
�����������	��
���������������

�

�������������������������������� ���������������!�∀���#��∀�∃������������%����������

�

�

�

�������&��∀��∃��∋∀��������∃���������∃�������∀������

��(��∀∋�����∀��&������������∃�#�������∃��∋∀����������

�

�

�

���∋�∃����∃)�

�

�


∀������������∗%���&#�����(∀������+∃#������,������&�∃�����������,��������∋�∃��

�������������−��∃��������������	�.����������&����&����	��(����������&��������

���∃����������∃#∃�����&����/�∃�����������

0∀#�∀��������∃���.������&�∃�����

������������0������∃��∀�1�

�

�


∀����������2�� � � 	��(134�∀�1�0�1�51�51��∃�����

4����������0������∃��∀�2�

61�	��(134�∀�1�0�1�01��∃�����

71�4��(130∀�1�0�1��1��#��#�

�

�

0��� 0������∃��∀�� .����� ∃�� 8918:1786;� %��� ���� ��&����&���� 	��(�������� ��&����

��������&��� ���� ���&�� ���� +∃#������ ,������&�∃����������� ,��������∋�∃�� ����

���������−��∃��������������	�.����∃��8<18=1786;�∃����∀�����

� �



 

 



3 

 

Zusammenfassung 

Adipositas hat gravierende Effekte auf die Entwicklung von Krankheiten, wie zum 

Beispiel Insulinresistenz/Typ 2 Diabetes mellitus sowie arterielle Hypertonie. Diese 

metabolischen Krankheiten sind mit einer niedrig-gradigen Entzündung assoziiert. 

Das Gleichgewicht von Proteinsynthese und Proteinfaltung spielt dabei in den Zellen 

eine wichtige Rolle. Dieses Gleichgewicht kann durch äußere Einflüsse - exzessive 

Nahrungsaufnahme, Sauerstoffmangel oder Hitzeeinwirkungen - gestört sein, so 

dass Signalwege (UPR) aktiviert werden. Diese laufen als Proteinantwort im 

Endoplasmatischen Retikulum (erUPR) sowie im Mitochondrium (mtUPR) ab. Ziel 

der Arbeit war es herauszufinden, welche Rolle erUPR und mtUPR bei der 

adipogenen Differenzierung spielen. Des Weiteren, wollten wir verstehen wie erUPR 

und mtUPR die Entwicklung von Adipositas beeinflussen können. 

In vitro konnten wir zeigen, dass sich der Verlauf von Markerproteinen der erUPR 

(Grp78, p-eIF2α und CHOP) während der adipogenen Differenzierung stark 

verändert. Zusätzlich konnten wir in allen untersuchten Zelllinien nachweisen, dass 

Cpn60 (als Marker für die mtUPR) während der Adipogenese ansteigt und aus 

diesem Grund ein wichtiges Kernstück in der Funktion von Fettzellen darzustellen 

scheint. Des Weiteren wird während der Adipogenese der ER-assoziierte Abbau 

(ERAD), aber keine durch JNK induzierte Entzündungsreaktion aktiviert. In vivo 

zeigten sich vergleichbare Ergebnisse mit C57BL/6N Mäusen. Mit Hilfe der Grp78+/- 

Maus können wir eine Kompensation des heterozygoten Knock-outs durch die 

Steigerung des ERAD erkennen. Cpn60+/- Mäuse zeigten einen Phänotyp mit der 

Tendenz eine Entwicklung von Adipositas vorzubeugen. Dieser Phänotyp stellte sich 

allerdings nur bei den Tieren unter Normal-Diät dar, da diese leichter sind, kleinere 

Fettzellen haben und weniger Triglyzeride in Leber und Plasma vorweisen. 

Zusätzlich konnten wir auch hier einen Anstieg des ERAD ausmachen.  

Zusammenfassend zeigt sich, dass die Adipogenese kein Stressfaktor per se ist. 

Beide Signalwege – die erUPR sowie die mtUPR – werden durch die Adipogenese 

beeinflusst und das teilweise Fehlen von Grp78 oder Cpn60 führt zu einer 

Aktivierung des ERAD. 
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Abstract 

Obesity has detrimental effects on the development of pathological conditions like 

insulin resistance/ type 2 diabetes and cardiovascular disease (CVD). These 

metabolic disorders usually develop on a common low-grade inflammatory 

background. The balance of protein synthesis and protein folding plays an essential 

role in the physiology of all cells. Protein homeostasis could be disturbed by 

environmental stress situations, such as nutrient excess, hypoxia in white adipose 

tissue (WAT) and/or a situation triggered by physiological stress like heat. The 

response pathways could be identified in the endoplasmic reticulum (erUPR) and 

also in mitochondria (mtUPR). Thus, the aim of this work was to investigate the role 

of erUPR and mtUPR in adipogenic differentiation. Furthermore, we want to 

contribute to the understanding of how the erUPR and the mtUPR influence the 

development of obesity. 

In vitro, we could show that markers for the erUPR (Grp78, p-eIF2α and CHOP) alter 

during the course of differentiation. Additionally, we described that in all cell models 

investigated Cpn60 (as a marker of the mtUPR) increase during adipogenesis and 

therefore seems to be very important for the correct development of adipocytes. 

Furthermore, the cells activated an ER-associated degradation (ERAD) by induction 

of VCP, but the inflammation pathway activated by JNK was not induced. In vivo, we 

showed that C57BL/6N mice at different ages behave more like the in vitro human 

cell culture models for adipogenesis than like the murine 3T3-L1 cell line. For the 

Grp78+/- mice we observed a compensatory adaptive response to counteract the 

critical requirement of Grp78 in maintaining ER homeostasis via up-regulation of 

ERAD. For the Cpn60+/- mice we saw a mildly beneficial phenotype to prevent 

obesity but only in the group under normal diet. The Cpn60+/--Ctrl mice showed 

lower body weight, smaller adipocytes and less triglyceride in the liver and the 

plasma. In the WAT of Cpn60+/- mice we observed an increase in VCP.  

In conclusion, adipogenesis is not a condition to activate erUPR and mtUPR per se. 

Both response pathways are affected by the development of obesity and the partial 

deletion of Grp78 as well as Cpn60 leads to an activation of the ERAD. 
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Introduction 

Obesity 

Nowadays, obesity is a common condition in the general population of developed 

and developing countries.1 Obesity is defined as a medical situation with an excess 

gain in white adipose tissue (WAT). This in turn may have an adverse effect on health 

and could induce the risk of developing a number of medical problems. For 

example, the metabolic syndrome (MetS), a cluster of cardiovascular risk factors 

comprising abdominal obesity, glucose intolerance/type 2 diabetes mellitus, 

dyslipidemia and hypertension could develop.2 The susceptibility to obesity can be 

explained by a chronic imbalance between high caloric intake and energy 

consumption due to reduced physical activity. Additionally, it is thought to be 

dependent of the genetic background.3,4 

The BMI (body mass index), is a heuristic proxy for human body fat based on an 

individual's weight and height5 and is defined as the individual's body weight divided 

by the square of his or her height. According to the World Health Organization 

(WHO) people are overweight (pre-obese) if the calculated BMI is between 25 and 

30 kg/m2 and obese if it is greater than 30 kg/m2. Alone, it is not a good indicator for 

the health risk assessment in overweight and obese individuals. Moreover, the 

adipose tissue distribution is very important to estimate the risk to develop related 

diseases.6 Individual’s with an abdominal type of obesity (so-called apple-shaped) 

have a higher risk for cardiovascular and/or metabolic diseases. In contrast, a 

gluteo-femoral adipose tissue distribution seems to be protective as less health 

complications arise.7  

Obesity - Type 2 Diabetes mellitus and inflammation 

Obesity has detrimental effects on the development of pathological conditions like 

insulin resistance/ type 2 diabetes and cardiovascular disease (CVD)/ 

atherosclerosis.8–10 In 1988, it was proposed that individuals with insulin resistance 

have a higher risk for CVD.11 The definition of the insulin resistance syndrome seems 

to be a logical choice to provide a pathophysiological construct with which to view 

the different abnormalities and clinical syndromes that occur more commonly in 
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insulin-resistant individuals. Diabetes mellitus type 2 (T2D) is a metabolic disorder of 

insulin secretion by the pancreas and the inability of the tissues in the body to 

respond to this hormone. It is characterized by high blood glucose in the context of 

insulin resistance and a relative insulin deficiency.12 It is well accepted, that obesity 

and increased abdominal fat distribution are the most important factors which 

induce the risk of developing T2D, although other factors, such as genetic 

predisposition, age, hypertension, dyslipidemia, glucose intolerance and physical 

inactivity exist. T2D is a chronic disease which is often associated with a shorter life 

expectancy13, a higher risk of CVD and stroke, as well as kidney failure.14 

All these conditions, are considered to grow on a common low-grade inflammatory 

background.15,16 Although the origin of the subclinical inflammatory state is not fully 

understood at least two factors may contribute to this situation. Firstly, it was shown 

that immune cells colonize the stromal vascular fraction (SVF) of adipose tissue.17,18 

Secondly, adipocytes have been shown to demonstrate secretorily active cells 

including pro-inflammatory chemokines and cytokines.19–21 In turn, these mediators 

exert the potential to induce activation not only of macrophages but also of 

lymphocytes.22,23 

Although adipocytes exhibit a high capacity to produce pro-inflammatory factors, it 

is currently unclear to which extent these cells contribute to the observed 

inflammatory status in plasma. This status is affected by an elevated circulation of 

inflammatory cytokines and adipokines, such as interleukin (IL) 6, C-reactive protein 

(CRP) and plasminogen activator inhibitor-1 (PAI-1).1 Since adipose tissue expansion 

is linked to increased levels of IL-6 and PAI-1 within the tissue, it is also assumed 

that some of these factors contribute to the low-grade inflammatory status. 15 

 

Adipose tissue 

Adipose tissue function and morphology 

Adipose tissue is an organ with various functions. It is composed of around 80% fat, 

which is stored in adipocytes. Adipose tissue could be explained like a loose 

connective tissue predominantly consisting of adipocytes. The (mature) function of 

adipose tissue is to store energy in form of neutral lipids. In recent years, adipose 

tissue has been recognized as an endocrine organ, which produces hormones and a 
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large number of various adipokines.24,25 Moreover, expanded adipose tissue secretes 

various pro-inflammatory cytokines, chemokines and certain complement factors. 

Therefore, adipose tissue is involved in several functions such as the immune 

response.26,27  

The weight of the adipose tissue in healthy humans ranges between 12 to 30% 

(depending on gender) of total body weight. According to the localization and 

function one can distinguish between WAT, brown adipose tissue (BAT) and bone 

marrow fat.  

Further on, it should be focused only on WAT. WAT contains several cell types, with 

the highest percentage of cells being adipocytes, which contain univacuolar fat 

droplets. Other cell types include fibroblasts, macrophages and endothelial cells. 

The adipose tissue also contains adipocyte precursors (Fig. I1). ).28 

 

 

 

 

 

 

 

 

 

 

Fig. I 1: Basic structure of white adipose tissue (modified from Klaus S. 28) 

The white adipose tissue (WAT) contains mature adipocytes to store lipids. A small percentage of 

cells are preadipocytes, with the ability to differentiate into mature adipocytes. Also other cell types 

like macrophages and endothelial cells colonize the WAT. Endothelial cells also exist in the WAT. 

The WAT is responsible for storing energy and it is essential for energy 

homeostasis.29 However, fatty acids (FA) are not only stored in case of surplus 

calorie availability. Also under normal conditions FA are constantly stored in and 

released from the adipose tissue. FA as well as glucose are taken up by adipocytes 

and stored as triglycerides. The storage is catalyzed by insulin, which is normally 

stimulated by high blood sugar level after a meal. The process, which converts 

triglycerides into FA and glycerol, is called lipolysis and appears during periods of 

fasting.29 
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Adipogenesis and adipose tissue growth  

Adipose tissue is a highly dynamic organ with a substantial turnover.30 During tissue 

expansion two major mechanisms can take place to facilitate the storage of excess 

energy. First, adipose tissue growth may be caused by an increased lipid load per 

adipocyte (hypertrophy) and/or second an increased number of adipocytes 

(hyperplasia).31 Although it is suggested that adipocyte hypertrophy might be 

responsible for the majority of metabolic abnormalities, it is currently unclear how 

differentiating adipocytes behave under these growth conditions. The formation of 

new adipocytes from preadipocytes is a central process (adipogenesis) during 

adipose tissue growth and it is therefore essential to understand the underlying 

mechanisms. 

It could be shown that numbers of white adipocytes increase during the 

development of animals but are relatively constant in the mature fat pad.32 Similar 

findings have been obtained in humans, but within adult human WAT, adipocytes 

seem to undergo an annual turnover of approximately 10%.33 Thus, adipogenesis 

obviously takes place in adults to maintain the adipose compartment. Whether this 

annual turnover has a crucial role in the development of obesity remains unclear. 

The process of adipogenesis follows a strict course. First, mesenchymal stem cells 

(MCSs) switch over to committed white preadipocytes, a course mediated by 

factors, such as extracellular matrix (ECM) stiffness, confluence or cell shape.34 

White preadipocytes can become mature white adipocytes upon the addition of 

adipogenic stimuli. Such factors are for example glucocorticoids, insulin, cyclic 

adenosinmonophosphate (AMP) and triiodothyronine (T3).35 The process of 

adipogenesis is very complex and still under investigation (Fig. I2).34 Undifferentiated 

preadipocytes can expand their volume several fold during differentiation due to 

increasing lipid inclusion. Furthermore, cell size in mature adipocytes can vary from 

under 70 µm to more than 120 µm in diameter.36 
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Fig. I 2: Schematic course of adipogenic progression (modified from Cristancho, AG et al.34) 

The formation of mesenchymal stem cells (MCSs) into white preadipocytes could be mediated, e.g. 

by extracellular matrix (ECM) stiffness, confluence and/or cell shape. White preadipocytes 

differentiate into mature white adipocytes. This process needs adipogenic stimuli, like 

glucocorticoids, insulin and cyclic AMP. The total progress is called adipogenesis. 

 

Adipose tissue function and metabolic diseases 

Adipose tissue in humans comes more and more into focus in view of metabolic 

diseases. Under a high nutrient excess WAT expands and obesity occurs. In this 

context a lot of metabolic diseases arise, which usually grow on a common low-

grade inflammatory background. Although the origin of elevated inflammation 

markers is unknown there is a clear association of obesity and fat mass.33 Especially 

fat cell size was shown to be a significant determinant for the production of pro-

inflammatory mediators (Fig. I3).36,37 

Although adipocytes exhibit a high capacity to produce pro-inflammatory factors 20,21 

it is currently unclear to which extent these cells contribute to the observed 

inflammatory status in plasma. The obese adipose tissue is also colonized by 

various subsets of immune cells, which (when activated) also exhibit a high potency 

to release a similar pattern of immune effectors.38–40 For example, macrophages may 

either show an anti-inflammatory M2 phenotype or may produce high amounts of 

pro-inflammatory mediators upon activation.41 The hypothesis, that predominantly 

non-fat cells may produce these factors is supported by various reports.42 



Introduction 

16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. I 3: Secretory pattern of WAT in obese subjects (modified from Hauner H.43) 

WAT secretes a variety of factors under pathophysiological conditions. Some of these factors are 

anti-inflammatory and some are pro-inflammatory. IL (interleukin)-6, TNF-α (tumor necrosis factor-α) 

and IL-10 are cytokines, which could also be secreted by other cells. Resistin, visfatin, leptin and 

adiponectin are adipokines in the narrow sense, exclusively secreted by the adipose tissue. 

 

Cellular stress signaling 

The balance of protein synthesis and protein folding, which is maintained by a 

network of molecular pathways including chaperones and proteases plays an 

essential role in the physiology of all cells. Protein homeostasis is sustained by 

preventing the aggregation of newly synthesized proteins and promoting the 

efficiency of folding and assembly.44 However, protein homeostasis could also be 

affected by environmental stress situations, such as nutrient excess, hypoxia in the 

WAT and/or a condition triggered by physiological stress or inflammation. The 

responses to increased unfolded and misfolded proteins include several signal 
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transduction pathways. Usually, these pathways are summarized as unfolded 

protein response(s) (UPRs). Such response pathways could be identified in the 

cytosol,45 in the endoplasmic reticulum46 and also in mitochondria.47 The major 

actors in UPRs are chaperones, which assist in folding and prevent aggregation of 

proteins. Under normal conditions which are characterized by a condition of 

physiological homeostasis, chaperones of the heat shock protein (HSP) family bind 

to stress sensor proteins. For this reason the signaling of the UPRs is repressed 

under normal situations. Upon negative stress situations explained before, 

chaperones disassociate from the stress sensor proteins and UPRs are 

activated.44,46 

The endoplasmic reticulum and the erUPR 

The endoplasmic reticulum (ER) in eukaryotic cells is a specialized cytosolic 

organelle for protein folding and maturation.46,48 Surface as well as secreted proteins 

of various compartments are translocated in an extended, unfolded state through 

the so called translocon, a protein channel in the ER membrane. Consequently, 

processes adversely affecting ER-function either by the accumulation of unfolded or 

misfolded proteins within the ER, increased protein synthesis rates or energy and 

nutrient fluctuations cause ER-stress.49,50 These conditions activate conserved 

signaling pathways known as the UPR in the ER. The erUPR is designed to restore 

cell homeostasis by increasing the capacity to clear misfolded proteins by 

increasing ER folding capacity and the up-regulation of the production of ER 

chaperones.51 Basically, the erUPR is a signal transduction pathway consisting of 

three mediators which are located in the ER membrane: 1) The inositol requiring 

enzyme 1 (IRE-1), 2) the PKR-like ER kinase (PERK), and 3) the activating 

transcription factor 6 (ATF6). Under normal conditions these three sensors are 

bound by a chaperone called Grp78 (also known as immunoglobulin heavy chain-

binding protein, BIP) and the erUPR is not activated.49 Unfolded and misfolded 

proteins in the ER cause dissociation of Grp78 from these mediators. The 

chaperone assists in protein folding and the IRE-1 and PERK are activated by 

dimerization.46 Under stress situations ATF6 move from the ER to the Golgi where it 

is activated (Fig. I 4).52 Restoration of ER homeostasis and resolution of the stress 

situation are promoted via the activation of the erURP. Furthermore, the degradation 
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of unfolded and misfolded proteins is enhanced. This process is called the ER-

associated degradation (ERAD). Basis for the ERAD is retro translocation. Misfolded 

proteins are dislocated from the ER into the cytosol. The valosin-containing protein 

(VCP) is an ATPase which is essential for this degradation and recruited to ER for 

this function.53–56 

The first response to ER stress, activation of IRE-1, leads to splicing of X-box 

binding protein-1 (XBP-1) mRNA. The expression of ER chaperones and proteins 

involved in the ERAD are regulated by the spliced form of XBP-1.57,58 Activation of 

IRE-1 can also result in the induction of apoptosis and inflammatory signaling. The 

cytosolic domain of IRE-1 can associate with the adaptor protein TNFR-associated 

factor (TRAF) 2 to activate the apoptosis signal-regulating kinase (ASK) 1 and cJunN 

terminal kinase (JNK) pathway.59,60 

The second response pathway, the PERK pathway, mediates the translational 

attenuation through phosphorylation of the α subunit of eukaryotic translation 

initiation factor (eIF)2.61 Furthermore, signaling through the PERK pathway leads to 

an induction of activating transcription factor (ATF) 4 and genes involved in the 

antioxidant response and the redox control of the ER.62,63 The pro-apoptotic 

transcription factor CCAAT/enhancer binding protein (C/EBP) homologous protein 

(CHOP) could also be induced by the PERK signaling. This results in a negative 

feedback of eIF2α phosphorylation.64 

The third response is via the translocation of ATF6 proteins to the Golgi. There, they 

are cleaved into active amino-terminal forms, which can regulate ER chaperone 

expression and bind to promoters containing ER stress elements (ERSE), UPR 

elements (UPRE) and cAMP response elements (CRE) in the nucleus. Thereby, the 

transcription of XBP-1 and many other ER UPR genes related to ERAD and protein 

folding are induced.65,66  



Introduction 

19 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. I 4: Schematic view of the endoplasmic reticulum unfolded protein response 

Under stress conditions unfolded and misfolded proteins in the ER result in dissociation of Grp78 

from three mediators: IRE-1, PERK, and ATF6. This induces signaling cascades known as the erUPR. 

The consequence is an activation of kinases, attenuation of global protein translation and recruitment 

of transcription factors to UPR genes to start the cellular stress responses. 

 

erUPR and inflammation in obesity 

It was speculated from recent data that ER-stress may be relevant to mediate 

certain pathological conditions, such as inflammation in obesity. Mouse studies 

have shown that there might be a direct link between ER-stress, obesity and the 

development of type 2 diabetes. In obese mice models (independent if obesity is 

dietary or caused by the genetic background) the levels of erUPR proteins are 

elevated. Furthermore, a suppression of insulin receptor signaling is mediated via 

IRE-1–dependent activation of JNK and leads to a metabolic dysregulation.50,67 

Clinical human studies demonstrated that ER-stress might occur as a relevant 

pathophysiological process in adipose tissue of obese subjects. In adipose tissue of 

insulin-resistant individuals increased erUPR markers were shown. Weight loss is 
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able to reverse this situation.68,69 Currently, an association between ER-stress and 

inflammation can only be hypothesized. A possible interaction can occur during the 

UPR through the downstream activation of JNK and the NFκB pathway70,71 and the 

production of reactive oxygen species.72 These mechanisms are considered to play 

also a central role in obesity-associated inflammation.73 JNK up-regulates the 

expression of pro-inflammatory factors like TNFα, MCP-1 and IL-6 which are highly 

expressed under an obese condition. 

However, if ER stress is prolonged during obesity, the erUPR activates pro-

apoptotic pathways and the cells die.74 This seems to be a potential trigger for the 

recruitment of macrophages into WAT.75 

 

Mitochondria and the mtUPR 

Mitochondria are well known to be the “powerhouse” of the cell. In eukaryotic cells 

the mitochondrion is an organelle with a double membrane.76 One of the major 

functions is the production of adenosintriphosphate (ATP), which is essential for a 

variety of processes in the cell. Furthermore, mitochondria produce intracellular 

reactive oxygen species (ROS), store high amounts of calcium (Ca2+) and regulate 

apoptosis.77–79 The inter-membrane space looks like cristae or long tubules and form 

inner boundary between the two membranes.80 Both membranes consist of protein 

translocases for protein translocation or membrane integration. Two classes of 

translocases are known: the translocase of the outer mitochondrial membrane 

(TOM) and the translocase of the mitochondrial inner membrane (TIM).81,82 The 

translocation occurs with unfolded proteins which are folded in the matrix of the 

mitochondria. Therefore the mitochondrial matrix contains a lot of chaperones which 

assist in folding of imported proteins. Among others, the predominant proteins with 

chaperone activity are Hsp70 and Hsp60/10 (Chaperonin 60/10).83,47,84 If the 

environmental behavior is adversely affecting mitochondrial function, unfolded or 

misfolded proteins accumulate within the mitochondria. Upon such negative events 

within the mitochondrial matrix, the transcription of nuclear genes encoding 

mitochondrial stress proteins is up-regulated. A signaling pathway responding to 

mitochondrial stress has been described as the mitochondrial UPR (mtUPR).47 Like 

the erUPR, the mtUPR is designed to restore cell homeostasis by increasing the 

capacity to clear misfolded proteins by increasing the production of chaperones. 
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Compared to erUPR, the mechanisms of the mtUPR are less well understood. There 

are studies postulating that the Clp protease (caseinolytic peptidase) generates 

peptides which might be the first signal in the cascade of the mtUPR.85 This initiation 

results in an up-regulation of chaperones like chaperonin 60 (Cpn60). The activation 

occurs mainly through CHOP which is a transcription factor shared by erUPR and 

mtUPR.41,47 Furthermore it could be shown that the dsRNA-activated protein kinase 

(PKR), which is active during mtUPR in intestinal epithelial cells, could link the 

mtUPR to the erUPR via the phosphorylation of eIF2α.86  

The first indication of mtUPR was given by Martinus et al.. In this study the deletion 

of mitochondrial DNA (mtDNA) induced a stress response and resulted in higher 

transcription of Cpn60 and Cpn10.87 Furthermore, it was shown that a truncated 

form of the ornithine transcarbamylase (OTC∆), which accumulates in the 

mitochondrial matrix increases the expression of Cpn60, Cpn10 and also ClpP. 

Surprisingly, chaperones involved in the erUPR were unaffected.47 The mtUPR 

results in an activation of the transcription factor CHOP. It could be shown that the 

CHOP element was required for the mtUPR as target genes have a corresponding 

binding region in their promoter. As CHOP transcription could also be activated in 

response to the erUPR, this leads to the assumption that CHOP can be induced 

separately in response to two different stress response pathways (Fig. I 5).88,41,89 

Mitochondrial dysfunction in obesity 

Adipose tissue plays a central role in obesity as it acts as an endocrine organ and 

releases a lot of adipokines and cytokines. The levels of adiponectin in both, plasma 

and adipose tissue, were significantly lowered in obese mice. This finding was 

associated with a reduction of mitochondrial content and function in adipose tissue. 

This impaired mitochondrial function could also activate erUPR via JNK activation 

and the induction of ATF3.90 It could also be shown that the mitochondrial function 

in adipose tissue (especially in BAT) is required for an adaptive thermogenesis, 

energy balance and body weight. As further studies have demonstrated that adult 

humans possess active BAT, mitochondrial dysfunction in this tissue was linked to 

impaired thermogenesis and disturbed energy expenditure. Therefore it leads to the 

development of obesity.91–93 
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Due to negative environmental factors, like high nutrient excess, changes of protein 

expression and the mtUPR signaling could be explained by metabolic 

dysregulation.89 Animal experiments have shown that Cpn60 expression was 

significantly suppressed in rats under a high fat diet. Furthermore, the expression 

level of cytochrome c, peroxisome proliferator-activated receptor-γ coactivator-1α 

(PGC-1α) and the copy number of mtDNA was decreased. This is accompanied by 

impaired glucose tolerance.94 A clinical human study could also show, that lower 

blood Cpn60 level were associated with an increased risk of type 2 diabetes.95 

Furthermore, mitochondrial stress and/or impairment of the mtUPR were also 

described to be involved in neurological diseases and sporadic diseases of 

aging.96,44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. I 5: Interaction of the ER and the mitochondria under harmful environmental stress 

Stress responses mediated by nutrient overload, inflammation and/or bacteria. Harmful 

environmental stresses increase unfolded and misfolded proteins in the mitochondrial matrix and the 

ER. This results in the activation of the mtUPR and/or erUPR, respectively. There seems to be a 

direct cross-talk between mitochondria and ER during stress.  
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High fat diet and animal models 

As obesity is a condition increasing worldwide, intensive research is carried out in 

this area, especially in animals. Rodents are often used as models for obesity. The 

advantages for rodent models are the shorter generation times, easy breeding, lower 

cost and the similarities between rodent and human genetics.97 There are models 

available for genetic-induced and diet-induced obese mice. A high fat diet (HFD) is 

often used as a model, with no genetic mutation. For HFD-induced obesity the 

C57BL/6J mice are often used, as they show close similarly to humans. For 

example, they exhibit abnormalities comparable to the metabolic syndrome in 

humans.98,99 Using such HFD-induced obesity mice models is beneficial because 

manipulation of diet may rescue the obese phenotype. Furthermore, crossing of 

mice with genetically mutated mice, can provide information if the gene of interest is 

associated with obesity or not.100 

Grp78+/- mice and Cpn60+/- mice 

The ER chaperone Grp78 is increased in obesity and has a distinct influence on the 

development of obesity related complications. Therefore, a mouse with targeted 

mutation of the Grp78 allele was created. The homozygous Grp78-/- mouse is 

embryonically lethal. Thus a Grp78+/- mice model was created and is viable and 

fertile.101 Furthermore, it was shown that Grp78 heterozygosity attenuates HFD-

induced obesity, prevents white adipose tissue inflammation and hyperinsulinemia 

and promotes adaptive UPR. An improving ER quality control, folding capacity and 

insulin signaling upon ER stress is the consequence.102 

In view of the mtUPR the chaperone Cpn60 is interesting, as it was significantly 

suppressed in rats under high fat diet. The same results were shown in adipose 

tissue of ob/ob and db/db mice, both models for obesity.103,104 A mouse model was 

established based on the findings, that a positive association of circulating Hsp60 

concentrations with BMI, leptin, HOMA-IR, and blood pressure was shown.105 The 

Cpn60-/- mice are embryo lethal.106 Therefore, the Cpn60+/- mice was created (see 

dissertation of E. Berger, Biofunctionality, Munich, Germany). These mice model has 

a conditional knock out of the heat shock protein 1 (chaperonin) which is located on 

mouse chromosom1. 
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Aim of the work 

As outlined before, obesity has negative effects on the development of various 

diseases. Clinical and experimental studies in obesity revealed that the erUPR may 

be relevant to mediate certain pathologic conditions like inflammation. The mtUPR 

signaling could also be explained by metabolic disorders. Whereas the correlation of 

UPR signaling and diseases like obesity and/or T2D was hypothesized, the 

underlying mechanisms are still unclear. There is little known, about the 

development of UPR during adipogenesis (a process, which is strongly related to 

the development of obesity), and how the development of obesity is influenced by 

the UPR signaling. 

  

Hence, we want to investigate whether adipogenesis is a process which induces 

UPR or not. Therefore markers of the erUPR and the mtUPR were determined in 

murine 3T3-L1 cells, human SGBS cells, primary isolated human preadipocytes and 

also in adipose tissue of C57BL/6N mice of different ages.  

 

Furthermore we want to understand, how the erUPR and the mtUPR influence the 

development of obesity. Thus the effect of high fat diet on the development of 

obesity was investigated in two different mouse models. For the understanding of 

erUPR and its influence on metabolic processes the Grp78+/- mice were used. On 

the other hand the Cpn60+/- mouse model was used to investigate the influence of 

the mtUPR on the development of obesity. 
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Material and Methods 

Cell culture 

3T3-L1 cell culture 

The mouse preadipocyte cell line 3T3-L1 (passage 4-20) (ATCC-Nr.: CL-173, ATCC, 

Wesel, Germany) were cultured as described previously107 in a humidified 5% CO2 

atmosphere at 37°C. Cells were grown in 6, 12 or 24 well culture plates (Biochrom 

AG, Berlin, Germany). To obtain differentiated adipocytes, Dulbecco’s modified 

Eagle’s medium (Invitrogen, Darmstadt, Germany) containing 10% fetal calf serum 

(FCS) (PAA Laboratories GmbH, Pasching, Austria) and 1% penicillin and 

streptomycin (pen-strep) (Invitrogen, Darmstadt, Germany) was supplemented with 

250 [nmol/l] dexamethasone (SigmaAldrich, Taufkirchen, Germany), 0.5 [mmol/l] 

isobutyl-methylxanthine (IBMX) (SERVA Electrophoresis GmbH, Heidelberg, 

Germany) and 66 [nmol/l] insulin (SigmaAldrich) to 80% confluent preadipocytes for 

the first 3 days. After induction, the medium of cells were replaced with Dulbecco’s 

modified Eagle’s medium containing 10% FCS and 1% pen-strep supplemented 

with 66 nmol/l insulin. The medium was refreshed twice weekly for additional 15 

days. 

SGBS cell culture 

The primary human preadipocyte cell line SGBS (passage 2-7)108 were cultured in a 

humidified 5% CO2 atmosphere at 37°C. The cells were grown in T25 cell culture 

flasks or 6 well culture plates (BD Falcon, Heidelberg, Germany). Until confluence 

the cells were cultured in proliferation medium (PM) which is composed of 

Dulbecco’s modified Eagle’s medium-Ham's F-12 (1:1, vol/vol) (Invitrogen, 

Darmstadt, Germany) containing 10  FCS (Gibco-Invitrogen, FischerScientific, 

Germany), 33 µM biotin (Firma), 17 µM pantothenate (SigmaAldrich, Taufkirchen, 

Germany) and 1  pen-strep (Invitrogen, Darmstadt, Germany). To promote adipose 

differentiation the cells were induced with feeding medium (FM) (mixture of PM and 

MCDB-131 (Invitrogen, Darmstadt, Germany), 66 nM insulin, 1 nM triiodothyronine 

(SigmaAldrich), 10 [µg/ml] human transferrin (SigmaAldrich), and 0.1 µM cortisol 
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(SigmaAldrich)) supplemented with the adipogenic inducers of differentiation IBMX 

(0.5 mM), dexamethasone (25 nM), and rosiglitazone (2 µM) (Enzo Life Sciences, 

Lörrach, Germany). After 4 days of induction, the medium was replaced by FM, and 

the cells were fed twice weekly for a total culture time of 12 days. 

Primary human preadipocytes cell culture 

Primary human preadipocytes were isolated as described previously.109 A final 

concentration of 240,000 cells per 6-well plate was cultured in proliferation medium 

(DMEM/HamF12 (1:1 vol/vol), 6.6 mM Biotin, 17 mM pantothenate, 1% pen-strep, 

2.5% FCS , 10 [mg/ml] insulin, 100 [µg/ml] EGF, 25 [µg/ml] FGF). To promote 

differentiation the cells were induced with induction medium (DMEM/HamF12 (1:1 

vol/vol), 6.6 mM Biotin, 17 mM pantothenate and 1% pen-strep, 10 [mg/ml] insulin, 

2 µM T3, 0.1 mM cortisol and 1 [mg/ml] transferrin, 2 mM rosiglitazone, 25 µM 

dexamethasone, 20 mM IBMX). After 3 days medium was changed to differentiation 

medium (DMEM/HamF12 (1:1 vol/vol), 6.6 mM Biotin, 17 mM pantothenate, 1% 

pen-strep, 10 [mg/ml] insulin, 2 µM T3, 0.1 mM cortisol, 1 [mg/ml] transferrin) which 

was refreshed twice a week for additional 16 days. 
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Patients 

Isolation of primary human preadipocytes 

Subcutaneous adipose tissue was obtained from lipectomy or body-lift surgeries. 

Patients consent was obtained beforehand and the ethical committee of the 

Technical University Munich approved the protocol. The tissue samples were 

transported immediately from the operation room to the laboratory in DMEM:F12 

medium containing 1% pen-strep. Primary human adipocytes were prepared as 

described previously.110 Primary human preadipocytes were isolated according to 

van Harmelen et al. 2003.109 For preadipocyte isolation the tissue samples from 

surgery were freed from connective tissue and visible blood vessels and minced 

with scissors. Minced samples were digested in Krebs-Ringer-Phosphate buffer 

(KRP, pH7.4) containing 200 [U/ml] collagenase (Biochrom, Berlin, Germany) and 

4% BSA (Sigma, Munich, Germany) for 60 min at 37°C in a shaking water bath 

(>60 beats/min). Afterwards the samples were centrifuged for 10 min at 300 g and 

the supernatant was discarded. The residual pellet was suspend in erythrocyte lysis 

buffer and incubate at room temperature for 10 min. Afterwards the suspension was 

filtered through a nylon mesh with a pore size of 250 µm and through a cell strainer 

with 70 µm pore size. After a second centrifugation step for 10 min at 300 g the 

pellet was suspend in culture medium. The cells were plate out to T75 culture plates. 

On the first day of culture the medium was changed to PM4-Medium 

(DMEM/HamF12 (1:1 vol/vol), 6.6 mM Biotin, 17 mM pantothenate, 1% pen-strep, 

2.5% FCS, 10 [mg/ml] insulin, 100 [µg/ml] EGF, 25 [µg/ml] FGF). 

Isolation of primary human adipocytes 

For the isolation of primary human adipocytes the procedure was the same like for 

preadipocytes until the collagenase step. For adipocytes the minced samples were 

digested in Krebs-Ringer-Phosphate buffer (KRP, pH7.4) containing only 100 [U/ml] 

collagenase (Biochrom, Berlin, Germany) and 4% BSA (Sigma, Munich, Germany) 

for 60-90 min at 37°C in shaking water bath (60 beats/min). Afterwards the cells 

were first filtered through a nylon mesh with 2,000 µm pore size followed by a 

filtration through a nylon mesh with a pore size of 250 µm. Floating cells were 

washed three times with KRP supplemented with 0.1% BSA. Total fraction was 
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either incubated in DMEM:F12 medium with 1% pen-strep or used for further 

fractionation by cell size.36 To reduce the cell stress level medium was changed after 

30 min. To determine mean adipocyte diameter a total of 100 fat cells from the total 

fraction as well as from every fraction were determined by light microscopy to 

calculate fat cell weight and volume. 

Fractionation of human adipocytes 

Isolated adipocytes (see above) were fractionated into a fraction I with small cells 

and a fraction IV with large cells, according to Skurk et al. 2007.36 Thereby the 

floating properties of the cells were used. After filling a separation funnel with 50 ml 

KRP supplemented with 0.1% BSA and adding 20 ml cells the whole separation 

funnel was gently mixed. Afterwards the cells float for a distinct time (fraction I: 

collection of 30 ml cell suspension after 45 s). After the procedure for fraction I was 

repeated until no cells could be collected anymore cells with an intermediate size 

were discard after 15 s of floating. Fraction IV was defined as the remaining cells in 

the separation funnel. Ensure that after each step the separation funnel was filled 

again with KRP supplemented with 0.1% BSA. 
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Animals 

Experimental setup 

Conventionally raised Grp78+/- mice (generous gift from Amy Lee)101 and Cpn60+/- 

mice (Institute of Biofunctionality, Munich, Germany) on C57BL/6 background as 

well as their wild type littermates were fed a high fat diet (Ssniff S5745-E722, Ssniff, 

Soest, Germany) for 8 weeks after a weaning period of 4 weeks. Mice fed a 

conventional diet (Ssniff S5745-E720, Ssniff, Soest, Germany) were used as 

controls. During the feeding period weight development, as well as body mass 

composition was measured. Food intake was analyzed by daily food mass 

measurement for 5 successive days during the fourth week of the HFD regimen. 

Mice were killed at age of 12 weeks. Animal use was approved by the institution in 

charge (approval no. 55.2-1-54-2531-130-09). 

Genotyping of the mouse 

For genotyping the DNA was extracted from the tail tip. After cutting a piece of tail 

from the mouse, it was digested overnight in 190 µl tail-buffer (see Buffer and 

Solutions) complemented with 10 µl Proteinase K (10 mg/ml) at 65°C. To stop 

proteinase K activity the tails were incubated 10 min at 95°C. Now a PCR was 

performed. 

 

Tail-buffer 

242.3 mg Tris 

Add H2O until 160 ml � pH 8.3 

745.6 mg KCl (50 mM) 

900 µl Nonidet P40 

900 µl Tween 20 (0.45%) 

20 g Gelatine 

� dissolve at 70°C 
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Polymerase chain reaction (PCR) for genotyping 

Polymerase chain reaction (PCR) attends to amplify specific DNA sequences by 

using unique primers and an adequate temperature program. A PCR master mix 

which contains primers, polymerase and nucleotides is added to the DNA sample 

and placed in a thermocycler. Therein the sample undergoes a cyclic temperature 

program that is specific for the following steps: denaturation of the DNA double helix 

into single strands, annealing of the primers and elongation of the single strands to 

double strands. 

 

Primer sequences were the following: 

 

Grp78_for 5´-gtt-gat-att-gga-ggt-ggg-caa-acc-aag-3´ 

Grp78_rev 5´-ttg-tta-ggg-gtc-gtt-cac-cta-ga-3´ 

Cpn60_for 5´-acc-aag-acc-ctg-tac-tct-taa-cc-3´ 

Cpn60_rev 5´-agt-cct-atg-gga-ctg-gat-gg-3´ 

Control_for 5´-gag-act-ctg-gct-act-cat-cc-3´ 

Control_rev 5´-cct-tca-gca-aga-gct-ggg-gac-3´ 

 

Table M 1: Standard-PCR-MasterMix (for the Phire HotStart DNA Polymerase) 

Volume Reagent Concentration 

4 µl 5x Phire buffer 1x 

0.4 µl dNTPs (10mM) 200 µM 

1 µl Grp78_for (Primer forward) 500 nM 

1 µl Grp78_rev (Primer reverse) 500 nM 

0.5 µl Control_for (Primer forward) 250 nM 

0.5 µl Control_rev (Primer reverse) 250 nM 

0.2 µl Phire polymerase 1 U 

11.4 µl PCR H2O  

1 µl DNA  

 

 

Using this protocol the genotyping for the Grp78+/- mice was performed. Therefore a 

special PCR program was used. 
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   98°C  30 sec 

   98°C  5 sec 

   65°C  5 sec  35 x 

   72°C  15 sec 

   72°C  60 sec 

 

Afterwards, the PCR products were subjected to electrophoresis on 1% agarose 

gels to determine amplicon specificity. 

 

Table M 2: Standard-PCR-MasterMix (for the Taq DNA polymerase) 

Volume Reagent Final concentration 

5 µl 5x Phire Buffer 1x 

0.5 µl dNTPs (10mM) 200 µM 

1.5 µl MgCl2 1.5 mM 

0.5 µl Cpn60_for (Primer forward) 500 nM 

0.5 µl Cpn60_rev (Primer reverse) 500 nM 

0.5 µl Control_for (Primer forward) 250 nM 

0.5 µl Control_rev (Primer reverse) 250 nM 

0.125 µl Taq Polymerase 0.625 U 

14.9 µl PCR H2O  

1 µl DNA  

 

Using this protocol the genotyping for the Cpn60+/- mice was performed. The special 

PCR program for the Cpn60+/- mice genotyping was: 

   95°C  60 sec 

   95°C  30 sec 

   60°C  20 sec  35 x 

   68°C  45 sec 

   68°C  5 min 

 

Afterwards the PCR products were subjected to electrophoresis on 1% agarose 

gels to determine amplicon specificity. 
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2,000bp            1       2       3  2,000bp         4            5          6         7 

 

 

600bp      600bp 

 

 

 

100bp  

      100bp 

Fig. M 1: Electrophoresis of the PCR products. The bands show the specific amplicons: 1+4-

H2O control; 2-control band (~600bp); 3-Grp78+/- band (~900bp); 5+6-Cpn60+/- band (~400bp); 7-

control band. The wt band is ~2,400bp and not visible. 

Housing 

Mice were housed under special pathogen free conditions in Makrolon cages 

(Tecniplast green line, type II long, 540 cm2) with sawdust straw and nesting 

material. Animals were kept on a 12 h light/dark cycle with a constant room 

temperature of 22 ± 1 C and a humidity of 55%. Cages were changed weekly. Food 

(ssniff®, M-Z autoclavable) and water were available ad libitum.  

Diets 

For the feeding experiment the mice get a control diet and a high fat diet from 

SNIFF. The composition of the diets only differs in the fat content.  
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Article Number (Ssniff) S5745-E720 S5745-E722

Category Control High-fat

Pellet size 10 mm 10 mm
γ-radiation 25 kGy 25 kGy
ME Atwater (MJ/kg) 15,5 19,7

Protein 23 18

Fat 12 48

Carbohydrate 65 34
Protein 20,8 20,8

Fat 5,1 25,1

Fiber 5 5

Ashes 5,6 5,6

N-free extracts 60,1 40,6
Casein 24 24

Corn starch 47,8 27,8
Maltodextrin 5,6 5,6
Sucrose 5 5

Cellulose 5 5

Vitamin-Premix 1,20 1,20

Minerals/Trace 6 6

Soybean oil 5 5

Palm oil - 20
EPAX 1050-TG - -
Palmitate C16:0 (mol%) 11,90 37,96

Stearate C18:0 (mol%) 2,91 3,85
Oleate C18:1 (mol%) 22,76 34,60
Linoleate C18:2 (mol%) 52,99 18,23
Linolenate C18:3 (mol%) 5,97 1,30
Arachidonate C20:4 - -
EPA C20:5 (mol%) - -
DHA C22:6 (mol%) - -
Ratio n6/n3 8,88 13,97
Choline-Chloride 0,2 0,2

Butylhydroxytoluene 150 150
Tocopherol-Acetate 180 180

Composition (%)

Table M 3: Composition of the different diets 
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Minispec NMR analysis 

To determine the body composition of the mice a minispec TD-NMR analyzer 

(Bruker Optics; LF500H) was used. The mice were measured before, after 4 weeks 

and after 8 weeks (before sacrificing) of feeding. Therefore, the mice were placed in 

a red Plexiglas tube with vent holes, to restrain their mobility. The tube was inserted 

in the minispec for 3 minutes of measurement (figure 8). As the analysis based on 

the nuclear magnetic resonance (NMR) of the hydrogen atomic nuclei, the 

resonance absorption depends on the chemical environment and varies between 

different tissues. For this reason the minispec can distinguish lean mass and fat 

mass and calculate their amount. 

Indirect calorimetric measurement 

The male mice were put in an open respirometric system (TSE; PhenoMaster, type I 

cages with 180 cm2) for at least 3 days. The normal 12 h light/dark cycle was kept in 

the system and food and water were available ad libitum. The principle of the 

indirect calorimetry is the measurement of O2 consumption and CO2 production over 

a time period to calculate the energy expenditure of the single mouse. Therefore, the 

normal Makrolon cages were connected to fresh air and the gas exchange was 

measured by a complex machine and the content of O2 and CO2 is quantified by an 

analyzer. The values of the gas content were calculated against a reference cage 

without a mouse. 

 

 

 

 

 

 

Fig. M 2: Schema of the indirect calorimetry. A pump samples the air from the cage. O2 

consumption and CO2 production is analyzed. 
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IP-GTT 

After fastening the mice for 6 hours the weight of each mouse was determined for 

dose calculation of the 20% glucose solution. Cut a piece of the tail and measure 

the basal level of glucose in the blood with glucometer (0 min). Now the glucose 

solution was injected immediately intraperitoneally and after 15, 30, 60 and 120 min 

the glucose level of the blood was measured. 

 

 

 

 

 

 

 

 

 

Fig. M 3: Intraperitoneal glucose injection. The mouse was fixed in the neck and the glucose was 

injected between the papilla of the breast and the knee.  

Sacrificing and sample collection 

After fasting mice for 6 hours they were sacrificed in CO2. Dead was controlled by 

checking reflex stimulation. From killed animal’s blood, the whole intestine, liver, 

kidney, spleen, muscle and the epididymal fat depot was collected. The blood was 

immediately centrifuged and plasma was frozen in liquid nitrogen. The other organs 

were frozen in liquid nitrogen.  

 

Bomb-calorimetric measurement 

To determine the energy which is assimilated in the gut the following formula was 

used.  

 

Eass = Ein - Efeces 

 



Material and Methods 

38 

Ein is the energy which enter the mice (food uptake per day x energy of the food) and 

Efeces is the energy of the feces (feces per day x energy of the feces). To measure this 

energy a bomb calorimeter with a direct calorimetric was used. Thereby, the 

samples were combusted under high pressure and with a surplus of oxygen. The 

heat will be absorbed and ÄT will be measured. The measurement gives the heating 

value (J/g) of the sample. 

For the combustion feces as well as food samples were dried at 60°C for 72 h. To 

ensure homogeneity of the samples, they were grinded with a bebble mill. 

Afterwards 1g of the sample was compressed to a pellet. The exact weight was type 

to the calorimeter and the measurement starts. 

Paraffin embedding 

After sacrificing sample tissue was collected. A small piece of tissue was 

immediately fixed in 4% neutral buffered formalin (Sigma Aldrich, Steinheim, 

Germany). After 24 h the tissue was overlaid with 70% ethanol until the paraffin 

embedding. 

Hematoxylin-Eosin (HE)-staining 

Tissue samples embedded in paraffin were cut into slices with a thickness of 5 µm 

and were dried overnight. Immediately before staining slides were incubated for 

10 min at 60°C. The staining was carried out automatically (Leica ST5020 staining 

machine) with 16 different steps. After removing of the paraffin, Hemalaun is 

responsible for nuclear staining and Eosin stains the surrounding tissue. The slides 

were then covered and pictures were taken with a bright field microscope. 

Table M 4: HE staining protocol 

Step Reagent Period [min] Step Reagent Period [min] 

1 Xylol 3 9 Eosin 2 

2 Xylol 3 10 Ethanol 70% 1 

3 Ethanol 100% 2 11 Ethanol 80% 1 

4 Ethanol 96% 2 12 Ethanol 100% 1 

5 Ethanol 70% 1 13 Ethanol 100% 1.5 

6 Water 1 14 Xylol/alcohol 1.5 

7 Hemalaun 4 15 Xylol 2 

8 Water 2 16 Xylol 2 
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Adipocyte differentiation, fat storage and adipocyte size 

GPDH (glycerol-3-phosphate dehydrogenase) measurements 

GPDH-activity was performed by an enzymatic kinetically assay according to an 

established protocol as described previously 111. For the measurement of the protein 

content of the cultures, trichloroacetic acid precipitation was used to avoid lipid 

interference, according to a modification of the method of Lowry, 1951.112 

DAPI Staining 

Because of its specific binding to the minor groove of DNA, 4’, 6-Diamindin-2-

phenylindol (DAPI) is especially suitable for visualizing nuclei. Blue fluorescent 

complexes can be detected at a wavelength of 340 nm. 

Cells were washed with PBS and ice-cold methanol was given to each well for 10 

min at 4°C to fix the cells at the bottom of the plate. After fixation cells were washed 

twice with PBS and 400 µl blocking solution (10% goat serum in PBS) was added 

for 30 min at room temperature. After washing with PBS three times, 200 µl of DAPI 

working solution was added for 5 minutes in the dark. Cells were then washed twice 

with PBS. 1 ml PBS was left to prevent cells from drying. 

Oil-Red-O staining in cell culture 

For Oil-Red-O staining of lipid droplets the cells were first washed with PBS 

(Biochrom AG, Berlin, Germany) and fixed with 3.7% formaldehyde (Carl Roth 

GmbH, Karlsruhe, Germany) for 1 h. After fixation each well was rinsed with PBS 

and stained with Oil-Red-O working solution for 1 h. After staining the cells were 

overlay with 87% glycerol (Merck, Darmstadt, Germany) or water and stored at 4°C. 

 

Oil-Red-O 

Stock solution: 

0.5 g Oil Red O 

(SigmaAldrich) 

100ml 99% isopropanol 

(Carl Roth GmbH) 

 

 

Working Solution: 

3 parts stock solution 

2 parts DI water 

� filter working solution 
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Oil-Red-O staining of liver 

The Oil-Red-O staining could be used for staining of neutral lipids (e.g.triglycerides). 

For this staining only cryosections are possible, as paraffin replaces the lipids. 

Therefore also formalin-fixed tissue embedded in O.C.T. (for Optimal Cutting 

Temperature) afterwards can be used. For staining the cryosections were fixed 1 h 

on glass slides in 10% formalin. Afterwards the slides were rinsed one time with tap 

water, two times with dH20 and one time with 60% isopropanol. The staining with 

Oil-Red-O working solution for 1 h followed. After rinsing the slides one time with 

60% isopropanol they were counterstained with hematoxylin for 1 min. At the end 

the slides were rinsed well with tap water and mounted in pre-warmed glycerin jelly. 

Determination of adipocyte size in adipose tissue 

The adipocyte size was determined using the software  ImageJ and Adobe® 

Photoshop®. The pictures of HE stained adipose tissue were opened in ImageJ. 

There the green channel (grey value) was used for further processes 

(Image�colour�split channel). The so called grey valued picture was opened in 

Photoshop settings for the best graduation curve were saved and used for all grey 

valued pictures. The saved picture was then open in ImageJ again and a specific 

threshold was adjusted (Image�adjust�threshold�apply). Afterward the noise was 

removed (Process�noise�remove outliers) and the picture was saved. This 

“threshold-inverted” picture was now opened in Photoshop again and the borders of 

adipocytes were drawn with the line tool until adipocytes are fully closed. The last 

step in the process for determination of adipocyte size was the measurement. 

Therefore the image was opened in ImageJ. The picture should have the exact scale 

(setting with line the same size like the scale bar, clicking Analyse�set scale�know 

distance�Unit (µm)) settings accepted. Afterwards, as a readout the area and the 

perimeter should be set (Analyse�set measurements�area, perimeter). Now to 

measure the cells the wand tool was used and immediately after clicking on the cells 

an extra sheet with the area and the perimeter pops up. This could be saved as an 

excel sheet for further evaluation. 



Material and Methods 

41 

 

Triglyceride measurement in plasma samples 

The triglyceride measurement was performed with plasma samples of the mice 

using triglycerides liquicolor mono (HUMAN, Wiesbaden, Germany) according to 

manufacturer’s instructions. 

Triglyceride measurement in liver tissue 

After isolation the liver have to be well prepared for the triglyceride measurement. 

Therefore, fresh or frozen tissue was homogenized with a tube pestle and 500 µl of 

0.9% NaCl was added. Afterwards the solution was incubated for 10 min at RT 

shaking with 450 rpm. To extract triglycerides 200 µl of the homogenate were mixed 

with 500 µl of a 0.5 M ethanolic KOH. This mixture was incubated for 30 min at 71°C 

shaking with 450 rpm. The last step was adding 1 ml of 0.15 M MgSO4 to the 

solution and vortex before centrifuging it for 10 min at 13,000 g. The measurement 

was the same like in plasma samples (see there). For the calculation not only the 

dilution factor but also the protein content should be included. 

ELISA 

Adipokine-ELISA 

Adiponectin, leptin and IL-6 (murine/human) concentrations in cell culture 

supernatants were determined using the appropriate ELISA kits (R&D Europe, 

Abington, UK) according to the manufacturer’s instructions.  

Insulin-ELISA 

Insulin levels in the murine plasma were determined using an Ultra-Sensitive Mouse 

Insulin ELISA Kit (Crystal Chem Inc., Cat-No.:#90080, Downers Grove, IL, USA) 

according to the manufacturer’s instructions. 
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Protein expression 

Protein isolation (cell culture) 

Cells were washed twice with ice-cold PBS. RIPA lysis buffer (50 mM Tris-HCl pH 8, 

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.2% SDS) containing 

protease inhibitors and 1 mM phenylmethylsulfonylfluorid (PMSF) was added to the 

cells. The cells were then scraped off and disaggregated with an insulin syringe. 

After centrifugation at 10,000 g at 4°C for 10 min the supernatant was immediately 

frozen at −80°C until analysis. 

Protein isolation (tissue samples) 

After preparation small tissue pieces (10-50mg) were immediately frozen in liquid 

nitrogen. For protein isolation the tissue was crushed with a tube mortar on ice and 

150-200 µl RIPA lysis buffer were added to the powder. The suspension was 

vortexed and an incubation for at least 30 min on ice followed. After this the 

suspension was vortexed again. After centrifugation at 10,000 g at 4°C for 10 min 

the supernatant was immediately frozen at −80°C until analysis. 

Bicinchoninic acid (BCA) method 

The protein content was determined using BCA Protein Assay Kit including BSA 

protein standard (Thermo Fischer Scientific, Bonn, Germany). We performed the 

assay according to the manufacturer’s instructions. 

Western blot 

Protein isolated from cell culture or tissue samples (see protein isolation) were add 

to Laemmli buffer (TrisCl (12.5 ml), 10% SDS (8 ml), glycerol (7.9 g), DTT (7.7 mg), 

bromphenol (0.5%) (1.25 ml), H2O (50 ml)) and was denatured (95°C, 10 min). 20 µg 

of protein were subjected to 10%-15% (v/v)-acrylamide gels depending on the 

molecular weight of the protein of interest. 

Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed at 15 mA until the bromophenol blue dye reached the bottom of the gel. 

Proteins were blotted on PVDF membranes (ZEFA-Laborservice, Harthausen, 

Germany) and the presence of proteins on the membrane was detected by staining 

with 0.5% (w/v) Ponceau S in 1% (v/v) acetic acid for 1 min. After blocking the 
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membrane for 1 h with a blocking solution containing 5% dry milk in TBST the 

membranes were incubate for 1 h at RT or overnight at 4°C with the primary 

antibody for the protein of interest. The membranes were washed 3 times for 10 min 

with TBST and then the secondary antibody was incubated for 1 h. After binding of 

this secondary antibody the membrane was washed again (3 times for 10 min) and 

the proteins were detected using an enhanced chemiluminescence light-detecting kit 

(ECL) as recommended by the manufacturer (GE, Arlington Heights, IL). Anti-BIP, 

anti-p-eIF2α, anti-VCP, anti-Hsp60(Cpn60) and anti-p-cJun (all from Cell signalling 

Technology, Beverly, MA) and anti-GADD153(CHOP), anti-PKR, anti-JNK1/3 (all 

from Santa Cruz Biotechnology, Europe) were used with the appropriate HRP-

conjugated secondary antibodies, goat anti-rabbit, goat anti-mouse, rabbit anti-goat 

(all from Dianova, Hamburg, Germany) to detect the respective protein. 

 

10x TBS (Tris Buffer Saline): 

12.1 g Tris 

40 g NaCl 

Add H2O ad 500 ml 

 

TBS-T (Tris Buffer Saline-Tween): 

100 ml 10x TBS 

1 ml Tween20 

Add H2O ad 1 l 

 

Semi-Dry-Blotting Buffer: 

3.03 g Tris 

14.4 g Glycin 

200 ml Methanol 

Add H2O ad 1 l 
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Statistical analysis 

For statistical computations GraphPad Prism 5 was used. Results for cell culture 

and mouse studies were obtained by at least three independent experiments if not 

stated otherwise. All data are presented as means ± SE. Data comparing treatment 

vs. corresponding control group were analyzed using unpaired t tests and between 

several groups by one-way or two-way analysis of variance (ANOVA) followed by an 

appropriate multiple comparison procedure. If data were not normally distributed 

non-parametrical tests were used. Differences between groups were considered 

significant if P-values were <0.05.  

To analyze differences in housekeeping proteins also three independent biological 

replicates were performed. For densitometric analyses day 0 was set to 100% as 

reference. Afterwards one sample t-test was performed. Un-normalized data were 

analyzed by unpaired t-test. This test compares the means of two unmatched 

groups, assuming that the values follow a Gaussian distribution. 

For the analysis of UPR markers one-way analysis of variance (ANOVA) was used. 

One-way ANOVA compares means of three or more unmatched groups. To identify 

which of the means are different Turkey multiple comparison test was used. This 

test compares differences between each pair (for example day 0 and day 8) with 

appropriate adjustment of multiple testing. 

To measure if the mice have an impaired glucose tolerance a glucose tolerance test 

(GTT) was performed. For the area under the curve (AUC) the total peak area was 

used with a baseline of the starved value (time=0 min). 
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Results 

In vitro assessment of UPR markers during adipogenic 

differentiation 

Qualitative assessment of housekeeping proteins in adipocytes of 

different sizes 

To characterize UPR signaling in an expanding tissue it was necessary to validate 

constancy of hoursekeeper proteins as the volume expansion of adipocytes during 

differentiation might be a problem in adipose tissue research in view of adequate 

protein controls. As gene expression studies in adipocytes already reported high 

variation of typical housekeeping genes in fat cells under different treatment 

conditions,113 we wanted to address this important issue on protein level. Therefore, 

we performed western blot analysis to follow the development of selected HKs (β-

actin, α-tubulin, GAPDH, histone 3 (H3) and HPRT) and Coomassie staining during 

adipose differentiation in human SGBS cells and murine 3T3-L1 cells, but also in 

primary isolated human preadipocytes (experiments by Simone Matthä).114 

 

SGBS cells are used as an alternative to primary isolated human preadipocytes. 

They exhibit very similar biochemical and physiological properties compared to 

mature adipocytes.108 A closer look in the development of HK proteins, showed that 

GAPDH and α-tubulin levels significantly decreased by 56.50 ± 15.32 % and 

58.72 ± 11.37 %, respectively at day 16 compared to the undifferentiated stage 

(Figure 1A and C). H3 and HPRT fluctuated considerably during the differentiation 

process (Figure 1D and E) and also β-actin showed a high variation (Figure 1B). One 

must consider that the western blot of H3 presumably shows an artefact on day 14. 

Coomassie-stained protein bands were the most robust read-out for normalizing 

protein amounts on the membrane (Figure 1F).114 
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Figure 1: Course of HKs in differentiated SGBS cells 

During differentiation protein was harvested at the time points indicated and western blot analysis 

was performed for GAPDH (A), β-actin (B), α-tubulin (C), histone 3 (D), HPRT (E), and Coomassie 

staining (55 - 30 kDa) (F). Data are shown as relative changes compared to the protein level on day 0. 

Each column is the mean ± SD of 3 independent experiments. One western blot is shown below. 

Statistical analysis was performed by one sample t-test and unpaired t-test (*p≤0.05; **p≤0.01). 

 

Another common preadipocyte cell line which is used to study obesity is the murine 

cell line 3T3-L1. Compared to SGBS cells, 3T3-L1 cells are permanently cultured in 

FBS-containing media. Therefore it was not surprising that they also showed 

substantial changes in the commonly used loading controls. In contrast to the 

human system, GAPDH showed the highest variation with constantly increasing 

levels up to 2,134 ± 1,584% at day 17 (p = 0.34) (Figure 2A). In contrast, β-actin and 

α-tubulin significantly decreased during differentiation (53.46 ± 20.27 % and 

66.24 ± 4.20 %) with the lowest levels at the end of the culture period (Figure 2B 

and C). H3 and HPRT varied significantly, but without a clear tendency (Figure 2D 

and E). Only Coomassie-staining revealed a stable pattern reflecting equal loading 

on the membrane (Figure 2F).114 

In conclusion, there are many differences between the human preadipocyte models 

(primary isolated human preadipocytes and SGSB) and 3T3-L1 which are discussed 

in the work of Matthae S et al. 2013.114 
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Figure 2: Course of HKs in differentiated murine 3T3-L1 cells 

Murine fibroblast-like 3T3-L1 cells were differentiated and protein was harvested at the time points 

indicated  and western blot analysis was performed for GAPDH (A), β-actin (B), α-tubulin (C),     

histone 3 (D), HPRT (E), and Coomassie staining (55 - 33 kDa) (F). Data are shown as relative changes 

compared to the protein level at day 0. Each column is the mean ± SD of 3 independent experiments. 

One western blot is shown below. Statistical analysis was performed by one sample t-test and 

unpaired t-test (*p≤0.05; **p≤0.01).  
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UPR markers during differentiation of primary isolated human 

preadipocytes as well as SGBS cells 

To investigate whether the adipogenic differentiation is a stress situation for the cell 

we differentiated primary isolated human preadipocytes and human SGBS cells. 

Differentiation was followed until a complete adipose phenotype emerged in the 

cells. Complete differentiation was verified by Oil-Red-O staining and the 

measurement of GPDH (glycerol-3-phosphate dehydrogenase) activity which 

steadily increased during the differentiation period (not shown). Secretion of typical 

adipokines (adiponektin and leptin) paralleled the differentiation process. As shown 

before, primary isolated human preadipocytes as well as SGBS cells developed a 

slightly different secretion pattern with a tardy increase of leptin in the latter cell 

type. The release of the pro-inflammatory cytokine IL-6 steadily declined in human 

preadipocytes and SGBS cells during the differentiation period (Figure 3). 

 

 

 

 

 

 

 

 

 

 

Figure 3: Secretion of adipokines during differentiation in different preadipocyte models 

The upper panel (A) shows the development of primary isolated human preadipocytes (d=0) into 

adipocytes (d=17) as well as the adipokine secretion. In the lower panel (B) the development of SGBS 

preadipocytes (d=0) into adipocytes (d=17) as well as their adipokine secretion is shown. For 

visualization of differentiation cells were stained with Oil-red-O on the last day of culture. 

Adiponektin, leptin as well as IL-6 were measured by ELISA. Each bar represents mean ± SD. 

Statistical analysis was performed by one-way ANOVA (*p≤0.05; **p≤0.01; ***p≤0.001 compared to 

day 0; n=3). 
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Furthermore we wanted to investigate typical makers for the erUPR pathways 

(Grp78, p-eIF2α and CHOP), which indicate the activation stage commonly 

observed during the ER-stress response. We decided to use these factors because 

Grp78 is the major chaperone located in the ER, which activates the erUPR (by 

dissociating from three UPR transducers PERK, IRE and ATF6). eIF2α and its 

phosphorylation were used to get insight whether the erUPR was activated via the 

PERK pathway, which is often associated with diabetes.115 Additionally, we decided 

to measure CHOP expression for pro-apoptotic activation. These three markers 

were semi-quantitatively measured by western blot analysis during adipose 

differentiation, to test if this process has an influence on the cell stress level. For 

Grp78 and p-eIF2α calnexin was used as a loading control. To correct the intensity 

of CHOP, a Coomassie staining was used, as we found out that this was the most 

robust loading control for human preadipocytes. In primary human preadipocytes, 

Grp78 significantly decreased during the course of differentiation by 96.13 ± 50.95% 

on day 8 compared to 4.47 ± 7.72% on day 0. In parallel, the level of eIF2α 

phosphorylation decreased continuously after day 3 with maximal reduction after 16 

days of differentiation (10.86 ± 11.23% and -65.61 ± 15.92%, respectively). CHOP 

increased during differentiation by 61.69 ± 60.51% on day 16. A similar picture 

could be observed in SGBS cells. Here, Grp78 decreased steadily during the course 

of differentiation with significant reductions from day 8 onwards with lowest levels of 

-173.2 ± 5.83% at day 16. Phosphorylation of eIF2α also decreased during 

differentiation by 145.0 ± 12.73% on day 16. In SGBS preadipocytes CHOP was 

already present at baseline (174.4 ± 302.0%) and did not show a significant change 

at any time point (Figure 4). 
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Figure 4: Markers of erUPR during the course of differentiation in primary isolated human 

preadipocytes (A) and SGBS cells (B) 

For western blot analysis 20 µg of total protein lysate was used. At different time points of 

adipogenesis markers for erUPR Grp78, p-eIF2α and CHOP were detected. Calnexin (as an 

ubiquitous marker of the ER) was used as an internal control for Grp78 and p-eIF2α. Coomassie 

staining of the membrane was used as internal control for CHOP. Intensities of western blots are 

shown as auxiliary units in % compared to day 0 of three independent experiments. Only one out of 

three western blots is shown below. Control values were adjusted to one experiment. Statistical 

analysis was performed by one-way ANOVA (*p≤0.05; **p≤0.01; ***p≤0.001 compared to day 0; n=3). 

To unravel the role of mtUPR in adipogenic differentiation, Cpn60 as well as protein 

levels of PKR were measured during the process of differentiation. Cpn60 is 

considered as a target gene in the mtUPR, because it assists in folding and is up-

regulated by the presence of unfolded proteins in the mitochondrial matrix.47 The 

double-stranded RNA-activated protein kinase (PKR) seems to be also relevant in 

the activation of the mtUPR. It has been shown that PKR is involved in a broad 

variety of cellular stress responses. Additionally it has been described that PKR 

participates in ER-stress signaling as well as it is up-regulated under obese 

situations.116,117 As Cpn60 is not only located in the mitochondria and PKR as well is 

located in the cytosol, we used Coomassie staining as an internal loading control.   
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During differentiation of primary isolated human preadipocytes Cpn60 increased 

constantly with maximal levels of 163.4 ± 97.43% compared to baseline at day 0 

(7.69 ± 62.34%). The protein level of PKR declined (reaching significance at day 8 – 

16 by 116.7 ± 38.86% and 74.98 ± 24.04%, respectively) during the differentiation 

process. In human SGBS cells the mitochondrial protein Cpn60 increased from 

almost undetectable levels at day 0 (20.20 ± 34.98%) to a very high level at day 16 

of differentiation (10,463 ± 3,738%). PKR increased during induction of 

differentiation but thereafter decreased to almost undetectable levels 

(63.90 ± 113.0%) (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Markers of mtURP during differentiation in primary isolated human preadipocytes (A) 

and SGBS cells (B) 

Total protein was collected at different time point of differentiation and Cpn60 as well as PKR levels 

were determined. Coomassie staining of the membrane was used as internal control. The intensities 

of the western blots were shown as auxiliary units in % compared to day 0 from three independent 

experiments. Only one out of three western blots is shown below. Control values were adjusted to 

one experiment. Statistical analysis was performed by one-way ANOVA (*p≤0.05; ***p≤0.001 

compared to day 0; n=3). 
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As during erUPR also the ER associated degradation (ERAD) could be activated, we 

investigated if VCP, a transporter protein involved in ERAD, is affected by 

differentiation of human adipocytes. VCP is located in the ER and therefore we used 

calnexin as a protein loading control. In primary isolated human preadipocytes VCP 

increased during the course of differentiation by 124.2 ± 121.2% on day 16 whereas 

it could already been detected at the beginning of differentiation in SGBS with levels 

of 10.29 ± 13.03%. In these SGBS cells the VCP protein is always present at a high 

level (Figure 6). 

 

 

 

 

 

 

 

 

 

 

Figure 6: The ERAD marker VCP during the course of differentiation in primary isolated human 

preadipocytes (A) and SGBS cells (B) 

For western blot analysis 20 µg of total protein lysate was used. At different time points of 

adipogenesis VCP levels were determined. Calnexin (as a ubiquitous marker of the ER) was used as 

internal control. Intensities of western blots are shown as auxiliary units in % compared to day 0 of 

three independent experiments. Only one out of three western blots is shown below. Control values 

were adjusted to one experiment. Statistical analysis was performed by one-way ANOVA (*p≤0.05; 

**p≤0.01; ***p≤0.001 compared to day 0; n=3). 

 

c-jun amino-terminal kinase (JNK) is involved in pro-inflammatory pathways which 

are activated by cytokines. As it was shown that JNK activation is elevated in 

obesity69, we were interested in measuring the protein levels of JNK1/3 and the 

phosphorylation of cJun as a downstream target of JNK during differentiation. As 

both proteins are located in the cytosol we did Coomassie staining to correct for the 

protein load. 

In primary human preadipocytes, JNK1/3 levels slightly decreased until day 16 of 

differentiation by 39.12 ± 27.82%. On the other hand, p-cJun increased during the 
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first 8 days of differentiation and remained stable for the rest of differentiation until 

day 16 (with 89.67 ± 89.05% and 61.61 ± 90.76%, respectively). SGBS cells showed 

a constant decline in JNK1/3 protein levels during differentiation with significant 

reductions by 69.99 ± 2.41% at day 11, while p-cJun levels were unaffected at the 

same time (22.61 ± 24.68% at day 0 and 3.73 ± 19.37% at day 16) (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The course of JNK-activation during adipogenic differentiation in different 

preadipocyte models 

At different time points during adipogenesis total protein was collected from primary isolated human 

preadipocytes (A) and SGBS cells (B) for western blot analysis to measure the inflammatory markers 

JNK1/3 and its downstream protein p-cJun. Coomassie staining of the membrane was used as 

internal control. The intensities of the western blots were shown as auxiliary units in % of day 0 of 

three independent experiments. Only one western blot is shown below. Control values were adjusted 

to one out of three representative experiments. Statistical analysis was performed by one-way 

ANOVA (*p≤0.05; **p≤0.01 compared to day 0; n=3). 
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UPR markers during differentiation of murine 3T3-L1 cells 

As the in vivo experiments were planned in different mouse models, we wanted to 

test whether murine cells react in a same way during differentiation like the human 

cell models. Therefore we choose 3T3-L1 cells for differentiation experiments. 

Differentiation was followed until a complete adipose phenotype emerged in the 

cells. Complete differentiation was also verified by Oil-Red-O staining and the 

measurement of GPDH activity which steadily increased during the differentiation 

period (not shown). Secretion of typical adipokines (adiponectin and leptin) 

increased during differentiation. It is noteworthy that human (primary isolated human 

preadipocytes and SGBS) and murine 3T3-L1 cells differed in the absolute amount 

of secreted IL-6, which is considered as a pro-inflammatory adipokine. Whereas IL-6 

release steadily declined in human preadipocytes and SGBS cells during the 

differentiation period, it continuously increased in 3T3-L1 cells during differentiation 

(Figure 8). 

Figure 8: Secretion of adipokines during differentiation in murine 3T3-L1 cells 

The pictures show the development of 3T3-L1 preadipocytes (d=0) into adipocytes (d=17). At the last 

day of culture the cells were stained with Oil-red-O. Adiponectin, leptin and IL-6 secretion were 

measured by ELISA. Each bar represents mean ± SD. Statistical analysis was performed by one-way 

ANOVA (*p≤0.05; **p≤0.01; ***p≤0.001 compared to day 0; n=3). 

 

Makers for erUPR (Grp78, p-eIF2α and CHOP) showed a different pattern in their 

protein levels during differentiation of 3T3-L1 compared to the human cell models. 

Again, calnexin was used as a loading control for Grp78 and p-eIF2α. For CHOP we 

performed Coomassie staining. The murine 3T3-L1 cells responded to the 

adipogenic stimulation with an increase in Grp78 levels by 166.9 ± 125.8% at day 

17. In contrast, p-eIF2α decreased by 412.5 ± 18.04% at day 17, whereas CHOP 

increased dramatically from undetectable levels at the beginning of adipose 
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differentiation (-0.83 ± 1.43%) up to 340.9 ± 102.7% at day 17. So it followed the 

change of Grp78 during the differentiation (Figure 9). 

Figure 9: erUPR marker during the course of differentiation in 3T3-L1 cells 

For western blot analysis 20 µg of total protein lysate was used. At different time points of 

adipogenesis markers for erUPR Grp78, p-eIF2α and CHOP were detected. Calnexin (as an 

ubiquitous marker of the ER) and a Coomassie staining of the membrane were used as internal 

controls. Intensities of western blots are shown as auxiliary units in % compared to day 0 of three 

independent experiments. Only one western blot is shown below. Control values were adjusted to 

one out of three representative experiments. Statistical analysis was performed by one-way ANOVA 

(*p≤0.05; **p≤0.01 compared to day 0; n=3). 

To further study the role of mtUPR during murine adipogenic differentiation, we 

measured protein levels of Cpn60 as well as protein levels of PKR during the 

process of differentiation. Protein level of Cpn60 increased during the course of 

differentiation reaching significance by 910.3 ± 395.8% at the end of differentiation. 

PKR seems to be unaffected by the differentiation process in 3T3-L1 cells. The 

protein levels of PKR is more or less the same at day 0 compared to day 17 (-12.47 

± 10.95% and -25.69 ±16.45%, respectively) (Figure 10). 

The ERAD protein VCP also differed in its levels during differentiation between 

human and murine cells. As VCP is located in the ER, calnexin was used as loading 

control. Whereas VCP levels increased during human adipogenic differentiation it 

only increased until day 6 of differentiation in 3T1-L1 cells to levels of 

147.2 ± 3.94%. Afterwards VCP rapidly declined until significance at day 17 (-262.6 

± 14.14%) (Figure 11). 
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Figure 10: mtUPR marker during differentiation in 3T3-L1 cells 

 At different time points during adipogenesis total protein was collected and Cpn60 as well as PKR 

levels were determined. The integrated densities of the bands from Coomassie staining were used as 

internal control. The intensities of the western blots were shown as auxiliary units in % of day 0 of 

three independent experiments. Only one out of three western blots is shown below. Control values 

were adjusted to one experiment. Statistical analysis was performed by one-way ANOVA (*p≤0.05; 

**p≤0.01 compared to day 0; n=3). 

 

 

 

 

 

 

 

 

 

 

Figure 11: VCP levels during differentiation of murine 3T3-L1 cells 

At different time points of adipogenesis VCP levels (as a marker for the ERAD pathway) were 

measured. Calnexin was used as internal control. Intensities of western blots are shown as auxiliary 

units in % compared to day 0 of three independent experiments. Only one western blot is shown 

below. Control values were adjusted to one out of three representative experiments. Statistical 

analysis was performed by one-way ANOVA (*p≤0.05; **p≤0.01 compared to day 0; n=3). 
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The pro-inflammatory marker JNK and the phosphorylation of cJun exhibited a 

different pattern in 3T3-L1 as compared to the human models. Levels of JNK1/3 

showed no significant changes between day 0 and day 17 of differentiation (-21.50 ± 

30.41% and 5.50 ± 0.71%, respectively), whereas cJun phosphorylation revealed a 

clear activation pattern (p<0.05) throughout the differentiation process (Figure 12) 

with highest levels of 1,262.4 ± 485.9% at day 13 of differentiation. 

 

 

 

 

 

 

 

 

 

Figure 12: Course of JNK activation during adipogenesis of 3T3-L1 cells 

At different time points during adipogenesis total protein was collected from 3T3-L1 cells to measure 

the inflammatory markers JNK1/3 and its downstream protein p-cJun. Coomassie staining of the 

membrane was used as internal control. The intensities of the western blots were shown as auxiliary 

units in % of day 0 of three independent experiments. Control values were adjusted to one 

representative experiment (*p≤0.05; **p≤0.01; ***p≤0.001 compared to day 0; n=3).  
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Assessment of UPR markers in primary isolated mature adipocytes 

and in clinical samples from a tissue bio bank 

As previous data have shown there is a difference between human and murine cell 

models, we were interested to test if we could confirm the human results with 

primary isolated mature adipocytes. Therefore, we measured levels of Grp78, Cpn60 

and JNK1/3 in adipocytes from four individuals fractionated according to cell volume 

(Table 1). 

Table 1: Characteristics of four individual tissue donors and their fractionated adipocytes 

Male /female 1/3 

Age, years 30.50 ± 7.26 (25-43) 

BMI, kg/m
2
 28.77 ± 4.33 

Mean adipocyte volume (pl) 653.2 ± 439.5 

Fraction I adi volume (pl) 445.6 ± 305.7 

Fraction IV adi volume (pl) 860.8 ± 454.9 

 

Interestingly, levels of Grp78 were comparable between small (fraction I) and large 

(fraction IV) adipocytes. Although Cpn60 level seem to be higher in small adipocytes 

there is no statistical significance. The protein level of JNK1/3 was significantly 

higher in large adipocytes (p=0.047) (Figure 13A). Levels in the fourth fraction were 

1.3 fold higher compared to fraction I. To assess erUPR markers in relation to 

adipocyte size, adipose tissue (AT) samples from men with normal glucose tolerance 

(NGT) or type 2 diabetes (T2D) were investigated. Age- and BMI-matched male 

subjects were divided into NGT and T2D subgroups (n=25 per group). The mean 

adipocyte volume was higher in patients with T2D compared to the NGT group 

(1,000 ± 215.0 pl vs. 802.0 ± 198.0 pl, p=0.003). In addition, AT macrophage 

infiltration was significantly higher in the T2D compared to the NGT group 

(4.54 ± 1.87% vs. 1.58 ± 0.72%, p<0.0001) (Table 2). 
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Table 2: Characteristics of NGT and T2D subjects (N=25) 

  NGT (25) T2D (25) p-value 

Age, years  
49.28 ± 3.09 

(45-59) 

49.24 ± 3.13 

(45-51) 
p=0.96 

BMI, kg/m2  47.86 ± 7.89 47.77 ± 7.75 p=0.96 

Mean adipocyte volume (pl) 802.0 ± 198.0 1,000 ± 215.0 **p=0.003 

Macrophage infiltration (%) 1.58 ± 0.72 4.54 ± 1.87 ***p<0.0001 

 

Furthermore, we found a close correlation between mean adipocyte volume and 

BMI (Figure 13B). The correlation coefficient is r=0.7282; p≤0.0001 for the NGT 

group and r=0.7723, p≤0.0001 for the T2D group. Regarding erUPR markers, we 

measured levels of Grp78 and JNK1/3 in the adipose tissue samples. Protein level of 

Grp78 was significantly higher (2.1 fold) in AT of T2D patients compared to NGT 

patients (p=0.031), whereas no difference was observed for JNK1/3 expression 

(Figure 13C). Only in the NGT group, we found a negative correlation between 

adipocyte size and Grp78 (Figure 13D) (r=-0.4093; p=0.0211). On the other hand, 

JNK1/3 showed a positive correlation with mean adipocyte size in the T2D group 

(r=0.3940; p=0.0256) (Figure 13E).  
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Figure 13: UPR marker proteins in primary isolated fat cells of different sizes and in adipose 

tissue from needle biopsies 

Adipocytes were isolated and fractionated into small and large cells from 4 individuals (table 1). The 

expression levels for Grp78, Cpn60 and JNK1/3 in small and large adipocytes are shown in panel A 

(*p≤0.05; **p≤0.01; ***p≤0.001; n=4). 

Furthermore, adipose tissue from of healthy obese (NGT) and type 2 diabetic obese (T2D) individuals 

(n=25/25) was collected by needle biopsies. The characteristics of the study group are given in table 

2. Biopsies were used for the measurement of cell size, immune cell infiltration and for western blot 

analysis. Correlations between BMI and mean adipocyte volume in NGT and T2D subjects were 

calculated (B). Levels of Grp78 and JNK1/3 were measured in adipose tissue of the study group (C). 

After the determination of the mean adipocyte volume it was correlated with Grp78 (D) and JNK1/3 

(E). Statistical analysis was performed by one-tailed Pearson correlation.   
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Measurement of UPR markers in different mouse models 

Development of adipose tissue in C57BL/6N mice of different ages 

As the in vitro data could show there is a difference between stress response during 

differentiation in human and murine cells, we investigated the stress response in 

adipose tissue during growth in C57BL/6N wild type mice. Epididymal adipose 

tissue from C57BL/6N wild type mice of different age were used to examine the 

development of fat cell size over time. As expected the amount of adipose tissue is 

very low in 2 week old mice. This corresponds to a very small mean fat cell size. In 

contrast, adipocytes of 12 week old mice showed a constantly increasing cell size 

causing growth of fat pads (Figure 15). To determine the distribution of fat cell size 

tissue sections were photographed, adipocytes were counted and the size was 

calculated. Fat cells from 2 week old mice showed a small fat cell size of 

0.76 ± 0.46 x 103 µm2. In contrast, fat cells of 6 and 10 week old mice were markedly 

larger with 1.55 ± 0.85 x 103 µm2 and 2.32 ± 1.28 x 103 µm2, respectively. 12 week 

old mice showed the highest fat cell sizes (5.21 ± 2.92 x 103 µm2). There is a clear 

shift in cell size from week 2 to week 12 (Figure 14).  

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Distribution of adipocyte sizes in epididymal adipose tissue from C57BL/6N mice of 

different age and HE staining of epididymal adipose tissue from C57BL/6N wild type mice 

Distributions of fat cell sizes (µm2) in mice aged 2 (green), 6 (yellow), 10 (orange), and 12 weeks (red) 

are demonstrated. For HE-staining the adipose tissue was cut into slices with a thickness of 5 µm. 

The left picture represents the epididymal fat pad of 2 week old mice. In contrast, the right side 

shows adipose tissue of 12 week old mice. Magnification 200x. 
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As we wanted to investigate whether aging and growth process of adipose tissue 

somehow induce the UPR we performed western blot analysis with the epididymal 

adipose tissue of C57BL/6N wild type mice. Coomassie staining was used as 

internal control, because in the whole tissue lysate one cannot assign the signal to a 

specific cell. As the protein level of all investigated markers was very low at an age 

of 4 weeks we compared the changes to the protein levels at 6 weeks. The marker 

for erUPR Grp78 slightly decreased during the development from week 6 until week 

12. Cpn60, as a marker for mtUPR clearly increased at week 12 compared to 

week 6. As Grp78 levels declined we also investigated VCP as a protein involved in 

ERAD pathways. VCP could not show a clear tendency, because it almost 

disappeared in week 8 and afterwards increased again until week 12 to base level 

(Figure 15). 

 

 

 

 

 

 

 

 

 

 

Figure 15: UPR markers in epididymal adipose tissue of C57BL/6N mice of different age 

Total protein lysate extracted from adipose tissue to measure cell stress marker proteins by western 

blot. Grp78, Cpn60 and VCP protein levels were determined. Coomassie was used as internal 

control. Western blot analysis was performed with 2 different mice at each time point except at 

4 weeks of C57BL/6N mice. 
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Grp78+/- mice – a basal characterization under a high fat diet 

To evaluate the relevance of Grp78 mediated erUPR for diet induced obesity (DIO), 

we subjected Grp78+/- mice to a high fat diet for 8 weeks. In principle, Grp78+/- mice 

do not show an obvious phenotype under normal conditions. Further work could 

show that DIO is improved and pathways involved in the erUPR are activated in 

Grp78+/- mice under a high fat diet. 

Development of weight and body composition 

To check, if the Grp78+/- mice are protected against DIO, we measured the weight of 

each mouse twice a week. Interestingly, weight development showed no difference 

between Grp78+/- mice and their wild type littermates (wt). Wt mice showed a 

significantly higher body weight after 1 week of feeding, whereas there was no 

significant difference in body weight for the Grp78+/- mice until 4 weeks of feeding. 

 

As every group had a different weight at the beginning of the feeding experiment 

(12.78 ± 2.14g for wt-Ctrl, 14.52 ± 1.95g for wt-HFD, 13.95 ± 2.57g for Grp78+/--Ctrl 

and 13.77 ± 2.35g for Grp78+/--HFD), the total weight gain was also important to be 

investigated. Therefore we assessed the total weight gain of each mouse in the 

feeding trial. The total weight gain showed only a significant difference between 

Grp78+/--Ctrl (6.07g ± 2.56g) and Grp78+/--HFD (10.84g ±3.45g) and not between wt-

Ctrl (7.23g ± 2.78g) and wt-HFD (9.61g ± 2.81g) (Figure 16). 

 

To investigate whether body composition is different between the genotypes under 

different diets a minispec NMR-analysis was performed beforehand, after 4 weeks 

and after 8 weeks of the feeding trial. At the beginning and after 4 weeks of feeding 

there were no obvious differences between the genotypes. The development of 

body lean mass and body fat mass is comparable in Grp78+/- mice and their wt 

littermates. Control wt mice (2.39g ± 0.46g) as well as Grp78+/--Ctrl mice 

(2.22g ± 0.38g) showed almost the same body fat mass after 8 weeks of feeding. 

Only the body fat mass of the wt-HFD group (3.58g ± 1.00g) is significantly higher 

compared to wt-Ctrl mice and higher than the body fat mass of the Grp78+/--HFD 

group (3.16g ± 1.20g) after 8 weeks of feeding (Figure 16). 
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Figure 16: Weight development after eight weeks feeding trial as well as lean-/ fat-mass 

development of Grp78+/- mice fed with a control and a high fat diet  

Grp78+/- mice and their wt littermates received a control or high fat diet for 8 weeks (n≥10 per group). 

The weight was determined twice a week. Also the total weight gain was calculated. Using NMR 

technology the lean-/fat mass of the mice were determined before feeding (4weeks old), after 4 

weeks of feeding (8weeks old) and after 8 weeks of feeding (12 weeks old). 

Statistical analysis was performed by repeated measures two-way ANOVA and one-way ANOVA 

followed by turkey´s test (*p≤0.05, **p≤0.01, ***p≤0.001). 
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Assimilation of food during the feeding 

To test where the changes in body composition come from, we measured food 

intake, excretion of feces and the assimilation in the gut during the 4th week and in 

the 8th week of the feeding experiment. During the 4th week of the feeding trial an 

obvious difference in the food uptake between the control diet and the high fat diet 

could be observed. This difference disappeared during the 8th week of feeding. The 

excretion of feces is more or less the same over the whole feeding period. Already 

during the 4th week of feeding the mice under high fat diet had a significantly higher 

assimilation coefficient (p<0.0001) compared to mice fed the control diet. Meaning, 

those mice under high fat diet assimilated more energy in the gut than those under 

control diet. In the 8th week we observed a lower assimilation coefficient in the 

Grp78+/--HFD group compared to the wt-HFD group (p<0.05) whereas the difference 

between the diets persisted (Figure 17). 

 

 

 

 

 

 

 

 

 

 

Figure 17: Assimilation coefficient of Grp78+/- mice at different time points during the feeding 

trial 

During the 4th and the 8th week of fed Grp78+/- mice and their wt littermates a control or high fat diet, 

the assimilation coefficient was determined. Statistical analysis was performed by one-way ANOVA 

followed by turkey´s test, (*p≤0.05, **p≤0.01, ***p≤0.001). 

 

Furthermore, we also measured the resting metabolic rate (RMR) during the 8th week 

of the feeding trial. Here we could not find any difference between the genotypes in 

the amount of daily energy expended by the mice. The amount of energy expended 

in the night differed between the genotypes. Whereas there is a correlation between 
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the energy expenditure and the weight of mouse in the wt group, this correlation 

disappeared in the Grp78+/- group. 

Metabolic characteristics and organ development 

To test whether the diets or the genotype have an effect on the glucose sensitivity, a 

glucose tolerance test (GTT) was performed 3 days before sacrificing. Surprisingly, 

no significant difference between the groups could be observed. 

Additionally, we investigated plasma levels for glucose, insulin and triglycerides after 

a fasting period of 6 h for the insulin sensitivity and triglyceride metabolism. The 

plasma glucose as well as the plasma insulin level could give evidence whether the 

mice develop insulin resistance or not. There are no significant differences between 

the four groups for plasma glucose as well as for plasma insulin level. Furthermore, 

we calculated the HOMA-IR, a surrogate parameter for the insulin resistance. 

Plasma insulin levels as well as the HOMA-IR were elevated in the high fat diet 

groups independent of the genotype. These results correlated with an elevation of 

the area under the curve of the glucose tolerance test. The triglycerides in plasma 

seemed to be unaffected by the diet and were similar between wt and Grp78+/- mice 

(Figure 18). 

The question whether the genotype and/or the different diets exert an effect on the 

development of several organs has to be answered. After a feeding trial of 8 weeks, 

we sacrificed the mice at an age of 12 weeks. The weight of high fat diet fed mice 

was significantly higher compared to their controls, with a difference of 

24.13 ± 3.32g to 20.01 ± 2.78g and 24.61 ± 4.10g to 20.17 ± 2.42g in the wt and 

Grp78+/- group, respectively. Neither the epididymal fat (EP fat) nor the mesenteric 

fat (Mes fat) showed significant differences in their weight after the feeding process. 

Furthermore, we isolated the liver as well as the spleen and the whole intestine. All 

these organs showed a similar phenotype, except the caecum which is significantly 

heavier in the control group compared to the high fat diet group independent of the 

genotype (Table 3). 
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Figure 18: Glucose tolerance test, insulin levels, and HOMA-IR as well as plasma triglycerides 

of Grp78 +/- mice after 8 weeks fed a control and a high fat diet 

After 7 weeks of feeding a glucose tolerance test of Grp78+/- mice and their wt littermates (only males, 

n≥5) was performed (repeated measures two-way ANOVA: *p<0.05, **p<0.01, ***p<0.001). 

After sacrificing, plasma insulin levels as well as plasma triglyceride levels were determined (n≥10 per 

group). Furthermore the HOMA-IR was estimated from glucose and insulin plasma levels after death. 

Statistical analysis was performed by one-way ANOVA followed by turkey´s test. 

Table 3: Weight of several organs of the Grp78+/- mice 

 wt-Ctrl wt-HFD Grp78+/--Ctrl Grp78+/--HFD 

EP-fat depot 

(% of body weight) 
0.99 ± 0.31 1.31 ± 0.76 0.96 ± 0.27 1.46 ± 1.06 

Mes-fat depot 

(% of body weight) 
0.37 ± 0.11 0.52 ± 0.24 0.43 ± 0.08 0.51 ± 0.33 

Liver 

(% of body weight) 
3.90 ± 0.19 3.70 ± 0.32 3.95 ± 0.45 3.89 ± 0.32 

Spleen 

(% of body weight) 
0.32 ± 0.06 0.34 ± 0.06 0.31 ± 0.04 0.35 ± 0.04 

Caecum 

(% of body weight) 
0.92 ± 0.16 0.70 ± 0.15* 0.96 ± 0.20 0.68 ± 0.13** 

*-between the diet, #-between the genotype (*p<0.05, **p<0.01) 
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Morphology and characterization of liver and adipose tissue 

In obesity the liver pathology as well as the adipose tissue pathology has crucial 

relevance to classify and constitute the level of a disease. Therefore it is relevant if 

liver of Grp78+/- mice stores more lipids and react with different UPR activation 

compared to the wt littermates. We measured triglyceride levels in the liver and 

several cell stress markers using western blot. The triglyceride levels in the liver were 

significantly elevated in wt-HFD mice (144.95 ± 94.84 mg/g) compared to the wt-Ctrl 

group (68.25 ± 35.6 mg/g). The high variation is an evidence for responders and 

non-responders in the wt-HFD group. There was no considerable difference 

between the Grp78+/--HFD group and the control group. The Oil-Red-O staining 

could also confirm these changes (Figure 19). 

 

  

Figure 19: Liver triglyceride level in Grp78 +/- mice after 

an 8 weeks feeding trial 

Grp78+/- mice and their wt littermates received a control or 

high fat diet for 8 weeks (n≥10 per group). Triglyceride 

levels of isolated livers were determined using two different 

methods. The upper panel shows the extraction method 

and the lower the measurement of Oil-Red O staining. 

Representative pictures of the Oil-Red-O staining are 

shown. Statistical analysis was performed by one-way 

ANOVA followed by turkey´s test, (*p≤0.05). 
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Protein expression levels of several markers were investigated to get a hint of 

activated UPR in livers of the Grp78+/- mice. After the feeding period of 8 weeks, the 

animals were sacrificed at an age of 12 weeks. Protein levels of Grp78 as a typical 

maker for the erUPR was measured by western blot. For tissue samples, Coomassie 

staining was used as internal loading control. Grp78 seemed to be unaffected 

regardless genotype or diet. Only the high fat diet of the Grp78+/- mice resulted in an 

increase of Grp78 level (1.3 fold; p≤0.05) compared to the wt-HFD group. 

Furthermore protein levels of Cpn60 as well as protein levels of PKR were 

measured. Both are considered to be involved in the mtUPR. Cpn60 levels as well 

as PKR levels did not differ between the feeding groups and the genotype. Only in 

the wt group the protein level of Cpn60 showed a difference between control and 

high fat fed mice. The wt-Ctrl mice had 1.5 fold higher Cpn60 levels than the wt-

HFD group (p≤0.05). To test whether there is a difference in the ERAD signaling, we 

investigated the protein levels of VCP. Surprisingly, there is a significant elevation 

(2.4 fold, p≤0.01) of VCP protein level in Grp78+/- mice fed with the control diet 

compared to the wt-Ctrl mice (Figure 20). 
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Figure 20: UPR markers in liver of Grp78+/- mice fed either a control or a high fat diet 

For western blot analysis 20 µg of total protein lysate was used. For each animal group the UPR 

markers Grp78, p-eIF2α, Cpn60, PKR and VCP were detected (n=5 mice/group). Proteins were 

normalized to Coomassie staining of the membrane. Intensities of western blots are shown as relative 

protein expression (protein of interest/Coomassie) of n=5 animals. Statistical analysis was performed 

by one-way ANOVA followed by Bonferroni's multiple comparison test (*p≤0.05, **p≤0.01). 
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With regard to adipose tissue, we isolated epididymal fat of Grp78+/- mice as well as 

their wt littermates. Several mouse studies revealed that there might be a direct link 

between cellular stress, obesity and the development of type 2 diabetes 

(irrespective whether obesity has a genetic or a diet-induced background).50 

Therefore it is important if the size of adipocytes change and how the adipose tissue 

response to the different diets of our feeding experiment. In figure 21 adipocyte size 

and the distribution of the fat cell size is shown in the four different groups of 

animals. The fat cell size in the isolated epididymal fat pad is different not only 

between the genotype but also between the different diets. The fat cell size of the 

wt-Ctrl group (1,626 ± 758.9µm2) is significantly smaller than the fat cell size of the 

wt-HFD group (2,309 ± 1,138µm2) and bigger than the Grp78+/--Ctrl group 

(1,375 ± 746.4µm2). The fat cells of the Grp78+/--HFD mice (3,070 ± 1,884µm2) were 

bigger than the fat cells of the Grp78+/--Ctrl group and also bigger than the fat cells 

of the wt-HFD group.  

The distribution of the fat cell size showed that Grp78+/- mice under control diet have 

more small adipocytes compared to their wt littermates. Under high fat diet this 

effect disappeared, because there are a few cells between 4 x 103 µm2 and 

9 x 103 µm2 in the epididymal adipose tissue of the Grp78+/--HFD mice and this is not 

the case for the wt-HFD mice. For each group a representative HE stained picture is 

shown (Figure 21). 

One can see in figure 21 that there were differences in the adipocyte size of 

epididymal fat between the genotypes and the diet they received. Therefore we used 

tissue sample of the epididymal fat pad to perform western blot analysis.  

In white adipose tissue (WAT) we could observe the difference in Grp78 level under 

control diet. In the Grp78+/--Ctrl mice we found half as much of the protein like in the 

wt-Ctrl mice (0.5 fold; p≤0.001). Surprisingly, the high fat diet induces the protein 

expression of Grp78 in the Grp78+/--HFD group compared to the Grp78+/--Ctrl group. 

The level of Grp78 was 1.5 fold higher in the Grp78+/--HFD group compared to the 

Grp78+/--Ctrl group (p≤0.05). Interestingly, the level of Cpn60 and PKR showed no 

differences independent of the genotype or the feeding regimen. Only VCP levels 

were significantly reduced in the Grp78+/--Ctrl group compared to wt-Ctrl mice 

(0.07 ± 0.05 vs. 0.53 ± 0.37, respectively) (p≤0.05) (Figure 22). 
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Figure 21: Fat cell size and the distribution of fat cell size of Grp78 +/- mice after 8 weeks fed 

with high fat diet or control diet 

 After 8 weeks of feeding the animals were sacrificed and the epididymal fat depot was dissected. 

Paraffin slides for HE staining were prepared and the cell size was measured (n=500 per group and 

genotype). Afterwards the distribution of adipocytes was determined in % of the total cell number. 

Statistical analysis was performed by one-way ANOVA followed by turkey´s test (**p≤0.01, 

***p≤0.001). 
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Figure 22: UPR markers in WAT of Grp78+/- mice fed a control and a high fat diet 

For western blot analysis 20 µg of total protein lysate was used. For each animal group the Grp78, 

p-eIF2α, Cpn60, PKR and VCP were detected (n=5 mice/group). Coomassie staining of the 

membrane was used as internal control. Intensities of western blots are shown as relative protein 

levels (protein of interest/Coomassie) of n=5 animals. Statistical analysis was performed by one-way 

ANOVA followed by Bonferroni's multiple comparison test, (*p≤0.05, ***p≤0.001).  
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Cpn60+/- mice – A basal characterization under a high fat diet 

As our in vitro data revealed Cpn60 is also highly enhanced during adipogenesis, we 

evaluate the relevance in Cpn60+/- mice. Therefore, we fed Cpn60+/- mice and their 

littermates to a high fat diet or a control diet for 8 weeks. Cpn60+/- mice did not 

show an obvious phenotype under normal conditions. Feeding them a high fat diet 

might therefore elicit a special response or a special phenotype due to the challenge 

of nutrition. 

Development of weight and body composition 

Regarding the weight development and total weight gain we could show that the 

HFD has a significant effect in the wt group and not in the Cpn60+/- group. As the wt-

Ctrl mice gained 8.52 ± 2.51g and the wt-HFD mice gain 12.46 ± 3.35g (p≤0.05), the 

Cpn60+/- group gain 7.99 ± 3.35g and 11.88 ± 3.82g, respectively. Interestingly, only 

Cpn60+/- mice show a significantly higher body weight at the end of the feeding 

experiment. 

The body composition also differed between the genotypes. So we could show that 

wt-HFD mice had already a significantly higher fat mass (4.96 ± 2.16g) compared to 

the wt-Ctrl mice (1.93 ± 1.00g) (p≤0.05) after receiving a HFD or a control diet for 

4 weeks. For the Cpn60+/- group we could not observe this until week 8 of feeding, 

where the wt-HFD mice as well as the Cpn60+/--HFD mice had significantly more fat 

mass compared to their control mice. The lean mass is the same between the 

different groups at each time point (Figure 23). 
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Figure 23: Weight development, weight gain and the lean-/ fat-mass development of Cpn60+/- 

mice fed a control and a high fat diet  

For weight development each mouse in each group were weighed twice a week (n≥8 per group). The 

weight was determined twice a week. Also the total weight gain was calculated. Lean and fat mass of 

the mice were measured before feeding (4 weeks old), after 4 weeks of feeding (8 weeks old) and 

after 8 weeks of feeding (12 weeks old). 

Statistical analysis was performed by repeated measures two-way ANOVA and one-way ANOVA 

followed by turkey´s test (*p≤0.05, **p≤0.01, ***p≤0.001). 
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Figure 24: Assimilation coefficient of Cpn60+/- mice during the 4th and the 8th week of feeding 

After 3 and 7 weeks of feeding the assimilation coefficient was estimated from food uptake data and 

excreted feces. The assimilation coefficient was computed (n≥8 per group). Statistical analysis was 

performed by one-way ANOVA followed by turkey´s test, (**p≤0.01, ***p≤0.001). 

 

Assimilation of food during feeding 

For the assimilation coefficient in the 4th and 8th week of feeding, we measured food 

intake and the excretion of feces in all groups (n≥8 in each group). For both 

genotypes we could not find any significant difference in food uptake or excretion of 

feces neither in the 4th week nor in the 8th week fed mice with a high fat diet or a 

control diet. Surprisingly, the assimilation coefficient was already higher (p≤0.01) in 

wt-HFD mice (95.22 ± 2.08%) than in wt-Ctrl mice (91.56 ± 1.72%). Cpn60+/--Ctrl 

mice and Cpn60+/--HFD mice showed assimilation coefficients of 94.81 ± 1.96% and 

93.38 ± 1.06%, respectively. In the 8th week of feeding this difference persisted, 

whereas the assimilation coefficient of the wt group raised up to 96.76 ± 1.64% for 

the wt-HFD mice and 93.10 ± 1.50% for the wt-Ctrl mice (p≤0.001). The assimilation 

coefficient in the Cpn60+/- group was the same as in the 4th week with 

94.76 ± 1.74% for the Cpn60+/--HFD mice and 93.93 ± 1.79% for the Cpn60+/--Ctrl 

mice (Figure 24). 

Furthermore we also measured the resting metabolic rate (RMR) during the 8th week 

of the feeding trial. Here we could not find any difference between the genotypes in 

the amount of energy expended by the mice neither at day nor at night. A correlation 

between the energy expenditure and the weight of mouse could be observed 

(r=0.7233; p=0.0002). Only the oxygen consumption under the resting state is 
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significantly higher in the Cpn60+/--HFD group (103.0 ± 8.77ml O2/h) compared to the 

wt-HFD group (82.13 ± 10.64ml O2/h). 

Metabolic characteristics and organ development of Cpn60+/- mice 

The intraperitoneal glucose tolerance test (GTT) was performed 3 days before 

sacrificing. Figure 26 shows that mice fed with a high fat diet had higher glucose 

levels with a diminished decrease after 15 min. Ctrl mice showed a rapid decrease 

of blood glucose after 15 min. This could be measured by the area under the curve 

of the blood glucose levels which is higher in the HFD-groups. 

Plasma insulin levels were elevated in high fat diet fed mice and with significant 

differences between Cpn60+/--Ctrl mice (0.41 ± 0.23ng/ml) and Cpn60+/--HFD mice 

(1.44 ± 0.91ng/ml) (p≤0.05). Cpn60+/--HFD mice showed high variation which is an 

evidence for responders and non-responders in this group. The estimated HOMA-

IR, a surrogate parameter for insulin resistance, was also significant between 

Cpn60+/--Ctrl (9.71 ± 4.37) and Cpn60+/--HFD mice (31.09 ± 23.99) (p≤0.05). The 

HOMA-IR of wt-Ctrl mice (18.51 ± 8.19) is almost 2 fold higher compared to 

Cpn60+/--Ctrl mice, even though it is not significant. Additionally, we determined 

triglyceride levels in plasma. The triglyceride level significantly increased in mice fed 

a high fat diet independent of their genotype. Surprisingly, Cpn60+/--HFD mice 

(151.7 ± 8.52mg/dl) had significantly higher triglyceride levels than wt-HFD mice 

(137.7 ± 6.52mg/dl) (p≤0.05) (Figure 25). 

The weight of the HFD fed mice in the Cpn60+/- group was significantly higher 

compared to their control group, with 25.62 ± 4.26g and 20.25 ± 3.79g, respectively. 

Both fat depots, the EP fat and the Mes fat were significantly heavier in the high fat 

diet group independent of their genotype (p≤0.05). The liver as well as the spleen 

differed neither between the genotype nor between the diets. In this experiment the 

caecum is also significantly heavier in the control group of the wt mice (p≤0.001) 

and in the control group of Cpn60+/- mice (p≤0.001) than in the high fat diet fed 

groups (Table 4). 
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Figure 25: Glucose tolerance test, insulin levels, and HOMA-IR as well as plasma triglycerides 

of Cpn60+/- mice fed a high fat diet or a control diet 

After 7 weeks of feeding a glucose tolerance test was performed in Cpn60+/- mice and their wt 

littermates (only males, n≥5, n=2 for Cpn60+/--Ctrl). After sacrificing, plasma insulin levels as well as 

plasma triglyceride levels were determined (n≥8 per group). Statistical analysis was performed by 

one-way ANOVA followed by turkey´s test, (*p≤0.05, **p≤0.01). 

Table 4: Organ weights of Cpn60+/- mice 

 Wt-Ctrl Wt-HFD Cpn60+/- Ctrl Cpn60+/- HFD 

EP-fat depot 

(% of body weight) 
1.39 ± 0.44 3.14 ± 1.55** 1.06 ± 1.26 2.88 ± 1.44* 

Mes-fat depot 

(% of body weight) 
0.41 ± 0.16 0.88 ± 0.35** 0.32 ± 0.52 0.93 ± 0.28** 

Liver 

(% of body weight) 
4.16 ± 0.34 3.79 ± 0.33 4.08 ± 0.39 3.90 ± 0.13 

Spleen 

(% of body weight) 
0.28 ± 0.04 0.28 ± 0.07 0.34 ± 0.04 0.30 ± 0.05 

Caecum 

(% of body weight) 
1.04 ± 0.19 0.67 ± 0.12*** 1.23 ± 0.24 0.64 ± 0.25*** 

*-between the diet, #-between the genotype (*p<0.05, **p<0.01, ***p<0.001)  
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Morphology and characterization of liver and adipose tissue 

Regarding the storage of lipids in the liver and the stress response due to the 

different diets, we measured triglyceride levels on the one hand and on the other 

hand we performed western blot analysis of liver samples. We could show, that 

triglyceride levels in the wt-HFD group are significantly elevated compared to their 

control group (p≤0.001). The levels vary between 127.9 ± 14.02mg/g for the wt-Ctrl 

mice, 188.3 ± 15.46mg/g for the wt-HFD mice, 148.7 ± 16.85mg/g for the Cpn60+/--

Ctrl mice and 165.4 ± 19.77mg/g for the Cpn60+/--HFD mice. Triglycerides in the 

Cpn60+/--HFD group seemed to be not that elevated and were significantly reduced 

compared to the wt-HFD animals in the Oil-Red-O method (p≤0.05) (Figure 26). 

 

 

 

 

 

 

 

 

Figure 26: Triglyceride levels in the liver of Cpn60+/- 

mice and their wt littermates after 8 weeks feeding a 

high fat diet or a control diet 

Cpn60+/- mice and their wt littermates were sacrificed 

after an eight week feeding experiment (n≥8 per group). 

The liver was dissected and the triglyceride level was 

determined using two different methods. The upper 

panel shows the extraction method and the lower the 

measurement of Oil-Red O staining. Representative 

pictures of the Oil-Red-O staining are shown. Statistical 

analysis was performed by one-way ANOVA followed by 

turkey´s test, (*p≤0.05, ***p≤0.001). 
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Figure 27: Protein levels of UPR markers in liver of Cpn60+/- mice after a feeding trial of 8 weeks 

20 µg of total liver protein was used for western blot analysis. For western blot analysis 20 µg of total 

protein lysate was used. For each animal group the UPR markers Grp78, p-eIF2α, Cpn60, PKR and 

VCP were detected (n=5 mice/group). Coomassie staining of the membrane was used as internal 

control. Intensities of western blots are shown as relative protein levels (protein of 

interest/Coomassie) of n=5 animals. Statistical analysis was performed by one-way ANOVA followed 

by Bonferroni's multiple comparison test, (**p≤0.01, ***p≤0.001) 
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After 8 weeks of feeding we sacrificed the mice at an age of 12 weeks and liver 

samples were used for western blot analyses. The protein level of Cpn60 in the liver 

clearly showed the heterozygous knock out of Cpn60 in the Cpn60+/--Ctrl animals 

compared to the wt-Ctrl mice, with relative protein levels of 0.28 ± 0.06 and 

0.99 ± 0.08, respectively (p≤0.001). Interestingly, the Cpn60 level was reduced in wt-

HFD mice (0.69 ± 0.11) compared to the wt-Ctrl mice (p≤0.01), whereas it was 

increased in Cpn60+/--HFD animals (0.61 ± 0.16) compared to Cpn60+/--Ctrl mice by 

217% (p≤0.01). Grp78 levels were significantly increased in Cpn60+/- mice under a 

high fat diet compared to their control animals, with levels of 1.02 ± 0.23 and 

0.53 ± 0.14 (p≤0.01), respectively. Protein levels of PKR and VCP seemed to be 

unaffected regardless of genotype or diet (Figure 27). 

Figure 28 shows the adipocyte size and the distribution of fat cell size of the four 

different groups. The distribution of the fat cell size in the animals which received a 

control diet showed that Cpn60+/--Ctrl mice have smaller adipocytes than mice from 

the wt-Ctrl group. Surprisingly, this effect disappears if mice were fed with a high fat 

diet. The adipocytes of the wt-HFD group (3,019 ± 1,496µm2) are significantly bigger 

than the adipocytes of the wt-Ctrl group (1,776 ± 890.2µm2) (p≤0.001). The same 

was observed for adipocytes from Cpn60+/--HFD mice (3,050 ± 1,696µm2) compared 

to their control group (1,552 ± 779.9µm2) (p≤0.001). The only difference between the 

genotypes existed between the wt-Ctrl group and the Cpn60+/--Ctrl animals, 

because the Cpn60+/--Ctrl animals have significantly smaller adipocytes than the wt-

Ctrl mice (p≤0.05). For each group a representative HE stained picture is shown 

(Figure 28). 

In white adipose tissue (WAT) we could show a difference in all of the proteins we 

measured using western blot. In the heterozygous genotype (Cpn60+/--Ctrl) we found 

a drastic reduction of Cpn60 by 84% (p≤0.01) compared to wt-Ctrl mice. Also Grp78 

was different between the genotypes but only when they were fed with a high fat 

diet. Grp78 decreased in the Cpn60+/--HFD group (relative protein level of 

0.69 ± 0.14) compared to the wt-HFD mice (relative protein level of 1.15 ± 0.07). 

PKR and VCP differed between the genotypes but only in the control diet groups. In 

Cpn60+/--Ctrl mice we found a reduction of PKR by 89% (p≤0.01) compared to wt-

Ctrl mice. Relative protein level of VCP was significantly increased in Cpn60+/--Ctrl 

mice (4.74 ± 2.66) compared to the wt-Ctrl group (0.20 ± 0.45) (p≤0.01) (Figure 29). 
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Figure 28: Fat cell size and the distribution of fat cell size of Cpn60+/- mice after an eight week 

feeding experiment 

The mice were sacrificed after 8 weeks of feeding a high fat or control diet. The epididymal fat depot 

was dissected. Paraffin slides for HE staining were prepared and the cell size was measured (n=500 

per group and genotype). Afterwards the distribution of cell sizes of adipocytes was determined in % 

of the total cell number. Statistical analysis was performed by one-way ANOVA followed by turkey´s 

test, (*p≤0.05, ***p≤0.001). 
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Figure 29: UPR markers in WAT of Cpn60+/- mice fed a high fat diet for 8 weeks 

Western blot analysis was performed using 20 µg of total protein lysate. For western blot analysis 

20 µg of total protein lysate was used. For each animal group the UPR markers Grp78, p-eIF2α, 

Cpn60, PKR and VCP were detected (n=5 mice/group). Coomassie staining of the membrane was 

used as internal control. Intensities of western blots are shown as relative protein expression (protein 

of interest/Coomassie) of n=5 animals. Statistical analysis was performed by one-way ANOVA 

followed by Bonferroni's multiple comparison test, (*p≤0.05, **p≤0.01, ***p≤0.001). 
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Discussion 

UPR during adipogenic differentiation 

Markers of the UPR vary during the process of adipogenic differentiation 

Recent reports suggested that obesity and related metabolic complications are 

associated with ER-stress in adipose tissue,118,69 which may also contribute to local 

inflammation. We therefore investigated the development of signaling markers 

activated upon the erUPR during adipose differentiation in two established human 

models (SGBS and primary preadipocytes) and compared these results with the 

murine 3T3-L1 model, which is widely used for mechanistic studies. All cell models 

showed more or less the same secretion pattern of adipokines. Adiponektin was not 

detectable in preadipocytes, only after induction (day 4) it increased. This is in line 

with further studies as adiponektin is highly expressed and secreted by mature 

adipocytes and preadipocytes which differentiate into adipocytes.119,120 During 

obesity and even further in insulin resistance and type 2 diabetes the expression and 

secretion of adiponektin is reduced.121 

To investigate the development of signaling markers activated upon the erUPR we 

performed western blot analysis. In all cell models investigated in this work, we 

performed Coomassie staining as it was found to be a sensitive and stable internal 

control for protein studies during adipogenesis.114 The interpretation of the results 

from primary isolated human preadipocytes is not simple, as the cells are derived 

from different donors. Thus, it is possible that multiple experiments result in 

hetereogenous outcomes, as the cells are of different genetic background. To 

overcome this problem more experiments should be done. How many depends on 

the factor which is investigated and the result of the power-calculation. 

Our results demonstrate that neither preadipocytes nor SGBS cells induce classical 

markers of the erUPR like Grp78 or p-elF2α during the in vitro differentiation 

process. The levels of these markers were even continuously reduced throughout 

the differentiation process which was more pronounced in SGBS cells compared to 

freshly prepared human preadipocytes. One can assume that with a higher amount 

of experiments for the preadipocytes more significant results with less variation 

could be shown. Interestingly, the data obtained in 3T3-L1 cells show a different 
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pattern for these erUPR markers with constantly increasing levels of Grp78, whereas 

p-elF2α significantly decreased. Phosphorylation of elF2α was known to have a 

repressing effect on PPARγ and C/EBPα expression, thereby exerting an inhibitory 

signal to the differentiation cascade.122,123 A reduced expression and phosphorylation 

of these factor could therefore promote adipogenic differentiation. 

An important aspect of adipose cellularity is adipocyte hypertrophy which is 

probably closer associated with various comorbidities than adipose tissue mass per 

se. A hypertrophic type of obesity is strongly associated with the development of 

insulin resistance124 and large fat cells significantly predict the risk for future diabetes 

in men and women.125,126 Therefore, we measured cell size and markers of the UPR 

in the AT of subjects with or without type 2 diabetes mellitus. As already reported 

before125, fat cell size was increased in the subjects with diabetes. This increase in 

adipocyte volume was associated with higher macrophage infiltration in adipose 

tissue (Table 2). Taken together adipose tissue of patients with type 2 diabetes 

mellitus reveals a profile towards inflammation. Up-regulation of Grp78 in AT of T2D 

subjects could not be explained by larger adipocytes but rather as an effect of other 

cells located in the adipose tissue. Nevertheless, a larger number of samples should 

be evaluated to confirm the data. 

Not only an erUPR could be activated by obesity but also the mitochondrial function 

is disturbed by negative environmental effects. The mtUPR could restore the cell 

homeostasis like the erUPR and increase the production of chaperones like Cpn60. 

Our data indicate that also the mtUPR is somehow activated by the differentiation 

process. In all cell models investigated Cpn60 increased during the course of 

differentiation. These findings are in line with results from other groups as Cpn60 

and Cpn60 responsiveness is a basic functional property of adipocytes.127,128 The 

double-stranded RNA-activated protein kinase (PKR) is also relevant in the 

activation of the mtUPR.86 Additionally, it has been described that PKR participates 

in erUPR as well as it is up-regulated under obese situations.116,117 But in none of the 

cell models PKR levels increased during differentiation. The levels of this marker 

were even continuously reduced throughout the differentiation process in freshly 

prepared human preadipocytes. As always, three independent western blots were 

combined in densitometric measurement, sometimes the western blot which is 

shown below differs from the graph, like in Figure 5. The bands in the western blot 
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of PKR in primary isolated human preadipocytes are very intensive at day 0, day 3 

and day 8. At day 16 the band almost disappeared. As the graph indicates, even on 

day 8 no PKR should be seen. This is because the other experiments show a 

different pattern for PKR, and the densitometric analysis displays the arithmetic 

mean. 

Another downstream transcription factor of the erUPR and the mtUPR is C/EBP 

homologous protein (CHOP). Transcription of CHOP is considered to mediate 

apoptosis.129 Other studies have shown that ER stress is also involved in pancreatic 

ß-cell apoptosis. This was mediated through CHOP which can be induced in the 

PERK, as well as in the ATF6 pathway during the erUPR.130 In our experiments we 

could show that CHOP tended to increase throughout the differentiation process in 

all cell models investigated. CHOP was shown before to be activated upon erUPR 

as well as mtUPR.41,64 As Grp78 was not induced during adipogenesis in the human 

cell models, the induction of CHOP indicates an activation by mtUPR. In all cells 

lines investigated we could show an induction of Cpn60, which confirms this 

assumption. 

Concluding the experiments for the UPR markers each western blot shows the total 

amount of protein whereas the densitometric measurement, which combined three 

independent western blots only show a tendency how the protein changes during 

the course of differentiation. Therefore a statement about the protein amount in the 

cells cannot be made with this analysis. In these experiments the western blot only 

shows if there is protein on day 0 and how it changes (increase or decrease) during 

adipogenesis. 

ERAD and inflammation are important during the process of adipogenic 

differentiation 

In our differentiation experiments we could show, that the process called ERAD 

(endoplasmic reticulum associated degradation), which is activated downstream of 

the UPR, seems to be relevant in regard of adipocyte size and the development of 

diseases like diabetes. Unfolded or misfolded proteins which are retained in the ER 

were eliminated/de-translocated by ERAD. Therefore, it is not surprising, that an 

activated ERAD is closely related to the pathogenesis of many diseases131, like 

diabetes in Akita insulin mutant mice.132 
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We measured VCP (valosin-containing protein), a cytosolic ATPase associated with 

various cellular activities and essential for de-translocation of misfolded proteins 

during ERAD.55 VCP is activated in primary isolated preadipocytes as well as in 

SGBS cells during differentiation. 3T3-L1 cells showed a different pattern for VCP. 

During the induction period (day 0 to day 3) and untill day 6 of differentiation VCP 

increased. Afterwards it almost disappeared. The induction of VCP in the human cell 

models could indicate that without activating UPR by Grp78, the human cell line 

deals with the increased protein load in the ER for maintaining the homeostasis of 

the cell.133 Therefore, the fact that the cells do not undergo apoptosis by induction of 

CHOP might argue that they stay alive by ERAD. 

Nevertheless, figure 6 also shows high standard variation, which occurs because we 

combined three independent western blots for the densitometric analysis. For 

primary isolated preadipocytes the western blots differed even more from the graph 

as the western blot of the SGBS cells. This is the case as there are more influencing 

factors from human donors (age and gender). For SGSB cells the western blot 

shows a high signal and therefore it is difficult to give a reliable interpretation of it. 

Figure 11 shows the results for VCP in 3T3-L1. The western blot which is shown is 

one out of three where a signal for VCP on day 13 and day 17 could be detected. 

The other two western blots (not shown) show no signal of VCP from day 10 onto 

day 17. 

To see whether adipogenic conversion is associated with inflammation we 

measured JNK, which is usually activated during the UPR.134 The mitogen-activated-

protein (MAP)-kinase was shown to regulate, among others, the expression of the 

NFκB-activating cytokine IL-6.135 This predominantly pro-inflammatory immune 

mediator seems to be directly involved in the regulation of the ER-stress 

response.136 JNK was also reported to cause an impairment of insulin signaling and 

may thereby act as a link between adipose tissue inflammation and insulin 

resistance.70 Our results in human cells showed that JNK tended to decrease during 

differentiation and reach significance from day 11 on at least in SGBS-cells. This 

decline was paralleled by a reduction of IL-6 in the culture medium and might argue 

for the reduced inflammatory activity observed in differentiating adipocytes. Other 

studies have shown that reduced expression of JNK protected adipocytes from 

insulin resistance.137 Interestingly, an increased JNK activity was not associated with 
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elevated IL-6 levels in 3T3-L1. The western blot of p-cJun (Figure 7B), a downstream 

target of JNK, shows high variation over the time and therefore no clear 

development could be realized. It is only possible to conclude that there is no 

significant change in the protein level of p-cJun during differentiation.138  

As we found a difference between human and murine cell models in JNK levels, we 

investigated JNK levels in primary isolated mature adipocytes as well as in AT 

samples from men with NGT or T2D. In mature adipocytes and in clinical samples of 

AT from subjects with or without T2D higher leukocyte infiltration might argue for a 

higher inflammatory level in AT of T2D subjects. Interestingly, JNK levels of the AT 

were comparable between the two groups. There was no association of leukocyte 

infiltration with fat cell size in healthy controls, whereas there was a significant 

correlation in T2D subjects. We confirmed these results in primary human 

adipocytes and were able to show that JNK is increased in hypertrophied 

adipocytes. 

In conclusion, we hypothesize that adipogenic differentiation and hypertrophy are 

not necessarily associated with elevated markers of erUPR in humans. The changes 

of these markers observed may be more likely a result of consecutive adaptations to 

the requirements of cell homeostasis. Nevertheless, it seems that factors from the 

UPR and pro-inflammatory markers like IL-6 are closely related, although it is 

unknown what is cause and consequence. Adipocyte size was usually higher in 

diabetic subjects and might therefore be responsible for the inflammatory state but 

less likely for the activation of erUPR. It might be speculated that not only 

adipocytes but also other cells (macrophages/leukocytes) act as a source of chronic 

adipose tissue inflammation via activation of erUPR. Therefore, disturbances in 

cellular integrity of adipose tissue may be responsible for the pro-inflammatory state 

observed in hypertrophic obesity. 

 

UPR in different mouse models 

Characteristics of adipose tissue in C57BL/6N mice of different ages 

Obesity is a disease with an expansion of the adipose tissue. The WAT comprises 

about 90% of this organ. Two major mechanisms can take place to facilitate the 
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storage of excess energy. On the one hand, adipose tissue growth may be caused 

by an increased lipid load per adipocyte (hypertrophy) and/or on the other hand by 

an increased number of adipocytes (hyperplasia). Hyperplasia appears early in 

lifetime, whereas hypertrophy is characterized by a late lifetime.139 Rodent models 

are often used for research in several diseases as they are established and easy to 

feed with a high fat diet to become obese. For the characteristic analysis we use the 

epididymal adipose tissue of C57BL/6N mice of different age. The epididymal fat 

depot as well as the fat cell size of this depot increased from week 2 to week 12 in 

C57BL/6N mice. In humans has also be proposed that fat cell size increases with 

age, although there is no agreement in which period of life time hypertrophy and/or 

hyperplasia occur.140,141 However, Spalding et al. could show, that hyperplasia only 

occurs during childhood, whereas the number of adipocytes stays constant and 

10% of them are renewed annually at all adult ages.33 Nevertheless, hypertrophy 

appears to be also a risk factor for metabolic diseases as it could be shown that an 

increase in adipocyte size is linked to insulin resistance.125 Furthermore, it is 

suggested, that obesity and growth of fat cell size is a stimulus for stress response 

at a cellular level, like erUPR or mtUPR. We could confirm the findings of our in vitro 

experiments in C57BL/6N mice as we could show that Grp78 slightly decreased 

during development from 6 to 12 weeks. This effect was less prominent than in the 

human cell culture models, but it was clearly different from the 3T3-L1 cell line. This 

result accentuates the difference between murine cell line and in vivo mouse tissue. 

An increase during development could be confirmed for the mitochondrial 

chaperone Cpn60. This result shows no difference between the murine cell culture 

model and mouse tissue. The human cell lines responded in the same way for 

Cpn60. VCP did not show a clear tendency as it almost disappeared in week 8 and 

increased again until week 12. In this case hypertrophy might be the reason for 

these findings as VCP increase at that time point (12 weeks old) when the number of 

adipocytes didn´t further increase.139 The cells have to deal with an increase lipid 

load and therefore a lot of proteins have to be synthesized. More VCP is necessary 

for the cell to deal with the increased protein load in the ER for maintaining 

homeostasis. 

In our experiment to assess the development of UPR markers in adipose tissue of 

C57BL/6N mice with different age (Figure 15) the interpretation of the western blots 
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are disputable. Only one mouse was used for the four week control, as mice are 

very small and have nearly no epididymal adipose tissue (less than 1% of total body 

weight). Also the protein levels of all investigated markers were very low at the age 

of four weeks. For week 6, 8, 10 and 12 two mice were used to perform western blot 

analyses with the epididymal adipose tissue. It is noticeable that sometimes the 

results of two single mice are contradictory (Figure 15). One example might be the 

level of Cpn60 in 8 week old mice. In one mouse Cpn60 could be detected and in 

the other one not. Therefore, one has to conclude that in this experiment the number 

of mice might be too low to provide a firm conclusion about the course of the 

protein level during the development. More C57BL/6N mice (biological replicates) 

would be needed to provide a reliable interpretation to the question if and how the 

protein level of UPR markers in adipose tissue of C57BL/6N mice changes with 

growing age. Furthermore one can assume that there is a high heterogeneity in 

C57BL/6N mice. Nevertheless in 6 and 12 week old mice there is a good signal on 

the western blot, which could indicate the increase of UPR markers in adipose 

tissue of C57BL/6N mice. As seen in the Coomassie staining of the western blot 

there is also a difference in the amount of proteins over the different age of the mice, 

especially week 4 compared to the others. It could be that epigenetic changes play 

a role in view of the protein profile in our mice. To analyze this, the number of mice 

investigated must be higher to provide a firm conclusion about the epigenetic 

influence. Nevertheless it could be shown before that Coomassie staining is a 

sensitive and stable internal control for protein studies during developmental 

analysis in adipocytes.114 

To conclude this we can state that the results of the UPR in vivo in C57BL/6N mice 

are not comparable to murine 3T3-L1 but rather to the in vitro human cell culture 

models. With this knowledge, it is doubtful if results from the 3T3-L1 cell line could 

give a hint how the erUPR proceed in humans. Furthermore, our experiments show 

that mice trials are a good method to learn and understand more about the UPR as 

there are similarities between mice and human results. 
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Age and duration of high fat feeding is an important factor for protection 

of obesity in Grp78+/- mice 

In a work from 2010, Risheng and colleagues showed that “Grp78 heterozygosity 

promotes adaptive unfolded protein response and attenuates diet-induced obesity 

and insulin resistance”.102 As the Grp78-/- mouse is embryo lethal,101 they use the 

Grp78+/- mouse for their experiments. Therein, Grp78+/- mice were fed with a high fat 

diet from week 10 until week 30. They could show that Grp78+/- mice had 

significantly lower body weight than the +/+ siblings. This effect comes from lower fat 

mass and smaller body size. Furthermore, the O2 consumption and the CO2 

production were elevated in Grp78+/- mice. In regard of the metabolic profile, 

Grp78+/- mice had lower blood glucose and blood insulin level. There were less lipid 

droplets in the liver and the WAT was not as inflamed in Grp78+/- mice under HFD in 

comparison to the +/+ siblings under HFD. In this work they argued that the partial 

loss of Grp78 could mimic low chronic ER stress and promote adaptive erUPR.102  

As we wanted to know whether the described results also occur in the early life of 

Grp78+/- mice, we tried to confirm these findings in Grp78+/- mice at an age of 12 

weeks. We fed Grp78+/- mice and their +/+ littermates a high fat diet from weeks 4 to 

12. Consequently, we fed the mice only 8 weeks (in contrast to 20 weeks in the work 

of Risheng and colleagues102) and we also combined with female mice as we could 

not observe any differences between genders. The composition of the diet in regard 

of fat by calories was similar to the work of Risheng and colleagues.102 

In our experiment we could not confirm the lower body weight or the differences in 

the body composition of the Grp78+/--HFD group. The reason could be that the 

duration of HFD was only 8 weeks in our experiment. Comparing the results the 

body weight was not significantly different until week 14 in the published work. 

Concerning the energy expenditure we could only observe a trend that mice in the 

Grp78+/--HFD group behave differently than wt-HFD mice. In regard of the metabolic 

profile, we did not see any difference between Grp78+/- mice and wt mice 

independent of the diet. The reason could be the duration of the exposure to the 

HFD, the amount and type of fatty acid in the diet. All these factors may have 

significant effects on adipose tissue metabolism.142 Furthermore, we assessed the 

liver and WAT morphology. There was no significant difference in the liver after 8 

weeks of feeding. In this context the duration of the feeding might be important as 
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well, as macrophage infiltration (accompanied by severe inflammation) and 

metabolic changes first occurs in adipose tissue and then shifts towards the liver.143 

The distribution of the fat cell size showed that Grp78+/- mice under control diet have 

smaller adipocytes compared to their wt littermates. This effect disappeared under 

high fat diet, because there were a few cells between 4 x 103 µm2 and 9 x 103 µm2 in 

the epididymal adipose tissue of the Grp78+/--HFD mice. In the work of Risheng et al. 

the authors postulate a compensatory adaptive response to counteract the critical 

level of Grp78 in maintaining ER homeostasis. They discussed the up-regulation of 

ERAD, which improved ER homeostasis and attenuated inflammation.102 In liver 

tissue we could confirm this hypothesis as VCP is significantly increased in Grp78+/- 

mice. This increase is independent of the diet. Compared to further findings, the 

heterozygous knock out of Grp78 does not change that much in liver tissue. We 

could also show that Grp78 +/--HFD mice have lower amounts of triglycerides in the 

liver compared to wt-HFD mice. This finding is in agreement with other studies, in 

which reduced steatosis in the liver could be observed in Grp78+/--HFD mice.102 

There is no obvious difference in adipocyte size or morphology between the two 

genotypes, neither under Ctrl nor HFD. We could show that in Grp78+/--HFD mice, 

Grp78 level in the adipose tissue was nearly comparable to the wt-HFD mice. This 

finding suggests a translational block or some other posttranscriptional regulation. 

We could not confirm an increase in VCP in WAT. It is most likely that other yet 

unknown pathways may contribute to this situation. For example, Risheng Ye et al. 

postulated a potential link between mitochondrial function, energy expenditure and 

chaperone proteins. A recent study could link ER to the mitochondria.144 We could 

confirm the results of other studies, that mitochondrial heat shock proteins, 

especially Cpn60, are reduced under HFD. Furthermore, we found the same results 

in liver tissue.145,103 The heterozygous knock out of Grp78 have no compensatory 

effect on it. 

In Figure 20 and Figure 22 the results of UPR markers in liver and in WAT of Grp78+/- 

is shown. Although there are 5 biological replicates in each group of mice it is 

noticeable that the signal in each group is highly fluctuating. Also the quality of the 

western blot is not always the same. It might be that background disturbs the signal 

which comes from the protein of interest. The VCP western blot of the Grp78+/- mice 

(Figure 22) has some dark clouds in the background of some protein bands. For the 
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interpretation of VCP in Grp78+/- mice one have to keep in mind, that this could be 

the reason why there is a big difference between wt-HFD mice and Grp78+/--HFD 

mice. Nevertheless, the heterogeneity in the groups is still a problem. In our 

experiments we combined male and female mice. Furthermore we used mice with 

an age of 12 weeks. It could be that some of them are still in adolescence and some 

are already adult. Furthermore, the reaction to a HFD might be different in each 

mouse during adolescence. It is known that HFD in adolescent mice result in spatial 

memory impairment and changes in hippocampal morphology.146 Therefore we have 

two factors of influence which might play a role for the protein of interest. We 

combined all this group variation as we perform densitometric measurement of all 5 

mice investigated. The big heterogeneity might be prevented, if older mice (15-20 

weeks) of the same sex will be used and the number of biological replicates will be 

increased.  

In conclusion, we can state that duration of the feeding trial and age of the mice are 

important factors for the interpretation of results. Attenuation of diet-induced obesity 

and insulin resistance which was shown by Risheng et al. appears only in older mice 

with longer high fat diet feeding duration. 

Cpn60+/- mice establish a mild phenotype under normal conditions  

In the field of obesity research also the mtUPR is very interesting. It was shown that 

the mitochondrial biogenesis in adipose tissue is suppressed in db/db mice and 

mice fed with a HFD. The mitochondrial chaperones like Cpn60 were decreased in 

adipose tissue of ob/ob mice and rats under a high fat diet.103,104,94 Furthermore, a 

positive association of circulating Hsp60 concentrations with BMI, leptin, HOMA-IR, 

and blood pressure has been shown.105 It has been described that some proteins 

involved in the mtUPR are up-regulated under obese situations and chronic 

inflammation.86,116 Our in vitro data revealed that Cpn60 is enhanced during the 

development of adipocytes. Due to these findings and the fact that Cpn60-/- mice 

are embryo lethal106, we evaluated the relevance of Cpn60+/- mice, to investigate the 

effect of Cpn60 in the development of obesity. Several animal and clinical studies 

have suggested that Cpn60 play a central role in various diseases and it was shown 

to be associated with type 2 diabetes mellitus.95 Therefore, we fed Cpn60+/- mice 

and their wt littermates to a high fat diet or a control diet for 8 weeks.  
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In our experiment we could show that Cpn60+/- mice are more lightweight than the 

wt mice both under control and HFD. The lower body weight could be explained by 

the lower assimilation coefficient and higher oxygen consumption in the resting 

state, especially in the Cpn60+/--HFD group. We assume that this effect would be 

significant if the feeding duration would be prolonged. In regard of the metabolic 

profile, we saw a difference in the plasma triglyceride level between the genotypes 

dependent of the diet. The Cpn60+/--HFD group had significantly higher plasma 

triglycerides than the wt-HFD group. This could be the case if lipolysis was activated 

in the Cpn60+/--HFD group. The process of adipose tissue lipolysis is a highly 

regulated pathway whereby the triglycerides stored in the adipocyte are hydrolyzed, 

and fatty acids delivered to the plasma.147 In our mouse model, liver triglyceride 

levels of Cpn60+/--HFD mice were comparable with that from the Cpn60+/--Ctrl 

group. These findings also give a hint that the adipose tissue lipolysis was activated 

in Cpn60+/--HFD mice. This could be an explanation for the difference in the plasma 

triglyceride level. This effect might be enhanced by prolonged exposure to the HFD. 

Furthermore, we looked in the morphology of WAT. Here we could show that 

Cpn60+/--Ctrl mice exhibited significantly smaller adipocytes compared to the wt-Ctrl 

group. This effect completely disappeared under HFD. In the in vitro experiments 

and in C57BL/6N mice we could show that the mitochondrial chaperone Cpn60 

increased during the development of adipocytes. The partial lack of Cpn60 might be 

the reason for smaller adipocytes in the Cpn60+/--Ctrl mice. As hypertrophy appears 

to be also a risk factor for metabolic diseases125, we suggest that in Cpn60+/- mice 

fed with control diet the process of hypertrophy disturbed, because of the partial 

lack of Cpn60. These results also indicate that fat cell size is a stimulus for stress at 

a cellular level. 

Looking at the protein level of Cpn60 in liver and in adipose tissue we could confirm 

further findings that with HFD of wt mice, the expression of genes involved in several 

mitochondrial processes and especially mitochondrial heat-shock proteins were 

downregulated.103 As expected the Cpn60 level was reduced (by 50%) in the liver 

and adipose tissue of Cpn60+/--Ctrl mice, but regarding the liver we observed an 

inverted effect in the Cpn60+/--HFD group. The Cpn60 level was similar to wt-HFD 

mice. These finding suggests a posttranscriptional regulation, activated by HFD-

induced stress pathways. We could show the opposite situation in the adipose 
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tissue. Here the Cpn60 levels decreased in the Cpn60+/--HFD group. Additionally, 

PKR levels decreased in adipose tissue of Cpn60+/- mice independent of the diet. 

We assume that mitochondrial biogenesis in response to the HFD seems to be 

highly compromised in liver and adipose tissue from Cpn60+/- mice models. 

Therefore, the mitochondrial DNA content as well as the expression of various 

markers like COX IV or cytochrome c should be tested. A mitochondrial staining 

could also give information about mitochondrial biogenesis. 

Furthermore, the partial reduction of Cpn60 could explain the strong adjustment of 

the onset of obesity (weight, adipocyte size) between Cpn60+/- and wt mice under 

HFD. In the liver we could also observe a compensatory effect of Grp78 in the 

Cpn60 +/--HFD group. In adipose tissue we could not find this effect of 

compensation. Here also the duration of the feeding might be very important, as it 

was assumed by Stanton et al. that metabolic changes first occur in adipose tissue 

and then shift towards the liver.143 This could be the reason why only a part of the 

results are in line with other studies.148,103 VCP was significantly increased 

independent of the diet in the WAT of Cpn60+/- mice. We assume that the up-

regulation of ERAD could improve ER homeostasis, attenuate inflammation102 and 

thus compensate the partial lack of the mitochondrial chaperonin 60. A recent study 

suggested a similar process like the ERAD in the mitochondria.149 In stressed 

mitochondria, a mitochondria-associated protein degradation (MTAD) pathway is 

activated and misfolded and unfolded components are removed. Thus, the cell 

could prevent mitochondria from stress-induced damage by recruiting components 

in the ERAD pathway to the stressed mitochondria.150 To confirm the hypothesis, 

that ERAD and/or MTAD is activated in the WAT of Cpn60+/- mice ubiquitination 

assays as well as western blot of transporter proteins should be performed. 

In Figure 27 and Figure 29 the results of UPR markers in liver and in WAT of Cpn60+/- 

is shown. In figure 29, three mice of the Cpn60+/--Ctrl group showed a signal for 

Cpn60 whereas two mice did not. As discussed before, we have a high variation 

within the group of our mice as we combined male and female mice and maybe 

there are metabolic changes between the mice because of the adolescence. That 

the difference for Cpn60 expression comes from the gender could be excluded as 

one male and on female mouse showed no signal. Therefore, it might be that some 

of the Cpn60+/- mice have another protein profile for Cpn60 and the reaction to a 
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HFD might be different. In the densitometric measurement all five mice are included, 

meaning the low value of Cpn60 in the Cpn60+/--Ctrl group comes from the two mice 

were no Cpn60 could be detected. But, as there are artifacts – a dark cloud in the 

background – on the western blot itself results have to be interpreted with caution.  

We finally conclude that Cpn60+/- mice show a weak phenotype if they were fed with 

a control diet. The mice had lower body weight, higher oxygen consumption and 

presumably higher adipose tissue lipolysis. All these factors are beneficial in view of 

obesity but it seems that under HFD the stress condition cannot be compensated. 

We think that in further experiments the cellular effects of reduced levels of Cpn60 in 

the tissues in our mouse model could provide a better understanding of the 

mechanisms by which various mammalian cell types compensate for unbalanced 

and/or deficient mitochondrial protein quality control under normal and stress 

conditions. Future feeding experiments with the Cpn60+/- mice and with the 

tamoxifen inducible floxed Cpn60+/- mice will probably answer the question of 

whether Cpn60 is able to prevent HFD-induced obesity. 
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