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ABSTRACT 

Obesity-related type 2 diabetes mellitus is a major global health burden. The mechanisms 

triggering the development of impaired glucose tolerance, insulin resistance and finally type 2 

diabetes mellitus, however, are still not fully understood. Impaired mitochondrial function in 

white adipocytes is currently debated as a causative factor in this context. The discussion 

was initiated by a series of human und rodent obesity studies showing simultaneous 

occurrence of altered mitochondria in white adipose tissue, or isolated adipocytes, and 

impaired glucose tolerance. The mere fact that obesity is often accompanied by both 

impaired glucose homeostasis and reduced white adipocyte mitochondrial function, however, 

does not prove causality between both phenomena. Therefore, in this PhD thesis, the 

interrelation between white adipocyte mitochondrial function and systemic glucose 

homeostasis was analyzed.  

 

In a first approach, using a novel protocol for detailed characterization of white adipocyte 

mitochondrial respiration, a key parameter of mitochondrial function, a higher respiratory 

capacity in adipocytes of subcutaneous fat compared to adipocytes of intraabdominal fat was 

observed in C57Bl/6N mice. Further, feeding these mice a high-fat diet for one week caused 

reduction in white adipocyte mitochondrial capacity. This limitation was more pronounced in 

intraabdominal as compared to subcutaneous adipocytes, and was paralleled by systemic 

glucose intolerance. Thus, the elevated metabolic risk associated with excessive 

intraabdominal versus subcutaneous white adipose tissue was indeed associated with 

differences in mitochondrial respiratory function between these types of body fat.  

 

In a second approach, using four different mouse models of profound obesity with either 

normal or impaired glucose tolerance, reduced white adipocyte mitochondrial respiratory 

capacity was identified as a hallmark of excessive body fat. Consistently, a greater limitation 

was observed for intraabdominal versus subcutaneous adipocytes. Notably, white adipocyte 

mitochondrial impairment was demonstrated in both glucose tolerant and glucose intolerant 

obese mice, thus occurred irrespective of the glucose tolerance status.  

 

In another approach, using inducible Cre-LoxP recombination technology, adipocyte-specific 

knockout of the mitochondrial matrix chaperonin heat shock protein 60 resulted in massively 

impaired mitochondrial function. This manipulation of mitochondrial physiology caused 

systemic glucose intolerance.  
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Altogether, marked differences in mitochondrial respiratory capacity of intraabdominal versus 

subcutaneous white adipocytes were revealed both in the lean state, as well as their 

divergent susceptibility to high dietary fat intake or elevated body fat. As a key finding, 

impaired respiratory capacity in white adipocytes turned out to be a general hallmark of 

weight gain and obesity, but not sufficient to affect systemic glucose homeostasis. Beyond 

respiratory capacity, however, massive generic impairment of white adipocyte mitochondrial 

functionality by disturbed proteostasis represents a potential risk and trigger for systemic 

glucose intolerance. 
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ZUSAMMENFASSUNG 

Der Adipositas-assoziierte Typ 2 Diabetes mellitus hat sich zu einer erheblichen globalen 

Gesundheitsbelastung entwickelt. Die Mechanismen der Pathogenese dieser Erkrankung 

sind jedoch noch weitgehend ungeklärt. Derzeit wird eine Beeinträchtigung der 

Mitochondrienfunktion in weißen Adipozyten als ein kausaler Faktor in diesem 

Zusammenhang diskutiert. Die Grundlage für diese Debatte liefern zahlreiche Studien an 

fettleibigen Menschen und Nagetiermodellen, welche sowohl Veränderungen in den 

Mitochondrien im weißen Fettgewebe, als auch eine Beeinträchtigung der 

Glukosehomöostase aufzeigen. Die alleinige Tatsache, dass beide Parameter wiederholt 

parallel auftreten rechtfertigt jedoch noch keinen Rückschluss über einen möglichen 

kausalen Zusammenhang. Der Fokus dieser Doktorarbeit liegt entsprechend auf der 

Aufklärung des Einflusses der Mitochondrienfunktion in weißen Adipozyten auf die 

systemische Glukosehomöostase.  

 

Basierend auf einem neu etablierten Protokoll zur Charakterisierung der respiratorischen 

Kapazität in Fettzellen, der Schlüsselfunktion der Mitochondrien, wurde zunächst 

herausgefunden, dass Adipozyten aus Subkutanfett von C57Bl/6N Mäusen über eine 

deutlich höhere respiratorische Kapazität verfügen als Adipozyten aus Intraabdominalfett. 

Zusätzlich konnte erarbeitet werden, dass eine einwöchige Fütterung dieser Mäuse mit einer 

Hochfett-Diät eine Reduktion der mitochondrialen respiratorischen Kapazität in Adipozyten 

beider Fettgewebstypen bewirkt. Verglichen mit Adipozyten aus Subkutanfett war das 

Ausmaß der Beeinträchtigung in Adipozyten aus Intraabdominalfett größer. Ferner wurde 

eine verminderte orale Glukosetoleranz festgestellt. Tatsächlich war zu diesem Zeitpunkt das 

metabolische Risiko, das mit erhöhtem Intraabdominalfett verbunden wird, mit einer 

reduzierten mitochondrialen Atmungskapazität dieses Körperfetttyps assoziiert. 

 

An vier verschiedenen Mausmodellen für Fettleibigkeit, jeweils zwei mit normaler, sowie 

gestörter oraler Glukosetoleranz, konnte gezeigt werden, dass eine Reduktion der 

mitochondrialen Atmungskapazität eine generelle Begleiterscheinung von erhöhtem 

Körperfett darstellt. Wiederum war die Reduktion der mitochondrialen Kapazität in 

Adipozyten aus Intraabdominalfett stärker ausgeprägt als in Adipozyten aus Subkutanfett. 

Von höchstem Stellenwert ist hier, dass diese mitochondriale Einschränkung sowohl in 

Mäusen mit normaler, als auch mit verminderter oraler Glukosetoleranz auftrat. Demnach ist 

eine Reduktion der mitochondrialen Kapazität unabhängig vom Auftreten einer gestörten 

Glukosehomöostase. 



___________                                                                                                                    ZUSAMMENFASSUNG 
 

VIII 
 

In einem weiteren Ansatz wurde gezielt in die Mitochondrienphysiologie weißer Fettzellen 

eingegriffen, um schließlich die Folgen einer Störung der Mitochondrienfunktion für die 

Glukosehomöostase zu erforschen. Ein induzierbares, gewebsspezifisches Cre-loxP 

Rekombinations-Systems wurde angewandt, um die Expression des mitochondrialen 

Chaperonins Hitzeschockprotein 60 in Adipozyten auszuschalten. Letztlich konnte gezeigt 

werden, dass eine massive Beeinträchtigung der Mitochondrienphysiologie in Adipozyten in 

einer verminderten systemischen Glukosetoleranz resultiert. 

 

Zusammenfassend zeigt diese Arbeit deutliche Unterschiede in der Mitochondrienfunktion 

zwischen subkutanen und intraabdominalen Adipozyten, sowohl bei schlanken, aus auch bei 

fettleibigen Mäusen. Bei jeder Form von Gewichtszunahme und Fettleibigkeit kommt es zu 

einer Reduktion der respiratorischen Kapazität in Adipozyten. Die mit Fettleibigkeit 

assoziierte Störung der Glukosehomöostase entwickelt sich jedoch unabhängig von dieser 

Art der mitochondrialen Veränderung. Eine schwere, nicht-spezifische Beeinträchtigung der 

Mitochondrienphysiologie, über die Funktion der respiratorischen Kapazität hinaus, ist  

dagegen als potentieller Auslöser von Glukoseintoleranz zu bewerten.  

 

 

 

 

 

 

 

 

 

https://de.wikipedia.org/wiki/Rekombination
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1 INTRODUCTION 

“Corpulence is not only a disease itself, but the harbinger of others.” 
(Hippocrates, c. 460 – c. 370 BC). 

 

In this sense, obesity-related type 2 diabetes mellitus (T2DM) has advanced to one of the 

major global health burdens affecting people of all ages in low-, middle-, as well as high-

income countries. Currently around 310 million people suffer from T2DM and its 

complications. This number, as well as T2DM related death, will rise dramatically during the 

next years (WHO, 2015). Despite those tremendous costs on human health, the mechanisms 

causing systemic glucose intolerance, insulin resistance, and finally T2DM are still not fully 

understood (Rowe & Arany, 2014). Fueled by the obesity and T2DM epidemic, research 

interests are increasingly focusing on a clear understanding of white adipose tissue (WAT) 

biology in health and disease (Rosen & Spiegelman, 2014). On this basis, the present PhD 

project was initiated in order to clarify the impact of white adipocyte mitochondrial function on 

systemic glucose homeostasis. 

1.1 WHITE ADIPOSE TISSUE IS A COMPLEX ORGAN 

1.1.1 MORE THAN FUEL STORAGE- THE METABOLIC IMPACT OF WAT 

WAT is now recognized as a highly dynamic and complex metabolic organ, but has not 

always been. Until the mid-20th century, WAT was simply thought to form a connective tissue 

containing lipid droplets - without any further metabolic meaning. The view on its metabolic 

impact  improved when WAT was recognized as the body’s long-term energy storage depot, 

with the ability to adapt lipogenesis and lipolysis to the bodys feeding state (Rosen & 

Spiegelman, 2014). A major breakthrough came in 1994 with the discovery of leptin as an 

adipocyte-derived hormone directed to brain, identifying WAT as an endocrine organ, with a 

key role in energy homeostasis regulation (Zhang et al., 1994; Trayhurn & Beattie, 2001; 

Rosen & Spiegelman, 2014). Since then, several hundred WAT-derived bioactive secretory 

molecules, the majority of which are peptide hormones collectively referred to as adipokines, 

and their autocrine, paracrine, and endocrine effects have been identified and described 

(Fasshauer & Blüher, 2015). To our current understanding, WAT, far beyond the ancient 

paradigms, integrates an array of homeostatic processes on the systemic level (Trayhurn & 

Beattie, 2001; Rosen & Spiegelman, 2014). These include, among others, appetite and 

satiety control, energy expenditure, fat distribution, and insulin secretion and sensitivity 

(Blüher, 2012; Fasshauer & Blüher, 2015). Thus, WAT is a major regulator of nutritional, 

energy, and glucose homeostasis (Rosen & Spiegelman, 2014). The outstanding importance 

of WAT physiology for systemic metabolic health is highlighted  by several 
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pathophysiological states of WAT associated with impaired glucose homeostasis including 

both loss (lipoatrophy, lipodystrophy) and excessive accumulation (obesity) of WAT, and lack 

of specific adipokines (leptin and adiponectin) (Garthwaite et al., 1980; Shimomura et al., 

1998; Pajvani et al., 2005; Nawrocki et al., 2006; Kim et al., 2007; Kless et al., 2015).  

1.1.2 SUBCUTANEOUS VERSUS VISCERAL - DIFFERENT TYPES OF WHITE ADIPOSE TISSUE 

WAT is organized in multiple specific depots which are, according to their anatomical 

localization, either categorized to subcutaneous or visceral (also referred to as 

intraabdominal) (Cinti, 2012). While accumulation of extensive visceral fat mass represents 

an established risk factor for the development of metabolic diseases like insulin resistance 

and T2DM, large amounts of subcutaneous fat mass are metabolically unproblematic or even 

inversely associated with metabolic risk (Vague, 1956; Fox et al., 2007; Hocking et al., 2008; 

Tran et al., 2008; Bjorndal et al., 2011; Lee et al., 2013; Hocking et al., 2015). A wide range 

of physiological differences between the two types of white fat have been recognized, and 

are intensely discussed in the context of divergent metabolic risk (Montague & O'Rahilly, 

2000). These include, among others, a higher rate of lipolysis in visceral than in 

subcutaneous fat (Richelsen et al., 1991; Hellmer et al., 1992), and differences in expression 

and secretion of adipokines (Alessi et al., 1997; Montague et al., 1997; Fried et al., 1998). It 

has often been suggested that individual innervation and relation to the circulation could 

account for the divergent metabolic risk of visceral versus subcutaneous fat. The most 

prominent example is the venous system of the visceral fat depot that flows into the portal 

circulation flooding the liver with its products (Rosen & Spiegelman, 2014). Several lines of 

evidence, however, support that cell intrinsic mechanisms determine the depot-specific 

differences in adipocyte biology;  gene expression, differentiation properties, and responses 

to environmental and genetic factors differ greatly between adipocyte precursor cells of 

subcutaneous and visceral fat (Macotela et al., 2012). Very recently, a major ontogenetic 

difference has been uncovered between adipocytes of both origins (Chau et al., 2014). 

Studies on regional WAT-transplantation validated this hypothesis: Implanting subcutaneous 

fat into the visceral cavity lowers body weight and body fat mass, and improves glucose 

tolerance, whereas transplantation of visceral fat does not (Hocking et al., 2008; Tran et al., 

2008; Hocking et al., 2015). Thus, it is highly likely that cell-autonomeous differences 

account for the divergent metabolic risk associated with visceral versus subcutaneous fat 

(Rosen & Spiegelman, 2014).  

1.1.3 MATURE WHITE ADIPOCYTES ARE THE PRIMARY CELL TYPE OF WAT 

Mature lipid-laden white adipocytes constitute the primary cell type of WAT and clearly 

dominate the histological picture (Müller et al., 2015). Lipid storage within the adipocyte 

varies greatly, and depends on physiological or pathological circumstances (Le Lay et al., 
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2001). In times of negative energy balance, fatty acids are released from the lipid store, 

causing reduction of adipocyte size, and transferred to non-adipose tissues in need of 

energy. In times of positive energy balance, adipocyte lipid uptake, esterification, and 

storage, cause an increase in cell size and allow expansion of the adipose organ (Rutkowski 

et al., 2015). Finally, adipocyte hypertrophy is the main cause for fat mass increase in 

obesity (Jo et al., 2009), and has been associated with major alterations in cellular 

physiology, as well as systemic metabolic complications (Le Lay et al., 2001). Hypertrophic 

adipocytes are insulin resistant, indicated by reduced glucose transporter type 4 (GLUT4) 

trafficking to the plasma membrane, finally resulting in diminished insulin-dependent glucose 

uptake (Kim et al., 2015). Lack of downstream effects of insulin signaling results in 

unregulated adipocyte lipolysis and ectopic lipid accumulation, aggravating whole body 

insulin resistance (Rutkowski et al., 2015). Besides, massively hypertrophic adipocytes were 

reported to show markedly altered adipokine secretion patterns (Skurk et al., 2007). 

Altogether, several alterations in adipocyte biology and systemic glucose homeostasis have 

been associated with adipocyte hypertrophy– but the (cell-intrinsic) mechanisms determining 

these alterations remain to be elucidated. 

1.2 MITOCHONDRIA ARE CENTRAL TO WHITE ADIPOCYTE PHYSIOLOGY 

Intact mitochondrial function is essential for many different pathways in the adipocyte 

(Figure 1-1). First, mitochondria are crucial for ATP generation by oxidative phosphorylation 

(OXPHOS) to supply the cell with energy. Additional functions include the production and 

detoxification of reactive oxygen species (ROS), regulation of apoptosis, turnover of 

metabolites, synthesis of Fe-S clusters, regulation of calcium concentration in both cytoplasm 

and mitochondrial matrix and many more (Brand & Nicholls, 2011; Stehling et al., 2014). In 

addition to these general functions, mitochondria fulfill adipocyte specific tasks (Forner et al., 

2009). ROS generated by complex III of the respiratory chain is needed to induce adipocyte 

differentiation. Concordantly, treatment of mesenchymal stem cells with mitochondrial 

targeted antioxidants inhibited differentiation into mature adipocytes (Tormos et al., 2011). 

Further, adipocyte differentiation is inhibited upon impairment of OXPHOS by complex I 

blockade (Lu et al., 2010). Next, proper mitochondrial function is crucial for lipogenesis (De 

Pauw et al., 2009). On the one hand, mitochondria must provide “additional” ATP to supply 

highly energy-consuming lipogenic processes, while maintaining regular cellular activity (Lu 

et al., 2010). On the other hand, adipocytes must generate glycerol 3-phosphate for 

triglyceride synthesis and this is covered by a glyceroneogenic pathway and mitochondrial 

anaplerosis (Franckhauser et al., 2002; Olswang et al., 2002; De Pauw et al., 2009). Besides 

their role in lipogenesis, white adipocyte mitochondria are also essential for fatty acid 

degradation subsequent to lipolysis, indicated by the fact that the enzymes involved in beta-
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oxidation are localized in the mitochondrial matrix (De Pauw et al., 2009). Notably, there is 

also evidence for an essential role of mitochondrial integrity for the production and secretion 

of adipokines. Consequently, mitochondrial impairment reduces adiponectin synthesis and 

secretion (Koh et al., 2007; Frizzell et al., 2009; Jeon et al., 2012).  

Taken together, the integration of mitochondria in numerous aspects of adipocyte physiology 

demonstrates the requirement of proper mitochondrial functioning for cellular, as well as 

systemic glucose homeostasis.  

 

 

 

 

Figure 1-1. Mitochondrial functions in white adipocytes.  

In addition to the requirement for general cellular physiology, mitochondria are essential for special aspects of 

adipocyte biology.  

Pink background: ATP production by oxidative phosphorylation (OXPHOS) is commonly defined as the main 

function of mitochondria. White background: Further general mitochondrial functions. Grey background: Particular 

mitochondrial functions in white adipocyte physiology.  

Abbreviations: ATP Adenosine triphosphate, OXPHOS oxidative phosphorylation, ROS reactive oxygen species. 

(Franckhauser et al., 2002; Olswang et al., 2002; Koh et al., 2007; De Pauw et al., 2009; Frizzell et al., 2009; Lu 

et al., 2010; Brand & Nicholls, 2011; Tormos et al., 2011; Jeon et al., 2012; Stehling et al., 2014). 
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1.3 WHITE ADIPOCYTE MITOCHONDRIA ARE AFFECTED BY OBESITY  

In 1989, mitochondrial oxygen consumption in human WAT has been demonstrated to be 

negatively related to total body fat (Hallgren et al., 1989). Years before the discovery of WAT 

as an endocrine organ and its influence on the metabolism of other organs, these results 

were not discussed in a systemic context. In 2004, Wilson-Fritch et al. initiated the discussion 

about a potential link between mitochondrial capacity in white adipocytes and systemic 

metabolic health. First, they reported that, relative to cell volume, mitochondrial mass was 

reduced in adipocytes of obese and glucose intolerant Lepob/ob versus lean and healthy 

control mice. Second, treating those mice with the insulin sensitizer rosiglitazone normalized 

blood glucose levels and at the same time increased mitochondrial biogenesis in white 

adipocytes. Based on these data, it has been suggested that mitochondrial capacity in white 

adipocytes may be related to whole-body glucose homeostasis and insulin sensitivity 

(Wilson-Fritch et al., 2004). These findings induced a surge of further investigation on 

obesity-associated changes of white adipocyte (or total WAT) mitochondria and their relation 

to systemic glucose homeostasis, both in humans and rodent models. Meanwhile, numerous 

studies have demonstrated reduced mitochondrial biogenesis and abundance, gene 

transcripts encoding mitochondrial proteins, mitochondrial proteins, and different aspects of 

mitochondrial functionality in WAT or isolated adipocytes of obese and/or type 2 diabetic 

humans and rodents (Hallgren et al., 1989; Wilson-Fritch et al., 2004; Bogacka et al., 2005; 

Choo et al., 2006; Dahlman et al., 2006; Valerio et al., 2006; Kaaman et al., 2007; Rong et 

al., 2007; Sutherland et al., 2008; Lindinger et al., 2010; Yehuda-Shnaidman et al., 2010; 

Christe et al., 2013; Wang et al., 2014; Fischer et al., 2015). Downregulation of mitochondrial 

functioning represents an early response to high-fat diet feeding, that continuously 

deteriorates during prolonged high-fat diet exposure (Derous et al., 2015). In conclusion, 

these studies indubitably figured out that weight gain and obesity cause profound alterations 

in adipocyte or WAT mitochondria. It has not been clarified, however, whether white 

adipocyte mitochondrial defects are involved in the development of systemic glucose 

intolerance in obesity. The re-emerging question is whether impaired white adipocyte 

mitochondria are cause or consequence of the glucose intolerant phenotype associated with 

obesity (Rong et al., 2007; Pardo et al., 2011; Kusminski & Scherer, 2012; Ryu et al., 2013; 

Vernochet et al., 2014). Possibly, they are not at all related to glucose tolerance, but are 

simply a phenomenon of excessive body fat. Beyond that, it has not been addressed whether 

differences in mitochondrial function in anatomical distinct fat – visceral/intraabdominal and 

subcutaneous – are contributing to the divergent metabolic risk associated with those distinct 

types of body fat.  
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1.4 AIMS OF THE PHD THESIS 

The primary task of the present PhD project was to assess the impact of white adipocyte 

mitochondrial bioenergetics on systemic glucose homeostasis. C57Bl/6 mice, lean and 

healthy, as well as metabolically challenged by either high-fat diet feeding or genetic 

mutations affecting energy homeostasis or mitochondrial function served as experimental 

model system. A protocol for comprehensive functional analysis of white adipocyte 

mitochondria, including state-of-the-art respirometry of intact and permeabilized adipocytes, 

as well as isolated mitochondria, was established to clarify the following research questions: 

 

(1) CHAPTER I – Is the divergent metabolic risk of excessive visceral/intraabdominal 

versus subcutaneous fat predetermined by a difference in mitochondrial function in 

white adipocytes from these types of body fat?  

 

(2) CHAPTER II – Are alterations in white adipocyte mitochondrial respiratory function a 

specific phenomenon of obesity, glucose intolerance, or both? In case of the latter, is 

impaired adipocyte mitochondrial OXPHOS capacity a causative factor for the 

development of systemic glucose intolerance? 

 

(3) CHAPTER III – What are the consequences of targeted disturbance of white adipocyte 

mitochondrial function on systemic glucose homeostasis?  

 

In summary, the studies performed in the scope of this PhD project unprecedentedly 

characterized white adipocyte mitochondrial OXPHOS function of mice in different metabolic 

conditions. Profound differences in OXPHOS capacity of visceral/intraabdominal versus 

subcutaneous white adipocytes were revealed both in the lean state, as well as their 

divergent susceptibility to weight gain and obesity. Furthermore, these studies demonstrated 

that limitations in OXPHOS capacity solely are not sufficient to trigger the development of 

glucose intolerance. Finally, beyond OXPHOS impairment, massive and generic disturbance 

of white adipocyte mitochondria represents a potential risk and trigger for systemic glucose 

intolerance. 
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2 METHODOLOGY TO ASSESS WHITE ADIPOCYTE 

MITOCHONDRIAL BIOENERGETICS  
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The cornerstone of the present PhD project was to establish a guideline for comprehensive 

characterization of white adipocyte mitochondrial bioenergetics. Recent technologies were 

applied to analyze mitochondrial respiration on three different levels, in intact adipocytes, in 

permeabilized adipocytes, as well as in isolated adipocyte mitochondria. Each approach has 

its strengths and weaknesses (Brand & Nicholls, 2011) (Figure 2-1), but the three 

approaches complement each other ideally. For isolated mitochondria additional techniques 

were applied to extend bioenergetic characterization by further parameters of mitochondrial 

functionality.  

The established experimental design allows generating detailed bioenergetic fingerprints and 

is described in detail in this chapter1. Defects in mitochondrial bioenergetics can be dissected 

into alterations in mitochondrial mass per cell, alterations in organellar functionality itself, and 

alterations on the level of electron transport chain complexes.  

 

 

 

Figure 2-1. Assessing mitochondrial bioenergetics in white adipocytes - strengths and weaknesses of 

different approaches (contents were adopted from (Brand & Nicholls, 2011)). 

                                                           
1
 Further methods and protocols, as well as detailed information on mouse models, mouse 

phenotyping, experimental diets, and statistics applied in this work are demonstrated in the appendix. 
Besides, all chemicals, enzymes, antibodies, equipment and material, and kit systems used are listed 
there. 
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2.1 CHARACTERIZATION OF PRIMARY MATURE WHITE ADIPOCYTES 

2.1.1 DISSECTION OF WHITE ADIPOSE TISSUE DEPOTS 

The posterior-subcutaneous (comprising gluteal, inguinal, and dorsolumbar fat depots) and 

the epididymal fat pads were chosen as representatives for subcutaneous and 

intraabdominal fat, respectively. Fat depots were dissected according to Cinti et al. (Cinti, 

2002) (Figure 2-2). Large blood vessels were removed before fat depots underwent further 

processing. 

 

 

Figure 2-2. Dissection of posterior-subcutaneous and epididymal fat depots.  

Demonstrated are respective fat depots in a male, 12 weeks old, chow diet fed C57Bl/6N mouse (indicated by the 

dotted line; sizes are indicated by centimeter scales). 

 

2.1.2 ISOLATION OF MATURE WHITE ADIPOCYTES FROM ADIPOSE TISSUE 

Total WAT was digested by collagenase and the resulting fat-suspension was centrifuged to 

separate mature white adipocytes from blood and cells of the stromal vascular fraction 

(Kanneganti & Dixit, 2012) (Figure 2-3).  

 

Immediately after dissection, fat depots were transferred into WAT-digestion buffer (10 ml 

per fat depot) and minced by scissors (Figure 2-3A). For subsequent analyses on adipocytes 

(cellular level), fat depots of individual mice were used. For subsequent analyses on 

adipocyte mitochondria (organellar level), due to the low mitochondrial yield per ml adipocyte 

suspension, fat depots of 8-12 mice were combined. The adipose-suspension was 

transferred into a falcon tube (15 ml tubes for single fat depots, 50 ml tubes for pooled fat 

Posterior-subcutaneous

Epididymal
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depots) and gently shaken at 37 °C (Wisd laboratory instruments, 150 rpm, guidance values: 

inguinal fat 30 minutes, epididymal fat 20 minutes. Figure 2-3B). Still aggregated particles 

were manually disrupted using a pasteur pipette (PLASTIBRAND). Lymph nodes and 

undigested tissue were removed by filtering the solution through a 250 µM nylon gauze 

(Schwegmann Filtrations-Technik, Figure 2-3C). After low speed centrifugation (300g, 2 min, 

RT, Figure 2-3D), mature adipocytes accumulated on top of the liquid phase (Figure 2-3E).   

WAT-digestion buffer containing blood and cells of the stromal vascular fraction were 

withdrawn (Figure 2-3G). For following experiments except protein isolation, adipocytes were 

washed once with standard STE and twice with STE-BSA. For subsequent protein isolation, 

all washing steps were conducted with standard STE buffer (to avoid protein contamination 

by BSA). 

 

Figure 2-3. Isolation of mature white adipocytes from white adipose tissue depots. 

(A) After dissection, fat depots were transferred into WAT-digestion buffer, minced by scissors, transferred into a 

falcon tube, and (B) digested by collagenase. (C) Afterwards, the fat suspension was filtered through a nylon 

mesh. (D) Low spin centrifugation allowed separation of (E) mature adipocytes (white top phase) from buffer 

(brownish liquid phase) and cells of the stromal vascular fraction (red pellet). (F) Adipocytes were further purified 

by three washing steps. (G) Purified adipocytes (indicated by the dotted line) were used for bioenergetic 

characterization, etc. 

 

WAT-digestion buffer   1 mg/ml collagenase A in 1 x Hank's Balanced Salt Solution, 4% BSA 

Standard STE buffer 250 mM sucrose, 5 mM TRIS, 2 mM EGTA, pH=7.4 at 4°C 

STE-BSA buffer Standard STE buffer containing 4% essentially fatty acid-free BSA 

 

2.1.3 MEASUREMENT OF MITOCHONDRIAL OXYGEN CONSUMPTION IN INTACT AND 

PERMEABILIZED WHITE ADIPOCYTES 

Oxygen consumption of adipocytes was assessed amperometrically using the Oxygraph-2k 

(OROBOROS INSTRUMENTS). The polarographic oxygen sensor (OroboPOS) represents 

the core of the high-resolution respirometry system and is based on a clark-type electrode. 

The OroboPOS comprises a gold cathode which is polarized negatively to a silver anode 

(-0.8V). A saturated potassium chloride solution allows connection of the electrodes. 

A                  B  C                   D  E                   F  G
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Molecular oxygen diffuses from the incubation chamber through a semipermeable teflon 

membrane and becomes reduced at the cathode (Pesta & Gnaiger, 2012). The anode 

becomes oxidized. Overall electrochemical process that occurs is:  

 

Cathode:  O2 + 2H2O + 4e-   → 4 OH-   

Anode:  4 Ag + 4 Cl - 4e- → 4 AgCl 

 

The electrical current is directly proportional to the oxygen partial pressure (pO2) inside the 

incubation chamber (Pesta & Gnaiger, 2012). DatLab software (OROBOROS 

INSTRUMENTS, version 6) allows on-line data acquisition and analysis after a 

current-to-voltage conversion, amplification, and an analog-digital conversion.  

pO2 is converted to oxygen concentration [µM], with regard to the oxygen solubility of the 

respiration buffer (Pesta & Gnaiger, 2012). Chamber assembly, OroboPOS service, 

membrane mounting, and instrumental background correction were performed as described 

in the manufacturer’s protocol. Two-point OroboPOS calibration was conducted with air-

saturated respiration buffer (MIR05, 100% oxygen, ~ 183 nmol O2/ml) and zero oxygen by 

sodium dithionite addition.  

 

Assay preparation 

100 µl of adipocyte suspension in STE-BSA were added to 2 ml mitochondrial respiration 

buffer (MIR05) using a cut pipette tip. The chamber was closed, the stirrer speed set to 

750 rpm, and the temperature to 37°C. 

 
Intact adipocytes – assay procedure 

For oxygen consumption measurements of intact adipocytes, pyruvate and malate was 

injected and basal cellular respiration was recorded (Figure 2-4). Oligomycin was injected 

and proton leak respiration was assessed. Titration of carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP) was performed for measuring maximal cellular respiration rates. 

Non-mitochondrial oxygen consumption was determined by addition of antimycin A and 

subtracted from the other respiratory states. Spare respiratory capacity (Equation 2-1) and 

cell respiratory control ratio (cRCR) were calculated (Equation 2-2) to judge mitochondrial 

function. After the measurements were finished, adipocytes (in MIR05 buffer) were 

transferred into 15 ml falcon tubes and stored at -20°C until further use (quantification of 

DNA). 

 

Spare respiratory capacity = ݉ܽݔ −  (1-2)                         ݈ܽݏܾܽ

cRCR =  ௫௬ ௦௨௧� � ௦  �� ௫௬ ௦௨௧� � ௦  �௬� = 
௫�௦      (2-2) 
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Figure 2-4. Representative on-line oxygen consumption measurement of intact white adipocytes using the 
Oxygraph-2k.  
The blue graph reflects oxygen concentration in the incubation chamber, the red graph reports normalized oxygen 
consumption. The green vertical mark indicates addition of adipocytes. Injection of stimulators or inhibitors of the 
respiratory chain are indicated by blue vertical marks. States: basal = oxygen consumption determined by proton 
leak and ATP production; leak= proton leak driven oxygen consumption after ATP-synthase blockade by 
oligomycin, max= maximal respiratory capacity achieved by titration of the chemical uncoupler FCCP. Afterwards, 
all values are corrected for non-mitochondrial background determined by inhibition of electron flow at complex III 
through antimycin A.  

 

Digitonin-permeabilized adipocytes – assay procedure 

Adipocyte plasma membranes were permeabilized by digitonin (Figure 2-5). The working 

concentration of 2 μM was adopted from a publication of Kraunsøe et al. Pilot experiments 

using a range from 0–10 μM identified that this concentration enables optimal 

permeabilization of adipocytes in biopsies, without leading to cell damage (Kraunsoe et al., 

2010). State 4 respiration was induced by succinate. Rotenone was added to block reverse 

electron flow. Injection of ADP induced phosphorylating state 3 respiration. ATP production 

was inhibited by oligomycin (state 4o). Titration of FCCP was performed for measuring 

maximal cellular respiration rates (state 3u). Terminology of respiratory states refers to Brand 

and Nicholls (Brand & Nicholls, 2011). Non-mitochondrial background was assessed in 

presence of antimycin A and subtracted from the other respiratory states. As marker for 

mitochondrial function and integrity, respiratory control ratio (RCR) was calculated (Equation 

2-3). As for intact cells, adipocytes in MIR05 buffer were transferred into 15 ml falcon tubes 

and stored at -20°C until assignment for DNA quantification. 

 

 

 

RCR =  ௫௬ ௦௨௧� � ௦  ௦௨௦௧௧ ௗ ��௫௬ ௦௨௧� � ௦  �௬�  = 
௦௧௧ ଷ௦௧௧ ସ   (2-3) 
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Figure 2-5. Representative on-line oxygen consumption measurement of digitonin permeabilized white 

adipocytes using the Oxygraph-2k. 

The blue graph reflects oxygen concentration in the incubation chamber, the red graph reports normalized oxygen 

consumption. The green vertical mark illustrates addition of adipocytes. Injection of stimulators or inhibitors of the 

respiratory chain are indicated by blue vertical marks. States: state 4 = substrate driven respiration (complex II 

substrate succinate with blockade of reverse electron flow by rotenone; state 3 = phosphorylating respiration in 

presence of substrate and ADP; state 4o = proton leak respiration after ATP-synthase blockade by oligomycin, 

state 3u = maximal uncoupled respiration achieved by titration of the chemical uncoupler FCCP. Afterwards, all 

values are corrected for non-mitochondrial background determined by inhibition of electron flow at complex III 

through antimycin A.  

 

 

KCL electrolyte   1M KCL in H2O 

Sodium dithionite solution 10 mM Na2S2O4 in phosphate buffer            

(44 mM Na2HPO4 * 2 H2O, 5.9 mM NaH2PO4 * H2O, ph 8.0,        

as described by OROBOROS INSTRUMENTS) 

MIR05 buffer  110 mM Sucrose, 60 mM potassium lactobionate, 0.5 mM EGTA, 

3 mM MgCl2 * 6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 

1g/l BSA-essentially fatty acid free, pH 7.1 with 5 N KOH at 30°C, as 

described by OROBOROS INSTRUMENTS 

Final concentrations  Substrates: 5 mM succinate (+ 2 µM rotenone), 5 mM pyruvate + 

5 mM malate, 5 mM ADP 

Inhibitors: 2.5 µg/ml oligomycin, 4 µM antimycin A,  

Others: 2 µM digitonin, 0.5 µM titration steps of FCCP  

 

Combination of both approaches, respirometry of intact and permeabilized adipocytes, allows 

comprehensive determination of mitochondrial bioenergetics on the cellular level with special 

regard to the ATP generating machinery. 
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Normalization of oxygen consumption to DNA  

Oxygen consumption of adipocytes was normalized to genomic DNA (gDNA) content by 

quantitative real-time polymerase chain reaction (qRT-PCR), allowing data presentation as 

[pmol O2/(s*µg DNA)]. 

Adipocyte samples stored at -20°C were thawed on ice. After vigorous vortexing, 100 µl 

adipocyte suspension were transferred into a 1.5 ml tube and diluted 1:5 in lysis buffer.  

Samples were digested for 1h at 65°C under agitation (1,000 rpm). Proteinase K was 

inactivated at 95°C for 10 min. Samples were put on ice and 2.25 volumes 

phenol:chloroform:isoamyl alcohol (25:24:1) were added. After vortexing and phase 

separation by centrifugation at 16,000g for 5 min, the hydrophilic phase containing nucleic 

acids was directly employed to qRT-PCR analysis according to Table 2-1. Primers were 

targeted 5’ to the resistin (Retn) gene. DNA concentrations were calculated with due regard 

to dilution factors referring to a mouse gDNA standard series of known concentrations. 

 

Table 2-1. DNA quantification by qRT-PCR for normalization of oxygen consumption measurements. 

qRT-PCR mix (one reaction) qRT-PCR program 

Substance Volume [µl] Step Temperature [°C] Time [s] Cycles 

SensiMix SYBR No-ROX 6.25 Initialization 97 420  

Forward primer [5 pmol/µl] 0.625 Denaturing 97 10  

45 Reverse primer [5 pmol/µl] 0.625 Annealing 59 15 

Nuclease-free water 4 Elongation 72 20 

Genomic DNA extract  1 Cooling 4 ∞  

Forward primer 5’-ACCTCTCTTGGGGTCAGATGT-3’ 
Reverse primer 5’-CTGGGTATTAGCTCCTGTCCC-3’ 
Primers were designed by Dr. Christoph Hoffmann 
 

 

Lysis buffer  10 mM TRIS in H2O - pH 8.3 with 6 N HCL, 50 mM KCL, 0.45% Nonidet P-40, 

0.45% Tween 20, 0.2 mg/ml Proteinase K  

 

2.1.4 DETERMINATION OF MITOCHONDRIAL MASS  

Determination of mitochondrial abundance represents an important factor in the quantitative 

assessment of cellular or tissue oxidative capacity. Here, activity of tricarboxylic acid (TCA) 

cycle enzyme citrate synthase (CS) and mitochondrial DNA abundance were chosen as 

surrogate measures for mitochondrial content. 
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Determination of citrate synthase activity  

CS catalyzes the initial reaction of the TCA by formation of citrate from acetyl-CoA and 

oxaloacetate thereby releasing coenzyme A (CoA). Thiol-groups of CoA cleave 

5,5’dithiobis(2-nitrobenzoic) acid (DTNB) in the CS-assay medium releasing yellow NTB2-.  

The reaction can be quantified spectrophotometrically by measuring absorbance at 412 nm. 

Adipocyte suspensions were diluted 1:25 in CS-lysis buffer to a final volume of 400 µl and 

homogenized using an Ultra-Turrax (30 sec. level 2, IKA). For one reaction 10 µl of adipocyte 

homogenates or CS-lysis buffer for negative control were mixed with 240 µl CS-assay 

medium. Measurements were performed in duplicates at 30°C in a 96-well microplate format 

(Greiner, microplate reader TECAN). After a forerun period of 5 kinetic cycles à 1 min 50 µl 

oxaloacetate solution were injected to initiate CS activity. Measurements were continued for 

10 kinetic cycles. CS activity of adipocyte suspensions was calculated according to 

Equation 2-4.  

ܷ] ݕݐ�ݒ�ݐܿܽ ܵܥ  µ݃⁄ [ܣܰܦ =          (2-4) ሺ݁ݐܽݐ݈݁ܿܽܽݔ ݎ݁ݐ݂ܽ ݈݁ݏ − ሻ݁ݐܽݐ݈݁ܿܽܽݔ ݁ݎ݂ܾ݁ ݈݁ݏ ∗ ܤܰܶܦ ݂ ݐ݊݁�ܿ�݂݂݁ܿ ݊�ݐܿ݊�ݐݔ݁�ܦ ∗ ݁ݐ݈ܽ ݂ ℎݐ݈݃݊݁ ℎݐܽ ∗ µg ܣܰܦ 

  

(CS = citrate synthase, DF = dilution factor (30),  

extinction coefficient of DTNB = 13.6 ml * µmol
-1

 * cm
-1

 (Alexson & Nedergaard, 1988), path length of 

plate filled with 300 µl suspension = 0.75 cm. DNA concentrations were determined as described in 

2.2.4.)       

 

CS-lysis buffer   MIR05 buffer, 1% Tween 20  

MIR05 buffer  110 mM Sucrose, 60 mM potassium lactobionate, 0.5 mM EGTA, 

3 mM MgCl2 * 6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM Hepes, 

1g/l BSA-essentially fatty acid free, pH 7.1 with 5 N KOH at 30°C,  

as described by OROBOROS INSTRUMENTS 

CS-assay medium 100 mM TRIS, 1 mM EDTA, 1 mM MgCl2, 0.1 mM DTNB (freshly added) 

0.36 mM Acetyl-CoA (freshly added), pH 8.2 

Final concentrations  Substrates: 0.5 mM oxaloacetate  

 

Quantification of mitochondrial genome copy number  

Mitochondrial DNA was related to nuclear DNA as marker for mitochondrial content of cells 

or tissues as established by Dr. Tobias Fromme (TU München). This method is based on 

qRT-PCR with primers targeting sequences exclusively in either the mitochondrial or the 

nuclear genome.  
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DNA was isolated from snap-frozen adipocytes (40 µl) using the Wizard® SV Genomic DNA 

Purification System following the manufacturer’s protocol. DNA yield was measured 

spectrophotometrically (TECAN) and diluted to a concentration of 25 ng/µl in nuclease-free 

water. The qRT-PCR was performed in a Roche LightCycler®480 (96-well format). 

Measurements were performed in technical duplicates. PCR amplification was quantified by 

specific probes (Roche) (Table 2-2). Mitochondrial or nuclear DNA content, respectively, 

were calculated for every replicate separately according to Equation 2-5. Finally, means of 

technical replicates were determined to calculate the ratio of mitochondrial DNA to nuclear 

DNA. 

[ݏݐ�݊ݑ ݕݎܽݎݐ�ܾݎܽ] ܣܰܦ  = ଵ6ଶ��                                                                                               (2-5) 

 
 (with Cp = crossing point-PCR-cycle; indicates the cycle at which amplification-related fluorescence 
exceeds background).   

 

Table 2-2. Quantification of mitochondrial genome copy number by qRT-PCR. 

qRT-PCR Mix (one reaction) qRT-PCR Program 

Substance Volume 

[µl] 

Step Temperature 

[°C] 

Time  

[s] 

Cycles 

2x Mastermix  
(LightCycler

®
480 

ProbesMaster, Roche 

5.0 Initialization 95 300  

Forward primer [20 µmol/l] 0.2 Denaturing 95 10  

 

45 

Reverse primer [20 µmol/l] 0.2 Annealing 60 20 

Probe  0.2     

Nuclease free water  0.4 Elongation 72 2 

DNA [25 ng/μl] 4 Final elongation 72 180  

∑ 10     

Target: Mitochondrial genome 
Forward primer: 5’-CAAATTTACCCGCTACTCAACTC-3’ 
Reverse primer: 5’-GCTATAATTTTTCGTATTTGTGTTTGG-3’ 
Location chrM: 4343+4452; probe no. 101, Universal Probe Library, Roche - Cat. No. 04692195001. 
Target: Nuclear genome 
Forward primer: 5’-TTTACAGGATCTCCAAGATTCAGA-3’ 
Reverse primer: 5’-GATCACCCCATGTGAACAAA-3’ 
Location chr8: 1000128+31000199; probe no 26, Universal Probe Library, Roche - Cat. No. 
04687574001. 
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2.2 CHARACTERIZATION OF ISOLATED MITOCHONDRIA 

2.2.1 ISOLATION OF MITOCHONDRIA FROM WHITE ADIPOCYTES 

Isolation of mitochondria from white adipocytes is based on homogenization followed by 

differential centrifugation (Figure 2-6). The homogenate is separated according to differences 

in size and density of cellular components.  

 

Figure 2-6. Isolation of mitochondria from white adipocytes by homogenization and subsequent 
differential centrifugation.  
(A) After several washing procedures, floating white adipocytes (indicated by the dashed line) are transferred to a 
(B) glass-teflon homogenizer: adipocytes are carefully homogenized by 5 rotating strokes. (C) Low-spin and 
following fast-spin centrifugation allow isolation of mitochondria from the adipocyte homogenate. (D) Finally, 
mitochondria, indicated by the brownish part of the pellet (dashed line) are resuspended in KHE buffer for further 
analysis. Red apparent blood contaminations of the pellet, indicated by the central dotted line, are discarded. 

Procedures were conducted using ice-cold equipment and buffers. Freshly isolated 

adipocytes were transferred into a 15-ml glass-teflon homogenizer (Sartorius), filled up to 

15 ml with STE-BSA, and homogenized manually by 5 rotating strokes (Figure 2-6A and B). 

Homogenates were transferred into a 40-ml centrifuge tube, filled with STE-BSA up to 30 ml 

and centrifuged at 800g and 4°C for 10 min (Figure 2-6C). The top layer (fat, still intact 

adipocytes) was returned into the homogenizer, the middle phase (buffer including 

organelles) was transferred into a new 40-ml centrifuge tube and the pellet (cell debris and 

nuclei) was discarded. In order to enhance mitochondrial yield, homogenization of the top 

layer and subsequent low-spin centrifugation was repeated as described. Afterwards, the 

middle phase of both low-spin runs was centrifuged at 10,000g and 4°C for 10 min. The 

supernatant was discarded and mitochondria, forming the pellet (Figure 2-6D), were carefully 

resuspended in 30 ml STE-BSA using a common paint brush. For further purification of 

mitochondria, fast-spin centrifugation was repeated once. Again, the supernatant was 

discarded and the pellet was resuspended in 210 µl KHE buffer. Purified mitochondria were 

transferred into a 1.5 µl tube using a cut pipette tip. 

2.2.2 DETERMINATION OF MITOCHONDRIAL PROTEIN CONCENTRATION  

Protein concentrations of mitochondrial suspensions were determined in a 96-well format 

using a commercial Bradford assay kit (Carl Roth, all procedures according to manufacturer’s 

A B                        C D

Differential 
Centrifugation

Low-spin 800 g
Fast-spin 10000 g
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instructions). Therefore, mitochondria were diluted 1:200 in KHE buffer. Measurements were 

performed in technical duplicates. Protein concentrations were calculated referring to a 

standard series (0-0.1 mg/ml BSA in KHE buffer). Values were corrected for KHE-BSA-

dependent absorbance.  

2.2.3 BIOENERGETIC PROFILING  

Bioenergetic profiles of isolated white adipocyte mitochondria were ascertained using the 

Seahorse XF96 Extracellular Flux Analyzer. Based on a 96 well microplate-cartridge system, 

this technique enables measuring oxygen consumption of mitochondria via fluorescent 

sensors (Figure 2-7) (Ferrick et al., 2008). Multiple technical and biological replicates can be 

assessed within one measurement by simultaneously using very small amounts of 

mitochondria (Rogers et al., 2011). Basic parameters were adopted from a protocol 

developed for respirometry of liver mitochondria using the XF24 (Rogers et al., 2011).  

 

Assay preparation 

Cartridges were hydrated overnight in a non-CO2 incubator at 37°C using the XF96 Calibrant 

solution (200 μl per well). XF96-PS cell culture plates were coated with collagen. All media 

and compounds were warmed to 37ºC in a water bath. 

 

Assay procedure 

Isolated white adipocyte mitochondria were seeded in collagen coated XF96-PS cell culture 

plates (5 µg mitochondrial protein per well, diluted in 20 µl KHE buffer containing substrate: 

succinate/rotenone or pyruvate/malate or palmitoyl-L-carnitine/malate; Figure 2-7A). By 

centrifugation (Eppendorf 5804 R) at 2,000g for 20 min at 4°C, mitochondria were attached 

to the bottom of the plate. After mitochondria acclimatized to RT for 5 min, 180 µl KHE buffer 

containing substrate (see above) were added. Mitochondria were incubated for 30 min in the 

XF incubator at 37°C before the measurement was started.  

Measurements were performed in 8 technical replicates. First, mitochondrial oxygen 

consumption was measured in the presence of substrate only (state 4, Figure 2-7B). ADP 

was injected to promote maximal phosphorylating respiration (state 3). ATP-synthase was 

inhibited by addition of oligomycin. Remaining oxygen consumption is defined as basal 

proton leak (state 4o). The chemical uncoupler FCCP was injected to assess maximal 

uncoupled respiration (state 3u). Finally, mitochondrial electron flow was inhibited by 

antimycin A and rotenone. Remaining non-OXPHOS background was subtracted from values 

of the other conditions. Oxygen consumption rates were calculated by plotting oxygen 

concentration (nmoles O2) versus time (min), using the original (gain) fixed algorithm of the 

XF Software, and normalized to mitochondrial content [nmol/(min*mg protein)]. Respiratory 
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control ratios were ascertained by dividing oxygen consumption during state 3 respiration by 

oxygen consumption during state 4o respiration (Equation 2-2). 

The standard assay protocol is demonstrated in appendix 6.5. 

 

KHE buffer 120 mM KCL, 5 mM KH2PO4, 3 mM HEPES, 1 mM EGTA, 0.5% BSA 

essentially fatty acid free, pH 7.2 with KOH at RT 

Final concentrations  Substrates: 5 mM succinate (+ 2 µM rotenone), 5 mM pyruvate + 

5 mM malate, 40 µM palmitoyl-L-carnitine + 5 mM malate, 6 mM ADP  

Inhibitors: 2.5 µg/ml oligomycin, 4 µM antimycin A  

Others: 4 µM FCCP 

 

 

 

Figure 2-7. Schematic illustration of XF96  mircoplate based respirometry.  
(A) I) Collagen coated XF96 cell culture microplates. II) Four drug delivery ports in the cartridge allow successive 

delivery of IIa) ADP IIb) Oligomycin IIc) FCCP IId) Antimycin A/rotenone. IIIa/b) Vertically flexible sensor sleeves 

create IV) a transient microchamber. V) Fluorophores measure O2 concentration (and H
+
, measure for glycolysis 

in cellular systems). 

(B) Bioenergetic profile of isolated mitochondria including proton leak, ATP production, uncoupled respiration and 

non-mitochondrial background.  

Main features of this illustration were adopted from the manufacturers protocol and (Ferrick et al., 2008). 

 

2.2.4 QUANTIFICATION OF MITOCHONDRIAL ROS METABOLISM 

Mitochondrial H2O2 efflux, a surrogate measure for mitochondrial ROS metabolism, was 

assessed using Amplex® Red fluorescence. In presence of horseradish peroxidase (HRP), 

non-fluorescent and colorless Amplex® Red (10-acetyl-3, 7-dihydroxyphenoxazine) reacts 1:1 

stoichiometrically with H2O2, resulting in red fluorescent resorufin (Zhou et al., 1997; Schlieve 

et al., 2006).  

Measurements were performed in duplicates at 37°C in a 96-well microplate format (Greiner, 

microplate reader TECAN, excitation wavelength 560 nm, emission wavelength 590 nm).  

 

A             B 
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For each well, 20 µg mitochondrial protein were diluted in 200 µl ROS medium. Ten kinetic 

cycles (à 1min) were recorded before induction of state 4 respiration by substrate injection, 

and state 3 respiration by substrate and ADP injection. Fluorescence intensity was recorded 

for 20 further kinetic cycles. H2O2 efflux was calculated according to Equation 2-6 using a 

standard series of known H2O2 concentrations and expressed as 

[pmol H2O2/(min*mg mitochondrial protein)]. 

�] ݔݑ݈݂݂݁ 2ܱ2�              ∗ [݊�݁ݐݎ ݃݉ =  ௦௦௨௦௧௧ [����]−௦ ௦௨௦௧௧[����]௦௦௧ௗௗ   ቔ����ቕ∗�௧ℎௗ� []  

 

(RFU = relative fluorescence units) 

 

ROS medium   KHE buffer, 4 U/ml SOD, 2 U/ml HRP, 100 µM Amplex
®
 Red  

KHE buffer see 2.3.2 

Final concentrations  Substrates: 6 mM succinate (+ 4 µM rotenone), 5 mM pyruvate + 5mM malate, 

2 mM ADP 

Standard curve: 0, 200, 400, 600, 800 and 1,000 pmol H2O2  

 

2.2.5 ASSESSMENT OF MITOCHONDRIAL MEMBRANE POTENTIAL  

Safranin O is a cationic membrane-permeant fluorescent dye widely used for assessment of 

changes in mitochondrial membrane potential (∆Ψm) (Akerman & Wikstrom, 1976; Eriksson 

et al., 1998; Zago et al., 2000; Perevoshchikova et al., 2009; Toime & Brand, 2010; Lionetti et 

al., 2014). Induction of electrical potentials across the mitochondrial membrane leads to 

accumulation of dye molecules within the organelle (Akerman & Wikstrom, 1976), resulting in 

a quenched fluorescence signal. 

Measurements were performed in duplicates at 37°C in a 96-well microplate format (Greiner, 

microplate reader TECAN, excitation wavelength 495 nm, emission wavelength 586 nm). For 

each well 20 µg mitochondrial protein were suspended in 100 µl safranin O-medium. A 

forerun period of 15 kinetic cycles (à 1 min) was measured to allow signal stabilization. Then, 

10 kinetic cycles of state 4 respiration induced by substrate injection were recorded. FCCP 

was injected to induce state 3u respiration and collapse of membrane potential. 

Fluorescence was again recorded for 10 kinetic cycles. Due to considerable inter-experiment 

variation in the overall fluorescence level, fluorescence intensity was normalized to 

percentage of maximal fluorescence during state 3u (100%). Fluorescence signal intensity 

differences between state 4 and state 3u respiration can be translated as capability of 

mitochondria to build up ∆Ψm.  

(2-6) 
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Safranin O-medium  KHE buffer, safranin O 8 µM 

KHE buffer see 2.3.2 

Final concentrations Substrates: 5 mM succinate (+ rotenone 2 µM), 5 mM pyruvate + 5mM malate, 

Others: 2 µM FCCP  

 

 

Altogether, this array of methods on intact adipocytes, permeablized adipocytes, and isolated 

mitochondria allows detailed characterization of white adipocyte mitochondrial bioenergetics, 

as well as further aspects of mitochondrial functionality. In addition, total WAT specimen, 

isolated white adipocytes, and isolated mitochondria can be used for various other 

experiments (compare appendix), as immunoblot analysis, proteomics, etc. 
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Supplemental material 

 

Figure S1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Adipocyte sizes of inguinal versus epididymal adipocytes. Representative images of histological 
sections of (A) inguinal and (B) epididymal white adipose tissue. Scale bar = 100 µm. (C) Histograms show 
relative size distributions. Cell diameters were analyzed in fat depots of six mice (n=6) each with five independent 
histological sections (N=5). 
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Supplemental figures 

Figure S1 

 

 

 

Figure S1 Integrated comparison of adipocyte respirometry data. Obese vs. lean mice of four different 

mouse obesity models were compared. A) posterior subcutaneous adipocytes B) epididymal adipocytes. Data 
obtained by respirometry analyses were intra-experiment normalized, statistically evaluated by two-way repeated 
measures ANOVA and presented as means ± SD. *p<0.05, ** p< 0.01, *** p<0.001, significant differences 
compared to respective controls. 
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Abstract 

Impaired mitochondrial function in white adipose tissue is currently discussed as a causative 

factor for the development of obesity associated systemic glucose intolerance. We here 

scrutinized the possibility of a causal relationship between these phenomena. We took 

advantage of a novel tissue-specific and inducible knockout model to disturb mitochondrial 

function in white adipocytes and analyze consequences on systemic glucose homeostasis. 

The target gene of our investigations was heat shock protein 60 (HSP60), a mitochondrial 

matrix chaperonin essential for mitochondrial proteostasis. Feeding mice carrying inducible 

AdipoQ-CreERT2 and floxed alleles of HSP60 a tamoxifen containing diet triggered 

Cre-mediated HSP60 knockout in adipocytes. HSP60 knockout mice (HSP60Δ/Δadipocytes) 

revealed an overall 93% reduction in HSP60 protein levels in mature white adipocytes 

purified from posterior subcutaneous and intraabdominal epididymal white fat depots. 

Subsequent comprehensive bioenergetic analysis revealed markedly reduced mitochondrial 

respiratory capacity upon HSP60 ablation. There was no effect of white adipocyte 

mitochondrial impairment on body weight, body composition, fat pad mass, and plasma leptin 

and adiponectin levels. Most notably, however, oral glucose tolerance tests revealed 

significantly lower level of glucose tolerance in HSP60Δ/Δadipocytes compared to HSP60flox/flox 

mice. Thus, our study provides in vivo evidence for decreased mitochondrial capacity as 

potential risk and trigger for the development of systemic glucose intolerance.  

 

 

Abbreviations 

AF adipocyte fraction, AdipoQ adiponectin, ap2 adipocyte protein 2, AUC area under the 
curve, CHOP C/EBP homologous protein, ClpP caseinolytic peptidase, Cre causes 
recombination, ER estrogen receptor, HSP60 heat shock protein 60, iBAT interscapular 
brown adipose tissue, e/psWAT epididymal/posterior subcutaneous white adipose tissue, 
JNK cJun-N terminal kinase, loxP locus of crossover in P1 bacteriophage, mtUPR 
mitochondrial unfolded protein response, OXPHOS oxidative phosphorylation, PEF 
phytoestrogen free chow diet, PKR double-stranded RNA-dependent protein kinase, SVF 
stromal vascular fraction, UCP1 uncoupling protein 1. 
 

 

 

 

Key words 

White adipocytes, mitochondrial impairment, systemic glucose intolerance 
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Introduction 

Impaired mitochondrial function in white adipocytes is currently considered as a causative 

factor in the development of systemic glucose intolerance in obesity (Maassen et al., 2007; 

Sutherland et al., 2008; Kusminski & Scherer, 2012; Vernochet et al., 2012; Keuper et al., 

2014). Speculations were initiated by a series of human und rodent studies showing co-

occurrence of altered white adipocyte mitochondria and impaired glucose homeostasis in 

obesity. Numerous studies demonstrate that mitochondrial biogenesis and abundance, the 

expression of genes involved in oxidative phosphorylation (OXPHOS), and the OXPHOS 

capacity as a measure for mitochondrial function are reduced in adipose tissue or isolated 

adipocytes of obese and/ or type 2 diabetic rodents and humans (Hallgren et al., 1989; 

Wilson-Fritch et al., 2004; Choo et al., 2006; Dahlman et al., 2006; Valerio et al., 2006; Rong 

et al., 2007). The mere fact that altered adipocyte mitochondria and impaired glucose 

homoeostasis repeatedly occurred simultaneously, however, does not allow drawing 

conclusions about a causal relationship, especially in the light of several examples of 

dissociation between these parameters (Schöttl et al., 2015b). Therefore, the major issue to 

be investigated is whether causality exists between white adipocyte mitochondrial 

impairment and the development of whole body glucose intolerance.  

 

Conditional gene targeting represents an opportunity for the examination of possible cause-

and-effect relationships. The Cre-loxP system is a sophisticated and powerful methodology 

for spatial control of genetic knockout. In principle, mice with loxP sites flanking the gene of 

interest are mated with mice expressing Cre recombinase under the control of a tissue or cell 

type specific promoter. Enzymatic Cre activity recombines the marked (“floxed”) gene 

resulting in gene knockout exclusively in cells with respective promotor activity (Sauer & 

Henderson, 1988; Gaveriaux-Ruff & Kieffer, 2007). Finally, effects of the spatial gene 

knockout can be assessed on organellar, cellular, tissue, and systemic level.  

 

Heat shock protein 60 (HSP60) is a mitochondrial matrix chaperonin crucial for maintenance 

of mitochondrial integrity by its role in organellar protein homeostasis (Lin et al., 2001). It is 

essential for proper folding of many mitochondrial matrix proteins synthesized in the cytosol 

and targeted to mitochondria (Figure 1A) (Cheng et al., 1989; Ostermann et al., 1989). 

Further, HSP60 as a chaperonin holds a key role in mitochondrial unfolded protein response 

(mtUPR), a mitochondrial specific stress response targeted to ensure quality of the 

mitochondrial proteome (Zhao et al., 2002; Jovaisaite & Auwerx, 2015) (Figure 1B). 
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Figure 1. Role of HSP60 in mitochondrial proteostasis. 

A) Schematic illustration of HSP60 mediated folding of proteins imported into mitochondria.  

Supported by cytosolic chaperones, proteins with a presequence are transported to the translocase of outer 
membrane (TOM) complex, and then pass through TOM and the presequence translocase of the inner membrane 
(TIM23). TIM23 cooperates with heat shock protein 70 (HSP70) that completes the protein import into the matrix. 
After cleavage of the presequence from the preprotein by mitochondrial processing peptidase (MPP), a partially 
folded protein is delivered to heat shock protein 60 (HSP60). Final folding is processed by HSP60 in collaboration 
with heat shock protein 10 (HSP10) [reviewed in (Wiedemann et al., 2004; Dudek et al., 2013)].  
 (B) Suggested model for mitochondrial-nuclear signaling in mammalian mitochondrial unfolded protein 

response. 

Protein aggregation in the mitochondrial matrix leads to caseinolytic peptidase (ClpP) activity dependent induction 
of double-stranded RNA-dependent protein kinase (PKR) (Rath et al., 2012). PKR activates cJun-N terminal 
kinase 2 (JNK2) by phosphorylation which triggers c-Jun binding to activator protein-1 (AP-1) elements to induce 
transcription of C/EBP homologous protein (CHOP) and C/EBPβ. CHOP/C/EBPβ transcription factor dimers binds 
to specific unfolded protein response (UPR) promoter element (MURE) and up-regulate transcription of 
mitochondrial UPR target genes (Zhao et al., 2002; Aldridge et al., 2007; Horibe & Hoogenraad, 2007; Rath et al., 

2012; Rath & Haller, 2012; Mottis et al., 2014; Jovaisaite & Auwerx, 2015). 
 

Depletion of HSP60 impairs mitochondrial function and reduces insulin sensitivity in a 

hypothalamic cell line (Kleinridders et al., 2013b). Moreover, HSP60 expression (mRNA and 

protein level) is reduced in adipose tissue of high-fat diet fed or genetically obese/diabetic 

rodents indicating HSP60 regulation upon weight gain and obesity, and suggesting a role of 

the chaperonin in obesity associated impaired glucose tolerance (Okamoto et al., 2007; 

Rong et al., 2007; Sutherland et al., 2008). Vice versa, however, consequences of adipocyte-

specific ablation of HSP60 on systemic glucose homeostasis were not studied in vivo. 

 

We here take advantage of a new conditional tamoxifen-inducible Cre-loxP mouse model 

(Hspd1flox/flox-AdipoQCreERT2+) characterized by temporally-controlled knockout of HSP60 in 
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white adipocytes. Our strategy is to disturb mitochondrial proteostasis in white adipocytes by 

HSP60 knockout, thereby impairing electron transport chain activity. Finally, consequences 

of impaired white adipocyte mitochondrial function on whole body glucose homeostasis are 

assessed. Using this approach, we identified adipocyte mitochondria as potential regulators 

of systemic glucose homeostasis. 
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Material and Methods 

Mice 

All mouse experiments were performed with permission of the government of Upper Bavaria 

(Regierung von Oberbayern, reference number AZ 55.2-1-54-2532-12-12). 

Before and throughout the experiment mice were housed in groups in a specific 

pathogen-free environment on a 12:12h light-dark photocycle at 22°C with ad libitum access 

to water and food.  

Hspd1flox/flox mice were crossed with AdipoQCreERT2+ mice. 

Hspd1flox/flox mice: Mice with floxed Hspd1 alleles (Hspd1 is the gene encoding for HSP60) 

were generated on the strain background of C57BL/6N (Berger, 2014), and kindly provided 

by Prof. Dr. Dirk Haller, Chair of Nutrition and Immunology, Technische Universität München. 

AdipoQCreERT2+ mice: AdipoQCreERT2+ C57BL/6N mice were generated and kindly provided 

by Prof. Dr. Christian Wolfrum, Eidgenössische Technische Hochschule Zürich. Mice are 

hemizygous for the transgene Cre-ERT2
; Cre (causes recombination) recombinase is fused to 

a mutated human estrogen receptor binding domain (ERT2). The mutated receptor is 

insensitive to the natural ligand 17β-estradiol at physiological concentrations but highly 

sensitive to 4-hydroxytamoxifen, the active metabolite of the synthetic prodrug tamoxifen 

(Feil et al., 1997).  

All experiments were conducted on male mice. At the age of 16 weeks, 

Hspd1flox/flox-AdipoQCreERT2+ mice and respective -CreERT2- controls entered experimental 

feeding for 6 weeks: In week 1 and 2 mice received phytoestrogen-free chow (PEF, 

V1154-300) to exclude effects of phytoestrogens on the outcome of our study. In week 3 and 

4 mice received tamoxifen containing chow diet (CreActive TAM400, 400 mg/ kg tamoxifen, 

LASvendi, phytoestrogen levels near the detection limit). In week 5 and 6 mice again 

received PEF, to exclude direct effects of both tamoxifen and phytoestrogens on the 

outcome of our study (Hesselbarth, 2015), and to provide time for the development of 

metabolic alterations associated with HSP60 knockout. At the end of week 6 oral glucose 

tolerance was assessed and mice were killed by CO2 exposure and exsanguination. 

 

Metabolic phenotyping 

Body weight and body composition  

Body weight was monitored twice a week during PEF feeding and daily during tamoxifen 

exposure. Body composition was assessed by using nuclear magnetic resonance 

spectroscopy (The Minispec mq 7.5 POY Live mice analyzer, Bruker, Billerica, MA, USA) 

twice a week during PEF. To avoid tamoxifen contamination of the Minispec, body 

composition determination was waived during TAM feeding. 
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Oral glucose tolerance  

Oral glucose tolerance was assessed at the end of week 6 of experimental feeding. Mice 

were fasted for six hours. Then, they received a bolus of 2.66 mg glucose per [(lean mass + 

0.2 fat mass) g] by single oral gavage, referring to (Even & Nadkarni, 2012). Blood glucose 

was monitored before and 15, 30, 60 and 120 minutes after gavage using a standard 

glucometer. Total area-under-the-curve (AUC) was calculated as measure for glucose 

tolerance. 

 

Plasma leptin and adiponectin 

Plasma concentrations of leptin and adiponectin were determined by using commercial Kit 

systems validated for murine plasma (Christal Chem, Downers Grove, IL, USA). 

 

Tissue dissection and isolation of adipocytes 

Posterior subcutaneous and intraabdominal-epididymal fat depots were dissected and 

weighed. Mature adipocytes were separated from other cell types by collagenase-digestion 

as described in detail previously (collagenase type A, Roche Applied Science; Penzberg, 

Germany; 1g/l in Hank's Balanced Salt Solution [HBSS 14025-092, Gibco®, Live 

Technologies, Carlsbad, CA, USA] containing 4% BSA) (Schöttl et al., 2015a).  

 

Characterization of isolated mature adipocytes  

Bioenergetics 

Oxygen consumption of permeabilized adipocytes was measured as described previously, 

using high resolution respirometry (Oxygraph-2k, OROBOROS INSTRUMENTS, Innsbruck, 

Austria) (Schöttl et al., 2015a). Briefly, 100 µl of adipocyte suspension was pipetted into 2 ml 

MIR05 buffer (110 mM sucrose, 60 mM potassium lactobionate, 0.5 mM EGTA, 

3 mM MgCl2 * 6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM Hepes, 1g/l BSA-fatty acid free, 

pH 7.1 at 37°C, as described by OROBOROS INSTRUMENTS). After permeabilizing plasma 

membrane using digitonin (2µM), state 4 respiration was measured in the presence of 

succinate/rotenone (5 mM/2 µM). By addition of ADP (5 mM) phosphorylating state 3 was 

induced. ATP synthase was inhibited by oligomycin (2 µg/ml) (state 4o). Titration of FCCP 

(0.5 µM steps) was performed for measuring maximal cellular respiration rates (state 3u). 

Non-mitochondrial oxygen consumption was determined in presence of antimycin A (2.5 µM) 

and subtracted from the other respiratory states. Respiratory Control Ratio (RCR) was 

calculated dividing state 3 by state 4o respiration.  
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Cellular DNA quantification 

DNA content of adipocyte samples used for respirometry analysis was assessed by 

quantitative PCR targeting a unique region of genomic DNA (promotor resistin). Procedures 

were conducted as described previously (primers: fw 5’-ACCTCTCTTGGGGTCAGATGT-3’, 

rev 5’-CTGGGTATTAGCTCCTGTCCC-3’) (Schöttl et al., 2015a).   

 

Immunoblotting 

Protein extracts of isolated mature adipocytes (30 µg) were resolved on a 12.5% 

SDS-PAGE, transferred to a nitrocellulose membrane (LI-COR Bioscienes, Lincoln, NE, 

USA; 60 min, 100V) and probed with antibodies targeting HSP60 (Anti HSP60 N-20, 1:2,000, 

sc-1052, Santa-Cruz Biotechnology) and actin (Anti-Actin clone C4, 1:5,000, MAB1501, 

Millipore). Infrared dye conjugated secondary antibodies (IRDye® 800CW, IRDye® 680, 

LI-COR Biosciences) were incubated at a dilution of 1:20,000. The Odyssey software 

(LI-COR Biosciences) was used to quantify band fluorescence intensities.  

 

Statistical Analyses 

Data are presented as mean values ± standard deviation. Data were statistically analyzed by 

Two-Way Repeated-Measures ANOVA followed by post-hoc Bonferroni testing or two-tailed 

Student’s t-test (SigmaPlot 12.5, Systat Software, Inc., San Jose, CA, USA; GraphPad 

Prism4, GraphPad Software, Inc., La Jolla, CA, USA). Significance was accepted at 

p-values < 0.05. 
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Results 

AdipoqCreERT2 generates efficient knockout of HSP60 in adipocytes  

We here generated a novel mouse model characterized by adipocyte specific knockout of 

Hspd1, encoding for mitochondrial heat shock protein 60 (HSP60), to scrutinize the putative 

causality between white adipocyte mitochondrial impairment and systemic glucose 

intolerance. At first, mice with floxed Hspd1 alleles (Hspd1flox/flox) were mated with mice 

expressing the tamoxifen inducible transgene CreERT2 regulated by the adiponectin promotor 

(AdipoQCreERT2+). In a second step, feeding Hspd1flox/flox-AdipoQCreERT2+-offspring a 

tamoxifen containing diet induced Cre-mediated recombination in cells with AdipoQ promotor 

activity, which predominantly is expressed in adipocytes (Ye & Scherer, 2013) (Figure 2A).  

 

Knockout efficiency was analyzed by immunoblot analysis (Figure 2B, C). Since our previous 

work revealed marked differences in mitochondrial function between the posterior 

subcutaneous and the intraabdominal epididymal fat depot of mouse body fat (Schöttl et al., 

2015a; Schöttl et al., 2015b), those fat pads were analyzed separately. In addition, as the 

influence of pre- and non-adipocytes on the mitochondrial environment of WAT is enormous 

(Vernochet et al., 2012; Müller et al., 2015), we separated the stromal vascular fractions from 

mature white adipocytes. Compared to CreERT2- controls, HSP60 was reduced by 93% in 

mature white adipocytes of both, posterior subcutaneous and epididymal fat in Hspd1flox/flox-

AdipoQCreERT2+ mice (Figure 2B). The knockout was specific to mature adipocytes as no 

alterations were observed in stromal vascular fraction cells. Besides, HSP60 was reduced by 

88% in interscapular brown adipose tissue (BAT) of mutant mice. HSP60 was also slightly 

reduced (31%) in brain, indicating adiponectin expression in murine similar to human brain 

regions (Psilopanagioti et al., 2009). Recombination was not observed in heart, liver, kidney, 

and muscle (gastrocnemius). Altogether, we conclude that AdipoQCreERT2+ generates 

efficient knockout of HSP60 upon induction of Cre activity by tamoxifen, in white as well as 

brown adipocytes. In the following, mice are termed HSP60Δ/Δadipocytes and HSP60flox/flox 

controls. 
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Figure 2. Generation of HSP60
Δ/Δadipocytes mice. 

(A) Cloning and targeting strategy. i) The murine Hspd1 gene, encoding for HSP60. Exon 2 contains the 
translation initiation sites. ii) Targeted allele with exons 4-8 flanked by loxP sites and a positive selection marker, 
PuroR, flanked by F3 sites. iii) Conditional knockout allele (“flox allele”) after removal of the positive selection 
marker (recombination of sequences between target sites F3 by Flp) iv) Knockout allele after Cre-mediated 
recombination, initiated by tamoxifen-binding to the -ERT2 domain. Removal of exons 4-8 should result in loss of 
function of the Hspd1 gene. Adapted from: (Berger, 2014). 
(B) Knockout efficiency. HSP60 protein quantification in tissues/ cell fractions. Data were analyzed by Student’s 
t-test and are presented as means ± SD. WAT AF and SVF, BAT n=7-8; non-adipose tissues n=3-4. *p<0.05, 
***p<0.001. 
(C) Exemplary HSP60 immunoblots of adipocyte fractions purified from posterior subcutaneous and 

epididymal fat, respectively. β-actin was used as housekeeping protein. 
Abbreviations: psWAT/ eWAT posterior subcutaneous/ epididymal white adipose tissue, AF adipocyte fraction, 
SVF stromal vascular fraction, iBAT interscapular brown adipose tissue.  
 
 

OXPHOS capacity is impaired in HSP60 ablated white adipocytes 

As a next step, we assessed the consequences of HSP60 ablation on white adipocyte 

mitochondrial functionality. Generation of ATP by oxidative phosphorylation (OXPHOS) is the 

primary physiological function of mitochondria (Brand & Nicholls, 2011). Thus, 

comprehensive bioenergetic profiles of digitonin permeabilized cells from HSP60Δ/Δadipocytes 

and HSP60flox/flox control mice, including key parameters of mitochondrial function as ATP 
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production, proton leak, and maximal uncoupled respiration, were assessed using chamber 

based high-resolution respirometry (Oxygraph-2k, OROBOROS). Substrate driven 

respiration (state 4) of posterior subcutaneous white adipocytes was comparable between 

the two genotypes (Figure 3A). Phosphorylating respiration (state 3), and also maximal 

uncoupled respiration (state 3u), were markedly lower in adipocytes of HSP60Δ/Δadipocytes when 

compared to control mice. Vice versa, proton leak respiration (state 4o) was slightly elevated 

in HSP60Δ/Δadipocytes mice. A similar pattern was obtained for adipocytes of epididymal fat, 

showing massively lower state 3 and state 3u oxygen consumption in HSP60Δ/Δadipocytes vs. 

controls, but comparable state 4 and state 4o respiration (Figure 3B).  
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Figure 3. Respiratory/ phosphorylating capacity is limited in white adipocytes of HSP60
Δ/Δadipocytes

 mice. 

Mitochondrial respiration was assessed in digitonin permeabilized (A) posterior subcutaneous and (B) epididymal 
adipocytes using the Oxygraph-2k. State 4 oxygen consumption was determined in the presence of 
succinate/rotenone before state 3 respiration was measured by adding ADP. ATP-synthase was inhibited and 
state 4o respiration measured by addition of oligomycin. Next, state 3u was induced by addition of the uncoupler 
FCCP. Finally, non-mitochondrial oxygen consumption determined by injection of antimycin A was measured and 
subtracted from other respiratory states. Oxygen consumption rates are expressed per µg DNA. (C) and (D) 
Respiratory control ratio (RCR) was calculated as ratio of state 3 to state 4o oxygen consumption. A-B Data were 
analyzed by two-way repeated measures ANOVA. C-D Data were analyzed by Student’s t-test. n=7-9. Data are 
presented as means ± SD. *= p<0.05, **=p<0.01, *** = p<0.001. 
 

Thus, adipocytes lacking HSP60 were unable to increase substrate oxidation in case of an 

increase in ATP demand to the same degree as adipocytes with unaffected HSP60 levels do. 
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This limitation in maximal respiration capacity is also reflected in significantly diminished 

respiratory control ratios in both types of adipocytes (Figure 3C and D).  

We conclude that HSP60 ablation markedly impairs mitochondrial respiratory capacity and 

integrity in white adipocytes of both subcutaneous and intraabdominal fat. Therefore, we 

assessed the consequences of adipocyte mitochondrial dysfunction on whole body glucose 

homeostasis.  

 

Body mass and composition is comparable in HSP60Δ/Δadipocytes and control mice 

Constitutive knockout of HSP60 results in early embryonic lethality (Christensen et al., 2010). 

On this background, we checked our conditional knockout mouse model for gross physical 

abnormalities. Comparison of body weight development during experimental feeding did not 

reveal any difference between mice of both genotypes (Figure 4A). Additionally, we observed 

no differences in absolute body weight, lean and fat mass (Figure 4B-D). HSP60 ablation did 

not affect posterior subcutaneous and epididymal white fat depot mass, neither interscapular 

brown adipose tissue weight (Figure 4E). Also major non-adipose tissues or organs – heart, 

liver, brain, kidney, and gastrocnemius – were comparable between both genotypes 

(Figure 4E). Lastly, we assessed plasma levels of leptin and adiponectin as measures for 

adipocyte endocrine activity. We found no significant differences between HSP60Δ/Δadipocytes 

and their controls (Figure 4F and G). Hence, at that point, there were no physical 

abnormalities that could be related to HSP60 ablation in adipocytes or the limited OXPHOS 

capacity associated with this mutation. 
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Figure 4. No gross 

physical differences 

between HSP60
Δ/Δadipocytes 

and HSP60
flox/flox

 controls.  

A) Body weight 
development during 
experimental feeding. 
Tamoxifen application 
(feeding CreActive TAM400 
diet) resulted in transient 
body weight loss which was 
comparable between both 
genotypes. Values are 
shown relative to body 
weight at beginning of 
experimental feeding 
(=100%).  
B) Body weight 
C) Lean and  
D) Fat mass at the end of 
experimental feeding. 
E) Mass of posterior 
subcutaneous (psWAT) and 
epididymal (eWAT) white 
adipose tissue depots, 
interscapular brown adipose 
tissue  
(iBAT), heart, liver, brain, 
kidney, gastrocnemius 
(skeletal muscle) at the end 
of experimental feeding. 
F) Plasma adiponectin and 
G) Plasma leptin levels, 
both adipokines were 
assessed by ELISA. Plasma 
was prepared from cardiac 
blood.   
A: Data were analyzed by 
two-way repeated measures 
ANOVA. B-G: Data were 
analyzed by Student’s t-test. 
All data are presented as 
means ± SD (n=6-9). 
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HSP60Δ/Δadipocytes mice are glucose intolerant 

At the end of experimental feeding (week 6, compare Figure 4A), we assessed the impact of 

HSP60 deficiency mediated impaired white adipocyte mitochondrial OXPHOS capacity on 

systemic glucose homeostasis. Basal blood glucose in the non-fasted state was comparable 

between HSP60Δ/Δadipocytes and HSP60flox/flox controls (Figure 5A). Metabolic challenge by an 

oral glucose bolus, however, revealed impaired glucose tolerance in HSP60Δ/Δadipocytes mice, 

indicated by lower glucose clearance rate and elevated area under the curve (Figure 5B 

and C). Notably, glucose intolerance was not associated with any changes in body weight, 

body composition, nor altered plasma leptin and adiponectin levels (compare 

Figure 4, S1, S2). Consequently, these factors do not mediate, or contribute to, the glucose 

intolerant phenotype of HSP60Δ/Δadipocytes mice. 

Using this model of temporally controlled spatial knockout of HSP60, white adipocyte 

mitochondria turned out as potential regulators of whole body glucose homeostasis. Limited 

mitochondrial (respiratory) capacity in (white) adipocytes caused impaired systemic glucose 

tolerance.  
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Figure 5. Oral glucose tolerance is impaired in HSP60

Δ/Δadipocytes 
mice. Glucose metabolism of 

HSP60Δ/Δadipocytes and HSP60flox/flox controls was compared. (A) Basal non-fasted glucose. (B) Glucose clearance 
after oral glucose bolus administration. (C) Total area-under-the-curve (AUC) calculated from B as measure for 
oral glucose tolerance. A and C: Data were analyzed by Student’s t-test. B: Data were analyzed by two-way 
repeated measures ANOVA.  All data are presented as means ± SD (n=7-9). * = p<0.05, ** = p<0.01. 
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Discussion 

We generated HSP60Δ/Δadipocytes mice, a novel conditional knockout model, to disturb 

mitochondrial function in white adipocytes and assess consequences on glucose 

metabolism. With an important role in the maintenance of the mitochondrial proteome, and 

with the necessity of mitochondrial proteostasis for proper mitochondrial function (Baker et 

al., 2012), heat shock protein 60 (HSP60) represented an excellent target for our study. We 

observed that ablation of the matrix chaperonin results in impaired white adipocyte oxidative 

phosphorylation (OXPHOS) capacity, apparent in respiratory states when maximal substrate 

oxidation capacity limits oxygen consumption (state 3 and state 3u, “maximal” for cultured 

adipocytes). Importantly, impaired OXPHOS in white adipocytes caused systemic glucose 

intolerance. Thus, we here describe a sophisticated tool to disturb mitochondrial OXPHOS in 

white adipocytes and highlight the importance of proper mitochondrial function for systemic 

glucose homeostasis. As a result, if the level of mitochondrial impairment observed in the 

present study is comparable to mitochondrial alterations in obesity, causality between 

impaired white adipocyte mitochondria and obesity associated impaired glucose tolerance is 

highly likely. 

 

One can speculate about the mechanisms that links mitochondrial impairment triggered by 

HSP60 ablation to systemic glucose intolerance. Others previously reported that HSP60 

depletion results in impaired insulin signaling per se (Kleinridders et al., 2013a). The 

impairment in insulin signaling further leads to altered adipokine secretion patterns, which 

may affect insulin signaling in muscle and liver via circulation, finally resulting in whole body 

insulin resistance (Abel et al., 2001). In our study, however, glucose intolerance was not 

mediated by altered adiponectin and leptin secretion as plasma levels of these adipokines 

were comparable between knockout and control mice. In consequence, future studies have 

to screen the entirety of adipocyte-derived factors to identify possible candidates.  

 

Cre-loxP recombination regulated by adipocyte protein 2 (aP2) or AdipoQ gene promoters 

was recently used by several other groups as a tool to target different genes related to 

mitochondrial metabolism in white adipocytes and assess consequences of altered white 

adipocyte mitochondrial function on whole body (glucose) metabolism (Abel et al., 2001; 

Kleiner et al., 2012; Kusminski et al., 2012; Vernochet et al., 2012; Enguix et al., 2013; Ryu 

et al., 2013; Vernochet et al., 2014; Wang et al., 2015). Together, these studies do not allow 

drawing final conclusions about the role of altered white adipocyte mitochondria for systemic 

glucose tolerance - showing either improved, or worsened, or even unaffected glucose 

metabolism upon altered mitochondrial function in white adipocytes. These enormous 
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discrepancies are to some extent attributable to the different genes targeted and related 

functional changes, but also to the physiological adaptation to these circumstances. A major 

technical advance of our model is tamoxifen-dependent Cre recombinase activity- allowing 

not only spatial, but also temporal control of somatic mutagenesis. By tamoxifen application 

for two weeks in the adulthood, we eliminated potential harmful effects due to prolonged high 

levels of Cre activity, especially during development, as well as associated adaptations 

influencing the metabolic outcome (Feil et al., 2009). This represents a significant 

improvement of our model compared to those previously used by other groups.  

 

AdipoQCreERT2 mediated recombination at Hspd1 locus occurred not only in white but also 

in brown adipocytes, indicated by HSP60 ablation in both types of adipocytes, since brown 

adipocytes express adiponectin as well (Viengchareun et al., 2002; Iacobellis et al., 2013). 

Only long-term BAT dysfunction, however, is associated with the development of impaired 

glucose homeostasis (Thoonen, 2015), and mice of the present study were killed four weeks 

after knockout induction by tamoxifen, thus impaired mitochondria for a period of four weeks, 

it seems unlikely that there is impaired BAT mitochondrial function contributing to glucose 

intolerance in the present HSP60Δ/Δadipocytes model. To exactly define the contribution of 

dysfunctional WAT and BAT, experiments could be repeated with HSP60Δ/Δadipocytes mice kept 

at thermoneutrality or on uncoupling protein 1 (UCP1) knockout background, and 

Hspd1flox/flox-UCP1CreERT2+ mice, respectively. 

In conclusion, we here used tissue specific knockout of the mitochondrial chaperonin HSP60 

as tool for time-specific manipulation of mitochondrial function in white adipocytes and to 

assess consequences of impaired adipocyte function on systemic glucose homeostasis. Our 

bioenergetic analyses revealed strikingly decreased mitochondrial OXPHOS capacity in 

HSP60 ablates adipocytes. This functional impairment on the organellar level was associated 

with reduced oral glucose tolerance in HSP60Δ/Δadipocytes mice. Thus, we here provide in vivo 

evidence for impaired mitochondrial function in white adipocytes, indicated by reduced 

respiratory capacity, as possible catalyst for the development of systemic glucose 

intolerance. Future studies have to i) clarify whether these results can be related to obesity 

associated impaired glucose tolerance ii) uncover the molecular mechanisms causing this 

metabolic phenotype. 
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Supplement 
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Figure S1. Regression analysis of glucose tolerance and plasma adipokines. Area under the curve 
calculated from oral glucose tolerance was plotted versus leptin and adiponectin plasma levels. Data are 
presented as single values, n=6. No significant correlation was observed.   
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Figure S2. Regression analysis of glucose tolerance and plasma adipokines.  

Glucose levels obtained during oral glucose tolerance test (before, 15, 30, 60, and 120 minutes after glucose 
bolus administration) were plotted versus leptin and adiponectin plasma levels. Data are presented as single 
values, n=6. No significant correlation was observed. 
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PUBLICATIONS AND MANUSCRIPTS - SUMMARY OF KEY FINDINGS  

This PhD-thesis aimed to provide new perspectives on the impact of white adipocyte 

mitochondrial bioenergetics on systemic glucose homeostasis as an indicator for metabolic 

health. Initially, a novel protocol for comprehensive characterization of white adipocyte 

mitochondrial bioenergetics was established. On this basis, the first specific research aim 

was to elucidate whether differences in the divergent metabolic risk associated with 

excessive visceral/intraabdominal versus subcutaneous white adipose tissue (WAT) are 

predetermined by differences in mitochondrial respiratory function between these types of 

white body fat. The second aim was to clarify relations between obesity, white adipocyte 

mitochondrial respiratory capacity, and glucose intolerance. The third aim was to analyze 

systemic consequences of targeted interference of white adipocyte mitochondrial 

functionality. Using a broad array of mouse models, ranging from lean and healthy to 

metabolically challenged by high-fat diet (HFD) feeding or genetic mutations affecting energy 

homeostasis or mitochondrial function, the present work demonstrates:  

CHAPTER I - Adipocytes of subcutaneous origin have a higher respiratory capacity as 

compared to adipocytes of intraabdominal origin. This finding holds true on the level of intact 

cells, permeabilized cells, and isolated mitochondria. Further, HFD feeding for one week 

results in reduction of white adipocyte mitochondrial capacity. This limitation is more 

pronounced in intraabdominal when compared to subcutaneous adipocytes, and is, 

interestingly, paralleled by systemic glucose intolerance. Thus, the limited mitochondrial 

respiratory capacity of adipocytes from intraabdominal fat may be part of the elevated 

metabolic risk associated with excessive accumulation of intraabdominal body fat. 

CHAPTER II - Reduced mitochondrial respiratory capacity in white adipocytes is a general 

hallmark of murine obesity (diet-induced and genetic), and is more prominent in 

intraabdominal versus subcutaneous fat. Most notably, limitations occur in both, glucose 

intolerant (HFD, Lepob/ob) and glucose tolerant (HF-recovery, Mc4RX16/X16) obese mice, thus 

are irrespective of the glucose tolerance status. Therefore, reduced white adipocyte 

mitochondrial capacity, to the extent it occurs in obesity, solely is not sufficient for the 

development of systemic glucose intolerance.  

CHAPTER III – Knockout of the mitochondrial matrix chaperonin heat shock protein 60 

(HSP60) results in massively impaired mitochondrial function, indicated by reduced 

respiratory capacity in white adipocytes, and causes impaired oral glucose tolerance. Thus, 

HSP60-deficiency associated impairment in white adipocyte mitochondrial (respiratory) 

function represents a potential trigger for systemic glucose intolerance. 
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4 DISCUSSION 

This PhD project aimed to clarify the impact of white adipocyte mitochondrial function on 

systemic glucose homeostasis. The studies generated detailed bioenergetic fingerprints of 

white adipocyte mitochondria of C57Bl/6 mice in different metabolic conditions. Altogether, 

this work provides new insights into functional analyzes of white adipocyte mitochondrial 

metabolism and its potential as regulator of systemic glucose homeostasis. The ensuing 

discussion illustrates the uniqueness of the experimental design, and points out the 

requirement of understanding the complexity of mitochondrial function(s) - beyond oxidative 

phosphorylation (OXPHOS). 

4.1 A NOVEL GUIDELINE FOR COMPREHENSIVE ANALYSIS OF MITOCHONDRIAL 

BIOENERGETICS IN ADIPOCYTES 

Meanwhile a plethora of studies analyzed mitochondria of WAT (or white adipocytes) in 

obesity and/or impaired glucose homeostasis (Hallgren et al., 1989; Wilson-Fritch et al., 

2004; Bogacka et al., 2005; Choo et al., 2006; Dahlman et al., 2006; Valerio et al., 2006; 

Kaaman et al., 2007; Rong et al., 2007; Sutherland et al., 2008; Lindinger et al., 2010; 

Yehuda-Shnaidman et al., 2010; Christe et al., 2013; Wang et al., 2014; Fischer et al., 2015). 

Notably, data obtained by these investigations are mainly based on surrogate measures like 

mitochondrial morphology, citrate synthase activity, mitochondrial DNA abundance, or 

mitochondrial mRNA and protein levels. Assessment of mitochondrial respiration as the key 

parameter of mitochondrial function is scarce. If analyzed at all, data have not been obtained 

for different energetic states and the extent of functional alterations remains elusive. Often 

only a single fat depot is analyzed but results are extrapolated to total body fat. In conclusion, 

detailed analyses of mitochondrial bioenergetics in white adipocytes purified from 

anatomically different fat depots were urgently required. Thus, as a cornerstone of this PhD 

project, a set of protocols for the comprehensive characterization of white adipocyte 

mitochondrial bioenergetics was established. As a first highlight, adipocyte mitochondrial 

respiration was assessed on three levels: intact cells, permeabilized cells, and isolated 

mitochondria. This allowed dissecting whether mitochondrial alterations occur on organellar 

level, or (also) result from altered mitochondrial mass per cell or altered 

mitochondrial-cytoplasmic or mitochondrial-nuclear communication. As a second highlight, 

different key parameters of mitochondrial respiratory function, including basal proton leak, 

ATP turnover, and maximal substrate oxidation capacity (Brand, 1990; Brand et al., 1994; 

Brand & Nicholls, 2011), were assessed. Thereby, extent of OXPHOS impairment could be 

defined. As a third highlight, posterior subcutaneous and intraabdominal white adipocytes 
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were analyzed separately to rule out potential differences between those types of body fat in 

relation to the respective metabolic risk.  

Finally, we here provide a novel guideline for detailed characterization of white adipocyte 

mitochondrial bioenergetics, the key parameter of mitochondrial function. Our methodological 

approach can be applied for investigations analyzing the impact of obesity, various metabolic 

diseases, aging, medication, etc. on white adipocyte mitochondrial respiratory capacity.  

 

4.2 UNFOLDING MITOCHONDRIAL FUNCTION IN WHITE ADIPOCYTES – ASPECTS 

BEYOND OXPHOS SEEM CRUCIAL FOR SYSTEMIC GLUCOSE HOMEOSTASIS 

 
Using the protocols established we analyzed the interrelation between white adipocyte 

mitochondrial bioenergetics and systemic glucose homeostasis. Therefore, two distinct 

experimental strategies were developed.  

The first, a descriptive approach, was based on close observation of mitochondrial function 

and state of glucose tolerance in different metabolic conditions: theoretically, if white 

adipocyte mitochondrial dysfunction triggers the development of obesity associated impaired 

glucose homeostasis it i) must occur prior to, or instantaneously with the emergence of 

impaired glucose metabolism ii) is always paralleled by impaired glucose tolerance and does 

never occur alone iii) disappears before or synchronously with recovery of glucose tolerance. 

In practice, this work demonstrates that i) white adipocyte mitochondrial dysfunction and 

glucose intolerance both develop after one week of high-fat diet (HFD) feeding (Schöttl et al., 

2015a) ii) both parameters persist during prolonged HFD feeding and massive obesity 

(Schöttl et al., 2015b), but iii) mitochondrial impairment still exists at recovery of glucose 

tolerance after HFD is replaced by control diet (Schöttl et al., 2015b). Besides, genetically 

obese Mc4RX16/X16 mice display normal glucose tolerance despite impaired white adipocyte 

mitochondrial OXPHOS capacity (Schöttl et al., 2015b). Thus, we twice demonstrate 

dissociation between impaired mitochondrial respiratory function in white adipocytes and 

impaired tolerance. Consequently, reduced white adipocyte mitochondrial respiratory 

function, to the extent it occurs in obesity, is not sufficient for the development systemic 

glucose intolerance.  

In a second approach, consequences of manipulated mitochondrial function in white 

adipocytes on systemic glucose homeostasis were assessed. Notably, disturbing 

mitochondrial function in white adipocytes by silencing heat shock protein 60 (HSP60) 

massively affected oral glucose tolerance (publications and manuscripts - chapter III). 

Compared with data obtained by the descriptive approach, this state of facts at first glance 

may appear contradictory - it is, however, not in the least. A detailed view on the tremendous 



                                                                                                                               4 DISCUSSION 
 

75 
 

consequences of HSP60 ablation is required to clarify this situation, and is provided in the 

following. 

 

4.2.1 DIVERSE ASPECTS OF MITOCHONDRIAL FUNCTION ARE AFFECTED UPON SILENCING 

MITOCHONDRIAL HEAT SHOCK PROTEIN 60 

More than 99% of mitochondrial proteins are encoded by the nuclear genome, synthesized in 

the cytosol, and imported as precursors into mitochondria, as only 13 ((Anderson et al., 

1981), example for human mitochondria) of a total of more than 1500 mitochondrial proteins 

(Lopez et al., 2000) are encoded by the mitochondrial genome and synthesized in the 

organelle itself. Once arrived in the matrix proteins are folded by assistance of HSP60 

(Cheng et al., 1989; Ostermann et al., 1989). Even if not all mitochondrial proteins require 

folding by the chaperonin (Rospert et al., 1996), the number of (unfolded) proteins affected 

by HSP60 ablation, and resulting functional impairment, is not restricted to OXPHOS. As just 

one example, for the matrix enzyme citrate synthase classically folded by assistance of 

HSP60 (Buchner et al., 1991), significantly decreased protein and activity levels were 

observed in HSP60 deficient cells (Kleinridders et al., 2013). Thus, beyond OXPHOS, 

various other aspects of mitochondrial functionality (compare introduction) get impaired upon 

HSP60 ablation. Secondarily, this may affect mitochondrial-nuclear, mitochondrial-

cytoplasmic, or intramitochondrial communication (Whelan & Zuckerbraun, 2013), essential 

to adapt mitochondrial functions to cellular needs. Together, one can expect that the 

impairment in adipocyte (mitochondrial) physiology in HSP60∆/∆adipocytes mice exceeds 

limitations in OXPHOS capacity. Impairment of any of the numerous mitochondrial functions, 

alone or in combination with others, may account for the glucose intolerant phenotype of 

HSP60∆/∆adipocytes mice. Respective contributions to altered adipocyte physiology and the 

development of systemic glucose intolerance have to be clarified. 

 

4.2.2 INDUCTION OF MITOCHONDRIAL UNFOLDED PROTEIN RESPONSE IN ADIPOCYTES COULD 

ACCOUNT FOR IMPAIRED SYSTEMIC GLUCOSE HOMEOSTASIS 

HSP60 is not only required for folding proteins newly imported into the mitochondrial matrix. 

The chaperonin holds also a major role in mitochondrial unfolded protein response (mtUPR), 

an emerging mitochondrial specific stress response pathway inducing transcription of 

nuclear-encoded mitochondrial genes to ensure protein homeostasis within the organelle 

(Zhao et al., 2002; Haynes & Ron, 2010; Jovaisaite & Auwerx, 2015). Within this context, 

HSP60 refolds damaged matrix proteins (Jovaisaite & Auwerx, 2015). Upon silencing 

HSP60, the mitochondrial matrix protein folding machinery gets injured, impairing 

mitochondrial proteostasis (Kleinridders et al., 2013) and triggering mtUPR - a vicious cycle 

as mtUPR lacks HSP60 as one of its key players.  
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Induction of mtUPR also implies increased activity of c-Jun N-terminal kinase (JNK), which, 

by inhibition of phosphotyrosine-binding domain in insulin-receptor substrate 1 (IRS-1) via 

phosphorylation of serine 307, impairs insulin signal transduction, causing adipocyte insulin 

resistance (Aguirre et al., 2002). Secondarily, insulin resistance in white adipocytes causes 

insulin resistance in liver and muscle. Endocrine activity of adipocytes may account for this 

phenomenon, as it occurs in vivo, but not ex vivo (Abel et al., 2001). Thus, proper mtUPR 

signaling and function in adipocytes could be essential for both cellular insulin sensitivity and 

systemic glucose homeostasis.  

 

In conclusion, the contrasting juxtaposition of HFD fed and genetically obese mice to 

HSP60∆/∆adipocytes mice emphasizes the necessity of mitochondrial proteostasis for adipocyte 

physiology and, in the end, systemic glucose metabolism. As the primary finding of this PhD 

project, aspects of mitochondrial function other than OXPHOS capacity and yet unexplored, 

including elements of mitochondrial communication, turned out crucial for the maintenance of 

systemic glucose homeostasis.  

4.3 ALTERED MITOCHONDRIAL FUNCTION DOES NOT NECESSARILY IMPLY 

DYSFUNCTION 

Currently, any abnormality in the various aspects of mitochondrial function is referred to as 

mitochondrial dysfunction (Brand & Nicholls, 2011). This definition, however, certainly 

misconceives several states as dysfunctional without having any adverse effect. Here, as an 

example, the extent of reduced mitochondrial OXPHOS capacity observed in obese mice 

rather may represent physiological adaption to adipocyte hypertrophy and hypoxia than 

meaning true dysfunction (Schöttl et al., 2015b). In other words, the current definition of 

mitochondrial dysfunction does not differentiate whether or not mitochondrial alterations 

imply dysfunction, thus failure to supply the cell with energy or other defects impairing 

cellular, tissue, or systemic physiology. At the same time, however, mitochondrial dysfunction 

is discussed as potential causative factor in the development of insulin resistance and type 2 

diabetes mellitus (Lowell & Shulman, 2005; Sivitz & Yorek, 2010; Martin & McGee, 2014; 

Montgomery & Turner, 2015; Rieusset, 2015). Therefore, the term mitochondrial dysfunction 

requires redefinition.  

As a suggestion, first mitochondrial dysfunction should be replaced by altered mitochondrial 

function. In fact, altered mitochondrial function implies any functional divergence from 

general mitochondrial physiology. Second, mitochondrial dysfunction should be reserved for 

a category within altered mitochondrial function, with evidence for true functional failure. 
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Using this terminology may avoid misinterpreting e.g. adaptive processes as pathologic 

states.  

 

Here, altered white adipocyte mitochondrial function (limited OXPHOS capacity) was 

observed for HFD-fed (short-time and long-time) and genetically obese mice, as well as 

HSP60 mice. Only in case of the latter, however, the definition of mitochondrial dysfunction 

seems fulfilled. In the end, the level of mitochondrial dysfunction caused by HSP60 ablation 

in white adipocytes unambiguously represents a trigger for glucose intolerance.  

4.4 CONCLUSION AND PERSPECTIVES 

Altogether, this PhD thesis forwards the understanding of white adipocyte mitochondrial 

physiology and its impact on systemic glucose tolerance. Studies on HFD fed and genetically 

obese mice revealed that, even if white adipocyte mitochondrial OXPHOS capacity is 

affected by weight gain and obesity, it is not sufficient to impair systemic glucose 

homeostasis. HSP60∆/∆adipocytes mice, however, suggest additional (unknown) aspects of 

mitochondrial function crucial for the maintenance of glucose tolerance. Future studies now 

have to identify candidate pathway(s) accounting for glucose intolerance in HSP60∆/∆adipocytes 

(and possibly glucose intolerant obese) mice. As a first step, systematic identification and 

quantification of the complete mitochondrial proteome of these mouse models, followed by 

pathway analysis, will clarify the contribution of different aspects of mitochondrial function to 

impaired glucose homeostasis. 
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6 APPENDIX 

6.1 MOUSE MODELS 

Experiments were in accordance with the German guidelines for animal care and with 

permission of the government of Upper Bavaria, Germany (Regierung von Oberbayern, AZ 

55.2.1.54-2532-148-13 and AZ 55.2-1-54-2532-12-12).  

Experiments were performed on male C57BL/6 inbred mice which were housed in groups in 

individually ventilated cages (IVC, type II 540 cm2) in a specific pathogen-free environment. 

Mice were kept on a 12h:12h light-dark photocycle at 22 ± 1°C (relative humidity of 50-60%) 

with ad libitum access to water and food. Chow diet (V1124) was fed until mice were 

assigned to feeding experiments. Diets were purchased from Ssniff Spezialdiäten GmbH or 

LASVendi, both Soest, Germany (Table 6-11, Figure 6-2). Hygiene status of the mice was 

checked within a three-months-cycle according to criteria of the Federation of European 

Laboratory Animal Science Associations (FELASA). At the end of the respective experiment, 

mice were anesthetized by CO2 and killed by exsanguination.  

6.1.1 COMPARISON OF MITOCHONDRIAL BIOENERGETICS IN WHITE ADIPOCYTES FROM 

DIFFERENT FAT DEPOTS OF LEAN WILDTYPE MICE 

Ten weeks old wildtype C57BL/6N mice were purchased from Charles River and kept on 

chow until killing at the age of 12 weeks.  

6.1.2 METABOLIC CHALLENGES  

High-fat diet feeding and diet-induced obesity  

At the age of seven weeks, wildtype C57BL/6N mice (bred in house, founder breeding pairs 

originally purchased from Charles River Laboratories, Inc.) were switched from chow to a 

purified research control diet (CD, 12 kJ% fat, SS745-E702, Table 6-1, Figure 6-1). After 

acclimatization for one week, mice were matched by body weight into a control and a high-fat 

diet group (HFD, 48 kJ% fat SS745-E712; Ssniff, Table 6-11, Figure 6-2). Feeding duration 

differed between one week and six months (Table 6-1). During experimental feeding, body 

weight was controlled every two weeks. At the beginning and the end of each experiment, 

body composition and glucose tolerance were determined. Mice of the high-fat-recovery 

experiment (HF-recovery) additionally underwent body composition and glucose tolerance 

determination before refeeding CD after 24 weeks HFD exposure.  

Table 6-1. Overview of high-fat diet versus control diet feeding studies 

Experiment Feeding duration 

Short-term high-fat exposure One week: HFD versus CD feeding 
Long-term high-fat exposure 24 weeks: HFD versus CD feeding 
HF-recovery feeding One week CD feeding subsequent to 24 weeks HFD versus CD 

feeding 
Abbreviations: HF(D) high-fat (diet), CD control diet 
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Genetic obesity 

Mice with mutations in the obese (ob) and the melanocortin-4 receptor (Mc4r) gene were 

used as murine models of monogenetic obesity. Both mutant strains were on a C57BL6/J 

background and bred in house (C57BL6/J founder breeding pairs were purchased from 

Charles River Laboratories Inc.). Body mass development was controlled every two weeks. 

Body composition and glucose tolerance were assessed prior to dissection. 

Leptin deficient Lepob/ob mice 

Founder breeding pairs (B6.V-Lepob/J) were originally purchased from the Jackson 

Laboratory Inc. Experimental mice derived from heterozygous breeding pairs and were 

homozygous for the wildtype (wt, Lepwt/wt) or the mutated allele (Lepob/ob). Genotyping was 

performed according to Table 6-2 and 6-4. Mice were maintained on chow until killing at the 

age of 14 weeks.   

Mc4r W16X knockin mice 

Mice carrying the human obesity-associated Mc4r nonsense mutation W16X (Marti et al., 

2003) were generated by gene targeting by Dr. Florian Bolze (Bolze et al., 2013). 

Experimental mice derived from heterozygous breeding pairs and were homozygous for the 

wildtype (wt, Mc4rwt/wt) or the mutated allele (Mc4rX16/X16). Genotyping was performed 

according to Table 6-2 and Table 6-5. At the age of seven weeks Mc4rX16/X16 mice and 

Mc4rwt/wt littermates were switched from chow to CD. Mice were killed at the age of 32 weeks. 

 

Generation of Hspd1flox/flox-AdipoQCreERT2+ mice 

Hspd1flox/flox and AdipoqCreERT2+ mice, both on C57Bl/6N background, were mated. Breeding 

was conducted in close cooperation with the group of Prof. Dr. Dirk Haller (Chair of Nutrition 

and Immunology, Technische Universität München). Genotyping was performed as 

demonstrated in Table 6-3, 6-6, 6-7. 

Hspd1flox/flox  

The Hspd1flox/flox mouse was generated by Taconic-Artemis in collaboration with Prof. Dr. Dirk 

Haller. In this model exon 4-8 of Hspd1 (encoding HSP60) are flanked by loxP sites leading 

to a frameshift downstream exon 3 upon induction of Cre-loxP site-specific recombination, 

removing parts of the GroEL chaperone, the ATPase domain, and by generating a frameshift 

downstream of exon 3. This should result in loss-of-function of the Hspd1 gene (Berger, 

2014).  

AdipoqCreERT2+  

The AdipoqCreERT2+ mouse was created and kindly provided by Univ. Prof. Dr. Christian 

Wolfrum (Eidgenössische Technische Hochschule Zürich). Mice are hemizygous for the 

transgene CreERT2 (Cre, causes recombination, fused to a mutated human estrogen 
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receptor binding domain, ERT2). The mutated receptor is highly sensitive to 

4-hydroxytamoxifen, the active metabolite of the synthetic prodrug tamoxifen (Feil et al., 

1997).  

Tamoxifen-induced genomic recombination and monitoring 

At the age of 16 weeks Hspd1flox/flox-AdipoqCreERT2+ mice and respective -CreERT2- controls 

were subjected to experimental feeding for 6 weeks (Figure 6-1).  

 

 
Figure 6-1. Experimental design and metabolic monitoring of Hspd1

flox/flox
-AdipoqCreER

T2+
 mice 

and -CreER
T2- 

controls (nomenclature at the beginning of the experiment)/ HSP60
Δ/Δadipocytes 

and
 

HSP60
flox/flox 

controls (nomenclature at the end of the experiment). CreActive TAM400= tamoxifen containing 
diet (400 mg/kg). 
 

In week 1 and 2 mice received phytoestrogen-free chow (PEF, V1154-300), to exclude 

effects of phytoestrogens on the outcome of our study. In week 3 and 4 mice received 

tamoxifen containing CreActive TAM400 diet (400 mg/kg tamoxifen, LASvendi), to induce 

Cre-mediated recombination. After successful knockout induction, mice were termed 

HSP60Δ/Δadipocytes and HSP60flox/flox controls. In week 5 and 6 mice again received PEF, to 

avoid effects of both tamoxifen and phytoestrogens on the outcome of our study 

(Hesselbarth, 2015), and to provide enough time for the development of any metabolic 

alterations associated with HSP60 knockout. Over the whole period, body weight and body 

composition were monitored. At the end of experimental feeding (end of week 6) oral glucose 

tolerance was assessed and mice were killed.  
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6.1.3 GENOTYPING  

Mutant mice were genotyped by polymerase chain reaction (PCR). Ear punches were lysed 

in genotyping-buffer at 65°C and 1,000 rpm overnight. Following, Proteinase K was 

inactivated by heat (95°C, 5 min). Buffer containing digested tissue was directly applied for 

PCR analysis (Table 6-2 to 6-7).  

 
Genotyping-buffer  10 mM TRIS pH 8.3, 50 mM KCl, 0.45% Nonidet P40, 0.45% Tween 20,  
 0.2 mg/ml Proteinase K  
 
 
 
Table 6-2. Standard genotyping PCR Mix 1 (one reaction) 

Substance Volume [µl] 

2 x Immomix 10 
Forward primer [10 pmol/µl] 1 
Reverse primer [10 pmol/µl] 1 
Nuclease-free water 7 
Sample 1 
∑ 20 
 

Table 6-3. Standard genotyping PCR Mix 2 (one reaction) 

Substance Volume [µl] 

5x Crimson Taq Puffer 4 
dNTPs [10 mM each] 0.4 
MgCl2 [25mM] 1.2 

Forward primer [10 pmol/µl] 0.4 
Reverse primer [10 pmol/µl] 0.4 
CrimsonTaq [5U/µl] 0.1 
Nuclease-free water 12.1 
Sample 1 
∑ 20 
 

Table 6-4. PCR program for B6.V-Lep
ob

/J mutant line genotyping 

PCR Program 

Step Temperature [°C] Time [s] Cycles 

Initial denaturation 94 180  
Denaturation 94 30  

35 
 

Anealing 62 60 
Elongation 72 45 
Final elongation 72 120 
Forward primer 5‘-TGTCCAAGATGG ACCAGACTC-3‘ 
Reverse primer 5‘-ACTGGTCTGAGGCAGGGAGCA-3‘ 
Following PCR: digestion of PCR products by 10 U/µl Dde I, 3h, 37°C 
Program and primers adopted from the Jackson Laboratory, Bar Harbor, ME, USA 
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Table 6-5. PCR program for Mc4r
 
W16X mutant line genotyping 

Step Temperature [°C] Time [s] Cycles 

Initial denaturation 95 420  
Denaturation 95 10  

35 
 

Anealing 60 10 
Elongation 72 25 
Final elongation 72 180 
Forward primer 5‘-CCTATGCCAAATGATACCCCACC-3‘ 
Reverse primer 5‘-CTCTAAGATGAAATGAACGCTGGACC-3‘ 
 
 
Table 6-6. PCR program for HSP60

flox/wt 
mutant line genotyping 

PCR Program 

Step Temperature 
[°C] 

Time  
[s] 

Cycles 

Initial denaturation 95   
Denaturation 95   

35 Anealing 58  
Elongation 68  
Final elongation 68  
Forward primer 5‘-ACCAAGACCCTGTACTCTTAACC-3’ 
Reverse primer 5‘-AACTTGACCTAGATGTTGTGTGG-3‘  
 
 
Table 6-7. PCR program for AdipoqCreER

T2 Tg/wt
 mutant line genotyping 

PCR Program 

Step Temperature 
[°C] 

Time  
[s] 

Cycles 

Initial denaturation 94 420  
Denaturation 94 15  

34 Anealing 57 15 
Elongation 72 30 
Final elongation 72 300 
Forward primer 5‘-GCGGTCTGGCAGTAAAAACTATC-3‘ 
Reverse primer 5‘-GTGAAACAGCATTGCTGTCACTT-3‘ 
 

6.1.4 METABOLIC PHENOTYPING 

Determination of body mass and body composition 

Body mass was measured regularly using a commercial balance. Body composition was 

measured with nuclear magnetic resonance spectroscopy (NMR, Bruker). Time points 

differed between mouse models and are indicated in 6.1.2. 

Determination of oral glucose tolerance  

After food deprivation for six hours (from 8 am to 2 pm), mice received 2.66 mg glucose per 

[g lean mass + (0.2 * g fat mass)] by single oral gavage (Even & Nadkarni, 2012). Blood 

glucose was monitored before, as well as 15, 30, 60, and 120 minutes after glucose 

administration using a standard glucometer (Abbott Diabetes Care). Therefore, blood 

droplets were obtained by careful incision of the tail tip using a commercial scalpel (Aesculap 

Inc.). Glucose tolerance was judged by both, absolute blood glucose levels at respective time 

points, and total area under the curve (AUC, calculated using the trapezoidal rule 

(Andrikopoulos et al., 2008)), as suggested by Bowe et al. (Bowe et al., 2014).  
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Analysis of plasma insulin, leptin, and adiponectin  

For plasma preparation, cardiac blood was sampled from CO2 anesthetized, non-fasted mice 

in heparin-coated tubes and centrifuged for 2 min at 2,000g. Supernatants were collected 

and frozen at  -20°C. Plasma levels of insulin, leptin, and adiponectin were ascertained by 

commercial Enzyme Linked Immunosorbent Assay kits (ELISA, Christal Chem) validated for 

murine plasma samples. Procedures were conducted as described in the manufacturer’s 

instruction (including dilution factors for determination of leptin and adiponectin). For 

determination of insulin levels, plasma was diluted as follows: Lepob/ob 1:20, Mc4RX16/X16 1:10, 

HFD: 1:10, and undiluted plasma for lean controls and HF-recovery mice.  

6.1.5 DISSECTION OF TISSUES AND ORGANS BEYOND WHITE ADIPOSE TISSUE 

Interscapular brown adipose tissue, brain, kidney, heart, liver, and skeletal muscle 

(quadriceps) were dissected and weighed. Specimen of approximately 30 mg were frozen in 

liquid nitrogen and subsequently stored at -80°C. 

6.2 STANDARD METHODS 

6.2.1 DETERMINATION OF ADIPOCYTE SIZE – HEMATOXYLIN AND EOSIN STAINING OF 

HISTOLOGICAL SECTIONS 

Immediately after dissection, posterior-subcutaneous and epididymal fat depots were 

transferred into fixing solution and incubated for 3-4 days at RT. Following, samples were 

dehydrated in an increasing ethanol/xylene series and infiltrated and embedded in paraffin 

(Leica, Table 6-8). Sections of 5 µM (rotary microtome, Leica) were mounted on microscope 

slides (Carl Roth) and dried for 24 h at 37°C.  

Table 6-8. Programs for tissue dehydration, paraffin embedding, rehydration, and hematoxylin and eosin 
staining 

Dehydration and paraffin embedding Rehydration and H&E staining 

Step Substance Time [min] Step Substance Time [min] 

1 70% EtOH 60 1 Xylene 3 
2 70% EtOH 60 2 Xylene 3 
3 80% EtOH 60 3 100% EtOH 2 
4 96% EtOH 60 4 96% EtOH 2 
5 96% EtOH 60 5 70% EtOH 1 
6 100% EtOH 60 6 dH2O 1 
7 100% EtOH 60 7 Hematoxylin 4 
8 100% EtOH 60 8 dH2O (running) 2 
9 Xylene 60 9 Eosin 2 
10 Xylene 60 10 70% EtOH 1 
11 Paraffin 60 11 96% EtOH 1 
12 Paraffin 60 12 100% EtOH 1 
   13 100% EtOH 1.5 
   14 Xylen+100% EtOH 1.5 
   15 Xylene 2 
   16 Xylene 2 
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After rehydration, tissue was automatically stained with hematoxylin and eosin (H&E) (Leica, 

Table 6-8). Stained sections were covered with a glass slip (Carl Roth). Adipocyte diameters 

were analyzed automatically on microscopic photographs (Leica) using WimAdipose, a 

macro specifically developed for image analysis of adipose tissue. 

Fixing solution  4% para-formaldehyde, 2.4‰ picric acid in PBS 

6.2.2 IMMUNOBLOT ANALYSIS  

Protein extraction from cells and tissues 

Snap-frozen tissue (~30 mg) and isolated adipocyte and SVF specimen (30 µl) were 

homogenized (ULTRA-TURRAX® IKA) in 200 µl iced Radioimmunoprecipitation assay buffer 

(RIPA). Homogenates were centrifuged at 16,000g for 10 min at 4°C. The protein containing 

supernatant was transferred into new tubes (in case of adipocytes, insulin syringes were 

used to punctuate the fat layer and harvest supernatants). Centrifugation was repeated at 

10,000g for 10 min at 4°C. Supernatants were collected as described above. Protein 

concentration was determined using a commercial BCA kit (Thermo Scientific) according to 

the manufacturer’s instructions (protein extracts from adipocytes and SVFs were used 

directly, protein extracts from brown adipose tissue, brain, heart, kidney, liver, skeletal 

muscle were diluted 1:15 in H2O). Samples were stored at -20°C until further processing. 

 

RIPA buffer 50 mM TRIS-HCl, NP-40 1%, 0.25% deoxycholic acid sodium salt, 
150 mM NaCl, 1mM EDTA; pH 7.4  
Freshly added: Protease Inhibitor Cocktail, Phosphatase Inhibitor Cocktail, 
both 1:200 

 

Sample preparation 

Protein extracts from tissues and cells (30 or 37.5 µg protein) were diluted in water to a final 

volume of 25 µl and filled up with sample buffer to 50 µl. Isolated mitochondria (25 µg 

protein) were diluted in water to a volume of 8 µl and filled up with denaturing buffer to 16 µl. 

For OXPHOS immunoblot analysis samples were incubated for 5 min at 50°C under agitation 

(500 rpm) referring to manufacturer’s information. In all other cases protein denaturation was 

achieved by incubation for 5 minutes at 95°C and agitation of 500 rmp.  

 
Denaturing buffer (2x) 17.75 ml H2O 17.75 ml, 6.25 ml 0.5M TRIS-HCl, 12.5 ml Glycerin, 10 ml 

10% SDS, 0.5% Bromphenol blue 
Freshly added: 5% β-Mercaptoethanol  
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis, western blot, and 

immunodetection 

Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE). Following separation, proteins were transferred from SDS gels onto 

nitrocellulose membranes (LI-COR Biosciences). Two different vertical electrophoresis and 

transfer systems were used depending on the number of samples analyzed (Table 6-9). 

Unspecific binding sites of immunoblots were blocked by incubation in 3% BSA in TBS for 

2 hours at RT. Afterwards, membranes were incubated with primary antibody solution 

overnight, 4°C (Table 6-14). Membranes were washed 5 times in TBST before incubation 

with infrared dye-conjugated secondary antibody solution (LI-COR Biosciences) for 1h at RT 

(Table 6-14). After washing twice with TBS and three times with TBST, proteins of interest 

were analyzed using the Odyssey infrared imaging system (LI-COR Biosciences). 

 

Table 6-9. Electrophoresis and transfer systems used for immunoblot analysis 

 ≤ 15 samples >15 samples 
Resolving Gel [12.5%] Mini-Protean System®  Perfect blueTM double gel system 
Reagent Volume [ml] Volume [ml] 
Rotiphorese® Gel 30 4.17 12.52 
Resolving gel buffer 1.25 3.76 
H2O 4.43 0.30 
SDS (10%) 0.1 0.15 
AMPS (10% in H2O) 0.05 0.015 
TEMED 0.005  
Resolving Gel [7.5%]   
Reagent Volume [ml]  
Rotiphorese® Gel 30 2.5  
Resolving gel buffer 1.25  
H2O 6.1  
SDS (10%) 0.1  
AMPS (10% in H2O) 0.05  
TEMED 0.005  
Stacking gel [5%]   
Reagent Volume [ml] Volume [ml] 
Rotiphorese® Gel 30 0.8 2.4 
Stacking gel buffer 1.25 3.75 
H2O 3.16 8.58 
SDS (10%) 0.05 0.15 
AMPS (10% in H2O) 0.03 0.09 
TEMED 0.01 0.03 
Transfer system Tank system 

100 V, 60 min 
Semi-dry system 
0.8 mA*cm2, 45 min 

 

Electrophoresis buffer (10x) 2.5 M Glycine, 0.25 M TRIS, 1% SDS  
Transfer buffer   48 mM TRIS, 21 mM Glycine, 1.3 mM SDS, 20% Methanol, pH 9.2 
TBST    TBS pH 7.6 + 1% Tween 20 
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6.3 STATISTICS AND DATA PRESENTATION 

Statistical significance was assessed by two-tailed Student’s t-test, One-Way ANOVA, Two-

Way ANOVA, and Two-Way repeated measures ANOVA (Table 6-10).  

 

Table 6-10. Statistical tests used for data analysis 

Statistical test Data Software 

Two-tailed Student’s t-test RCRs, body mass and composition, 
AUC, organ and tissue masses, protein 
and mRNA levels, CS activity, 
mDNA/nDNA 

GraphPad Prism6 

One-Way ANOVA  
(Tukey’s multicomparison test) 

HF-recovery mice before and after 
refeeding CD vs. controls: body mass, 
body composition, AUC  

SigmaStat 12.5 

Two-Way ANOVA  
(Bonferroni correction) 

Plasma leptin, adiponectin, insulin SigmaStat 12.5 

Two-Way repeated measures ANOVA  
(Bonferroni correction) 

Bioenergetic profiles, glucose 
clearance rates, body weight 
development 

SigmaStat 12.5 

 

When data failed the normality test, log-transformation was performed [log (x+1)] prior to 

statistical testing. Data are presented as means ± standard deviation (SD). All diagrams were 

generated using GraphPad Prism 6. Significance was accepted at p-values < 0.05.  

Significance levels: p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***. 
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Control diet [12 kJ% fat] High-fat diet [48% kJ fat] 
Palm oil

Soy oil

Starch

Maltodextrin

Saccharose

Cellulose

Casein

Vitamins

Minerals and
Micronutrients

6.4 MATERIAL 

6.4.1 DIETS 

Table 6-11. Experimental diets 

Name Product code Company 

Chow type M-Z V1124 Ssniff, Soest, Germany 
Phytoestrogen-free chow V1154-300 Ssniff, Soest, Germany 
Purified control diet (Figure  6-2A) S5745-E702 Ssniff, Soest, Germany 
Purified high-fat diet (Figure 6-2B) S5745-E712 Ssniff, Soest, Germany 
LASCRdietTM CreActive TAM400 --- LASvendi, Soest, Germany 
 

A        B 

 

 

 

 

 

 

 

 

Figure 6-2. Composition of purified experimental diets.  
(A) Control diet (#S5745-E702) 
(B) High-fat diet (#S5745-E712). Diets were custom-made by Ssniff Spezialdiäten GmbH, Soest, Germany.  

 

6.4.2 CHEMICALS 

Table 6-12. List of chemicals  

Name Product code Company 

Acetyl-CoA (Acetyl coenzyme A sodium salt) A2056 Sigma-Aldrich, St.Louis, MO, USA 
ADP (Adenosine 5‘-diphosphate sodium salt 
bacterial) 

A2754 Sigma-Aldrich, St.Louis, MO, USA 

Agarose 114046 Serva, Heidelberg, Germany 
Amplex® Red A12222 Invitrogen, life technologies, 

Carlsbad, CA, USA 
AMPS (Ammoniumperoxide disulfate) 9593.2 Carl Roth, Karlsruhe, Germany 
Antimycin A  A8674 Sigma-Aldrich, St.Louis, MO, USA 
Bromphenol blue A512.1 Carl Roth, Karlsruhe, Germany 
BSA (Albumin fraction V) 8076.2 Carl Roth, Karlsruhe, Germany 
BSA (bovine serum albumin essentially fatty 
acid free, ≥98%) 

A 3803 Sigma-Aldrich, St.Louis, MO, USA 

Collagen  A solution (1mg/ml) L7220 Biochrom, Berlin, Germany 
Deoxycholic acid sodium salt 3484.1 Carl Roth, Karlsruhe, Germany 
Digitonin D1415 Sigma-Aldrich, St.Louis, MO, USA 
   
DMSO 2189.2 Carl Roth, Karlsruhe, Germany 
DNA-Ladder 100 bp T833 Carl Roth, Karlsruhe, Germany 
DTNB (5,5’dithiobis(2-nitrobenzoic acid) D21800 Sigma-Aldrich, St.Louis, MO, USA 
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EDTA 8043.2 Carl Roth, Karlsruhe, Germany 
EGTA 3054.2 Carl Roth, Karlsruhe, Germany 
Ethanol >99.8% 9065 Carl Roth, Karlsruhe, Germany 
Ethanol 70% T913.3 Carl Roth, Karlsruhe, Germany 
FCCP (Carbonyl cyanide-4-
trifluoromethoxy)phenylhydrazone)  

C2920 Sigma-Aldrich, St.Louis, MO, USA 

Glucose solution 20% 03158931 B. Braun, Melsungen, Germany 
Glycerin 3783.1 Carl Roth, Karlsruhe, Germany 
HBSS (Hank’s balanced salt solution, 1x) 14025-092 Gibco®, live technologies, 

Carlsbad, CA, USA 
HEPES ((4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid ) 

H 7523 Sigma-Aldrich, St.Louis, MO, USA 

Hydrogen peroxide (H2O2) 8070 Carl Roth, Karlsruhe, Germany 
ImmoMix BIO-25020 Bioline, Luckenwalde, Germany 
Lactobionic acid L2398 Sigma-Aldrich, St.Louis, MO, USA 
Malate M9138 Sigma-Aldrich, St.Louis, MO, USA 
Magnesiumchlorid Hexahydrat (MgCl2 x 
6H2O) 

2189.2 Carl Roth, Karlsruhe, Germany 

2-Mercaptoethanol 4227 Carl Roth, Karlsruhe, Germany 
Methanol 4627.5 Carl Roth, Karlsruhe, Germany 
MOPS 3-(N-morpholino)propanesulfonic 
acid) 

6979 Carl Roth, Karlsruhe, Germany 

Nonidet®P40 74385 Fluka Analytica, via Sigma Aldrich 
Nuclease-free water P119c Promega, Madison, Wi, USA 
Oligomycin  O4876 Sigma-Aldrich, St.Louis, MO, USA 
Oxaloacetate O4126 Sigma-Aldrich, St.Louis, MO, USA 
Palmitoyl-L-carnitine chloride P1645 Sigma-Aldrich, St.Louis, MO, USA 
Phenol:Chloroform-Isoamylalcohol (25:24:1)  Carl Roth, Karlsruhe, Germany 
Phosphatase inhibitor cocktail P5726 Sigma-Aldrich, St.Louis, MO, USA 
Potassium chloride (KCL) 6781 Carl Roth, Karlsruhe, Germany 
Potassium hydroxide (KOH) P1767 Sigma-Aldrich, St.Louis, MO, USA 
Potassium lactobionate  153516 Sigma-Aldrich, St.Louis, MO, USA 
Potassium phosphate monobasic (KH2PO4) 3904.1 Carl Roth, Karlsruhe, Germany 
Protease inhibitor cocktail P8340 Sigma-Aldrich, St.Louis, MO, USA 
Rotiphorese® Gel 30 3029 Carl Roth, Karlsruhe, Germany 
Roti®-Quant K015 Carl Roth, Karlsruhe, Germany 
Roti®-Histokitt 6638.1 Carl Roth, Karlsruhe, Germany 
Rotenone  R8875 Sigma-Aldrich, St.Louis, MO, USA 
Safranin O S884 Sigma-Aldrich, St.Louis, MO, USA 
SDS (sodium dodecyl sulfate) 4360.2 Carl Roth, Karlsruhe, Germany 
SensiMix SYBR No-ROX QT650-05 Bioline GmbH, 

Luckenwalde,Germany 
Sodium chloride T879.2 Carl Roth, Karlsruhe, Germany 
Sodium dithionite 13351 Riedel-de Häen, Honeywell, Seelze, 

Germany 
Sodium phosphate dibasic  255793 Sigma-Aldrich, St.Louis, MO, USA 
Sodium phosphate monobasic S3139 Sigma-Aldrich, St.Louis, MO, USA 
Sodium pyruvate P2256 Sigma-Aldrich, St.Louis, MO, USA 
D(+)-Sucrose 4621 Carl Roth, Karlsruhe, Germany 
Succinate S3674 Sigma-Aldrich, St.Louis, MO, USA 
Taurine 4721.1 Carl Roth, Karlsruhe, Germany 
TEMED 2367 Carl Roth, Karlsruhe, Germany 
TRIS 4855.2 Carl Roth, Karlsruhe, Germany 
TRIS-HCl 9090 Carl Roth, Karlsruhe, Germany 
Tween 20 9127 Carl Roth, Karlsruhe, Germany 
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6.4.3 ENZYMES 

Table 6-13. List of enzymes 

Name Product code Company 

Collagenase A 10103586001 Roche Diagnostics, Unterhaching, 
Germany 

Peroxidase from horseradish (HRP) P8375 Sigma-Aldrich, St.Louis, MO, USA 
Proteinase K (20 mg/ml) EO0491 Thermo Scientific, Waltham, MA, 

USA 
Superoxide dismutase (SOD) S5639 Sigma-Aldrich, St.Louis, MO, USA 

 

6.4.4 ANTIBODIES 

Table 6-14. List of antibodies 

Target MW 
[kDa] 

Host Dilution 
factor 

Product 
Code 

Company 

Primary antibodies 
Actin 43 Mouse 5000 MAB1501 Millipore 
Porin (VDAC) ~31 Rabbit 900 PC548T Calbiochem 
COXIV 17 Rabbit 5000 4844 Cell Signaling 
Citrate synthase ~52 Rabbit 1000 ab96600 Abcam 
Histone H3  Rabbit 2000 4499 Cell Signaling 
HSP60 (N20) 60 Goat 2000 Sc-1052 Santa Cruz 
OXPHOS  Mouse 250 MS604 MitoSciences 
SOD2 25 Mouse 10000 Ab16956 Abcam 
UCP1 32 Rabbit 10000   
Secondary antibodies 
IRDye® 680 Donkey anti-Mouse IgG  Donkey 20000 926-32222 LI-COR 

Biosciences 
IRDye® 680 Goat anti-Rabbit IgG  
(H + L) 
 

 Goat 20000 926-32221 
 

LI-COR 
Biosciences 

IRDye® 800 Donkey anti-Mouse IgG  
(H + L) 
 

 Donkey 20000 926-32212 
 

LI-COR 
Biosciences 

IRDye® 800 IgG Donkey anti-Goat IgG 
(H+L) 
 

 Donkey 20000 926-32214 
 

LI-COR 
Biosciences 

MW molecular weight, COXIV cytochrome c oxidase subunit 4, HSP60 heat shock protein 60, 
OXPHOS oxidative phosphorylation, SOD2 superoxide dismutase 2, UCP1 uncoupling protein 1, 
VDAC voltage-dependent anion channel. 

6.4.5 EQUIPMENT & MATERIAL 

Table 6-15. List of equipment and material 

Item Name Company 

Balances Precision TP-214 Denver Instrument, Brentwood 
 Laboratory balance PB Kern, Bailingen, Germany 
 Präpraum  
Blood glucose monitoring 
system 

Freestile lite Abbott Diabetes Care, 
Alamenda, CA, USA 

Blotting paper GB003 Whatman – part of GE 
Healthcare, Stockholm, Sweden 

Centrifuges Centrifuge 5810R Eppendorf, Hamburg, Germany 
 Centrifuge 5417R Eppendorf, Hamburg, Germany 
 Sorvall Evolution RC Thermo Scientific, Waltham, 

MA, USA 
 Sorvall Discovery 90 Thermo Scientific, Waltham, 

MA, USA 
 Zellkulturzentrifuge  
Centrifuge tubes Oak Ridge Centrifuge Tubes, Nalgene Thermo Scientific, 
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50 ml Waltham, MA, USA 
Electrophoresis chamber Mini-Protean® System Bio-Rad, Hercuels, CA, USA 
 PerfectBlueTM double gel 

system 
PEQLAB B 

Gas chamber Custom-made  
Glass-glass homogenizer S 15 ml Sartorius, Göttingen, Germany 
   
Heparin-coated tubes Microvette® CB300CH Sarstedt, Nürnberg, Germany 
Imaging system Odyssey® infrared imaging 

system 
LI-COR® Biosciences, Lincoln, 
NE, USA 

Incubator WiseCube® WIS-20 Wisd laboratory instruments, 
Witeg, Wertheim, Germany 

Insulin syringe  Myjector 1ml Terumo Corporation, Shibuya, 
Yapan 

Respirometer Oxygraph-2k OROBOROS INSTRUMENTS, 
Innsbruck, Austria 

 XF96 Extracellular Flux 
Analyzer with XF96 FluxPak 

Seahorse Bioscience, MA, USA 

Magnetic stirrer RCT basic IKAMAG® safety 
control 

IKA®, Staufen, Germany 

Microplate reader Infinite® 200 Tecan, Männedorf, Switzerland 
Microtome RM2255 rotary microtome Leica Mikrosysteme Vertrieb 

GmbH, Wetzlar, Germany 
Microscope Leica DMI4000B Leica Mikrosysteme Vertrieb 

GmbH, Wetzlar, Germany 
Microscope coverglasses  Carl Roth, Karlsruhe, Germany 
Microscope slides  Carl Roth, Karlsruhe, Germany 
Multistainer Multistainer ST5020 Leica Mikrosysteme Vertrieb 

GmbH, Wetzlar, Germany 
Multi-well plates FLUOTRACTM 200 Greiner Bio-One, 

Frickenhausen, Germany 
 FrameStar 384 4titude, Surrey®, UK 
 Infinite® 200 NanoQquant Tecan, Männedorf, Switzerland 
 LightCycler® Multiwell plate 96 Roche, Basel, Switzerland 
 NUNC F96 transparent Thermo Fisher Scientific, 

Waltham, MA, USA 
 XF96-PS Cell Culture 

Microplates 
Seahorse Bioscience, MA, USA 

   
Nitrocellulose membrane  LI-COR® Biosciences, Lincoln, 

NE, USA 
NMR spectrometer The minispec mq7.5POY Live 

Mice Analyzer 
Bruker, Billerica, MA, USA 

Nylon mesh 250 µM Schwegmann Filtrations-
Technik Grafschaft-Gelsdorf, 
Germany 

pH meter CyberScan pH 510 Eutech Instruments, Singapore 
Pipets Multipette® stream Eppendorf, Hamburg, Germany 
 Pasteur pipettes Brand, Wertheim, Germany 
 Research® Eppendorf, Hamburg, Germany 
   
   
Power supply PowerPACTM Basic Bio-Rad, Hercuels, CA, USA 
Ultra-Turrax ULTRA-TURRAX® T8 IKA®, Staufen, Germany 
Scalpel Stainless Steel 5518040 Aesculap Inc., Center Valley, 

PA, USA 
Semi-dry transfer cell Trans-Blot® SD Semi-Dry Bio-Rad, Hercuels, CA, USA 
Shaker VXR basic Vibrax® IKA®, Staufen, Germany 
Syringes MicroliterTM Syringe #701 Hamilton, Reno, NV, USA 
Thermocycler Mastercycler® ep realplex 

epgradient S 
Eppendorf, Hamburg, Germany 
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 LightCycler® 96, 480 Roche, Basel, Switzerland 
Tissue Processor Semi-enclosed Benchtop 

Tissue Processor (TP1020)  
Leica Mikrosysteme Vertrieb 
GmbH, Wetzlar, Germany 

 

6.4.6 KITS 

Table 6-16. List of kit systems 

Name Product code Company 

BCA Protein assay kit 23227 PierceTM, Thermo Scientific, 
Waltham, MA, USA 

Bradford Roti®-Quant K015.1 Carl Roth, Karlsruhe, Germany 
Mouse Adiponectin ELISA kit 80569 Chrystal Chem, Downers Grove, IL, 

USA 
Mouse Insulin ELISA kit  Chrystal Chem, Downers Grove, IL, 

USA 
Mouse Leptin ELISA kit 90030 Chrystal Chem, Downers Grove, IL, 

USA 
Wizard® SV Genomic DNA Purification 
System 

A2360 Promega, Fitchburg, WI, USA 

   
 

6.4.7 SOFTWARE 

Table 6-17.  List of software 

Name/Version Company 

DatLab 5 OROBOROS INSTRUMENTS, Innsbruck, Austria 
GraphPad PRISM 6 GraphPad Software, Inc. La Jolla, CA, USA 
LightCycler® 480 SW 1.5 Roche, Basel, Switzerland 
Office 2010 Microsoft Corporation, Redmond, WA, USA 
Seahorse XF96 Software Seahorse Bioscience, MA, USA 
SigmaPlot 12.5 Systat Software, Inc. San Jose, CA, USA 
Tecan i-control 1.4 Tecan, Männedorf, Switzerland 
Tecan Magellan Tecan, Männedorf, Switzerland 
WimAdipose Wimasis GmbH, Munich, Germany 
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6.5 PROTOCOL EXTRACELLULAR FLUX ANALYZER  

Table 6-18. Bioenergetic profiling of isolated mitochondria 

Protocol Steps 

Start Protocol 

Command Time (min) Port (Substance) 

Calibrate 0,0 
Mix 1,0 
Wait 3,0 
Mix 0,5 
Measure 3,0 
Mix 0,5 
Measure 3,0 
Mix 0,5 
Inject A (ADP) 

Mix 1,0 
Measure 3,0 
Mix 0,5 
Measure 3,0 
Mix 0,5 
Inject B (Oligomycin) 

Mix 1,0 
Measure 3,0 
Mix 0,5 
Measure 3,0 
Mix 0,5 
Inject C (FCCP) 

Mix 1,0 
Measure 3,0 
Mix 0,5 
Measure 3,0 
Mix 0,5 
Inject D (Antimycin A, Rotenone) 

Mix 1,0 
Measure 3,0 
Mix 0,5 
Measure 3,0 
Mix 0,5 

End Protocol 
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6.6 LETTERS OF APPROVAL 

6.6.1 LETTER OF APPROVAL - ENDOCRINOLOGY, 2015 MAR;156(3):923-33 
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6.6.2 LETTER OF APPROVAL – MOLECULAR METABOLISM, 2015 JUL 21 

           [EPUB AHEAD OF PRINT] 
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