functions  

Diseases or Functions Annotation Activation Z-score p-value 

Organismal Development -2,401 2,10E-06 

Embryonic Development,Organismal Development -2,401 3,46E-06 

Cell-To-Cell Signaling and Interaction,Cellular Assembly 
and Organization 

-2,226 6,02E-06 

Lipid Metabolism,Small Molecule Biochemistry -2,54 1,50E-04 

Carbohydrate Metabolism,Molecular Transport,Small 
Molecule Biochemistry 

-2,201 2,60E-04 

Lipid Metabolism,Small Molecule Biochemistry,Vitamin 
and Mineral Metabolism 

-2,651 3,68E-04 

Molecular Transport -2,117 3,90E-04 

Cellular Assembly and Organization,Cellular Function and 
Maintenance 

-2,471 5,20E-04 

Organismal Survival 3.05 6.54E-07 

 

In conclusion, the present study shows that in contrast to the whole-body knockout, tissue-specific 

TBC1D4 ablation in skeletal muscle or adipose tissue alone did not lead to pronounced improvements 

in WAT after a chronic exercise intervention (Figure 33). While mD4KO mice displayed an impaired 

glucose transport and reduced GLUT4 abundance in skeletal muscle, aD4KO mice exhibited 

impairments in glucose uptake exclusively in the WAT. Both tissue-specific knockout mouse lines were 

characterized by postprandial hyperglycemia, but only mD4KO animals had improved postprandial 

glycemia in response to chronic exercise. However, aD4KO mice were glucose intolerant, which was 

restored after the training intervention. Therefore, both tissues in concordance might be responsible 

for the exercise-mediated improvements observed in trained whole-body D4KO mice. Furthermore, it 

is hypothesized that the Tbc1d4-deficient skeletal muscle secretes in response to chronic exercise a 

factor that affects insulin sensitivity of Tbc1d4-deficient WAT. The conducted transcriptome analysis 

in Tbc1d4-deficient skeletal muscle revealed that the TBC1D4 ablation, in concordance with chronic 

exercise, is associated with impairments in skeletal muscle development and lipid metabolism. Both 

physiological alterations could lead to changes in the secretory profile of Tbc1d4-deficient skeletal 

muscle, thereby further affecting insulin sensitivity of Tbc1d4-deficient WAT.  
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Figure 33: Key findings in tissue-specific Tbc1d4-deficient mice after chronic exercise training.  mD4KO animals (orange 
arrows) display an impaired insulin-stimulated glucose uptake into oxidative skeletal muscle fibers, attributed due to a 
reduced GLUT4 protein abundance. However, chronic exercise intervention in these animals (light orange arrows) did not 
rescue glucose uptake into skeletal muscle or WAT. Furthermore, mD4KO mice exhibit postprandial hyperglycemia, which 
was restored after the chronic exercise training. The performed transcriptome analysis indicates that the Tbc1d4-deficient 
skeletal muscle might secrete in response to chronic exercise specific factors (Fgfbp1, Il-1β, Angptl4) that could further 
positively affect insulin sensitivity of Tbc1d4-deficient white adipocytes. In comparison, glucose uptake into primary white 
adipocytes was impaired in aD4KO mice (blue arrows), accompanied by reduced GLUT4 protein abundance. However, chronic 
exercise failed to rescue glucose transport and GLUT4 abundance in these animals (light blue arrows). Additionally, adipocyte-
specific Tbc1d4-deficiency results in postprandial hyperglycemia and glucose intolerance, but only the latter one was rescued 
after chronic exercise. Modified from Springer 2018.   
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4 Discussion  

Recently, a loss-of-function variant in the human TBC1D4 gene (p.Arg684Ter) was identified in the 

indigenous Greenlandic population that confers TBC1D4 deficiency specifically in skeletal muscle. 

Homozygous p.Arg684Ter allele carriers exhibit postprandial hyperglycemia and an increased risk to 

develop T2DM (Moltke et al., 2014). Whole-body Tbc1d4-deficient (D4KO) mice reflect the human 

phenotype in demonstrating postprandial hyperglycemia, caused by impaired insulin-stimulated 

glucose uptake into skeletal muscle and white adipose tissue (WAT), accompanied by reduced GLUT4 

protein abundance (Chadt et al., 2015, de Wendt et al., 2021). Regular exercise training results in 

enhanced insulin-stimulated glucose uptake and a restored GLUT4 abundance into primary white 

adipocytes but not skeletal muscle (Springer PhD thesis, 2018). This project aims to elucidate the 

specific contribution of skeletal muscle and WAT to the observed exercise-mediated improvements in 

whole-body glycemia of D4KO mice. The present study indicates that both, skeletal muscle and WAT, 

in concordance are responsible for the TBC1D4-dependent improvements in whole-body glycemia in 

the trained state. We hypothesize that specific alterations in the secretory profile of Tbc1d4-deficient 

skeletal muscle after exercise training bridges the gap to Tbc1d4-deficient WAT, conferring enhanced 

insulin sensitivity in the latter.   

 

4.1 Skeletal muscle-specific Tbc1d4-deficiency resembles in part whole-body 

TBC1D4 ablation after chronic exercise  

4.1.1 Postprandial hyperglycemia in mD4KO mice is rescued after chronic exercise 

intervention  

The current study shows that muscle-specific Tbc1d4-deficiency led to pronounced postprandial 

hyperglycemia. Thereby, mD4KO mice resemble homozygous allele carriers of a TBC1D4 loss-of-

function variant and whole-body D4KO mice (Moltke et al., 2014, de Wendt et al., 2021). Another study 

also demonstrated the significant contribution of skeletal muscle TBC1D4 in maintaining postprandial 

glycemia (Xie et al., 2016). However, Yang et al. provided evidence that the p.Arg684Ter mutation in 

Tbc1d4 does not specifically account for impairments in the glycemic control in mice (Yang et al., 2021). 

They showed that a TBC1D4R691X mutation (this residue is orthologous to human TBC1D4Arg684) in mice, 

which selectively affects the long TBC1D4 variant, results in normal postprandial blood glucose levels 

(Yang et al., 2021). This might be due to alternative splicing in Tbc1d4 that induces the expression of 

the short TBC1D4 isoform in skeletal muscle, which is usually expressed in WAT. As a consequence of 
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this compensatory response, TBC1D4R691X mice displayed physiological protein levels of TBC1D4 and 

GLUT4, thereby maintaining normal postprandial glycemia (Yang et al., 2021). However, this 

compensation might be species dependent, as no compensatory expression of the short TBC1D4 

isoform was observed in skeletal muscle of rats expressing a TBC1D4R693X mutation (this residue is 

orthologous to murine TBC1D4R691X). Thereby, TBC1D4R693X knockin rats displayed postprandial 

hyperglycemia and decreased TBC1D4 and GLUT4 protein abundances (Yang et al., 2021).  

Importantly, homozygous p.Arg684Ter allele carriers improved their postprandial blood glucose levels 

after a voluntary exercise intervention (Schnurr et al., 2021). These data implicate that already a 

moderate daily physical activity leads to pronounced improvements in whole-body glycemia, at least 

in homozygous allele carriers of a TBC1D4 nonsense variant. Likewise, mD4KO mice displayed a similar 

response to the chronic exercise training. The initially observed postprandial hyperglycemia in mD4KO 

animals was rescued after the chronic exercise intervention. These data support the assumption that 

the benefit of physical activity on lowering postprandial blood glucose levels might be mediated via a 

TBC1D4-independent muscle-specific pathway and/or tissue crosstalk from skeletal muscle to other 

tissues with an intact TBC1D4 signaling (Schnurr et al., 2021).  

 

4.1.2 Insulin-stimulated glucose uptake into oxidative skeletal muscle and WAT is not 

restored in mD4KO mice after chronic exercise   

Similar to whole-body D4KO mice, insulin-stimulated glucose transport was reduced in Soleus muscle 

of mD4KO mice, accompanied by lower GLUT4 protein abundance. There is evidence that the 

inactivation of TBC1D4 promotes lysosomal degradation of GLUT4 (Xie et al., 2016). Likely the loss of 

the RabGAP function is responsible for the increased GLUT4 degradation in D4KO mice, since mice 

carrying a RabGAP-inactive TBC1D4R917K mutant phenocopy D4KO animals (Xie et al., 2016). In contrast, 

glucose uptake into primary white adipocytes remained unaltered in mD4KO mice, presumably due to 

the intact TBC1D4 signaling in that tissue.  

Interestingly, whole-body Tbc1d4-deficiency is associated with an exercise-mediated improved insulin-

stimulated glucose uptake into Soleus muscle. However, glucose transport was not completely 

restored to WT levels (Springer PhD thesis, 2018). The trained female mD4KO cohort displayed a similar 

phenotype, demonstrated by an enhanced glucose transport. However, GLUT4 protein abundance was 

not increased in trained female mD4KO mice. Exercise training is known to be the most potent stimulus 

to increase skeletal muscle GLUT4 expression in humans and rodents (Richter and Hargreaves, 2013). 

Thus, already a single exercise bout in rats increased GLUT4 transcription and protein expression (Kuo 
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et al., 1999, Neufer and Dohm, 1993). Likewise chronic exercise training has been shown to enhance 

GLUT4 expression in skeletal muscle (Kim et al., 2004, Langfort et al., 2003). However, many different 

variables like the species, exercise mode, exercise intensity and duration and the diet might have an 

influence on exercise-induced effects on GLUT4 expression. Thus, not all studies observed an exercise-

induced increased GLUT4 expression (Funai et al., 2009, Hansen et al., 1998, Steensberg et al., 2002). 

Another study suggested only high-intensity running capacity leads to an increased GLUT4 protein 

abundance in rats (Stephenson et al., 2013). Accordingly, the performed moderate treadmill exercise 

training in the present thesis might be not sufficient to induce an enhancement in GLUT4 abundance. 

Therefore, an increased exercise intensity or duration might increase the abundance of this glucose 

transporter. Noteworthy, Gurley and colleagues reported that restored GLUT4 levels after voluntary 

running was rather a posttranscriptional mechanism (Gurley et al., 2016). Thus, not the increased 

transcription, but enhanced translocation of intracellular GLUT4 storage vesicles to the plasma 

membrane might explain the improved glucose uptake in female mD4KO mice. Since only total GLUT4 

protein abundance was measured in the present study, it was not distinguished between the amount 

of intracellular and plasma membrane-bound GLUT4, which could be an approach for further 

investigations. 

Findings from our lab showed that chronic exercise on treadmills rescues insulin-stimulated glucose 

uptake into primary white adipocytes of D4KO animals, concomitant by an increased GLUT4 

abundance (Springer PhD thesis, 2018). Since TBC1D4 is highly abundant in skeletal muscle and WAT, 

both tissues could contribute to this exercise-mediated improvement. Therefore, the individual 

contribution of skeletal muscle on adipose tissue insulin sensitivity was examined. Skeletal muscle 

contraction per se contributes to many exercise-mediated improvements, for instance through 

crosstalk with other organs (e.g. adipose tissue), mediated by the secretion of specific factors 

(Pedersen and Febbraio, 2008, Pedersen and Febbraio, 2012). We speculated that the secretory profile 

of skeletal muscle is altered due to the TBC1D4 ablation, thereby presumably inducing improvements 

in adipose tissue insulin sensitivity. However, the results of this thesis depict that glucose transport 

into primary white adipocytes was not affected by the skeletal muscle-specific TBC1D4 ablation in 

response to chronic exercise. Thus, the TBC1D4 depletion in skeletal muscle may be excluded as 

potential mediator of exercise-induced improvements in adipose tissue of whole-body D4KO mice.  

 

4.1.3 Muscle-specific Tbc1d4-deficiency is not sufficient to induce glucose intolerance  

The contribution of TBC1D4 on whole-body glucose tolerance is still not yet fully elucidated. Some 

studies have shown that female but not male whole-body D4KO mice display an impaired glucose 
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tolerance (Chadt et al., 2015, Wang et al., 2013, Lansey et al., 2012). Also an additional HFD challenge 

did not lead to remarkable impairments in the glucose tolerance in male D4KO mice (Springer PhD 

thesis, 2018). Previous investigations from our lab showed that only the additional ablation of the 

remaining RabGAP TBC1D1 led to reductions in glucose disposal (Chadt et al., 2015). In line with these 

results, the present study shows that the TBC1D4 knockout exclusively in skeletal muscle does not 

impair glucose tolerance. In contrast, Xie and colleagues demonstrated that muscle-specific Tbc1d4-

deficiency led to pronounced impairments in glucose tolerance, suggesting skeletal muscle TBC1D4 is 

a significant contributor in whole-body glucose homeostasis (Xie et al., 2016). Of note, muscle-specific 

Tbc1d4-deficiency was achieved with the Cre/LoxP technology, using a Myf5 promoter to control Cre 

recombinase (Xie et al., 2016). Myf5 is a myogenic regulatory factor that is expressed in the early phase 

of somite development and is restricted to the forming myotome (Tallquist et al., 2000). In the current 

project, Cre recombinase was under the control of an human skeletal actin promoter that is present in 

the myotome region of somites (Miniou et al., 1999). We speculate that TBC1D4 has already an 

important function during the early phases of skeletal muscle development. In the study of Xie et al., 

TBC1D4 was already ablated in an earlier phase of myogenesis, due to the use of a Myf5 promotor (Xie 

et al., 2016). This early skeletal muscle TBC1D4 ablation might has affected glucose homeostasis in the 

adult state, indicating that a TBC1D4 knockout should rather be induced at a later time point, in order 

to avoid potential developmental impairments. 

 

4.2 Adipose tissue-specific TBC1D4 ablation leads to impaired whole-body 

glycemia 

4.2.1 Tbc1d4-deficiency in adipose tissue results in glucose intolerance that is restored 

after chronic exercise  

The present study demonstrates for the first time that Tbc1d4-deficiency in adipose tissue leads to an 

impaired systemic glucose tolerance. This indicates that TBC1D4 in adipose tissue has a greater impact 

on whole-body glycemia than in skeletal muscle, as glucose tolerance remained unaltered in mD4KO 

mice. Although adipose tissue only accounts for less than 10 % of whole-body glucose uptake, it 

significantly mediates whole-body glucose homeostasis. Adipose tissue-specific GLUT4 knockout mice 

were characterized with glucose intolerance and insulin resistance. Furthermore, individual animals 

developed severe insulin resistance and a diabetes phenotype (Minokoshi et al., 2003, Abel et al., 

2001). Abel and colleagues suggested that an inter-organ crosstalk between adipose tissue and skeletal 

muscle mediates this phenotype, as in vivo glucose uptake into skeletal muscle is markedly impaired 
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in adipose tissue-specific GLUT4 knockout mice (Abel et al., 2001). In contrast, skeletal muscle-specific 

GLUT4 depletion resulted in an unaltered skeletal muscle glucose uptake and a normal glucose 

tolerance, further emphasizing the important role of adipose tissue regulating whole-body glucose 

uptake (Fam et al., 2012). 

For the first time in this study, aD4KO mice were placed on a chronic exercise intervention on 

treadmills. In response to the chronic exercise training, glucose intolerance in aD4KO mice was 

rescued. These results suggest that exercise-induced improvements in whole-body glycemia are 

attributed to the TBC1D4 ablation in adipose tissue, presumably mediated via a TBC1D4-independent 

signaling. Adipose tissue exerts a ‘browning’ ability, thereby inducing exercise-mediated 

improvements in whole-body glycemia (Scheel et al., 2022). For instance, scWAT browning after 

endurance exercise is associated with improvements in whole-body glycemia (Bostrom et al., 2012, 

Stanford et al., 2015). Interestingly, trained D4KO mice displayed a greater browning capacity in scWAT 

compared to WT animals. In fact, an increased mRNA expression of the browning markers Ucp1, Cidea, 

Cox8b and P2rx5 were exclusively observed in trained D4KO mice, whereas WT animals showed 

increased Ppargc1a expression only (Springer PhD thesis, 2018). During or after acute and/or 

endurance exercise, WAT is secreting specific exerkines, which in turn improve whole-body glycemia 

(Rodriguez et al., 2020, Chow et al., 2022). Accordingly, adipose tissue derived exerkine transforming 

growth factor-β2 (TGF-β2) is associated with improvements in glucose tolerance, lipid oxidation and a 

possible reduction of adipose tissue inflammation (Takahashi et al., 2019). Moreover, the adipose 

tissue-released exerkine beta-aminoisobutyric acid significantly improves glucose tolerance in mice 

due to enhanced WAT browning trough a PPARα-mediated mechanism (Roberts et al., 2014). These 

data support the assumption that Tbc1d4-deficient adipose tissue may release a known or yet 

unknown adipokine during or after exercise that improves whole-body glucose tolerance.  

 

4.2.2 Postprandial hyperglycemia in aD4KO mice is not rescued after chronic exercise 

training  

aD4KO mice display postprandial hyperglycemia, however to a smaller extent than whole-body D4KO 

mice. We conclude that both, skeletal muscle and adipose tissue in concordance are responsible for 

the severe postprandial hyperglycemia observed in whole-body D4KO mice. Interestingly, a recent 

study did not observe increased postprandial blood glucose level in aD4KO mice (Xie et al., 2016). Xie 

and colleagues concluded that TBC1D4 in skeletal muscle is the main contributor in promoting 

postprandial hyperglycemia (Xie et al., 2016). However, this rather mild impact of adipose tissue-
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specific Tbc1d4-deficiency on postprandial blood glucose levels might be the consequence of a small 

sample size (n=4) that was chosen in the study from Xie et al.  

In response to the chronic exercise intervention, aD4KO mice still displayed postprandial 

hyperglycemia. This result indicates that exercise-mediated improvements in postprandial blood 

glucose levels are attributed to the TBC1D4 ablation specifically in skeletal muscle. A recent study 

demonstrated that voluntary regular activity improves postprandial blood glucose levels particularly 

in humans exhibiting a skeletal muscle-specific TBC1D4 ablation. In contrast, non-carriers or 

heterozygous carriers of this loss-of-function mutation displayed unaltered blood glucose levels 

(Schnurr et al., 2021). These data suggest that improvements in postprandial glycemia can be mediated 

via a pathway independent from skeletal muscle TBC1D4. However, the underlying mechanisms 

remain to be elucidated, but do point towards an inter-organ crosstalk from skeletal muscle to adipose 

tissue.   

 

4.2.3 Chronic exercise intervention did not rescue impaired insulin-stimulated glucose 

uptake in aD4KO mice  

The present study demonstrated impairments in adipose tissue glucose transport in aD4KO mice, with 

a simultaneous reduction in the GLUT4 abundance. In contrast, glucose uptake in the Soleus muscle 

remained unaltered due to the intact TBC1D4 signaling in skeletal muscle. 

The chronic exercise intervention did not enhance insulin-stimulated glucose uptake in Tbc1d4-

deficient primary white adipocytes. Thus, aD4KO mice do not reflect whole-body D4KO mice, where a 

chronic exercise intervention rescued the impaired glucose uptake into WAT (Springer PhD thesis, 

2018). Consequently, the adipose tissue-specific TBC1D4 ablation is not responsible for improvements 

in insulin sensitivity after chronic exercise in whole-body D4KO mice. Further, our data are pointing 

toward a TBC1D4-independent tissue crosstalk between skeletal muscle and adipose tissue or a tissue 

crosstalk from skeletal muscle/adipose tissue to other tissues with an intact TBC1D4 signaling pathway, 

for instance the liver. Likewise, the liver contributes to the TBC1D4 knockout phenotype. Whole-body 

Tbc1d4-deficiency is associated with increased hepatic gluconeogenesis, indicated by pyruvate 

intolerance and increased expression of PEPCK, a key enzyme in gluconeogenesis (Wang et al., 2013). 

Furthermore, the liver secretes specific factors (hepatokines) in response to acute and chronic 

exercise, which in turn regulate metabolic pathways and inter-organ crosstalk (Priest and Tontonoz, 

2019). Therefore, hepatokines might also be partially responsible for preventing or reverting obesity-

associated metabolic dysfunction in target organs (Gonzalez-Gil and Elizondo-Montemayor, 2020). 



4. Discussion 

     94 
   

Recent investigations have shown that the exercise-released hepatokine Angiopoietin-like protein 4 

(ANGPTL4) may influence WAT and skeletal muscle metabolism to favor redistribution of lipid-derived 

metabolic fuel towards catabolic pathways (Weigert et al., 2019). We speculate that tissue-specific 

TBC1D4 depletion in either skeletal muscle or adipose tissue is not sufficient to induce the exercise-

induced insulin-sensitizing effect in D4KO mice. Perhaps other organa (e.g. liver) are involved in 

exercise-induced improvements in RabGAP-deficient mice. However, it is also possible that a combined 

TBC1D4 ablation in skeletal muscle and adipose tissue is necessary, in order to improve insulin 

sensitivity in the latter one after chronic exercise. We hypothesize that Tbc1d4-deficient skeletal 

muscle might secrete a factor in response to chronic exercise that affects Tbc1d4-deficient WAT, 

thereby improving its insulin sensitivity. 

TBC1D4 is mainly associated for regulating vesicle trafficking processes through its GAP activity 

towards several RabGTPases (e.g. Rab8a, Rab14) (Mafakheri et al., 2018). However, there is evidence 

that members of the TBC family not only regulate vesicle trafficking, but also the secretion of cargos. 

For instance, TBC1D4 regulates together with Rab14 the secretion of vesicles containing major 

histocompatibility complex class I molecules in macrophages (Weimershaus et al., 2018). Moreover 

exocytosis and secretion of matrix metalloproteinase 14 (MMP14) in cardiac muscle fibers is regulated 

by a subset of Rab proteins, including Rab5a, Rab8 and Rab14 (Bravo-Cordero et al., 2007, Wiesner et 

al., 2013). Thus, the impaired expression of MMPs and the altered ratio of MMPs and their 

corresponding inhibitors (TIMPs) might explain the marked increased cardiac ECM area in D4KO mice 

after ischemia/reperfusion events (Binsch et al., 2023). Furthermore, the TBC family members 

TBC1D10A and TBC1D10C regulate exosome secretion in oligodendrocytes via the RabGTPase Rab35, 

possibly by controlling the docking/tethering of endocytic vesicles with the plasma membrane. 

Thereby, oligodendrocytes secrete vesicles into the extracellular space, where they might play a role 

in neuron-glia communication (Hsu et al., 2010). Additionally, the catalytically inactive RabGAP 

TBC1D23 was identified as a vesicle-golgin adaptor GAP, required for endosome-to-Golgi trafficking 

(Shin et al., 2017, Navarro Negredo et al., 2018). The GAP domain of TBC1D23 binds to a conserved 

motif at the tip of golgin-245 and golgin-97 at the trans-Golgi, while the C-terminus binds to the WASH 

complex on endosome-derived vesicles. Thereby, TBC1D23 represents the link between trans-Golgi-

network (TGN) golgins and endosome-derived vesicles (Shin et al., 2017). Interestingly, mutations of 

key residues of TBC1D23 lead to a dysregulated endosomal vesicle trafficking that contributes to 

pontocerebellar hypoplasia (Huang et al., 2019), further emphasizing the importance of an intact 

RabGAP signaling in vesicle trafficking. These data support the assumption that RabGAPs might 

regulate the secretion of specific factors by controlling docking/tethering of endocytic vesicles with 
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the plasma membrane in a RabGTPase-depending manner, and/or regulating vesicle trafficking during 

endosome-to-Golgi network.  

 

4.3 Skeletal muscle-specific Tbc1d4-deficiency alters the skeletal muscle 

transcriptome in response to chronic exercise  

The obtained in vivo measurements in the present thesis support the assumption of a so-far 

unrecognized exercise-stimulated tissue crosstalk between skeletal muscle and adipose tissue due to 

the Tbc1d4-deficiency. In order to investigate how skeletal muscle adapts to the Tbc1d4-deficiency 

with and without chronic exercise, and to identify potential factors enabling organ crosstalk, a RNA 

sequencing approach of trained and sedentary Gastrocnemius muscles of mD4KO mice and floxed 

controls was performed. Under the assumption that skeletal muscle Tbc1d4-deficiency alters organ 

crosstalk, differentially regulated genes were filtered regarding the GO terms cellular component, 

molecular function and biological processes. We assume that Tbc1d4-deficiency alters the expression 

of genes that are localized at endosomes, the trans-Golgi-network (TGN), the plasma membrane or the 

extracellular matrix. Furthermore, we assume that potential target genes are associated with 

exocytosis, signal transduction, intracellular protein transport, and small GTPase binding. Therefore, 

genes that cover one or more of these defined categories, will be further investigated in the following 

sections.  

   

4.3.1 Deficiency of Tbc1d4 is associated with impaired skeletal muscle development and 

differentiation   

The obtained transcriptome results indicate that the Tbc1d4-deficiency in skeletal muscle per se is 

associated with impaired developmental processes, indicated by predicted inhibited tissue 

development, organismal development, cellular growth and proliferation. Previously, the closely 

related RabGAP TBC1D1 was rather associated with skeletal muscle development (Fontanesi et al., 

2011). In contrast, TBC1D4 was related to muscle growth, due to its enhanced signaling upon the 

inactivation of the negative muscle growth and development regulator myostatin (Kocsis et al., 2017). 

However, the causal contribution of TBC1D4 in skeletal muscle development still needs to be 

elucidated, as it might be that the enhanced RabGAP signaling primarily supports the altered energy 

substrate metabolism of the growing muscle (Espelage et al., 2020). This assumption is further 

supported by a previous study showing that an impaired muscle stem cell differentiation in VPS39-
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deficient mice is associated with a decreased insulin-stimulated TBC1D4 phosphorylation and a 

concomitant reduced glucose uptake (Davegardh et al., 2021). 

Likewise in response to chronic exercise, the organismal development, cellular function and 

maintenance were predicted to be inhibited in mD4KO mice. Skeletal muscle possesses a remarkable 

regeneration capacity in response to tissue damage, for instance caused by exercise (Motohashi and 

Asakura, 2014, Almada et al., 2021). Within this process, satellite cells (SCs) cover an important role, 

as they are activated upon skeletal muscle regeneration, thereby giving rise to myogenic precursors 

(Motohashi and Asakura, 2014). After several rounds of proliferation and differentiation, most of these 

myogenic precursors form new muscle fibers (Motohashi and Asakura, 2014). Based on the 

transcriptome results in this thesis, it appears that the early SC activation, needed for efficient 

regenerative myogenesis, is impaired due to the TBC1D4 ablation in response to chronic exercise. This 

assumption is indicated by a significantly reduced expression level of the transcription factor Fos. Its 

activation is the earliest known transcriptional event of adult muscle stem cell activation. Moreover, 

the immediate and transient activity of Fos is required for muscle fibers regeneration after exercise-

induced injury (Almada et al., 2021). Furthermore, this thesis provided evidence that the NAD-

dependent deacetylase sirtuin-3 (SIRT3) is activated in trained mD4KO mice. Noteworthy, SIRT3 

overexpression correlates with a decline in Fos gene expression (Palomer et al., 2020). Hence, the 

predicted SIRT3 activation most likely results in the repressed Fos expression.  

Additionally, the transcriptome results in this thesis indicate towards an impaired mitogenic fibrobast 

growth factor (FGF) signaling of the trained Tbc1d4-deficient skeletal muscle. In this context, Fibroblast 

growth factor-binding protein 1 (Fgfbp1) appeared to be significantly reduced in trained mD4KO mice. 

FGFBP1 chaperones mitogenic FGFs from their location in the extracellular matrix to target cells 

expressing FGF receptors (Schmidt et al., 2018, Li, 2019). In turn, these mitogenic FGFs overly regulate 

cellular proliferation, cell migration and tissue remodeling, thereby playing an important role in 

skeletal muscle maintenance and regeneration (Li, 2019, Zhang et al., 2006, Luo et al., 2006, 

Gospodarowicz et al., 1977). Interestingly, IPA predicted that the mitogenic and FGFBP1-target FGF2 

is reduced in trained mD4KO mice. FGF2 has shown to enhance the number of proliferating cells by 

facilitating the recruitment of additional SC (Yablonka-Reuveni and Rivera, 1997).  
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4.3.2 Deficiency of Tbc1d4 is associated with decreased lipid metabolism in response to 

chronic exercise training 

Furthermore, the present transcriptome analysis demonstrates that the lipid metabolism pathway is 

decreased due to the TBC1D4 knockout in combination with a chronic exercise intervention. TBC1D4 

represents an important signaling hub within skeletal muscle lipid metabolism, as it controls the uptake 

of long-chain fatty acids (LCFA) into skeletal muscle via the RabGTPases Rab8, Rab10 or Rab14 

(Benninghoff et al., 2020, Miklosz et al., 2021). Thus, Tbc1d4-deficiency is associated with an increased 

LCFA uptake, due to the increased protein abundance of fatty acid transporter 4 (FATP4) and an 

enhanced expression level and translocation of FAT/CD36 (Benninghoff et al., 2020, Miklosz et al., 

2021, Samovski et al., 2012). Accompanying the increased LCFA uptake, FAO is also enhanced in D4KO 

mice (Benninghoff et al., 2020, Chadt et al., 2015). This metabolic switch towards a preferable lipid 

usage likely compensates for the decreased carbohydrate consumption in these animals (Chadt et al., 

2015). However, our data point towards a decreased LCFA uptake in trained mD4KO mice, indicated 

by a reduced gene expression of FAT/CD36. Furthermore, several Acyl-CoA synthestases displayed a 

reduced gene expression in these animals, suggesting a decreased FAO. Our results suggest that the 

metabolic switch toward an increased lipid combustion is reversed in trained Tbc1d4-deficient skeletal 

muscle. Consequently, the metabolism of carbohydrates might be enhanced, which could explain the 

decreased blood glucose levels in the postprandial state.  

Additionally, the peroxisome proliferator-activated receptor (PPAR) signaling pathway appears to be 

decreased in mD4KO mice. This pathway is highly connected to lipid utilization, as PPARs are activated 

by fatty acids. Thereby, the expression of genes involved in lipid oxidation is regulated (Varga et al., 

2011, Kersten and Stienstra, 2017). Interestingly, results of the present thesis predicted an inhibited 

activity of PPARα and PPARγ due to the Tbc1d4-deficiency and the exercise stimulus. These results 

further emphasize the assumption of a decreased lipid metabolism. 

 

4.3.3 Tbc1d4-deficiency in skeletal muscle is associated with alterations in the expression 

of genes that regulate vesicle translocation and secretion   

Comprehensive investigations have shown that TBC1D4 controls in skeletal muscle and adipose tissue 

the trafficking and plasma membrane fusion of glucose and fatty acid transporters (Chadt et al., 2015, 

Benninghoff et al., 2020). Furthermore, previous studies demonstrated an association between 

TBC1D4 and vesicle secretion in macrophages and cardiomyocytes (Weimershaus et al., 2018, Binsch 

et al., 2023). Hence, we hypothesize that TBC1D4 controls translocation and secretion of other cargo-
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containing vesicles in a RabGTPase-dependent manner, thereby enabling tissue crosstalk. Our data 

show that Tbc1d4-deficient skeletal muscle displays an increased expression of the guanine exchange 

factor Synaptotagmin-like protein 2 (Sytl2). Sytl2 is the effector protein of Rab27, thereby transferring 

it into its more active GTP-bound conformational state (Yasuda and Fukuda, 2014). Rab27 and its 

effector proteins are specifically located on secretory vesicles and regulate a series of exocytic steps, 

such as vesicle maturation, movement along microtubules, and tethering to the plasma membrane 

(Izumi, 2021). Furthermore, Rab27 has been linked to control the exosome secretion pathway, by 

transferring multivesicular endosomes (MVEs) from microtubules to the actin-rich cortex and 

regulating the docking of MVEs to the plasma membrane (Ostrowski et al., 2010). However, the role 

of Rab27 and its effector proteins in the skeletal muscle secretory pathway is widely unknown. At least 

in melanocytes, TBC1D10 was identified as a GAP protein for Rab27 (Itoh and Fukuda, 2006). Of note, 

an in vitro GAP assay confirmed Rab27 as substrate of the GAP domain in TBC1D1 (Roach et al., 2007). 

Since TBC1D1 and TBC1D4 share 79 % homology in their RabGAP domains, it would be interesting to 

determine GAP activity of full-length TBC1D4 towards Rab27. Thus, we speculate that an increased 

Sytl2-mediated Rab27 activation leads to an increased vesicle trafficking in mD4KO mice, which in turn 

might account for an altered crosstalk between skeletal muscle and adipose tissue.  

Beside the classical and unconventional protein secretion pathway, proteins can be secreted into the 

extracellular matrix via proteolytic ectodomain shedding (Lichtenthaler et al., 2018). Thereby, 

proteases cleave a membrane protein, leading to the secretion of the soluble extracellular domain 

(ectodomain) (Lichtenthaler et al., 2018, Kapeller et al., 1973, Black, 1980). In this regard, the soluble 

metalloproteinase A disintegrin-like and metalloproteinase with thrombospondin type-1 motifs 20 

(Adamts20) displayed an increased expression level in Tbc1d4-deficient skeletal muscle after chronic 

exercise. Several members of the ADAMTS family exert a protease activity and are involved in 

ectodomain shedding. Consequently, growth factors, cytokines, receptors and other molecules are 

activated or inactivated, which in turn enable them to control several processes (Wozniak et al., 2021, 

Bridges and Bowditch, 2005, Pluda et al., 2021, Bartens et al., 2016, Shimoda and Khokha, 2017). 

ADAMTS20 for instance cleaves the extracellular matrix component and proteoglycan versican, leading 

to its secretion (Silver et al., 2008). We speculate that the increased Adamts20 expression in Tbc1d4-

deficient skeletal muscle might enhance ectodomain shedding of bioactive molecules, which in turn 

alter skeletal muscle-adipose tissue crosstalk. Furthermore, ADAMTS20 regulates intercellular 

communication by being packaged in extracellular vesicles (EVs) and secreted into the extracellular 

matrix, as it was observed during ciliogenesis (Nandadasa et al., 2019). Thereby, ADAMTS20 exerts its 

shedding activity after being taken up by target cells (Valadi et al., 2007). Thus, Adamts20-EVs secretion 
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might be enhanced in trained mD4KO mice, which in turn could mediate tissue crosstalk from skeletal 

muscle as organ of origin. 

The RabGAP TBC1D23 is associated to regulate vesicle trafficking by linking the trans-Golgi-network 

(TGN) and endosome-derived vesicles (Shin et al., 2017). Our data provide evidence that also TBC1D4 

might connect the TGN and endosome-derived vesicles, by interacting with golgins that are located on 

the trans-Golgi. Golgins are peripheral membrane proteins of the TGN that may regulate membrane 

transport from the TGN (Gleeson et al., 2004). Golgin-7a is an interesting candidate gene, significantly 

increased in Tbc1d4-deficient skeletal muscle, although it did not meet our primary filter criteria 

(adjusted p-value <0.05). We assume that the GAP domain of TBC1D4 binds at the tip of golgin-7a at 

the TGN, thereby connecting TGN with endosome-derived vesicles in a similar manner as TBC1D23 

does. This mechanism might be disturbed due to the TBC1D4 ablation, resulting in an altered vesicle 

trafficking.  

 

4.3.4 Tbc1d4-deficiency in skeletal muscle leads to altered expression of genes associated 

with organ crosstalk after exercise  

The conducted Ingenuity Pathway analysis in this thesis predicted that the activation of IL-1β is 

inhibited in trained mD4KO mice. IL-1β is involved in the development of obesity-associated insulin 

resistance and IL-1β treatment of human and murine adipose tissue displayed by decreased protein 

abundances of IRS1, PI3K, pAKT and GLUT4 (Jager et al., 2007, Gao et al., 2014). In contrast, blocking 

IL-1β signaling leads to improved glycemia in obese mice and ameliorated insulin signaling in human 

adipocytes (Owyang et al., 2010, McGillicuddy et al., 2011, Sauter et al., 2008). Thus, it is plausible that 

the inhibited IL-1β activity in trained mD4KO mice might lead to a positive effect on adipose tissue 

insulin sensitivity. Noteworthy, IL-1β appears to be a modulator of the myokine release. Alvarez et al. 

have shown that myoblast incubation with IL-1β leads to a reduced secretion of myostatin, irisin and 

osteonectin (Alvarez et al., 2020). These data suggest that the secretion of IL-1β-associated myokines 

is increased in trained mD4KO mice, which in turn could further affect insulin sensitivity in Tbc1d4-

deficient WAT. Among those myokines, osteonectin has been shown to activate the PI3K/AKT signaling 

pathway and further promote AMPK-mediated GLUT4 expression in cultured myocytes and 

adipocytes, resulting in enhanced glucose uptake (Deng et al., 2022, Aoi et al., 2019, Song et al., 2010). 

Thus, analyzing the expression level of the IL-1β-associated myokine osteonectin in trained mD4KO 

mice would be an interesting approach.  
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As previously mentioned, the present thesis indicates that the lipid metabolism is decreased in trained 

mD4KO mice. Hence, the attenuated PPAR signaling might result in a gene repression of PPAR target 

genes. Indeed, the PPARα and PPARγ target Angiopoetin-like 4 (Angptl4) displayed a significantly 

decreased expression in trained mD4KO mice. ANGPTL4 regulates the lipid metabolism by controlling 

the activity of lipoprotein lipase (Aryal et al., 2019). Furthermore, there is strong evidence that 

ANGPTL4 has a regulatory function in glucose metabolism, insulin resistance and T2DM. Carriers of an 

ANGPTL4 missense variant displayed lower fasting blood glucose levels, a greater insulin sensitivity, 

and had lower odds to develop T2DM (Gusarova et al., 2018). Additionally, an adipose tissue-specific 

Angptl4-deficiency in mice leads to an increased insulin-stimulated AKT phosphorylation in skeletal 

muscle and WAT, indicating an enhanced glucose transport (Aryal et al., 2018). Thus, the reduced 

Angptl4 expression in trained mD4KO mice might account for improvements in postprandial blood 

glucose levels.  

A transcriptome analysis was conducted in this thesis, aiming to elucidate how skeletal muscle adapts 

to the Tbc1d4-deficiency in the sedentary and trained state, and to identify potential factors that might 

explain how Tbc1d4-deficiency alters skeletal muscle tissue crosstalk. In our view, the greatest 

advantage of a transcriptome analysis is its sensitivity, as all skeletal muscle transcripts are depicted 

(Rao et al., 2018). Therefore, we were able to identify genes that might account for an altered vesicle 

trafficking and secretion. Alternatively, a secretome analysis would have perhaps revealed secreted 

proteins that could mediate organ crosstalk between Tbc1d4-deficient skeletal muscle and adipose 

tissue. However, this approach would not reflect the in vivo chronic exercise condition, as the 

experimental setting only allows to apply a contraction stimulus that resembles an acute exercise bout. 

Thus, the initial objective would not be pursued within this approach. Furthermore, the subsequent 

mass spectrometry analysis does not offer enough sensitivity, which makes it difficult to detect low-

abundance proteins (Li et al., 2018, Momenbeitollahi et al., 2021). In addition, a secretome analysis 

does not provide insights into cellular changes. Thereby, Tbc1d4-mediated molecular mechanisms 

would not have been identified.  

 

4.4 Tamoxifen-induced Tbc1d4 gene knockout is not sufficient to affect 

metabolism and muscle function in adult mice   

In order to analyze, whether a skeletal muscle-specific Tbc1d4 ablation in the adult state is sufficient 

to alter the metabolism and muscle function, inducible mD4KO mice were generated and metabolically 

characterized. Therefore, a tamoxifen-induced Cre system was used, where the Cre recombinase is 
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modified and fused with the estrogen receptor containing a mutated ligand binding domain (CreER) 

(Mobley et al., 2020). In response to the tamoxifen treatment, male individuals developed structural 

abnormalities regardless of the genotype. We observed that a large amount of intestine herniated out 

of the abdominal cavity. This severe side effect was also seen in another study, where the low 

abdominal wall was broken after tamoxifen injection exclusively in male animals. These structural 

abnormalities in the male cohort were associated with decreased type II collagen content and 

increased MMP-2 and MMP-13 expression (Ma et al., 2015). As a consequence, male animals were 

excluded from the present thesis. 

Tamoxifen was administered intraperitoneally in order to achieve a complete Tbc1d4 gene knockout. 

After tamoxifen treatment, Tbc1d4 gene knockout was achieved by only around 50 %, which might 

indicate that the tamoxifen dosage was too low to induce a sufficient gene knockout. However, if the 

tamoxifen dose is too high or the time of treatment too long, toxic side effects could occur 

(Gunschmann et al., 2014). At least in mouse myocardium, the dosage of 120 mg/kg injected on three 

consecutive days appeared to be sufficient to induce a Serca2 knockout, where mRNA expression was 

reduced to <6 % after seven days (Andersson et al., 2010). However, this dosage might be not sufficient 

to induce a gene knockout in skeletal muscle. In comparison to an intraperitoneal injection, tamoxifen 

can also be administered via drinking water or food pellets, which is considered less stressful for the 

mice compared to an intraperitoneal injection. However, the efficiency of gene deletion depends on 

the individual drinking and eating behavior, which directly correlates to the final tamoxifen dosage in 

the target tissue (Yoshinobu et al., 2021). Moreover, the relatively low water solubility of tamoxifen 

limits the tamoxifen doses that can be administered via drinking water, making it more difficult to 

arrive a dose sufficient for gene knockout (Whitfield et al., 2015). 

Likely due to the incomplete TBC1D4 ablation, GLUT4 protein content in the Soleus muscle was only 

reduced by about 25 %. In contrast, a 50 % reduction is observed in oxidative skeletal muscle of D4KO 

mice, generated by the conventional knockout system (Chadt et al., 2015, Springer PhD thesis, 2018). 

Furthermore, mD4KO.ind animals displayed normal postprandial blood glucose levels, while 

postprandial hyperglycemia is a prominent phenotype in D4KO mice (de Wendt et al., 2021). It is 

plausible that these mild phenotypes in mD4KO.ind mice occur due to an insufficient TBC1D4 knockout 

efficiency. Therefore, mD4KO.ind mice were excluded from further experimentation during this study. 

In order to guarantee a complete TBC1D4 ablation, all analyses were conducted using animals with a 

conventional muscle-specific TBC1D4 knockout.  
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In summary, the present thesis shows that tissue-specific TBC1D4 ablation in skeletal muscle or 

adipose tissue did not lead to pronounced improvements in adipose tissue insulin sensitivity after 

chronic exercise training. In fact, both tissue-specific knockout mouse lines were characterized by 

postprandial hyperglycemia, but only mD4KO mice improved their postprandial hyperglycemia in 

response to chronic exercise. However, aD4KO mice were glucose intolerant, which was restored after 

the training intervention. In conclusion, both tissues in concordance seem to be responsible for the 

exercise-mediated improvements observed in trained whole-body D4KO mice. The performed 

transcriptome analysis indicates that the Tbc1d4-deficiency in skeletal muscle is associated with 

impairments in skeletal muscle development and lipid metabolism. Further, TBC1D4 might bridges the 

gap between trans-Golgi-network and endosome-derived vesicles, perhaps regulating skeletal muscle 

crosstalk. Figure 34 postulates two possible mechanisms how TBC1D4 might regulate vesicle trafficking 

and secretion. However, further investigations are necessary to confirm the exact underlying 

mechanism.  

 

Figure 34: Postulated mechanisms how TBC1D4 regulates vesicle trafficking.  Besides regulating vesicle transport of glucose 
and fatty acid transporters, TBC1D4 controls translocation and secretion of cargo-containing vesicles, presumably in 
interaction with Rab27 and its effector protein Sytl2. The GAP domain of TBC1D4 might bind at the tip of golgin-7a at the 
trans-Golgi, while the C-terminus of TBC1D4 presumably binds to a complex on endosome-derived vesicles. Thereby, TBC1D4 
links trans-Golgi-network with endosome-derived vesicles. GEF = guanosine exchange factor, GAP = GTPase activating 
protein.  
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5 Outlook 

The present thesis indicates that the TBC1D4 ablation presumably needs to be present in both, skeletal 

muscle and adipose tissue, in order to induce beneficial effects on adipose tissue insulin sensitivity 

after chronic exercise. Therefore, future investigations are necessary to analyze the transcripts of 

Tbc1d4-deficient WAT. Presumably an altered receptor abundance on the plasma membrane of WAT 

might alter the signal transduction that eventually affects glucose uptake.  

The conducted transcriptome analysis revealed numerous differentially regulated genes due to the 

Tbc1d4-deficiency and in response to the chronic exercise training. These data underline the central 

role of TBC1D4 within the skeletal muscle exercise metabolism. Further, we provided evidence that 

TBC1D4 might regulate vesicle trafficking and postulate two underlying mechanisms. TBC1D4 might 

regulate vesicle trafficking by linking trans-Golgi-network and endosome-derived vesicles, presumably 

by interacting with golgin-7a that is located at the trans-Golgi. Therefore, it would be interesting to 

analyze whether GAP domain of TBC1D4 interacts with golgin-7a, to validate their connection. 

Moreover, our data point towards an enhanced activation of Rab27 due to the increased expression 

of its effector protein Sytl2. In this regard, an in vitro GAP assay could be performed to analyze, 

whether Rab27 is a substrate of full-length TBC1D4.  

Furthermore, our data provided evidence that TBC1D4 ablation is associated with changes in the 

skeletal muscle secretion profile. One interesting identified candidate protein is IL1-β that was 

predicted to be inhibited in trained mD4KO mice and appears to be a modulator of the myokine 

release. Therefore, future investigations will aim to elucidate the secretory profile of IL1-β-associated 

myokines in mD4KO mice and their effect on Tbc1d4-deficient WAT. Since chronic exercise training 

leads to the secretion of hundreds of myokines (Severinsen and Pedersen, 2020), it is likely that several 

proteins display an altered secretory profile due to the Tbc1d4-deficiency in response to chronic 

exercise. Therefore, an immunology bead-based multiplex assay that targets several myokines, such 

as irisin, myostatin, FGF21 and osteonectin, will be performed with the plasma of sedentary and 

trained mD4KO mice.  
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7.2 Abbreviations 

Acetyl-CoA Acetyl coenzyme A  

aD4KO  adipocyte-specific Tbc1d4-deficient mouse 

ADP  Adenosine diphosphate  

AMPK   AMP-activated protein kinase   

ANGPTL4 Angiopoietin-like protein 4 

APS  Ammonium persulfate  

AS160  Akt substrate of 160 kDa 

ATP  Adenosine triphosphate 

AUC  Area under the curve  

BAT  Brown adipose tissue  

BCA  Bicinchonic acid assay  

BeAT  Beige adipose tissue  

Bp   Base pair  

BSA  Bovine serum albumin 

CBD  Calmodulin binding domain 

CCL2  CC-chemokine ligand 2 

CPDB  ConsensusPathDB 

Cpm  Counts per minute  

CPT-1  Carnitine palmitoyltransferase 1  

CreER  Mutated estrogen receptor ligand binding domain 

D4KO  Tbc1d4-deficient mouse  

DAG  Diacylglycerol 

DNL  De novo lipogenesis  

dNTP  Deoxynucleoside triphosphate  

ECM  Extracellular matrix  

EDTA  Ethylenediaminetetraacetic acid 
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EGTA  Ethylene glycol bis (2-aminoethylether)-N, N, N’, N’-tetra acetic acid 

EtOH  Ethanol 

ER  Endoplasmic reticulum 

ESR1   Estrogen receptor α 

ER  Extracellular vesicle  

FADH2   Flavin adenine dinucleotide 

FABPpm Fatty acid-binding protein  

FAO  Fatty acid oxidation  

FAT/CD36 Fatty acid translocase  

FATP1  Fatty acid transporter protein 1 

FATP4  Fatty acid transporter protein 4  

FFA  Free fatty acids  

FGF  Fibroblast growth factor  

FGFBP1  Fibroblast growth factor-binding protein 1  

Flp   Flippase  

FRT  Flippase recognition target  

G1P  Glucose-1-phosphate  

G6P  Glucose-6-phosphate  

GAP  GTPase activating protein  

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase  

GEF  Guanine nucleotide exchange factor  

GIP  Glucose-dependent insulinotropic polypeptide  

GLP-1  Glucagon-like peptide-1 

GLUT1  Glucose transporter type 1  

GLUT4  Glucose transporter type 4  

GO  Gene ontology  

GS  Glycogen synthase  

GSV  GLUT4 containing storage vesicle  
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GTT  Glucose tolerance test  

HCL  Hydrochloric acid  

HFD  High fat diet 

HIIT  High intensity interval training  

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP  horseradish-peroxidase  

HSA  Human-skeletal actin  

HSP90  Heat shock protein 90 

IL  Interleukin 

IMCL  Intramyocellular lipids 

I.p.  Intraperitoneal  

IPA  Ingenuity Pathway Analysis  

IR  Insulin receptor 

IRAP  Insulin-regulated aminopeptidase  

IRS  Insulin receptor substrate  

ITT  Insulin tolerance test  

KHB  Krebs-Henseleit buffer  

KO  Knockout  

KOMP  Knockout mouse project  

KRBH  Krebs-Ringer-Bicarbonate HEPES buffer  

LCFA  Long-chain fatty acids  

LKB1  Liver kinase 1  

mD4KO  Muscle-specific Tbc1d4-deficient mouse   

MVE  Multivesicular endosome 

NADH  Nicotinamide adenine dinucleotide 

NEFA  Non-esterified free fatty acids 

NMR  Nuclear magnetic resonance  

NZO  New Zealand obese  
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PCA  Principal Component Analysis  

PCR  Polymerase chain reaction  

PDH  Pyruvate dehydrogenase 

PI3K  Phosphatidylinositol-3’-kinase 

PIP2  Phosphatidylinositol (4,5)-bisphosphate 

PIP3  Phosphatidylinositol (3,4,5)-trisphosphate 

PGC1α  Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PKB  Protein kinase B  

PPAR  Peroxisome proliferator-activated receptor  

PTB  Phosphotyrosine binding domain 

Rab   Ras related in brain  

RabGAP Rab-GTPase-activating protein 

RER  Respiratory exchange ratio  

RT  Room temperature  

SC  Satellite cells 

scWAT  Subcutaneous white adipose tissue  

SD  Standard diet  

SDS  Sodium dodecyl sulfate  

SEM  Standard error oft he mean  

Ser  Serine 

T1DM  Type 1 diabetes mellitus 

T2DM  Type 2 diabetes mellitus  

TCA  tricarboxylic acid  

TEMED  N, N, N’, N’-Tetramethylendiamine 

TGF-β2  Transforming growth factor-β2 

TGN  Trans-Golgi-Network 

Thr  Threonine  

UCP1  Uncoupling protein 1  
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UDP  Uridine diphoshate  

UPS  Unconventional protein secretion  

visWAT  Visceral white adipose tissue  

VO2max  Maximal oxygen consumption  

WAT  White adipose tissue 

WHO  World Health Organization  

WT  Wildtype 
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7.3 Supplemental Tables 

Supplemental Table 1: Treadmill training protocol used for mD4KO and aD4KO mice.

Week Training Monday Tuesday Wednesday Thursday Friday 

1 

 

Warm-up 5 min 6 m/min  5 min 6 m/min 5 min 6 m/min  

Training 5 min 6-9 m/min 

5 min 9-10 m/min 

10 min 10 m/min 

 5 min 6-9 m/min 

5 min 9-10 m/min 

10 min 10/m/min 

10 min12 m/min 

5 min 6-9 m/min 

5 min 9-10 m/min 

10 min 10 m/min 

10 min 12 m/min 

 

Duration 

and incline 

20 min at 5 °  30 min at 5 ° 30 min at 5 °  

2 Warm-up 2 min 6-9 m/min 

3min 9-10 m/min 

 2 min 6-9 m/min 

3min 9-10 m/min 

2 min 6-9 m/min 

3min 9-10 m/min 

 

Training 5 min 6-9 m/min 

10 min 10 m/min 

20 min 12 m/min 

10 min 15 m/min 

 5 min 6-9 m/min 

10 min 10 m/min 

10 min 12 m/min 

20 min 15 m/min 

10 min 18 m/min 

5 min 6-9 m/min 

10 min 10 m/min 

10 min 12 m/min 

20 min 15 m/min 

15 min 18 m/min 

 

Duration 45 min at 10 °  55 min at 10 ° 60 min at 13 °  

3 Warm-up 5 min 9-10 m/min  5 min 9-10 m/min 5 min 9-10 m/min  

Training 5 min 12 m/min 

20 min 15 m/min 

20 min 18 m/min 

15 min 18-22 

m/min 

 5 min 12 m/min 

10 min 15 m/min 

25 min 18 m/min 

20 min 18-22 

m/min 

5 min 12 m/min 

5 min 15 m/min 

25 min 18 m/min 

25 min 18-22 

m/min 

 

Duration 60 min at 13 °  60 min at 13 ° 60 min at 13 °  

4 Warm-up 5 min 9-10 m/min  5 min 9-10 m/min 5 min 9-10 m/min  

Training 5 min 12 m/min 

5 min 15 m/min 

25 min 18 m/min 

25 min 18-22 

m/min 

 5 min 12 m/min 

5 min 15 m/min 

25 min 18 m/min 

25 min 18-22 

m/min 

5 min 12 m/min 

5 min 15 m/min 

25 min 18 m/min 

25 min 18-22 

m/min 

 

Duration 60 min at 13 °  60 min at 13 ° 60 min at 13 °  

5 Warm-up 5 min 9-10 m/min  5 min 9-10 m/min 5 min 9-10 m/min  

Training 5 min 12 m/min 

5 min 15 m/min 

25 min 18 m/min 

 5 min 12 m/min 

5 min 15 m/min 

25 min 18 m/min 

5 min 12 m/min 

5 min 15 m/min 

25 min 18 m/min 
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25 min 18-22 

m/min 

25 min 18-22 

m/min 

25 min 18-22 

m/min 

Duration 60 min at 13 °  60 min at 13 ° 60 min at 13 °  

 

Supplemental Table 2: Upstream regulators floxed sedentary vs. trained  

 

Supplemental Table 3: Upstream regulators mD4KO sedentary vs. trained 
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Supplemental Table 4: Upstream regulators sedentary mD4KO vs. floxed 
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Supplemental Table 5: Upstream regulators trained mD4KO vs. floxed 
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Supplemental Table 6: Molecular functions in floxed sedentary vs. trained 

 

 

Supplemental Table 7: Molecular functions in mD4KO sedentary vs. trained 
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Supplemental Table 8: Molecular functions in sedentary mD4KO vs. floxed 

 

 

Supplemental Table 9: Molecular functions in trained mD4KO vs. floxed 
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7.4 Supplemental Figures 
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Supplemental Figure 1: Body composition of female mD4KO mice pre and post chronic exercise training. Body weight (A), 
lean (B) and fat (C) mass of floxed controls and mD4KO littermates pre and post chronic exercise training. Data are shown as 
mean ± SEM (n=8-13). Floxed vs. mD4KO, 2-way ANOVA with Sidak post-test; ### P<0.001, pre vs. post, 2-way ANOVA with 
Sidak post-test. Pink bars represent floxed controls, whereas red bars display mD4KO mice. Additionally, striped bars 
symbolize the trained situation. 
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Supplemental Figure 2: Glucose and insulin tolerance in female mD4KO mice baseline corrected.Baseline corrected blood 
glucose levels and respective AUC after an i.p.GTT (A). Data are shown as mean ± SEM (n=9-11). Floxed sedentary vs. floxed 
trained vs. mD4KO sedentary vs. mD4KO trained, 2-way ANOVA with Tukey post-test. Blood glucose levels and AUC baseline 
corrected after an i.p.ITT (B). Data are shown as ± SEM (n=8-12). Floxed sedentary vs. floxed trained vs. mD4KO sedentary vs. 
mD4KO trained, 2-way ANOVA with Tukey post-test. Pink bars represent floxed controls, whereas dark red bars display 
mD4KO mice. Additionally, striped pattern represents the trained condition.  
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Supplemental Figure 3: Body composition of male mD4KO mice pre and post chronic exercise training. Body weight (A), 
lean (B) and fat (C) mass of floxed controls and mD4KO littermates pre and post chronic exercise training. Data are shown as 
mean ± SEM (n=8). Floxed vs. mD4KO, 2-way ANOVA with Sidak post-test; ### P<0.001, pre vs. post, 2-way ANOVA with Sidak 
post-test. Light orange bars represent floxed controls, whereas dark orange bars display mD4KO mice. Additionally, striped 
bars symbolize the trained situation.  
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Supplemental Figure 4: Glucose and insulin tolerance in male mD4KO mice baseline corrected. Baseline corrected blood 
glucose levels and respective AUC after an i.p.GTT (A). Data are shown as mean ± SEM (n=10-11). Floxed sedentary vs. floxed 
trained vs. mD4KO sedentary vs. mD4KO trained, 2-way ANOVA with Tukey post-test. Blood glucose levels and AUC baseline 
corrected after an i.p.ITT (B). Data are shown as ± SEM (n=10-11). Floxed sedentary vs. floxed trained vs. mD4KO sedentary 
vs. mD4KO trained, 2-way ANOVA with Tukey post-test. Light orange bars represent floxed controls, whereas dark orange 
bars display mD4KO mice. Additionally, striped pattern represents the trained condition. 
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Supplemental Figure 5: Body composition of aD4KO mice pre and post chronic exercise training. Body weight (A), lean (B) 
and fat (C) mass of floxed controls and aD4KO littermates pre and post chronic exercise training. Data are shown as mean ± 
SEM (n=7-10). Floxed vs. aD4KO, 2-way ANOVA with Sidak post-test; Pre vs. post, 2-way ANOVA with Sidak post-test. Light 
blue bars represent floxed controls, whereas dark blue bars display mD4KO mice. Additionally, striped bars symbolize the 
trained situation.   

 

0 15 30 45 60 75 90 105 120

0

100

200

300

400

500

600

700

Time (minutes)

B
lo

o
d

 g
lu

c
o

s
e

 (
m

g
/d

l)
 l
e

v
e

ls

a
ft

e
r 

i.
p

.G
T

T
 (

%
b

a
s

a
l)

Floxed
sedentary

Floxed
trained

aD4KO
sedentary

aD4KO
trained

**0.07

Sedentary Trained 

0

20000

40000

60000

A
U

C
 B

lo
o

d
 g

lu
c
o

s
e
 i
.p

.G
T

T

Floxed aD4KO

*

0 15 30 45 60

0

20

40

60

80

100

120

Time (minutes)

B
lo

o
d

 g
lu

c
o

s
e

 (
m

g
/d

l)
 l
e

v
e

ls

a
ft

e
r 

i.
p

.I
T

T
 (

%
b

a
s

a
l)

Floxed
sedentary

Floxed
trained

aD4KO
sedentary

aD4KO
trained

Sedentary Trained 

0

2000

4000

6000

8000

A
U

C
 B

lo
o

d
 g

lu
c
o

s
e

 i
.p

.I
T

T

Floxed aD4KO

A B

 

Supplemental Figure 6: Glucose and insulin tolerance in aD4KO mice baseline corrected. Baseline corrected blood glucose 
levels and respective AUC after an i.p.GTT (A). Data are shown as mean ± SEM (n=9-11). * P<0.05, *** P<0.001, floxed 
sedentary vs. aD4KO sedentary, 2-way ANOVA with Tukey post-test; # P<0.05, floxed sedentary vs. floxed trained, 2-way 
ANOVA with Tukey post-test. Blood glucose levels and AUC baseline corrected after an i.p.ITT (B). Data are shown as ± SEM 
(n=8-9). Floxed sedentary vs. floxed trained vs. aD4KO sedentary vs. aD4KO trained, 2-way ANOVA with Tukey post-test. Light 
blue bars represent floxed controls, whereas dark blue bars display aD4KO mice. Additionally, striped pattern represents the 
trained condition. 
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Supplemental Figure 7: Principal Component Analysis (PCA). The PCA displays the variance between RNA sequencing 
samples in the same condition. Dots display the sedentary and triangle the trained state. The red color scheme represents 
mD4KO animals and the blue color displays the floxed controls. One sample in the sedentary mD4KO group was identiefied 
as outlier and excluded from further analysis, marked with a red circle.  
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Pathway Adj. p-value Pathway Size Candidates contained (%)

Chemokine receptors bind chemokines 5,95E-04 52 5 (9,61 %)

Cytokine-cytokine receptor interaction 8,79E-04 292 9 (3,08 %)

Muscle contraction 4,32E-03 155 6 (3,87 %)

NF-kappa B signaling pathway 8,79E-04 105 6 (5,71 %)

Striated Muscle Contraction 8,49E-05 31 5 (16,13 %)

Viral protein interaction with cytokine and cytokine receptor 4,32E-03 95 5 (5,26 %)

Floxed sedentary vs. trained 

Pathway Adj. p-value Pathway Size Candidates contained (%)

AGE-RAGE signaling pathway in diabetic complications 2,46E-03 101 7 (6.93 %)

Collagen degradation 1,44E-03 19 4 (21,05 %)

Degradation of the extracellular matrix 3,64E-04 94 8 (8,51 %)

ECM-receptor interaction 2,89E-06 88 10 (11,36 %)

Extracellular matrix organization 3,22E-10 254 20 (7,87 %)

Focal adhesion 9,41E-05 201 12 (5,97 %)

Human papillomavirus infection 8,01E-03 359 12 (3,34 %)

Integrin cell surface interactions 1,11E-03 55 6 (10,91 %)

PI3K-Akt signaling pathway 2,46E-03 359 13 (3,62 %)

Post-translational protein phosphorylation 4,19E-03 112 7 (6,25 %)

Regulation of Insulin-like Growth Factor (IGF) transport and 

uptake by Insulin-like Growth Factor Binding Proteins 

(IGFBPs)

1,30E-03 118 8 (6,78 %)

sedentary mD4KO vs. Floxed 

Pathway Adj. p-value Pathway Size Candidates contained (%)

Hypertrophic cardiomyopathy 2,66E-02 91 5 (5,49 %)

mD4KO sedentary vs. trained 

A

B

C

 

Supplemental Figure 8: CPDB Pathway analysis. Significantly affected pathways in floxed sedentary vs. trained (A), mD4KO 
sedentary vs. trained (B), sedentary mD4KO vs. floxed (C). Significance threshold adj. p-value < 0.05.  
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