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Abstract 

Diet-induced obesity is a rapidly increasing health concern in modern society and has been 

associated with the development of numerous health issues, including cardiovascular disease 

and type 2 diabetes. Despite multiple interventions designed to promote body mass loss, af-

fected patients often experience limited success in maintaining long-term outcomes. One un-

derlying mechanism that contributes to this phenomenon is commonly known as the ‘yo-yo 

effect’ and remains poorly understood. To investigate the underlying role of adipogenic poten-

tial, we conducted a study on male C57BL/6N mice, examining cell fate decisions, terminal 

differentiation, and proliferation of adipocyte progenitor cells. Mice were initially fed a high-fat 

diet until they reached a body mass of at least 40 g, followed by a one-week control diet or 

caloric-restricted, pair-fed high-fat diet. In addition, we assessed mitochondrial function in white 

adipocytes during body mass loss and subsequent regain by feeding the male C57BL/6N mice 

a high-fat diet for 24 weeks, followed by an eight-week control diet-induced obesity remission 

and a high-fat diet refeeding for 12 weeks. 

Short-term high-fat diet recovery had a significant impact on the fate of stromal-vascular frac-

tion cells, as determined by cell culture and flow cytometry experiments. Specifically, we fo-

cused on three distinct white adipose tissue subpopulations, characterized by the expression 

of CD55, VAP1, or CD142, which contribute to diet- and fat depot-specific changes in adipo-

genic potential. Flow cytometry and immunofluorescence imaging revealed a proliferation stop 

in epididymal white adipose tissue in its plateau phase at 40 g body mass. Following full control 

diet-induced obesity remission, mitochondrial capacity and content remained reduced in epi-

didymal adipocytes, as determined by high-resolution respirometry and citrate synthase activ-

ity. In contrast, inguinal adipocyte mitochondria retained their function. Protein expression 

analysis revealed only minor effects in the expression levels of proteins that belong mainly to 

adipocyte differentiation, lipid metabolism, and inflammation. High-fat diet refeeding doubled 

body mass and fat mass gain within the first weeks of the diet change in comparison to mice 

receiving a high-fat diet for the first time.  

Our results emphasize the importance of fat depot specificity for metabolic obesity conse-

quences and associated treatments. We identified CD142+ adipogenesis-regulatory cells as a 

reversible silencer of differentiation capacity of adipocyte progenitor cells. Additionally, we 

found that epididymal adipocyte mitochondria exhibit a persisting restriction due to high-fat diet 

feeding, while inguinal adipocyte mitochondria are more resilient. These alterations are con-

comitant and likely implicated in the etiology of a ‘yo-yo effect’, characterized by enhanced 

body mass gain upon re-exposure to a high-fat diet. 
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Zusammenfassung 

Diätbedingte Fettleibigkeit stellt in der modernen Gesellschaft ein rasch wachsendes Gesund-

heitsproblem dar und wird mit der Entwicklung zahlreicher Gesundheitsprobleme in Verbin-

dung gebracht, darunter Herz-Kreislauf-Erkrankungen und Typ-2-Diabetes. Trotz zahlreicher 

Maßnahmen zur Förderung der Gewichtsabnahme sind die Erfolge der betroffenen Patienten 

bei der Aufrechterhaltung der langfristigen Ergebnisse oft begrenzt. Ein zugrundeliegender 

Mechanismus, der zu diesem Phänomen beiträgt, ist gemeinhin als Jo-Jo-Effekt" bekannt und 

wird nach wie vor nur unzureichend verstanden. Um die zugrundeliegende Rolle des adipoge-

nen Potenzials zu untersuchen, führten wir eine Studie an männlichen C57BL/6N-Mäusen 

durch, in der wir die Entscheidungen über das Zellschicksal, die terminale Differenzierung und 

die Proliferation von Vorläuferzellen der Adipozyten untersuchten. Die Mäuse wurden zu-

nächst mit einer fettreichen Diät gefüttert, bis sie eine Körpermasse von mindestens 40 g er-

reichten, gefolgt von einer einwöchigen Kontrolldiät oder einer kalorisch eingeschränkten, 

paarweise gefütterten fettreichen Diät. Außerdem untersuchten wir die mitochondriale Funk-

tion in den weißen Adipozyten während des Verlusts an Körpermasse und der anschließenden 

Wiederzunahme, indem wir die männlichen C57BL/6N-Mäuse 24 Wochen lang mit einer fett-

reichen Diät fütterten, gefolgt von einer achtwöchigen Kontrolldiät, die zu einer Remission der 

Fettleibigkeit führte, und einer erneuten Fütterung mit einer fettreichen Diät für 12 Wochen. 

Die kurzzeitige Erholung von der fettreichen Diät hatte einen signifikanten Einfluss auf das 

Schicksal der Zellen der stromal-vaskulären Fraktion, wie durch Zellkultur- und Durchflusszy-

tometrie-Experimente festgestellt wurde. Insbesondere konzentrierten wir uns auf drei ver-

schiedene Subpopulationen des weißen Fettgewebes, die durch die Expression von CD55, 

VAP1 oder CD142 charakterisiert sind und die zu den diät- und fettdepotspezifischen Verän-

derungen des adipogenen Potenzials beitragen. Durchflusszytometrie und Immunfluoreszenz-

bildgebung zeigten einen Proliferationsstopp im epididymalen weißen Fettgewebe in der Pla-

teauphase bei 40 g Körpermasse. Nach der vollständigen Reduktion der Fettleibigkeit durch 

eine Kontrolldiät blieben die Kapazität und der Gehalt der Mitochondrien in den epididymalen 

Adipozyten reduziert, wie durch hochauflösende Respirometrie und die Aktivität der Zitrat-Syn-

thase festgestellt wurde. Im Gegensatz dazu behielten die Mitochondrien der inguinalen Adi-

pozyten ihre Funktion bei. Die Analyse der Proteinexpression ergab nur geringfügige Auswir-

kungen auf die Expressionsniveaus von Proteinen, die hauptsächlich zur Differenzierung der 

Adipozyten, zum Lipidstoffwechsel und zur Entzündung gehören. Die Wiederaufnahme einer 

fettreichen Diät verdoppelte die Körpermasse und die Zunahme der Fettmasse innerhalb der 

ersten Wochen nach der Ernährungsumstellung im Vergleich zu Mäusen, die zum ersten Mal 

eine fettreiche Diät erhielten.  
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Unsere Ergebnisse unterstreichen die Bedeutung der Spezifität der Fettdepots für die Folgen 

der metabolischen Adipositas und die damit verbundenen Behandlungen. Wir identifizierten 

CD142+ adipogenese-regulierende Zellen als reversiblen Silencer der Differenzierungskapa-

zität von Adipozyten-Vorläuferzellen. Darüber hinaus fanden wir heraus, dass die Mitochond-

rien epididymaler Adipozyten eine anhaltende Einschränkung aufgrund einer fettreichen Er-

nährung aufweisen, während die Mitochondrien inguinaler Adipozyten widerstandsfähiger 

sind. Diese Veränderungen treten gleichzeitig auf und sind wahrscheinlich an der Entstehung 

des "Jo-Jo-Effekts" beteiligt, der durch eine verstärkte Zunahme der Körpermasse bei erneuter 

fettreicher Ernährung gekennzeichnet ist. 
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1 Introduction 

Obesity has become a worldwide health concern, presenting a challenge for medical research 

in the areas of prevention and targeted interventions to address the symptoms of the disease. 

According to the World Health Organization (WHO), in 2016, over 1.9 billion adults were clas-

sified as overweight (BMI 25 - 29.9) and over 650 million adults were classified as obese 

(BMI > 30) (OECD/WHO, 2020). The Western diet, which is characterized by high levels of 

processed foods, sugar, and saturated fats, has been implicated as a major contributor to the 

development of obesity (Christ et al., 2019). Obesity is associated with a plethora of comor-

bidities, including type 2 diabetes, cardiovascular and renal diseases, and certain types of 

cancer (Kitahara et al., 2014; Kovesdy et al., 2017; Renehan et al., 2008; Xu et al., 2018). 

These comorbidities are responsible for millions of deaths annually, including an estimated 

2.8 million deaths worldwide each year caused by obesity (Ellulu et al., 2014). 

The management of obesity is hampered by the lack of effective body mass reduction strate-

gies. While up to 80 % of patients may achieve initial body mass loss through dieting, long-

term maintenance of body mass loss is frequently unsuccessful. Instead, recurrent body mass 

gain and relapsing metabolic complications are commonly observed within 12 months of initial 

body mass loss, which may even surpass pre-dieting metabolic abnormalities (Anastasiou et 

al., 2015). This phenomenon, commonly referred to as body mass cycling or ‘yo-yo effect’, 

highlights the need for improved, evidence-based body mass loss interventions and further 

investigation into the underlying mechanisms that promote the development of obesity (Dulloo 

and Montani, 2015). 

Obesity is a systemic disease that affects the entire body. However, white adipose tissue 

(WAT) is crucial for the development of obesity-related comorbidities. Generally, WAT is a 

highly dynamic and complex multi-depot organ. It is capable of storing and releasing energy 

from its lipid-laden adipocytes in the form of intracellular triglycerides, resulting in significant 

morphological changes (Cinti, 2005; Hepler and Gupta, 2017; Rosen and Spiegelman, 2014). 

However, prolonged periods of positive energy balance can lead to excessive fat mass accu-

mulation, which has been associated with persistent pathologies even after re-establishment 

of a lean phenotype (Cottam et al., 2022; Droyvold et al., 2005; Nanri et al., 2010). WAT com-

prises two distinct subtypes, namely subcutaneous and visceral WAT. They are key determi-

nants of the development of 'healthy' or 'unhealthy' obesity in response to excessive caloric 

intake (Longo et al., 2019). Specifically, in male mice, inguinal WAT (iWAT) is a representative 

of subcutaneous fat, while epididymal WAT (eWAT) is a representative of visceral fat. The two 

subtypes of WAT are distinguished by their different origins and intrinsic characteristics, which 

encompass differential secretion profiles of adipokines, insulin sensitivity, and propensity for 

inflammation. These distinct features contribute to the functional divergence between iWAT as 
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an energy reserve and eWAT as a higher risk depot for adverse health outcomes. (Chau et 

al., 2014; Foster et al., 2013; Macotela et al., 2012; Wajchenberg et al., 2002). Moreover, 

transplantation experiments have demonstrated that iWAT transplantation to the intra-ab-

dominal space has an inverse association with metabolic risk. These findings highlight the 

significance of the origin of the WAT rather than its location (Hocking et al., 2008; Hocking et 

al., 2015; Tran et al., 2008). Furthermore, the behavior of both WAT depots during develop-

ment and expansion exhibits distinct characteristics detailed in the following section (Spalding 

et al., 2008; Wang et al., 2013). 

 

1.1 White adipose tissue development and expansion 

Adipocytes originate from multipotent, fibroblast-like mesenchymal precursor cells and have 

the potential to differentiate into osteoblasts, chondroblasts, adipocytes, and myoblasts 

(Ghaben and Scherer, 2019). These adipocyte progenitor cells (APCs) are located in the peri-

vasculature (Gupta et al., 2012; Schwalie et al., 2018; Tang et al., 2008). The process of form-

ing mature adipocytes is referred to as adipogenesis. It comprises of two distinct stages: 1) 

determination and 2) differentiation. During the determination stage, mesenchymal stem cells 

differentiate into preadipocytes, thereby committing to the adipocyte lineage. The differentia-

tion stage is characterized by the activation of peroxisome proliferator-activated receptor-γ 

(Pparg), a master regulator of adipogenesis, which leads to the formation of mature adipocytes 

that are capable of accumulating lipids (Ghaben and Scherer, 2019).  

Childhood is a critical period for adipocyte formation as it mainly determines the number of 

adipocytes in an individual. Thus, the onset of obesity during childhood has lifelong conse-

quences. Obese children have a higher adipocyte count than their lean counterparts, which 

increases their capacity for lipid storage and body mass. After adolescence, the total number 

of fat cells is tightly regulated and WAT primarily expand through an increase in the size of 

adipocytes (Spalding et al., 2008). In general, tissue expansion can occur through two distinct 

mechanisms: hyperplasia (increase in cell number) and hypertrophy (increase in cell size) (Jo 

et al., 2009). Hypertrophy is associated with various pathological conditions such as inflamma-

tion, hypoxia, fibrosis, and insulin resistance (Hepler and Gupta, 2017). In adult individuals, 

adipocytes exposed to a chronic state of positive energy balance will expand in size until they 

become lipid-overloaded and insulin-resistant. Subsequently, new precursor cells are recruited 

(Spalding et al., 2008). It has been proposed that hyperplasia is the primary contributor to the 

expansion of visceral WAT in humans (Arner et al., 2013). This phenomenon has also been 

observed in rodent models. Particularly, in adult mice, iWAT exhibits primarily hypertrophy and 

limited adipogenesis in response to high-fat diet (HFD) feeding, whereas eWAT experiences 

hypertrophy only during the initial phase of HFD feeding (Kim et al., 2014; Wang et al., 2013). 
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C57BL6/J mice fed HFD for 60 days displayed an average increase in adipocyte diameter of 

17 % in iWAT compared to 65 % in eWAT. These results indicate that eWAT mostly expanded 

through the mechanism of hypertrophy during the initial phase of tissue expansion (Joe et al., 

2009). However, after this initial hypertrophic expansion period of eWAT, hyperplasia occurs 

(Kim et al., 2014; Wang et al., 2013). Concerning body mass regain, it has been reported that 

the number of adipocytes increased by 30 % additionally during the relapse period (HFD 

refeeding) (MacLean et al., 2006). As a result of prolonged HFD feeding and during the relapse 

period, the number of adipocytes increases. This can ultimately shift the balance from available 

lipid storage to excess storage of lipids that are diverted from oxidation. This process can favor 

body mass regain. (Kim et al., 2014; MacLean et al., 2006; Wang et al., 2013). Additionally, a 

positive correlation between adipocyte turnover and insulin sensitivity has been observed in 

both humans and mice (Guillermier et al., 2017; Kim et al., 2014).  

An essential aspect of the expansion of WAT and the distinction between iWAT and eWAT is 

the emergence of an expansion plateau in eWAT in adult C57BL6/J mice. Upon reaching a 

body mass of approximately 40 g, the eWAT depot does not further expand in mass and size, 

while the iWAT continues to increase proportionally to body mass (van Beek et al., 2015). 

These observations are consistent with increased adipogenesis in eWAT following prolonged 

HFD feeding. Obesity activates pro-apoptotic signals that result in enhanced adipocyte death 

in eWAT, and an expansion plateau is reached despite increased adipogenesis (Alkhouri et 

al., 2010; Kim et al., 2014). Additionally, the physiological process associated with eWAT ex-

pansion leads to significant immune cell infiltration into the fat depot, resulting in the formation 

of crown-like structures around dying adipocytes (Alkhouri et al., 2010; van Beek et al., 2015). 

Body mass loss cannot reverse the pro-inflammatory signals that persist within eWAT, pro-

moting the development of metabolic syndrome upon regained body mass (Fischer et al., 

2018). The phenomenon of eWAT reaching a plateau may cause nutritional programming of 

adipogenic potential within progenitor cells from eWAT, resulting in a decline of the adipogenic 

potential of APCs (consistently observed in our laboratory; unpublished data). This may be 

attributed to the depletion of the APCs pool or silencing of them during HFD feeding. Accord-

ingly, nutritional programming of adipogenic potential within APCs during the body mass loss 

phase may promote hyperplasia in eWAT and contribute to the propensity for regained body 

mass. In conclusion, APCs appear to play a vital role in the development and expansion of 

WAT. 

 

1.2 The importance of primary adipocytes subpopulations 

The majority of cells within WAT belongs to the stromal-vascular fraction (SVF), which is largely 

composed of blood cells, endothelial cells, fibroblasts, pericytes, preadipocytes, macrophages, 
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and other immune cells (Sarjeant and Stephens, 2012). The highly heterogeneous cellular 

composition of SVF cells without apparent macrostructure is characteristic for WAT 

(Cristancho and Lazar, 2011). Mature adipocytes constitute over 80 % of WAT mass; on the 

cellular level, however, WAT is composed of only one-third mature adipocytes (Tsiloulis and 

Watt, 2015). The numerous different cell types of the SVF cells need to be a highly coordinated 

to result in a proper WAT expansion (Sun et al., 2011). According to several studies, increase 

of infiltration with immune cells (Fischer et al., 2018; van Beek et al., 2015) and changes in the 

abundance and expression patterns of distinct cell subpopulations is observed during the de-

velopment of obesity (Burl et al., 2018; Cho et al., 2019; Emont et al., 2022; Hepler et al., 2018; 

Merrick et al., 2019; Sarvari et al., 2021; Schwalie et al., 2018). APCs and their development 

and fate decision appear to play an important role that is not yet fully understood. The study of 

distinct subpopulations of adipose stem and precursor cells within the SVF has only been pos-

sible in recent years through the application of single-cell ribonucleic acid (RNA) sequencing 

(Kolodziejczyk et al., 2015). Recent research has focused on the characterization of CD142+ 

adipogenesis-regulatory cells (Aregs) as committed preadipocytes and inhibitors of adipogen-

esis (Merrick et al., 2019; Schwalie et al., 2018).  

Depending on the approach used, biological and technical variances can be observed. These 

discrepancies lead to the identification of distinct subpopulations of APCs, immune cells, fibro-

inflammatory cells, mesothelial-like cells, and Aregs in both mice and humans in various stud-

ies (Burl et al., 2018; Cho et al., 2019; Emont et al., 2022; Hepler et al., 2018; Merrick et al., 

2019; Sarvari et al., 2021; Schwalie et al., 2018). Despite these variances, an overall match 

between subpopulations has been detected by overlapping the results of different studies (Cho 

et al., 2019; Emont et al., 2022; Merrick et al., 2019; Sarvari et al., 2021). Specific markers for 

adipogenic stem and precursor cells are used to characterize subpopulations of SVF cells, and 

their unique expression patterns are verified using fluorescence-activated cell sorting (FACS). 

Based on the work of Schwalie et al. and Merrick et al., three main clusters are defined, which 

show high expression of the adipogenic stem and precursor cell markers Cd34 and Ly6a (en-

coding stem cells antigen 1 (SCA1)) (Merrick et al., 2019; Schwalie et al., 2018). Cluster 1 is 

identified as the population of adipogenic stem cells, characterized by the expression of CD55+ 

(Schwalie et al., 2018). This cluster corresponds to the DPP4+ (dipeptidyl peptidase-4 (DPP4)) 

interstitial progenitor cell subpopulation, which expresses Dpp4, Wnt2, Bmp7, and Pi16, but 

not adipocyte markers (Merrick et al., 2019). Cluster 2 represents the VAP1+ (vascular adhe-

sion protein 1 (VAP1)) pre-adipogenic specific cell subpopulation, characterized by the expres-

sion of Aoc3 (encoding VAP1) (Schwalie et al., 2018). This cluster is similar to the ICAM1+ 

(intercellular adhesion molecule–1 (ICAM1)) cell population, expressing the preadipocyte 

marker Pref1 and several adipocyte markers such as Pparg, Fabp4, and Cd36 (Merrick et al., 
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2019). Cluster 3 is defined as the CD142+ subpopulation, expressing genes such as F3 (en-

coding CD142), Clec11a, and Fmo2 (Merrick et al., 2019; Schwalie et al., 2018). The role of 

the CD142+ subpopulation in adipogenesis is controversial. While some studies suggest that 

CD142+ cells inhibit adipogenesis both in vivo and in vitro, others propose that they can differ-

entiate into mature adipocytes. These discrepancies may be attributed to different FACS strat-

egies employed for cell purification and the age of mice used in the studies (Merrick et al., 

2019; Schwalie et al., 2018). In particular, Schwalie et al. find that CD142+ cells inhibit adipo-

genesis in adult mice, as demonstrated by reduced differentiation of preadipocytes to lipid-

laden adipocytes in ex vivo cell culture experiments. Furthermore, they transplant Matrigel 

plugs containing or lacking Aregs into mice and show that Aregs reduced the development of 

mature adipocytes within the transplanted Matrigel plugs in comparison to the Areg-depleted 

Matrigel plugs. (Schwalie et al., 2018). Transcriptomic data confirm that Aregs have a non-

adipogenic nature since the genes related to adipogenesis, such as Pparg, Fasn, Fabp4, Lpl, 

and Fabp12, are significantly reduced in these cells (Rosen and Spiegelman, 2014; Schwalie 

et al., 2018). However, transplantation experiments performed by Merrick et al. on 10-day-old 

mice demonstrate an interconversion of CD142+ cells into ICAM1+ cells. Furthermore, no inhi-

bition of adipogenesis is observed in postnatal mice both in vivo and in vitro (Merrick et al., 

2019). In summary, Aregs can be identified as CD142+ cells within the lineage-negative/SCA1+ 

(Lin-/SCA1+) SVF cells, and they seem to exert an inhibitory effect on the adipogenesis of 

APCs in adult mice. Furthermore, the developmental trajectory of CD55+ adipocyte stem cells 

and VAP1+ preadipocytes is gaining attention as a promising tool to gain new insights into 

adipocyte development. 

Recent studies on the adipose tissue of iWAT and eWAT have demonstrated distinct subpop-

ulation compositions and alterations associated with obesity. The frequency of the CD142+ 

subpopulation is significantly elevated in eWAT of obese mice (Merrick et al., 2019; Schwalie 

et al., 2018). However, iWAT of diet-induced obese mice does not show an increase in the 

CD142+ frequency (Merrick et al., 2019). In a recent study, gene expression patterns of eWAT 

in lean and obese adult mice reveals significant changes in subpopulation expression associ-

ated with obesity. Specifically, the VAP1+ comparable subpopulations exhibit a decrease in the 

expression of genes involved in de novo lipogenesis, such as Fasn and Acaca, while general 

adipocyte markers, such as Pparg, Lpl, and Fabp4, remain unchanged. Intriguingly, the 

CD142+ population demonstrates a reduction in the expression of adipogenesis inhibitors, in-

cluding Ar, Sox9, and Pdgfra. Furthermore, this study supports a transition from CD142+ cells 

(early preadipocytes expressing adipocyte marker genes at low levels) to VAP1+ cells (late 

preadipocytes) (Sarvari et al., 2021). Additionally, recent studies have failed to prove an in-

crease of the CD142+ subpopulation in eWAT upon HFD feeding (Emont et al., 2022; Sarvari 

et al., 2021). These findings raise questions about the role of CD142+ cells in adipogenesis 
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and nutritional programming. Further research is required to gain a better understanding of the 

role of CD142+ cells in obesity. This research should include a comparison with previous find-

ings that indicated reduced adipogenic potential in APCs after prolonged HFD feeding (un-

published data). Furthermore, it is essential to investigate the effect of APCs on mitochondria 

in less differentiated mature adipocytes (Schottl et al., 2015a; Schottl et al., 2015b). Overall, 

during obesity, the eWAT is more prone to alterations in distinct SVF cell subpopulations and 

mitochondrial function than to the obesity-resilient iWAT. 

 

1.3 Effects of obesity on mitochondria 

Mitochondrial integrity is a crucial aspect of adipocyte physiology. The main function of mito-

chondria is to produce adenosine triphosphate (ATP), the primary energy source for the cell, 

through the oxidative phosphorylation (OXPHOS). In addition, mitochondria play a vital role in 

generating and neutralizing reactive oxygen species (ROS). They are essential in regulating 

apoptotic cell death, controlling intracellular calcium levels, synthesizing iron-sulfur clusters, 

and metabolite turnover (Brand and Nicholls, 2011; Stehling et al., 2014). Mitochondria in WAT 

are also involved in several processes such as lipogenesis, lipolysis, secretion of adipokines, 

and differentiation of adipocytes (De Pauw et al., 2009; Koh et al., 2007).  

Recent studies in rodent models have consistently demonstrated a reduction of mitochondrial 

integrity, content, and protein levels during obesity and type 2 diabetes (Fischer et al., 2015; 

Heinonen et al., 2017; Kusminski and Scherer, 2012; Mustelin et al., 2008; Schottl et al., 

2015b; Schottl et al., 2020; Wessels et al., 2019). Collectively, these changes have been de-

scribed as mitochondrial dysfunction and are implicated in the development of inflammation 

and insulin resistance in WAT (Woo et al., 2019). Notably, eWAT appears to be more suscep-

tible to these negative effects of obesity on mitochondrial bioenergetics and inflammation com-

pared to iWAT (Giordano et al., 2013; Gonzalez-Franquesa et al., 2022; Schmitz et al., 2016; 

Schottl et al., 2015b). Furthermore, the immunometabolic crosstalk between adipocytes and 

macrophages is compromised in the eWAT of obese mice. HFD feeding reduces the expres-

sion of heparin sulfates on WAT macrophages, resulting in reduced mitochondrial transfer from 

adipocytes to macrophages. This, in turn, affects metabolic homeostasis and leads to a per-

sistent immune response (Brestoff et al., 2021; Schmitz et al., 2016). Indeed, experimental 

disruptions in mitochondrial gene homeostasis compromise WAT size, metabolism, and mito-

chondrial structure (Gonzalez-Franquesa et al., 2022; Kusminski et al., 2012; Vernochet et al., 

2012). In line, perturbing mitochondrial fission and fusion results in decreased mitochondrial 

bioenergetics in obese WAT (Tol et al., 2016). Long-term consumption of HFD has been shown 

to have particularly negative effects on epididymal mitochondria, which cannot be reverted by 
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short-term low-fat control diet (CD) interventions (Schottl et al., 2015b). Furthermore, the abun-

dance of mitochondrial membrane proteins is strongly downregulated upon HFD consumption, 

which particularly affects OXPHOS processes (Schottl et al., 2020). Thereby, a functional com-

plex I and a proper ROS production at complex III are also required for the adipocyte differen-

tiation (Lu et al., 2010; Tormos et al., 2011). 

Depending on their persistence, the phenomena described above are assumed to play a role 

in body mass cycling. The underlying mechanisms remain largely unknown, but persistent al-

terations may contribute to poor long-term outcomes (Anderson et al., 2001; Freedhoff and 

Hall, 2016; Wing and Hill, 2001). Defining standard thresholds for body mass cycling is still 

lacking, and the level of susceptibility to additional body mass gain as a result of body mass 

cycling remains controversial (Cutter et al., 1996; National, 1994). Studies investigating body 

mass cycling in athletes and identical twins with at least one episode of body mass loss have 

demonstrated a negative impact on body mass compared to non-athletes or non-dieting co-

twins (Pietilainen et al., 2012; Saarni et al., 2006). Additionally, twin studies have revealed a 

downregulation of mitochondrial transcripts and expression of mitochondrial OXPHOS proteins 

in obese compared to non-obese co-twins (Heinonen et al., 2017; Mustelin et al., 2008). The 

potential underlying mechanisms are multifaceted, but evidence in both mice and humans sup-

ports the role of mitochondria in the context of body mass cycling (Heinonen et al., 2017; 

Kusminski and Scherer, 2012; Mustelin et al., 2008; Schottl et al., 2015b; Schottl et al., 2020; 

Wessels et al., 2019), rather than just the re-partitioning of lean mass and fat mass (Dulloo, 

2021; Keys et al., 1950; Pasquet and Apfelbaum, 1994; Pasquet et al., 1992). These findings 

underscore the importance of further investigating the role of mitochondria in body mass cy-

cling. 

 

1.4 Research objectives 

This thesis investigated the underlying mechanisms of obesity-related WAT adaptations and 

their associated health risks by exploring the concept of nutritional programming. Despite con-

siderable research on the central regulation and metabolism of obesity, the impact of nutritional 

programming on the growth and metabolism of WAT during body mass cycling remains incom-

plete (MacLean et al., 2015; MacLean et al., 2006). The primary focus of this thesis was to 

examine the effects of various diet-induced changes on adipose tissue function in the homeo-

static control of body mass. As body mass is gained, lost, and regained during body mass 

cycling, the entire WAT depot must adapt to the fluctuations in stored energy (Lee et al., 2010). 

The recurrent body mass fluctuations may render adipose tissue more susceptible to increased 

uptake and storage of ingested energy, leading to metabolic complications. We hypothesized 
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that nutritional programming of the adipogenic potential of progenitor cells and the mitochon-

drial functionality in mature adipocytes exacerbated body mass regain and intensified meta-

bolic aberrations after re-exposure to an obesogenic diet. Furthermore, we proposed that nu-

tritional programming played a critical role in these metabolic adaptations of adipose tissue via 

caloric density and macronutrient composition of diets. We tested two mechanism-based hy-

potheses of how nutritional programming affected adipose tissue metabolism in response to 

HFD feeding and body mass loss:  

1) HFD feeding altered the adipogenic potential of APCs, thereby limiting the expandabil-

ity of the intra-abdominal eWAT depot. 

2) HFD feeding induced long-term deficiencies in mitochondrial function of mature adipo-

cytes, independent of body mass and adiposity. 

To investigate the adipogenic potential, we evaluated the effects of HFD and short-term diet-

induced obesity reduction on SVF cell proliferation in mice. We determined if HFD-induced 

changes in progenitor cell proliferation were reversible by low-fat diet or calorie-restricted pair-

fed (pf) HFD feeding. In addition, we investigated whether HFD resulted in a depletion or si-

lencing of the progenitor cell pool. To examine the effects of HFD on mitochondrial function, 

we studied the long-term effects of HFD feeding on adipocyte mitochondrial function after a 

full recovery from obesity. We assessed whether HFD-induced changes in mitochondrial func-

tion were persistent and could increase propensity to obesity and represent a novel mecha-

nism of nutritional programming. 

This thesis investigated the cellular composition of SVF cells in obese mice, and for the first 

time, we demonstrated that a reversible reduction in adipogenic potential occurred at the level 

of adipogenic stem and precursor cells. However, we did not observe an improvement in HFD-

induced mitochondrial function and abundance, even after full remission from obesity. Taken 

together, the rapid recovery of adipogenic potential combined with the persistent reduction in 

mitochondrial function may promote body mass regain in mice.  
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2 Material and Methods 

A detailed list of chemicals, consumables, and equipment used can be found in the appendix. 

Relevant materials are mentioned in the methods section. 

 

2.1 Animals 

All male wild-type C57BL/6N mice were bred in a specific-pathogen-free animal facility at the 

Technical University of Munich registered at the local authorities according to §11 of the Ger-

man Animal Welfare Act (AZ32-568, 01/22/2015). The mice were housed in groups of 2 – 3 in 

individual ventilated cages at an ambient temperature of 23 °C ± 1 °C on a 12/12 hour (h) 

light/dark cycle (5:00 am/pm CET) with ad libitum access to water and food.  

All animal experiments were conducted in accordance with German animal welfare law and 

with the permission of the Government of Upper Bavaria (Regierung von Oberbayern, refer-

ence number Az. ROB-55.2.1.54-2532.Vet_02-19-84). At 8 weeks of age, male mice were 

switched from chow diet (Ssniff, V1124-3M-Z) to a purified research control diet (CD, 12 kJ% 

fat, Ssniff, SS745-E702, Table 1) and assigned to experimental groups. At 12 weeks of age, 

non-control mice were switched to a high-fat diet (HFD, 48 kJ% fat, Ssniff, SS745-E712, Table 

1).  

Table 1: Nutrient composition of diets. 

 CD HFD 

Metabolized energy 

[MJ/kg] 

Protein [MJ%] 

Fat [MJ%] 

Carbohydrate [MJ%] 

15.3 

 

23 

13 

64 

19.7 

 

18 

48 

34 

Total protein [g/kg] 

Casein 

240 

240 

240 

240 

Total fat [g/kg] 

Soybean oil 

Palm oil 

50 

50 

- 

250 

50 

200 

Total carbohydrate [g/kg] 

Corn starch 

Maltodextrin 

Sucrose 

Cellulose 

634 

478 

56 

50 

50 

434 

278 

56 

50 

50 
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Other [g/kg] 

L-cystine 

Choline chloride 

Vitamins 

Minerals 

76 

2 

2 

12 

60 

76 

2 

2 

12 

60 

 

2.1.1 Animal experimentation protocol for studying the adipogenic potential of 

primary adipocytes 

It was previously demonstrated that the epididymal white adipose tissue (eWAT) of male 

C57BL mice reaches a plateau in mass expansion at a body mass of 40 g (van Beek et al., 

2015). To investigate the effect of reduced mass expansion on primary adipocytes, mice were 

fed HFD until they reached a body mass greater than 40 g. Based on their assigned experi-

mental group (Figure 1), the diet was switched to CD one week before the end of the experi-

ment for the HFD-CD group. The mice in the HFD-pfHFD group were pair-fed (pf) with HFD 

one week before the end of the experiment. They received the same caloric intake as the 

average caloric intake of the experimental mice in the HFD-CD group receiving CD for one 

week.  

 

Figure 1: Overview of animal experimentation protocol for studying the adipogenic potential of 
primary adipocytes. Mice were fed a chow diet until the age of 8 weeks, followed by a control diet (CD) 
for 4 weeks. Mice in the high-fat diet (HFD) group were fed a HFD until they reached a minimum body 
mass of 40 g before their diet was switched to either CD or pair-fed (pf) HFD for one week in the HFD-
CD and HFD-pfHFD groups. A subset of mice were injected with 5-ethynyl-2’-deoxyuridine (EdU) during 
the last seven days of the experiment. 

Unless stated otherwise, body mass was determined weekly until the end of the experiment. 

Body composition was analyzed using nuclear magnetic resonance spectroscopy (The Min-

ispec mq7.5, Bruker BioSpin GmbH) at 12 weeks of age, seven days before death, and at day 

of death. 

HFD

HFD

pfHFD

CD

age 
[weeks]

8 9 10 11 12 … …

CD

…

diet

HFD

… 40 g 40 g + 1 week

body mass

NMR 

CD

organ
removal

*******

* EdU
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To investigate the proliferation of stromal-vascular fraction (SVF) cells, mice were injected in-

traperitoneally with 20 mg/kg 5-ethynyl-2’-deoxyuridine (EdU) for seven days until death (* = in-

jection, Figure 1). Body mass was determined daily.  

 

2.1.2 Animal experimentation protocol for investigating the mitochondrial capac-

ity of mature adipocytes 

To examine the persistent effects of obesity after complete remission from obesity, mice were 

fed either CD or HFD for 24 weeks (Figure 2). After this period, the HFD-CD group (CD remis-

sion group) and the HFD-CD-HFD group (HFD refeeding group) received CD for eight weeks, 

while the CD groups and the HFD group stayed on their previous diet. The remaining CD mice 

and the HFD-CD-HFD group were fed HFD for 12 weeks. Subsequently, all mice were killed 

and dissected.  

HFD

HFD

CD

CD HFD

CD

age 
[weeks]

8 12 16 20 24 28

organ
removal

32

CD

36

diet

CD

HFD

40 44 48 52 56

body mass

NMR

CD

HFD

organ
removal

 

Figure 2: Overview of animal experimentation protocol for examining the mitochondrial capacity 
of mature adipocytes. The mice were initially fed a chow diet until they reached 8 weeks of age, after 
which they were fed a control diet (CD) for 4 weeks. Subsequently, the high-fat diet (HFD) groups were 
fed a HFD for either 24 weeks (HFD-CD and HFD-CD-HFD groups) or 32 weeks (HFD group), followed 
by CD feeding in the HFD-CD and HFD-CD-HFD groups for 8 weeks. The HFD-CD-HFD and CD-HFD 
groups were subsequently (re)fed with HFD for 12 weeks. 

Body mass was determined weekly until the end of the experiment. Body composition was 

analyzed using nuclear magnetic resonance spectroscopy every four weeks from 12 to 

36 weeks of age, followed by biweekly measurements until the end of the experiment. 

 

2.2 Histology of murine white adipose tissue 

Mice were killed by cervical dislocation and sampled eWAT and iWAT were weighed and in-

cubated for 72 h in 4 % (v/v) formaldehyde at room temperature. Afterward, tissues were trans-

ferred to 70 % (v/v) ethanol (EtOH) until they were dehydrated. Tissues were automatically 
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dehydrated for 12 h using sequential 60 minutes (min) units per solvent (70 % (v/v) EtOH, 

70 % (v/v) EtOH, 80 % (v/v) EtOH, 96 % (v/v) EtOH, 96 % (v/v) EtOH, 96 % (v/v) EtOH, 100 % 

(v/v) EtOH, 100 % (v/v) EtOH, 100 % (v/v) EtOH, 100 % (v/v) Xylene, 100 % (v/v) Xylene, 

100 % (v/v) Paraffin, 100 % (v/v) Paraffin) in a tissue processing machine (Leica TP1020). 

Tissues were then embedded in paraffin using a Leica EG1150C embedding machine and 

stored at room temperature until further processing. 

The embedded WAT was sliced into 5 µm thick slices using a Leica RM2255 microtome for 

Hematoxylin & Eosin (HE) staining. The slices were placed in a 37 °C water bath until the 

wrinkles smoothened out, then transferred to Superfrost® microscope slides and dried for a 

minimum of 12 h. Before the staining procedure, the slides were deparaffinized by pretreat-

ment in a heating chamber for 20 min at 60 °C. Next, the slides were placed in a Leica ST5020 

Multistainer and stained using the HE staining program (Table 2) before being mounted using 

mounting medium and coverslips.  

Table 2: HE staining program. 

Step Solution Duration [min] 

1 Xylene 3 

2 Xylene 3 

3 100 % (v/v) EtOH 2 

4 96 % (v/v) EtOH 2 

5 70 % (v/v) EtOH 1 

6 ddH2O 1 

7 Hematoxylin 4 

8 Tap water 2 

9 Eosin 2 

10 70 % (v/v) EtOH 1 

11 96 % (v/v) EtOH 1 

12 100 % (v/v) EtOH 1 

13 100 % (v/v) EtOH 1.5 

14 Xylene/Alcohol 1.5 

15 Xylene 1 

16 Xylene 2 

After drying and cleaning of the mounted slides, pictures were taken at 20x magnification using 

a microscope equipped with a scanner (M8, PreciPoint) and ViewPoint software (Version 

1.0.0.8712, PreciPoint). The analysis of adipocyte diameter and number was performed using 

the ImageJ plugin Adiposoft. To do this, the pictures were divided into randomly chosen sec-
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tions with the same zoom (60x) covering approximately 1/3 of each slide in total. The param-

eters "Auto mode" and "Exclude on edges" were selected. The Adiposoft output was converted 

from pixel to unit µm. The "Minimum diameter" was set to 3 µm and the "Maximum diameter" 

to 150 µm. The mean adipocyte diameter and mean adipocyte number was each calculated 

per tissue and mouse. 

 

2.3 Isolation of murine stromal-vascular fraction cells 

Mice were killed by cervical dislocation for cell culture and flow cytometry experiments with 

unfixed cells. For experiments with EdU-injected mice, the mice were killed by CO2 asphyxia-

tion in a closed tank, followed by a cut through the diaphragm. The EdU-injected mice were 

then perfused with 50 ml of phosphate-buffered saline (PBS). iWAT and eWAT were collected, 

weighed, and stored in PBS (with antibiotics for cell culture experiments) separately until the 

isolation of SVF cells started. For cell culture experiments, SVF cells from three individual mice 

per feeding regime were pooled in one experiment, with SVF cells from 1.5 mice isolated to-

gether in the same tube. 

Prior to experimentation, PBS with antibiotics, wash medium, isolation medium, and culture 

medium were prepared for cell culture experiments. For flow cytometry experiments, isolation 

medium, red blood cell lysis buffer, culture medium, and fluorescence-activated cell sorting 

(FACS) buffer were also prepared (Table 3). Wash medium, isolation medium, red blood cell 

lysis buffer, and culture medium were pre-warmed to 37 °C. 

Table 3: Media and buffer composition for SVF cell isolation. 

Solution Reagent Stock Concentra-

tion 

Final Concentra-

tion 

PBS with antibiotics PBS n/a n/a 

 Gentamycin 10 mg/ml 40 µg/ml 

 Penicillin/Streptomy-

cin 

10000 units/ml, 

10 mg/ml 

40 units/ml, 40 µg/ml 

Isolation medium* 1x HBSS w/o Mg2+ 

and Ca2+ 

n/a n/a 

 Albumin Fraction V n/a 3.5 % (w/v) 

 Glucose n/a 0.55 mM 

 Collagenase Type I n/a 1 mg/ml 

 Gentamycin 10 mg/ml 40 µg/ml 

 Penicillin/Streptomy-

cin 

10000 units/ml, 

10 mg/ml 

40 units/ml, 40 µg/ml 
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 Amphotericin B 250 µg/ml 500 ng/ml 

Wash medium* 1x HBSS w/o Mg2+ 

and Ca2+ 

n/a n/a 

 Albumin Fraction V n/a 3.5 % (w/v) 

Culture medium DMEM high glucose n/a n/a 

 FBS n/a 20 % (v/v)  

(cell culture) 

10 % (v/v)  

(flow cytometry) 

 Gentamycin 10 mg/ml 40 µg/ml 

 Penicillin/Streptomy-

cin 

10000 units/ml, 

10 mg/ml 

40 units/ml, 40 µg/ml 

Red blood cell lysis 

buffer*,** 

ddH2O n/a n/a 

 K2HPO4 n/a 10 mM 

 EDTA 500 mM 0.1 mM 

 NH4Cl  n/a 154 mM 

FACS buffer* PBS n/a n/a 

 FBS n/a 3 % (v/v) 

 Penicillin/Streptomy-

cin 

10000 units/ml, 

10 mg/ml 

1 % (v/v) 

 EDTA 500 mM 1 mM 

*Solutions were sterilize using a 0.22 µm filter. 

**Solution adjust to pH 7.3. 

The dissected tissue was minced with approximately 6 ml collagenase-containing isolation 

medium in a 15 ml tube using surgical scissors. Afterward, iWAT was digested for 80 min and 

eWAT for 40 min at 37 °C with continuous vortex mixing (120 rpm) and intermittent shaking 

(300 rpm for one minute every 10 minutes). After complete digestion, the cell suspension was 

filtered through a 250 µm pore-size nylon mesh into a new tube. The nylon mesh was washed 

with 6 ml of wash medium (cell culture experiment) or 6 ml of culture medium (flow cytometer 

experiment) to stop collagenase activity. SVF cells were centrifuged at 250 g for 5 min, followed 

by vigorously shaking and a second centrifugation step to fully separate SVF cells from primary 

adipocytes. The floating fraction, composted of mature adipocytes, was discarded. The pellet 

containing the SVF cells was resuspended in 2 ml of red blood cell lysis buffer and incubated 

for 5 min at room temperature for flow cytometry experiments. Following the incubation period, 

the cells were passed through a 40 µM pore-size cell strainer in a 50 ml tube before adjusting 
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the volume with ice-cold FACS buffer to a final volume of 10 ml. The cells were centrifuged at 

500 g for 5 min, and the supernatant was aspirated. The pellet was resuspended with 1 ml of 

culture medium for cell culture experiments or 2 ml of FACS buffer for flow cytometry experi-

ments.  

 

2.4 Cell culture of murine white stromal-vascular fraction cells 

For in vitro cell culture experiments, SVF cells isolated from iWAT and eWAT were used. The 

appropriate medium (Table 4) was freshly prepared and pre-warmed to 37 °C. To ensure 

equivalent cell seeding for the four dietary groups per experiment, the adenosine triphosphate 

(ATP) concentration was utilized as a surrogate marker for cell number. For this purpose, the 

CellTiter-Glo® Luminescent Cell Viability Assay (Promega) was applied. Reagents were pre-

pared as stated in the protocol of the manufacture. 50 µl of CellTiter-Glo® Reagent was added 

to 50 µl of 1:4 diluted cells (total dilution 1:8). The mixture was mixed with an orbital shaker at 

120 rpm for 2 min in the dark at room temperature. Afterward, the tube contents were vortexed, 

and the luminescent signal was immediately quantified (delay time: 10 seconds (sec), integra-

tion time: 1 sec, per tube) using a luminometer FB12 (Berthold Detection Systems).  

Following the determination of cell numbers via ATP measurement, the remaining cells were 

centrifuged at 500 g for 5 min and the supernatant was aspirated. Then, the cell pellet was 

resuspended in the appropriate volume of culture medium. Equal cell numbers were seeded 

into two 12-well cell culture plates (with equivalent ATP concentrations for all four dietary 

groups of one experiment/replicate). Cell attachment to the plates occurred within 3 – 4 h. The 

media was removed from the wells, and the cells were rinsed with pre-warmed PBS. PBS was 

aspirated, and fresh culture medium was added to the wells. The culture medium was replaced 

approximately 14 – 16 h later, and subsequently every 24 h until confluence was reached. 

Upon reaching confluence within one to three days, the differentiation was induced with induc-

tion medium for 48 h and continued for the following six days with differentiation medium that 

was changed every 48 h. Images were taken at the end of the experiment. 

Table 4: Media composition for cell culture experiments. 

Media Reagent Stock Concentra-

tion 

Final Concentra-

tion 

Culture medium DMEM high glucose n/a n/a 

 FBS n/a 20 % (v/v)  

 Gentamycin 10 mg/ml 40 µg/ml 

 

 

Penicillin/Streptomy-

cin 

10000 units/ml, 

10 mg/ml 

40 units/ml, 40 µg/ml 
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Induction medium DMEM high glucose  n/a n/a 

 FBS n/a 10 % (v/v)  

 Gentamycin 10 mg/ml 40 µg/ml 

 Penicillin/Streptomy-

cin 

10000 units/ml, 

10 mg/ml 

40 units/ml, 40 µg/ml 

 Insulin 10 mg/ml  850 nM 

 T3  n/a 1 nM 

 Isobutylmethylxan-

thine  

n/a 500 µM 

 Indometacin  n/a 125 µM 

 Dexamethason  n/a 1 µM 

 Rosiglitazone  n/a 1 μM 

Differentiation me-

dium 

DMEM high glucose n/a n/a 

 FBS n/a 10 % (v/v)  

 Gentamycin 10 mg/ml 40 µg/ml 

 Penicillin/Streptomy-

cin 

10000 units/ml, 

10 mg/ml 

40 units/ml, 40 µg/ml 

 Insulin 10 mg/ml  850 nM 

 T3  n/a 1 nM 

 Rosiglitazone  n/a 1 μM 

 

2.5 Lipid droplet staining and quantification 

The degree of differentiation of intracellular neutral lipids (lipid droplets) was visualized at the 

end of the in vitro culture experiment through staining with Oil Red O (Sigma-Aldrich). To pre-

pare the staining solution, a 0.5 % (w/v) concentrated Oil Red O stock solution was prepared 

in 100 % (v/v) isopropanol. After proper mixing, the solution was allowed to rest for 20 min 

before being filtered through a 0.45 µm filter. For staining, the cells were washed twice in their 

cell culture plate with PBS and then fixed with 3.7 % (v/v) formaldehyde for 1 h. A working 

solution was generated by mixing 3 parts of the Oil Red O stock solution with 2 parts deionized 

water (dH2O) and filtering the mixture through a 0.22 µm filter. Afterward, the fixed cells were 

rinsed twice with dH2O and incubated for 5 min in 60 % (v/v) isopropanol. Isopropanol was 

removed, and the cells were incubated for 1 h with 1 ml of the Oil Red O working solution per 

cell culture well. After two rinsing steps with dH2O, the stained lipid droplets were recorded 

using a light microscope (Olympus FluoView FV10i) with bright-field (20X magnification). 
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To determine the number and distribution of lipid droplets (mean area [µm2]) in fully differenti-

ated adipocyte cultures, bright-field images (20X magnification) of unstained lipid droplets were 

acquired using a light microscope (Olympus FluoView FV10i).These images were automati-

cally analyzed through the use of a validated pattern recognition algorithm for lipid droplets 

(WimLipid) on the image analysis platform Wimasis (Onimagin Technologies). 

 

2.6 Total RNA isolation of murine white adipose tissue and cultured 

adipocytes 

Total ribonucleic acid (RNA) was isolated from tissue or cell homogenates using the SV Total 

RNA Isolation System (Promega) modified for use with fat rich samples. Solutions and rea-

gents were prepared according to the instructions of the manufacturer. To do so, tissue sam-

ples were snap-frozen with liquid nitrogen and ground into tissue powder using a mortar and 

pestle. Approximately 100 mg of the resulting powder was transferred to a 5 ml tube with 1 ml 

of TRIsure (BioLine) and homogenized using an Ultra-Turrax D-1 disperser (Miccra GmbH) for 

~20 sec. For the preparation of a homogenate from adherent cells in culture, media was re-

moved and the cells were washed once with PBS. After aspirating PBS, the cells were scraped 

by pipetting and scratching from the plate and lysed in TRIsure (400 μl/well for a 12-well cell 

culture plate). The tissue or cell homogenate was further incubated for 5 min at room temper-

ature with TRIsure. Afterward, the cells were centrifuged at 2500 g for 5 min and 4 °C. The 

fraction without the formed pellet or floating fat layer was transferred to a fresh tube containing 

chloroform in a TRIsure:chloroform ratio of 5:1. The mixture was thoroughly shaken by hand 

for 15 sec, incubated for 2 min at room temperature, and centrifuged at 12,000 g for 15 min 

and 4 °C. The sample separated into a pale greenish phenol-chloroform phase, a whitish in-

terphase with proteins and deoxyribonucleic acid (DNA), and a colorless watery phase on top 

that contained the RNA. The RNA fraction was mixed with 500 µl of 75 % (v/v) EtOH in dieth-

ylpyrocarbonate (DEPC) water (tissue homogenate) or 200 µl of 75 % (v/v) EtOH in DEPC 

water (cell culture homogenate). 700 µl of the prepared sample was added to a spin column 

provided in the kit system, centrifuged at 8000 g for 15 sec at room temperature. The flow-

through was discarded and the remaining sample was added onto the same column. After 

centrifugation (centrifugation 12000 g, 1 min), the columns with attached RNA were transferred 

to fresh tubes and washed with 600 µl of EtOH-containing RNA-Wash-Solution (centrifugation 

12000 g, 1min). On-column DNA-digestion was performed for 15 min at room temperature with 

a DNase-mix prepared according to the kit protocol (40 µl Yellow Core Buffer, 5 µl MnCl2, and 

5 µl DNase I per sample). Afterward, the column was washed with 200 µl of DNase Stop So-

lution (centrifugation 12000 g, 1 min), 600 µl of EtOH-containing RNA-Wash-Solution (centrif-
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ugation 12000 g, 1 min), and a second time with 250 μl of ethanol-containing RNA-Wash-So-

lution (centrifugation 12000 g, 2 min). All flow-throughs were discarded. RNA was eluted with 

nuclease free water into a fresh tube. For tissue samples, 50 µl of nuclease-free water was 

directly added to the column and those tubes were centrifuged at 12000 g for 1 min. For cell 

culture samples, 30 µl of nuclease-free water was directly added to the column and incubated 

for 10 min at room temperature before centrifugation at 12000 g for 1 min. For higher RNA 

yields, the eluate was added to the column again and centrifuged at 12000 g for 1 min. The 

final concentration of purified RNA samples was determined spectrophotometrically using a 

TECAN InfiniteM2000 NanoQuant (Tecan Group Ltd.). RNA samples were stored at – 80 °C 

for future analyses. 

 

2.7 Gene expression 

Reverse transcription of RNA into complementary DNA (cDNA) was carried out using the 

SensiFASTTM cDNA Synthesis kit (BioLine). 1 µg of total RNA was prepared with 4 μl of 5x 

TransAmp buffer, 1 μl of reserve transcriptase, and DNase/RNase free-water up to a final 

volume of 20 μl. Reverse transcription was conducted in a thermal cycler using the following 

program (Table 5): 

Table 5: Program for cDNA synthesis. 

Step Temperature Duration 

Primer annealing 25 °C 10 min 

Reverse transcription 42 °C 15 min 

Inactivation 85 °C 5 min 

Cooling 4 °C ∞ 

Samples were diluted 1:10 with DNase/RNase free-water and stored at – 20 °C. 

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using the Sen-

siMix SYBR® No-ROX Kit system (BioLine). A small fraction of all cDNA samples was pooled 

and serially diluted (1:2) until a final dilution of 1:256 (cell culture) or 1:512 (tissue) was 

achieved to create a standard curve. 1 μl of 1:10 diluted cDNA from all investigated samples 

(Primers listed in Table 6) was added to a 384-well plate (4titude) in a volume of 11.5 μl of 

reaction mix per well (6.25 μl 2x SensiMix SYBR® No-ROX master mix, 0.03125 μl forward 

primer [100 μM], 0.03125 μl reverse primer [100 μM], 5.1875 μl nuclease-free water). Standard 

samples were run in duplicates, and target samples in triplicates. 
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Table 6: Primers of target genes. 

Target 
gene 

5' - 3' forward primer [100 μM]  
(Eurofines Genomics) 

5' - 3' reverse primer [100 μM] 
(Eurofines Genomics) 

Acc TTTTCGATGTCCTCCCAAAC ACATTCTGTTTAGCGTGGGG 

Adipoq CTTGTGCAGGTTGGATGGC CAGCTCCTGTCATTCCAACA 

Atgl GGAAATTGGGTGACCATCTG AAGGCCACATTGGTGCAG 

Fabp4 GAAAGAAGTGGGAGTGGGCTT CCCCGCCATCTAGGGTTATG 

Fasn TTGCTGGCACTACAGAATGC GCATTCAGAATCGTGGCATA 

Hsl GCTTGGTTCAACTGGAGAGC GCCTAGTGCCTTCTGGTCTG 

Plin1 GAGACTGAGGTGGCGGTCTG ATCCTTACTCTCCACGCTGTAACAC 

Pparg TCAGCTCTGTGGACCTCTCC ACCCTTGCATCCTTCACAAG 

Pref-1 TGTCAATGGAGTCTGCAAGG CTTTCCAGAGAACCCAGGTG 

Srebp1c GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT 

TfIIb TGGAGATTTGTCCACCATGA GAATTGCCAAACTCATCAAAACT 

RT-qPCR reactions (Table 7) were performed on a LightCycler 480 II (Roche). Transcript 

abundances were calculated using the absolute values of the standard curve, with general 

transcription factor II B (TfIIb) as housekeeper gene and all expression values normalized ac-

cordingly. 

Table 7: Program for RT-qPCR for cDNA. 

Step Temperature Duration 

Initial denaturation 95 °C 7 min 

Denaturation 97 °C 10 sec 

Annealing 53 °C 15 sec 

Extension 72 °C 20 sec 

Melting curve 60 °C – 95 °C  

Cooling 4 °C ∞ 

 

2.8 Flow Cytometry 

Cells were isolated following the protocol described in Section 2.3 (Isolation of murine stromal-

vascular fraction cells) and resuspended in 2 ml of FACS buffer. A 20 µl aliquot of cell suspen-

sion was mixed with an equal volume of 0.4 % (v/v) trypan blue for the purpose of identifying 

dead cells. The viability of the cells was then determined using an automated cell counter 

(BioRad) to ensure equal numbers of intact cells per well for subsequent staining procedures. 

The cells were diluted to a final concentration of 5*106 cells/ml in ice-cold FACS buffer (Table 

3) and transferred to a 96-well V-bottom plate for staining. 

45 cycles 
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2.8.1 Surface staining 

After centrifugation at 300 g for 3 min, the supernatant was aspirated and the cells were incu-

bated in 50 µl of FACS buffer containing a 1:10 dilution of Fc Block (Miltenyi Biotec, 130-092-

575) for 10 min at 4 °C. After centrifugation at 300 g for 3 min at 4 °C, the Fc Block solution 

was discarded and the cells were incubated with a primary antibody Master-Mix (Table 8) in 

FACS buffer (30 µl/well) for 20 min. 

Table 8: Composition of primary antibody Master-Mix for live cell staining. 

Primary antibody Cat# Source Dilution factor 

CD31-AF488  102513 BioLegend 1:600 

CD45-AF488  103121 BioLegend 1:600 

Ter119-AF488  116215 BioLegend 1:600 

SCA1-PE-Cy7 122513 BioLegend 1:600 

VAP1 conjugated to 

Lightning-Link Cy5.5 

(Innova Biosciences) 

ab81673 abcam 1:50 

CD55 conjugated to 

Lightning-Link PE 

(Innova Biosciences) 

131802 BioLegend 1:1000 

CD142 conjugated 

to Lightning-Link 

APC (Innova Biosci-

ences) 

50413-R001 SinoBiological 1:350 

The cells were washed twice with 100 µl of FACS buffer (centrifugation 300 g, 3 min, 4 °C) and 

resuspended in fresh FACS buffer. Prior to analysis, the samples were incubated with DAPI 

(final dilution: 1:2500, Sigma-Aldrich, D9542) at room temperature for 5 min to stain the nuclei 

of deceased cells. Unless otherwise stated, the cells were maintained on ice and in darkness. 

Fluorescence minus one (FMO) staining was performed to ensure the specificity of the ac-

quired data. The immunofluorescence signals of the samples were subsequently quantified 

using a multicolor flow cytometer (BD LSRFortessaTM) (gating strategy: Figure S1). 

 

2.8.2 Co-staining with intracellular staining 

The SVF cells were centrifuged at 300 g for 3 min and supernatant was aspirated. Then, the 

cells were incubated with 50 µl of live/dead staining (1:1000 Zombie AquaTM, Biolegend, 

423101) for 10 min at room temperature. After this treatment, the cells were washed with 100 µl 

of FACS buffer (centrifugation 300 g, 3 min) and stained with the conjugated primary antibody 
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VAP1 (1:50 dilution; abcam, ab81673, conjugated to Lightning-Link Cy5.5, Innova Biosci-

ences)) in FACS buffer for 20 min to prevent non-specific intracellular staining. The cells were 

subsequently washed twice in 100 µl of FACS buffer (centrifugation 300 g, 3 min) and resus-

pended in 100 µl of IC fixation buffer (ThermoFisher Scientific) for 10 min. To permeabilize the 

cells, they were washed (centrifugation 400 g, 2 min, 4 °C) with 100 µl of 1x permeabilization 

buffer (ThermoFisher Scientific). For detecting EdU, the Click-iT® EdU Alexa Fluor™ 488 Im-

aging Kit (ThermoFisher Scientific) was used and components were prepared according to the 

protocol of the manufacturer. The cells were resuspended in 50 µl of the adapted Click-iT® 

reaction cocktail (Table 9) and incubated for 30 min at ambient temperature. 

Table 9: Adapted Click-iT® reaction cocktail for flow cytometry. 

Component Volume 

1x Click it reaction buffer (component D) 43.75 µl 

Copper protectant (component E) 1 µl 

Alexa Fluor picolyl azide (component B) 0.25 µl 

Reaction Buffer Additive (component F) 5 µl 

The cells were washed with 100 µl of 1x permeabilization buffer (centrifugation 400 g, 2 min, 

4 °C). Afterward, the cell pellets were dissolved in 50 µl of FACS buffer containing 1:10 Fc 

Block and incubated at 4 °C for 10 min. The Fc Block solution was removed (centrifugation 

400 g, 2 min, 4 °C) and the cells were incubated with a primary antibody Master-Mix (Table 

10) in 1x permeabilization buffer (30 µl/well) for 30 min. 

Table 10: Composition of primary antibody Master-Mix for co-staining. 

Primary antibody Cat# Source Dilution factor 

CD31-BV421  562939 BD 1:400 

CD45-BV421  103133 BioLegend 1:400 

Ter119-BV421  116233 BioLegend 1:400 

SCA1-PE-Cy7  122513 BioLegend 1:600 

CD55 conjugated to 

Lightning-Link PE 

(Innova Biosciences) 

ab81673 abcam 1:1000 

CD142 AF3178 R&D 1:350 

The cells were washed twice with 100 µl of 1x permeabilization buffer (centrifugation 400 g, 

2 min, 4 °C). Subsequently, the cells were treated with 30 µl of secondary donkey-anti goat 

antibody (1:600; Jackson Immunoresearch, 705-605-147) diluted in 1x permeabilization buffer 

for 20 min to detect CD142+ cells. The cells were again washed twice with 100 µl of 1x perme-

abilization buffer (centrifugation 400 g, 2 min, 4 °C) and resuspended in 100 µl of FACS buffer. 
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Unless stated otherwise, the cells were maintained on ice and in darkness. The samples and 

FMO controls were quantified using a multicolor flow cytometer (BD LSRFortessaTM) (gating 

strategy: Figure S2).  

 

2.9 3D imaging of proliferating preadipocytes in murine white adi-

pose tissue 

A distal tissue part of eWAT was obtained from mice perfused with PBS and fixed in 200 µl of 

IC fixation buffer (ThermoFisher Scientific) for 2 h at ambient temperature. Subsequently, the 

tissue sample was stored in a solution containing 25 % (v/v) fixation buffer in PBS at 4 °C for 

further processing. 

Tissue samples underwent clearing, staining and imaging processes by our collaborative part-

ner, Marie Goëss from the laboratory of Dr. Selina Keppler from the Institute for Clinical Chem-

istry and Pathobiochemistry at Technical University of Munich. The methodology for preparing 

and clearing the samples was previously described in detail (Hofmann et al., 2020).  

The tissue sample was treated with blocking buffer (PBS containing 1 % (v/v) FBS, 1 % (v/v) 

mouse serum (Jackson Immunoresearch, AB_2337194), 0.3 % (v/v) Triton X-100) for a mini-

mum of 12 h at 37 °C. Afterward, it was stained with Click-iT® EdU Alexa Fluor™ 488 Imaging 

Kit (ThermoFisher Scientific) as mentioned in the protocol of the manufacturer. The tissue was 

subsequently washed twice with 1 ml of 3 % bovine serum albumin (BSA) in PBS, and then 

fully immersed and incubated with an appropriate volume of Click-iT® reaction cocktail (Table 

11) for 30 min at room temperature.  

Table 11: Click-iT® reaction cocktail for 50 µl staining volume. 

Component Volume 

1x Click it reaction buffer (component D) 43 µl 

Copper protectant (component E) 2 µl 

Alexa Fluor picolyl azide (component B) 0.12 µl 

Reaction Buffer Additive (component F) 5 µl 

The tissue sample was further washed with 1 ml of 3 % BSA in PBS and stained with the 

following antibodies in blocking buffer for 72 h at 37 °C: CD45.2 (1:200 dilution, BioLegend, 

109850), SytoxTM Orange (1:50000 dilution, ThermoFisher Scientific, S34861), and CD31 

(1:200 dilution, BioLegend, 102415). Then, the tissue sample was washed in PBS with 0.2 % 

(v/v) Triton X-100 and 0.5 % (v/v) 1-thioglycerol for 24 h at 37 °C. The tissue sample was 

dehydrated by sequential treatment with ascending dilution series of isopropanol (30 %, 50 %, 

and 70 %; pH∼9) for 1 h each and for 2 h with 100 % isopropanol. The tissue was cleared 
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under visual inspection (< 1 h) using undiluted ethyl cinnamate. All staining steps were carried 

out in the dark.  

Imaging was conducted unsing an inverted Leica TCS SP8 confocal microscope with white 

light laser and HyD photodetectors, and an HC PL APO CS2 20 × /0.75 IMM objective (zoom 

factor of 1; Leica Microsystems). Images were deconvolved using the LIGHTNING module in 

Leica Application Suite X (Leica Microsystems). Contrast adjustment for display purposes and 

image analysis was performed using Imaris (Bitplane, version 9.5.1). Binary masking of the 

investigated cells was achieved with the Surface Creation Wizard function in Imaris. Cells of 

interest were assigned into two groups (1: vessel associated proliferating primary adipocytes; 

2: non-vessel associated proliferating primary adipocytes outside of crown-like structures) and 

were quantified manually.  

 

2.10 Isolation of murine mature adipocytes 

Mice were killed by cervical dislocation. iWAT and eWAT depots were dissected, weighed, and 

maintained in PBS until further processing. For respiratory measurements, total iWAT or eWAT 

were utilized. For immunoblotting and proteomics, exclusively one iWAT and eWAT depot 

were used. Tissue samples were mechanically minced using scissors and were subsequently 

subjected to collagenase digestion with 10 ml of isolation medium (Table 3) per tissue depot 

and mouse. Tissues were digested during shaking at 150 rpm for 30 min (iWAT, respiratory 

measurements), 25 min (iWAT, immunoblotting and proteomics), 20 min (eWAT, respiratory 

measurements), and 15 min (eWAT, immunoblotting and proteomics) at 37 °C. Any remaining 

tissue fragments were manually disrupted using a Pasteur pipette. The solution was filtered 

through a 250 μM nylon gauze to remove lymph nodes and undigested tissue. The gauze was 

rinsed with Sucrose/Tris/EGTA (STE)-buffer (250 mM sucrose, 5 mM Tris, 2 mM EGTA, 

pH = 7.4 at 4 °C, adjusted with HCl) containing 4 % (w/v) bovine serum albumin (BSA) (for 

respiratory measurements) or only STE-buffer (for immunoblotting and proteomics). After low-

speed centrifugation (300 g, 2 min), mature adipocytes accumulated on top of the liquid phase, 

while the SVF cells formed a pellet at the bottom. The SVF cells for immunoblotting experi-

ments were collected and washed twice with PBS (centrifugation 500 g, 5 min). Mature adipo-

cytes for respirometry measurements were washed twice with STE-buffer containing 4 % (w/v) 

BSA (centrifugation 300 g, 2 min), followed by two washing steps with STE-buffer containing 

4 % (w/v) essentially fatty-acid free BSA (centrifugation 300 g, 2 min). Mature adipocytes for 

non-respiratory measurements (immunoblotting and proteomics) were washed four times with 

STE-buffer (centrifugation 300 g, 2 min). The infranatants were thoroughly removed. The iso-

lated mature adipocytes for respirometry measurements were stored on ice until respiratory 
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measurements were performed (≤ 4 h). Adipocytes and SVF cells were snap-frozen and stored 

at - 80 °C for subsequent analysis. 

 

2.11 High resolution respirometry of murine mature adipocytes 

We employed high-resolution respirometry (Oxygraph-2k, OROBOROS INSTRUMENTS) to 

measure the oxygen consumption of isolated mature adipocytes. The adipocyte suspension, 

composed of 60 µl inguinal adipocytes or 80 µl epididymal adipocytes, was added with a cut 

pipette tip to 2 ml mitochondrial respiration buffer (MIR05) (110 mM Sucrose, 60 mM potassium 

lactobionate, 0.5 mM EGTA, 3 mM MgCl2 * 6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM 

HEPES, 1g/l BSA-essentially fatty acid free, pH 7.1 with 5 N KOH at 30 °C, (Gnaiger et al., 

2000)), supplemented with 5 mM succinate, pyruvate, and malate each. Stirrer speed was set 

to 750 rpm.  

Leak respiration (state 4) was induced by the addition of 20 µM α-chaconine, which effectively 

permeabilized the isolated mature adipocytes without causing cellular damage (data not 

shown). Maximal phosphorylating respiration (state 3) was elicited by the addition of 5 mM 

adenosine diphosphate (ADP), in the presence of aforementioned substrates. Background res-

piration was determined by the addition of 2.5 µM antimycin A (a complex III inhibitor) and 

subtracted from all respiratory state results obtained. After measurement, the permeabilized 

cells were frozen at – 20 °C for subsequent DNA quantification. The respiratory control ratio 

(RCR) was calculated by dividing state 3 by state 4 respiration to evaluate the integrity of the 

mitochondrial respiratory chain. All samples were analyzed in quadruplicate and the resulted 

mean values were utilized for analysis. 

DNA quantification of the adipocyte suspension obtained from respiratory measurements was 

performed using RT-qPCR targeting a unique region of genomic DNA (promotor resistin; 5' - 3' 

forward primer [100 μM]: ACCTCTCTTGGGGTCAGATGT (Eurofines Genomics), 5' - 3' re-

verse primer [100 μM]: CTGGGTATTAGCTCCTGTCCC (Eurofines Genomics)) in order to 

normalize the oxygen consumption rate to the DNA content [pmol O2/(s*μg DNA)]. The frozen 

permeabilized cells were thawed on ice. After thorough vortexing (> 10 sec), 100 μl of the 

adipocyte suspension were diluted 1:5 in lysis buffer (10 mM Tris, pH 8.3 adjusted with 6 N 

HCl, 50 mM KCl, 0.45 % (v/v) Nonidet P-40, 0.45 % (v/v) Tween 20, 0.2 mg/ml Proteinase K). 

The samples were digested during shaking at 1000 rpm for 1 h at 65 °C. Proteinase K was 

inactivated by heating (95 °C, 10 min), the samples were cooled on ice, and 2.25 volumes of 

phenol/chloroform/isoamyl alcohol (25:24:1) were added. The samples were inverted and 

shaken for 2 min and centrifuged (16000 g, 5 min) for phase separation. 1 µl of the extracted 

DNA from the upper hydrophilic phase was directly added to a 384-well plate containing 11.5 μl 



                                                                                                                 Material and Methods 

25 
 

of reaction mix per well (6.25 μl 2x SensiMix SYBR No-ROX® master mix, 0.03125 μl forward 

primer [100 μM], 0.03125 μl reverse primer [100 μM], 5.1875 μl nuclease-free water). The RT-

qPCR reaction (Table 12) was conducted on a LightCycler 480 II. A mouse genomic DNA 

standard series of known concentrations was used for calculating DNA concentrations of the 

adipocyte suspension. The standard samples were measured in duplicates and the adipocyte 

suspension samples in triplicates. 

Table 12: Program for RT-qPCR for genomic DNA. 

Step Temperature Duration 

Initial denaturation 97 °C 7 min 

Denaturation 97 °C 10 sec 

Annealing 59 °C 15 sec 

Extension 72 °C 20 sec 

Cooling 4 °C ∞ 

 

2.12 Citrate synthase activity 

The citrate synthase (CS) activity was determined as a surrogate measure for mitochondrial 

content. Isolated mature adipocytes were thawed on ice and diluted 1:25 in a CS lysis buffer 

(MIR05 supplemented with 1 % (v/v) Tween 20) to a final volume of 400 µl. Adipocytes were 

homogenized using an Ultra-Turrax homogenizer (30 sec. level 2, IKA). 10 µl of the adipocyte 

homogenate or CS-lysis buffer (negative control) was added to 240 μl of CS assay medium 

buffer (100 mM Tris, 1 mM EDTA, 1 mM MgCl2, adjusted pH 8.2 with HCl) containing freshly 

added 0.1 mM 5,5’dithiobis(2-nitrobenzoic) acid (DTNB) and 0.36 mM Acetyl-CoA. Measure-

ments were performed on a 96-well plate at an excitation wavelength of 412 nm (TECAN In-

finiteM2000 NanoQuant microplate reader) in triplicates at 30 °C. After shaking for 3 sec and 

measuring five kinetic cycles of 1 min, 50 µl of 3 mM oxaloacetate was injected per well. After 

shaking for 3 sec again, ten kinetic cycles of 1 min were measured. The enzyme activity was 

calculated by measuring the difference of absorption before and after the injection of oxalo-

acetate (by consideration of the dilution factor) and dividing it by the extinction coefficient of 

DTNB and the path length of the plate: 

CS activtiy [
U

μg
 DNA]  =

(slope after oxaloacetate − slope before oxaloacetate) ∗ dilution factor

extinction coefficent of DNTB ∗ path lenght of plate ∗  μg DNA
 

Dilution factor = 30. 
Extinction coefficient of DTNB = 13.6 ml * μmol-1 * cm-1 (Alexson and Nedergaard, 1988). 
Path length of plate filled with 300 μl suspension = 0.75 cm.  
DNA concentrations were determined as described in 2.11. 

45 cycles 
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2.13 Protein expression 

Total protein lysates of iWAT, eWAT, inguinal adipocytes, epididymal adipocytes, inguinal SVF 

cells, and epididymal SVF cells were generated in an appropriate volume of radio immunopre-

cipitation assay (RIPA) lysis buffer (50 mM Tris-HCl, 1 % (v/v) Nonidet P-40, 0.25 % (w/v) 

sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 0.1 % (w/v) protease inhibitor (Sigma-Al-

drich)). Samples were incubated on ice for 30 min and vortexed every 10 min. Phase separa-

tion occurred during centrifugation for 15 min at 22000 g at 4 °C. The supernatant was har-

vested and protein concentration was determined by PierceTM bicinchoninic acid (BCA) protein 

assay (ThermoFisher Scientific) as stated in the protocol of the manufacturer. BSA standard 

solutions and protein lysates (diluted 1:5 in dH2O) were prepared. 10 μl of samples or standard 

solutions were incubated in a 96-well plate with 200 μl of BCA working reagent (50 parts Rea-

gent A, 1 part Reagent B) per well for 30 min at 37 °C. The absorbance was measured at an 

excitation wavelength of 562 nm using a TECAN InfiniteM2000 NanoQuant microplate reader 

and the protein concentration was calculated accordingly. 

 

2.13.1 Immunoblotting 

Immunoblotting was performed utilizing protein lysates of 30 µg iWAT or eWAT and 50 µg 

inguinal adipocytes, epididymal adipocytes, inguinal SVF cells, or epididymal SVF cells. Sam-

ples were prepared in 4x ROTI®Load sample buffer (Carl Roth) and denatured for 5 min at 

60 °C. Proteins were separated with 10 % sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) (Table 13) (150 min, 80 V) using 1x ROTIPHORESE® SDS-PAGE run-

ning buffer (Carl Roth).  

Table 13: Composition of 10 % SDS-PAGE. 

Gel Reagent Volume [ml] 

Resolving gel [10 %] ROTIPHORESE® Gel 30  10 ml 

 Resolving gel buffer  

(0.5 M Tris, pH 6.8 with HCl) 

3.76 ml 

 H2O 15.8 ml 

 10 % (w/v) SDS 300 µl 

 10 % (w/v) AMPS  150 µl 

 TEMED 15 µl 

Stacking gel [5 %] ROTIPHORESE® Gel 30  2.4 ml 

 Stacking gel buffer  

(3 M Tris, pH 8.8 with HCl) 

3.75 ml 

 H2O 8.58 ml 
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 10 % (w/v) SDS 150 µl 

 10 % (w/v) AMPS  90 µl 

 TEMED 30 µl 

Proteins were subsequently transferred onto a nitrocellulose membrane (LI-COR Bioscience; 

1.5 mA/1 cm2, 1 h) using a semi-dry blotter Biometra FastblotTM (AnalyticJena) and blotting 

buffer (48 mM Tris, 39 mM glycine, 1.3 mM SDS, pH 9.2) with 20 % (v/v) methanol. The mem-

branes were blocked in blocking buffer (3 % (w/v) BSA in Tris-buffered saline (TBS)) for a 

minimum of 2 h at ambient temperature. Subsequently, the membranes were incubated with a 

primary antibody combination specifically targeting representative subunits of the oxidative 

phosphorylation (1:500; Abcam, ab110413) in the aforementioned blocking buffer at 4 °C over-

night. On the next day, the primary antibody solution was replaced by a primary antibody di-

rected against the housekeeping protein, Vinculin (1:2000; Proteintech, 26520-1-AP), in the 

same blocking buffer and incubated overnight at 4 °C. The membranes were washed with 

TBS-0.1 % (v/v) Tween 20 for 10 min three times to remove any unbound antibodies. To detect 

the primary antibodies, the membranes were incubated with infrared dye-conjugated second-

ary antibodies (1:20000; IRDye® 680RD, 926-68072, LI-COR Biosciences; IRDye® 800CW, 

925-32211, LI-COR Biosciences) for 2 h at room temperature during shaking. To ensure com-

plete removal of unbound secondary antibodies, the membranes were again washed three 

times with TBS-0.1 % Tween-20 for 10 min between the incubation steps for the different sec-

ondary antibodies and at the end of the second secondary antibody staining. Finally, the fluo-

rescence intensity of the separated bands was quantitatively analyzed using the Azure Sap-

phire™ Biomolecular Imager (Azur Biosystems) and Image StudioTM Lite Version 5.2 (LI-COR 

Bioscience). 

 

2.13.2 Mass spectrometry proteomics 

The sample preparation, measurement, and pre-analysis for mass spectrometric (MS) analysis 

were executed by our collaborative partner, Dr. Christina Ludwig, at the Bavarian Center for 

Biomolecular Mass Spectrometry, Technical University of Munich. 

 

Mass spectrometric sample preparation 

For each adipocyte sample, 25 µg of protein lysate was mixed 3:1 with 4x LDS sample buffer 

(NuPAGE™, ThermoFisher Scientific) and heated to 70 °C for 10 min. In‐gel trypsin digestion 

was performed according to standard procedures (Shevchenko et al., 2006). Briefly, the sam-

ples were run on a Nu-PAGE™ 4 % – 12 % Bis‐Tris protein gel (ThermoFisher Scientific) for 
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about 1 cm. Subsequently, the still not size‐separated single protein band per sample was cut 

out, reduced (50 mM dithiothreitol), alkylated (55 mm chloroacetamide) and digested overnight 

with trypsin (Trypsin Gold, mass spectrometry grade, Promega). The peptides obtained were 

dried to completeness and resuspended in 25 μl of 2 % acetonitrile, 0.1 % formic acid in HPLC 

grade water. Finally, 2 μl of sample were injected per MS measurement. 

 

LC-MS/MS data acquisition 

LC-MS/MS data acquisition of all adipocyte samples was carried out on a Dionex Ultimate 

3000 RSLCnano system coupled to a Q-Exactive HF-X mass spectrometer (ThermoFisher 

Scientific). Injected peptides were delivered to a trap column (ReproSil-pur C18-AQ, 5 μm, Dr. 

Maisch, 20 mm × 75 μm, self-packed) at a flow rate of 5 μl/min in 0.1 % formic acid in HPLC 

grade water. After 10 min of loading, peptides were transferred to an analytical column 

(ReproSil Gold C18-AQ, 3 μm, Dr. Maisch, 450 mm × 75 μm, self-packed) and separated using 

a 110 min gradient from 4 % to 32 % of solvent B (0.1 % formic acid, 5 % DMSO in acetonitrile) 

in solvent A (0.1 % formic acid, 5 % DMSO in HPLC grade water) at 300 nl/min flow rate. The 

Q-Exactive HF-X mass spectrometer was operated in data dependent acquisition (DDA) and 

positive ionization mode. MS1 spectra (360–1300 m/z) were recorded at a resolution of 60k 

using an automatic gain control (AGC) target value of 3e6 and maximum injection time (maxIT) 

of 45 milliseconds (msec). Up to 18 peptide precursors were selected for fragmentation. Only 

precursors with charge state 2 to 6 were selected and dynamic exclusion of 30 sec was ena-

bled. Peptide fragmentation was performed using higher energy collision induced dissociation 

and a normalized collision energy of 26 %. The precursor isolation window width was set to 

1.3 m/z. MS2 Resolution was 15.000 with an AGC target value of 1e5 and maxIT of 25 msec 

(full proteome). 

 

LC-MS/MS data analysis and visualization  

Peptide identification and quantification was performed using the software MaxQuant (version 

1.6.3.4) (Tyanova et al., 2016) with its built‐in search engine Andromeda (Cox et al., 2011). 

MS2 spectra were searched against the Uniprot mouse protein database (UP000000589, 

55462 protein entries, downloaded July 2020), supplemented with common contaminants 

(built‐in option in MaxQuant). Samples of inguinal and epididymal adipocytes were analyzed 

separately. Trypsin/P was specified as proteolytic enzyme. Carbamidomethylated cysteine 

was set as fixed modification. Oxidation of methionine and acetylation at the protein N‐terminus 

was specified as variable modifications. Results were adjusted to 1 % false discovery rate on 
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peptide spectrum match level and protein level employing a target‐decoy approach using re-

versed protein sequences. Label-Free Quantification (LFQ) intensities (Cox et al., 2014) were 

used for protein quantification with at least 2 peptides per protein identified. The minimal pep-

tide length was defined as 7 amino acids and the “match-between-runs” functionality was en-

abled (matching time window 0.7 min, alignment time window 20 min). Missing values were 

imputed by a protein-specific constant value, which was defined as the lowest detected protein-

specific LFQ-value over all samples divided by two. Additionally, a maximal imputed LFQ value 

was defined as 15 % quantile of the protein distribution from the complete dataset.  

The Protein Groups result file from MaxQuant was loaded into Perseus (Version 2.0.6.0) for 

quantitative analysis. The raw LFQ intensity values were set as the main columns and trans-

formed into their log2 values. The biological replicate groups were assigned according to the 

feeding regimens of the mice, and only values protein groups identified in at least three bio-

logical replicates in at least one feeding group were processed further. A principal component 

analysis (PCA) was performed to assess grouping patterns of the feeding groups and that of 

the biological replicates. Missing values in each column were imputated using a normal distri-

bution method and normalized by the median protein group area. The normalized values were 

used to generate the column Pearson correlation coefficients. Multiple sample test using 

ANOVA was performed and the data were filtered for significant values and Z-score trans-

formed by row to generate the hierarchical clustering and heat map visualization of feeding 

groups and for that of the biological replicates. In parallel, the Gene Ontology annotations, 

Pfam and Gene Set Enrichment Analysis terms were overlaid onto the protein groups. The 

overlaid terminologies were used to assess the representation of mitochondrial proteins in the 

total dataset. From the three feeding groups (CD, HFD, and HFD-CD), three categories of 

comparisons were made for the quantitative analysis: (i) HFD versus CD; (ii) HFD-CD versus 

CD, and (iii) HFD versus HFD-CD. For each comparison, two-sample t-test was performed and 

filtered for significant protein groups with fold change values of greater or lesser than 1.5. The 

lists of significantly expressed proteins from each comparison were extracted and saved in 

excel format for further in silico analysis. The PCA was performed in RStudio environment, 

showing individual values. Functional annotation of differentially regulated proteins was carried 

out using the Kyoto Encyclopedia of Genes and Genomes (KEGG) mapper tool 

(https://www.genome.jp/kegg/mapper/) and the Enrichr tool (https://maayanlab.cloud/Enri-

chr/). For conversion of protein IDs, the Retrieve/ID mapping tool in Uniprot (https://www.uni-

prot.org/id-mapping/) and g:Convert tool in g:Profiler (https://biit.cs.ut.ee/gprofiler/convert) 

were used. Vent diagrams were generated with Venny 2.1 (https://bioin-

fogp.cnb.csic.es/tools/venny/). 
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2.14 Statistical analysis and data presentation 

Data were presented in bar charts as individual and mean values ± standard deviation, or in 

line charts of mean values ± standard deviation. Unless otherwise stated, one-way or two-way 

repeated-measures ANOVA followed by post-hoc Dunn-Šidák correction were conducted for 

statistical comparison (Matlab R2022b). P values with a threshold less than 0.05 were consid-

ered statistically significant. 
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3 Results 

White adipose tissue (WAT) is a highly adaptable organ that can respond to various environ-

mental and lifestyle conditions. Body and fat mass increase or decrease plastically depending 

on energy intake and expenditure. However, this system has limits. Excessive energy intake 

combined with reduced energy expenditure can drive WAT to its maximal sustainable limit. At 

this point, adaptation to energy overload turns into pathology with persistent metabolic conse-

quences, even after reduction of body and fat mass (Fothergill et al., 2016). In this work, we 

focused on two aspects that exhibit residual effects following a return to normal body mass: 1) 

the adipogenic potential of adipocyte progenitor cells (APCs), and 2) the mitochondrial function 

of adipocytes. 

 

3.1 Diet-induced obesity causes diet-dependent, persisting altera-

tions in the adipogenic potential and fate of progenitor cells  

Adipocytes have a low cell turnover rate, with an annual renewal rate of only 10 % (Spalding 

et al., 2008). WAT can expand through hypertrophy and hyperplasia. Hypertrophy refers to the 

expansion of adipocytes in size and is linked to inflammation, hypoxia, insulin resistance, and 

impaired adipocyte differentiation (Hammarstedt et al., 2018; Isakson et al., 2009). Hyperplasia 

is the increase of adipocyte number. In humans, hyperplastic expansion is limited and mainly 

occurs in childhood (Spalding et al., 2008). Therefore, excess caloric intake in adulthood tends 

to promote hypertrophic adipocyte expansion. 

Initial cell culture experiments showed a reduction in proliferation and differentiation of primary 

adipocytes from epididymal white adipose tissue (eWAT) of obese mice (data not published). 

Therefore, we suppose that a significant positive energy balance not only has persistent effects 

on adipocytes (Schottl et al., 2015b), but it also impacts APCs, resulting in lasting reduced 

preadipocyte proliferation and differentiation. As eWAT reaches its expansion limit at approxi-

mately 40 g body mass in mice (van Beek et al., 2015), we conducted a detailed analysis of 

the effect of limited tissue expansion on the adipogenic potential of APCs. 

 

3.1.1 Short-term CD feeding reduces body and fat mass 

To evaluate the adipogenic potential of APCs, we conducted a study with four different feeding 

regimes. All mice, except for the control group, received a high-fat diet (HFD) starting at 

12 weeks of age until they reached a minimum body mass of 40 g. Afterward, two short-term 

obesity intervention groups were fed a control diet (CD) for one week (HFD-CD group) or a 

caloric-restricted HFD that matched the caloric intake of the HFD-CD group (pair-fed HFD 
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group (HFD-pfHFD)). As previously shown eWAT reaches its storage capacity at 40 g body 

mass in mice (van Beek et al., 2015), so it was crucial to ensure that all HFD-fed mice reached 

at least 40 g body mass. Therefore, the feeding duration was determined by body mass (Fig-

ure 3 G) rather than time and varied among mice and feeding groups. For control mice, we 

adjusted their age to match the three HFD-fed groups. We initially assessed the body mass 

and body composition of C57BL/6N mice (Figure 3) at the start of the experiment (12 weeks 

of age) and when they reached a minimum body mass of 40 g (> 40 g). 

We observed a significant increase in body, fat, and lean mass, as well as organ masses of 

inguinal white adipose tissue (iWAT) and eWAT in the HFD group compared to the control 

group (CD group) (Figure 3 A, C, D, H, and I). To account for potential factors that may influ-

ence body mass and composition, we considered the effects of litter size, as this could possibly 

affect feeding duration. However, contrary to earlier reports (Anderson et al., 1968; Parra-

Vargas et al., 2020; Toth et al., 2015), we did not observe litter size or housing density effects 

on body mass gain in adult mice (data not shown). 
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Figure 3: Alterations in body composition in mice following dietary interventions. All male 
C57BL/6N mice were given a control diet (CD) at 8 weeks of age. A high-fat diet (HFD) was introduced 
at 12 weeks of age. Mice in the HFD-CD and HFD-pfHFD groups were fed CD or pair-fed (pf) HFD for 
one week once they had reached a body mass of at least 40 g. (A) Comparison of body mass in four 
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feeding regimes at the following time points: start of the experiment (12 weeks of age), minimum body 
mass of 40 g (> 40 g), and end of the experiment (> 40 g + 1 week). Body mass was measured weekly. 
(B) Rate of body mass change in four feeding regimes during the final week of the experiment. (C) 
Comparison of fat mass in four feeding regimes at the following time points: start of the experiment 
(12 weeks of age), minimum body mass of 40 g (> 40 g), and end of the experiment (> 40 g + 1 week). 
(D) Rate of fat mass change in four feeding regimes during the final week of the experiment. (E) Com-
parison of lean mass in four feeding regimes at the following time points: start of the experiment 
(12 weeks of age), minimum body mass of 40 g (> 40 g), and end of the experiment (> 40 g + 1 week). 
(F) Rate of lean mass change in four feeding regimes during the final week of the experiment. (G) 
Duration of feeding in the four investigated feeding regimes until one week before the end of the exper-
iment (> 40 g). (H) Organ mass of inguinal white adipose tissue (iWAT) in the depicted feeding regimes. 
(I) Organ mass of epididymal white adipose tissue (eWAT) in the depicted feeding regimes. All data 
were analyzed by one-way ANOVA (Dunn-Šidák correction). Data are presented as individual values 
and means ± standard deviation, n = 44 (biological replicates). * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001. 

To determine whether short-term obesity intervention is sufficient to overcome the storage limit 

of eWAT, we fed mice CD or pfHFD for one week. The pfHFD group was calorie-restricted to 

match the intake of the HFD-CD group. When switching from HFD to low-fat CD, mice reduce 

caloric intake. In fact, switching to low-fat CD has been shown to have more beneficial effects 

on insulin resistance than energy restriction alone (Muurling et al., 2002). By performing a one-

week obesity intervention with CD or pfHFD, we also sought to determine whether diet quality, 

rather than diet quantity, could affect the adipogenic potential. After one week of CD or pfHFD 

feeding, we observed a clear reduction in body, fat, and lean mass compared to the HFD group 

(Figure 3 A – F). Interestingly, the changes in body composition differed between the one-

week CD and one-week pfHFD feeding groups, despite similar caloric intake. Specifically, fat 

mass decreased more in the HFD-CD group, while only lean mass decreased in the HFD-

pfHFD group. Furthermore, pfHFD feeding had a greater effect on lean mass compared to CD, 

HFD, and HFD-CD feeding groups (Figure 3 E and F). One week of CD feeding lowered al-

ready organ masses, with a more pronounced reduction in iWAT than in eWAT (Figure 3 H 

and I). One week of pfHFD feeding showed only a slight reduction in iWAT organ mass, with 

no decrease in eWAT organ mass compared to the HFD group.  

These findings suggest that diet quality is more important for body and fat mass loss than diet 

quantity and support previous findings that low-fat CD is a stronger inducer of negative energy 

balance than energy restriction alone (Muurling et al., 2002).  

 

3.1.2 Epididymal adipocytes exhibit a lower degree of expansion compared to 

inguinal adipocytes 

Adipogenic differentiation can be divided into two stages: determination and terminal differen-

tiation (Ghaben and Scherer, 2019). To determine the differences of terminal differentiation 

within different feeding regimes and fat depots, we studied the morphology of adipocytes in 

WAT. 
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HFD feeding led to a significant increase in the diameter of iWAT adipocytes, accompanied by 

a reduction in the mean number of iWAT adipocytes per mm2 (Figure 4 A, B, and E) compared 

to the control group. As adipocytes in eWAT reach their expansion capacity quickly in adult 

obese mice (van Beek et al., 2015), they could not expand much (Figure 4 C and F). However, 

eWAT generally had larger, and therefore fewer, adipocytes than iWAT. The diameter of eWAT 

adipocytes also increased with HFD feeding, leading to a decrease in the mean number of 

eWAT adipocytes per mm2 (Figure 4 C and D). These findings on WAT morphology are con-

sistent with previous reports (Dong et al., 2017; Parlee et al., 2014; van Beek et al., 2015) and 

demonstrate the differences in expansion capacity between inguinal and epididymal fat depots. 

 

Figure 4: Diet-induced morphological changes in white adipose tissue. Hematoxylin & eosin (HE) 
staining of white adipose tissue (WAT). (A) Mean adipocyte diameter [µm] in four feeding regimes in 
inguinal white adipose tissue (iWAT). (B) Mean number of adipocytes per mm2 in four feeding regimes 
in iWAT. (C) Mean adipocyte diameter [µm] in four feeding regimes in epididymal white adipose tissue 
(eWAT). (D) Mean number of adipocytes per mm2 in four feeding regimes in eWAT. (E) Example for HE 
staining with 5 µm sliced paraffin-embedded iWAT from control diet (CD) (top) and high-fat diet (HFD) 
(bottom) group. Scale bar 200 μm. (F) Example for HE staining with 5 µm sliced paraffin-embedded 
eWAT from CD (top) and HFD (bottom) group. Scale bar 200 μm. A – D were analyzed by one-way 
ANOVA (Dunn-Šidák correction). Data are presented as individual values and means ± standard devi-
ation, n = 4 (biological replicates). * = p < 0.05, ** = p < 0.01. pf = pair-fed. 

To investigate the effects of diet quality and quantity on the structure of WAT, we fed obese 

mice CD or pfHFD for one week. We observed slight divergent effects on the adipocyte diam-

eter and mean number of adipocytes per mm2 in the inguinal fat depot (Figure 4 A - C). On 
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the morphological level, both short-term obesity interventions appeared generally to be equiv-

alent with a very small tendency of a stronger reverse effect of one week CD. In the epididymal 

fat depot, we observed a reduced level of WAT restructuring within the short-term obesity in-

terventions (Figure 4 C and D). However, the epididymal adipocytes in the control group 

showed only slight expansion in size, implying that they were already close to their expansion 

limit. Therefore, a short-term obesity intervention did not reduce the mean adipocyte diameter 

or increase the mean number of adipocytes per mm2 in this tissue. 

On the level of terminal differentiation, obesity had huge effects on the mean adipocyte diam-

eter and number in both tissue depots. Feeding obese mice CD or pfHFD for one week showed 

only initial reverse effects in both WAT depots. To restore the WAT morphology fully, longer 

periods of body mass reduction through CD or pfHFD feeding are necessary. 

 

3.1.3 Epididymal primary adipocytes from obese mice display persisting, re-

duced differentiation capacity on morphological level 

For studying the proliferation and differentiation capacity of APCs, we isolated stromal vascular 

fraction (SVF) cells from iWAT and eWAT of mice that received CD or mice that had reached 

a minimum body mass of 40 g. The primary adipocytes were cultured until they reached con-

fluence and were then induced and differentiated. We analyzed the morphology of the resulting 

lipid droplets to assess the adipogenic potential of these cells. 

The overall distribution of adipocyte sizes was consistent across different fat depots and die-

tary interventions (data not shown). Analysis of inguinal primary adipocytes revealed a slight 

reduced trend in the number of lipid droplets, while the area covered by lipid droplets remained 

unchanged upon comparison of HFD to CD feeding (Figure 5 A, B, and E). This suggests that 

inguinal primary adipocytes responded to the HFD challenge by producing fewer, but larger 

and better developed lipid droplets. In contrast, epididymal primary adipocytes exhibited a ten-

dency of an increase in lipid droplet number and a slight decrease in lipid droplet area (Figure 

5 C, D, and F), indicating a reduction in differentiation capacity with more small and less ma-

tured lipid droplets. These results highlighted the differences between primary adipocytes de-

rived from iWAT and eWAT and suggested that HFD feeding decreased the differentiation 

potential in epididymal, but not inguinal preadipocytes. Nevertheless, both types of preadipo-

cytes were able to grow to confluence, indicating that the proliferation potential of cultured 

preadipocytes from obese mice was unaffected. 
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Figure 5: Diet-induced morphological changes of terminal differentiation in cultured primary ad-
ipocytes. Isolated stromal-vascular fraction (SVF) cells were cultured until confluence, induced for 48 h, 
and differentiated for six days. The morphology of lipid droplets was analyzed using WimLipid by Wi-
masis. (A) Droplet number in four feeding regimes of differentiated primary adipocytes of inguinal white 
adipose tissue (iWAT). (B) Lipid droplet size (mean area [µm2]) in four feeding regimes of differentiated 
primary adipocytes of iWAT. (C) Droplet number in four feeding regimes of differentiated primary adipo-
cytes of epididymal white adipose tissue (eWAT). (D) Lipid droplet size (mean area [µm2]) in four feeding 
regimes of differentiated primary adipocytes of eWAT. (E) Example for Oil Red O stained differentiated 
primary adipocytes of iWAT from control diet (CD) (top) and high-fat diet (HFD) (bottom) group. Scale 
bar 100 μm. (F) Example for Oil Red O stained differentiated primary adipocytes of eWAT from CD (top) 
and HFD (bottom) group. Scale bar 100 μm. A – D were analyzed by one-way ANOVA (Dunn-Šidák 
correction). Data are presented as individual values and means ± standard deviation, n = 5 (biological 
replicates). pf = pair-fed. 

After switching from HFD to CD or pfHFD for one week, inguinal primary adipocytes did not 

show any alteration in lipid droplet area (Figure 5 A and B). However, a trend of normalization 

in the number of lipid droplets were observed in the HFD-CD group, but not in HFD-pfHFD 

group, comparable to control group (Figure 5 A). Interestingly, the differentiation potential of 

epididymal primary adipocytes did not appear to be recovered after switching from HFD to CD 

or pfHFD (Figure 5 B and D), as we observed a remaining tendency for many small lipid 

droplets rather than fewer, larger, and more developed lipid droplets. 

Overall, the adipogenic potential of epididymal primary adipocytes in culture indicated a re-

duced terminal differentiation on the morphological level that could not be reversed by a one-

week CD or pfHFD obesity intervention. 
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3.1.4 Short-term control diet feeding restores impaired epididymal primary adi-

pocyte differentiation capacity on gene expression level 

To analyze the adipogenic potential of cultured primary adipocytes further, we performed gene 

expression analysis. In inguinal differentiated primary adipocytes, we detected no alterations 

in differentiation potential when comparing CD- and HFD-fed mice, as indicated by the lack of 

changes in terminal differentiation markers (Figure 6 A and Figure S3 A) and in the expression 

of the preadipocyte marker Pref1 (Figure 6 C). Similarly, no diet-induced differences were 

observed in the expression of various markers of lipogenesis (Acc, Fasn), lipid storage (Plin1, 

Srebp1c), lipolysis (Atgl, Hsl), adipokines (Adipoq, Fabp4), adipogenesis (Pparg), and the 

preadipocyte marker Pref1 in epididymal primary adipocytes (Figure 6 B and D). However, 

individual mice from the HFD group exhibited a slightly reduced differentiation potential com-

pared to those from the CD group (Figure S3 B). Analysis of Pref1 expression showed a 

slightly reduced expression in iWAT and eWAT upon HFD feeding (Figure 6 D and F). A 

slightly more pronounced reduction in differentiation potential was observed in eWAT com-

pared to iWAT of HFD-fed mice compared to CD-fed mice. 
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Figure 6: The effects of obesity and short-term control diet or pair-fed high-fat diet on markers 
of terminal differentiation associated with adipogenic potential. Isolated stromal-vascular fraction 

(SVF) cells were cultured until confluence, induced for 48 h, and differentiated for six days. Terminal 
differentiation capacity was determined by real-time quantitative polymerase chain reaction (RT-qPCR) 
(A) Heat map of selected terminal differentiation markers in differentiated inguinal primary adipocytes in 
four feeding regimes. Every value represents the mean of all biological replicates with three technical 
replicates. Values are standardized in a way that each column (mean of single protein) has the same 
mean (0) and standard deviation (1). (B) Heat map of selected terminal differentiation markers in differ-
entiated epididymal primary adipocytes in four feeding regimes. Every value represents the mean of all 
biological replicates with three technical replicates. Values are standardized in a way that each column 
(mean of single protein) has the same mean (0) and standard deviation (1). (C) Fold change gene ex-
pression of preadipocyte marker preadipocyte factor 1 (Pref1) in differentiated inguinal primary adipo-
cytes in four feeding regimes. (D) Fold change gene expression of preadipocyte marker Pref1 in differ-
entiated epididymal primary adipocytes in four feeding regimes. (E) Fold change gene expression of 
preadipocyte marker Pref1 in inguinal white adipose tissue (iWAT) in four feeding regimes. (F) Fold 
change gene expression of preadipocyte marker Pref1 in epididymal white adipose tissue (eWAT) in 
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four feeding regimes. C – F were analyzed by one-way ANOVA (Dunn-Šidák correction). Data are pre-
sented as individual values and means ± standard deviation, n = 5 (biological replicates). CD = control 
diet, HFD = high-fat diet, pf = pair-fed.  

We then investigated whether one week of CD or one week of pfHFD feeding could reverse 

the trend of reduced gene expression of terminal differentiation markers in differentiated pri-

mary adipocytes from obese mice. Previously, we observed only minimal restoration of the 

adipogenic potential on a morphological level. However, changes at the gene level may be 

more easily detected sooner. We fed mice with a body mass of at least 40 g a one-week CD 

or pfHFD, which contained the same caloric quantity as the CD. In inguinal primary adipocytes, 

we observed no significant restoration of the differentiation potential after feeding obese mice 

a one-week CD (Figure 6 A and Figure S3 A). Despite a huge variation between individual 

mice after one-week pfHFD feeding (Figure S3 A), the mean values of terminal differentiation 

markers of nearly all selected genes indicated an enhanced differentiation capacity (Figure 6 

A). Interestingly, we also found an acceleration in the differentiation potential of epididymal 

primary adipocytes when examining the mean values of the terminal differentiation markers 

during a one-week CD feeding, but not pfHFD, in contrast to HFD feeding (Figure 6 B and 

Figure S3 B). Examination of the preadipocyte marker Pref1 in cultured primary adipocytes 

demonstrated a consistent gene expression pattern with the set of terminal differentiation 

markers (Figure 6 A – C, and E). Analysis of Pref1 expression in the entire tissue of iWAT and 

eWAT revealed distinct patterns in response to short-term obesity interventions in iWAT (Fig-

ure 6 D and F). In iWAT, one-week CD feeding restored Pref1 expression to levels comparable 

to the control group, whereas one-week pfHFD reduced its expression.  

Our results highlighted the diverse behaviors of inguinal and epididymal SVF cells and WAT 

in response to diet quality. The fat depots responded differently to variations in diet quality, 

rather than solely quantity. The differentiation capacity of inguinal primary adipocytes in-

creased in average when obese mice were fed a one-week pfHFD, but not CD. In contrast, 

epididymal primary adipocytes showed an increase in their adipogenic potential when obese 

mice were fed a low-fat CD for one week, whereas feeding a one-week pfHFD did not restore 

the adipogenic potential of these cells. 

 

3.1.5 High-fat diet increases the frequency of adipogenesis-regulatory cell in ep-

ididymal primary adipocytes  

The preadipocyte pool consists of several subpopulations. CD142+ APCs have gained recent 

attention due to their inhibitory properties on adipocyte differentiation, leading to their designa-

tion as adipogenesis-regulatory cells (Aregs) (Schwalie et al., 2018). CD142+ Aregs and vas-

cular adhesion protein 1-positve (VAP1+) preadipocytes are committed preadipocytes and give 
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rise to differentiated mature adipocytes. As CD142+ and VAP1+ subpopulations can transit into 

one another in mice (Ferrero et al., 2020; Merrick et al., 2019), we concentrated our examina-

tions on both preadipocytes. Additionally, we were interested in changes in the CD55+ adipose 

stem cell pool, as they give rise to both CD142+ Aregs and VAP1+ preadipocytes (Ferrero et 

al., 2020).  

We detected alterations in terminal differentiation at the histological level of eWAT and at the 

gene expression level of epididymal primary adipocytes following HFD feeding (see 3.1.2 and 

3.1.4). To clarify differences in subpopulations and obesity-induced cell fate determination in 

inguinal and epididymal SVF cells of control mice and mice with a body mass of at least 40 g, 

we performed flow cytometry analysis (Schwalie et al., 2018). We analyzed the three distinct 

subpopulations of unfixed isolated SVF cells (Figure 7 A and C). In inguinal SVF cells, we 

observed no changes in the frequency of CD142+ Areg subpopulation in Lineage-nega-

tive/stem cells antigen 1-positive (Lin-/SCA1+) cells between CD and HFD feeding (Figure 7 

A). In line with the notion of CD142+ Aregs being able to convert to VAP1+ preadipocytes and 

vice versa, we observed that two-third of all CD142+ cells were also VAP1+ cells (data not 

shown), highlighting their shared origins as committed preadipocytes. Additionally, we de-

tected a decrease of CD55+ adipose stem cells and an increase of VAP1+ preadipocytes in 

HFD-fed mice compared to CD-fed mice (Figure 7 A), demonstrating an ongoing transition 

and differentiation form CD55+ adipose stem cells into VAP1+ preadipocytes following HFD 

feeding. In contrast, we detected more CD55+ adipose stem cells and fewer VAP1+ preadipo-

cytes undergoing differentiation to mature adipocytes in control mice (Figure 7 A). This demon-

strated that CD feeding resulted in fewer adipose stem cells and preadipocytes that needed to 

progress in their trajectory to expand the tissue and provide more energy storage. To demon-

strate the robustness of these findings, we performed the same analysis on fixed isolated SVF 

cells using a different antibody-staining panel. Flow cytometry analyses on fixed samples (Fig-

ure 7 B) were consistent with the unfixed experimental setup, verifying previous findings. Gen-

erally, inguinal SVF cells displayed proper differentiation potential in response to HFD at all 

investigated subpopulation levels. At the CD55+ adipogenic stem cell level, we observed a 

reduced frequency following HFD feeding. At the VAP1+ preadipocyte level, we demonstrated 

an increase, and on the CD142+ Areg level, we showed no alterations in the frequency of the 

subpopulation following HFD feeding. The proper differentiation occurred as CD55+ adipogenic 

stem cells differentiated into VAP1+ preadipocytes, resulting in a depletion of the CD55+ pool 

and an increase in the VAP1+ pool. As the CD142+ pool remained unchanged, Aregs were not 

able to inhibit angiogenesis significantly. Therefore, HFD feeding activated the differentiation 

process in inguinal SVF cells to produce primary adipocytes from CD55+ adipogenic stem cells 

to VAP1+ preadipocytes. The adipogenic potential was not diminished in inguinal SVF cells 

following HFD feeding.  
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Contrary, we observed a 2-fold increase of differentiation inhibitory CD142+ Aregs in epididy-

mal Lin-/SCA1+ cells following HFD (Figure 7 C and D). The CD55+ adipogenic stem cell and 

VAP1+ preadipocyte subpopulations of Lin-/SCA1+ cells remained unchanged when comparing 

CD to HFD. For epididymal SVF cells, approximately 80 % of CD142+ cells were also VAP1+ 

(data not shown). This showed the close association between these two types of committed 

preadipocyte. The findings were consistent across both unfixed and fixed sample preparations 

using a modified antibody-staining panel, demonstrating the robustness of these results. The 

elevated CD142+ Areg frequency combined with no decrease in CD55+ adipose stem cells and 

no increase in VAP1+ preadipocytes confirmed the lack of further processing towards mature 

adipocytes in epididymal SVF cells. The unchanged frequency of CD55+ adipogenic stem cells 

and their failure to differentiate into VAP1+ preadipocytes, along with the inhibitory effect of 

increased CD142+ Aregs on adipogenesis, indicated a reduced adipogenic potential in SVF 

cells of eWAT. Our data aligned with previous observations in ob/ob mice and diet-induced 

obese mice, showing an increase in Aregs in obese mice in compared to lean mice (Merrick 

et al., 2019; Schwalie et al., 2018). In conclusion, Aregs are the main factor contributing to a 

reduced adipogenic potential. The increased CD142+ Areg subpopulation was accompanied 

by the previously observed lowered differentiation capacity. Our data showed that HFD feeding 

determines the cell fate decision and thus affects the adipogenesis. 
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Figure 7: Influence of obesity and short-term control diet or pair-fed high-fat diet on the determi-
nation of cell fate in stromal-vascular fraction cells. Flow cytometry analysis of live and fixed stromal-
vascular fraction (SVF) cells from inguinal (iWAT) and epididymal white adipose tissue (eWAT) in four 
feeding regimes. (A) Fraction of CD142+, CD55+ and VAP1+ cells in the Lin-/SCA1+ population of unfixed 
SVF cells of iWAT. (B) Fraction of CD142+, CD55+ and VAP1+ cells in the Lin-/SCA1+ population of fixed 
SVF cells of iWAT. (C) Fraction of CD142+, CD55+ and VAP1+ cells in the Lin-/SCA1+ population of 
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unfixed SVF cells of eWAT. (D) Fraction of CD142+, CD55+ and VAP1+ cells in the Lin-/SCA1+ population 
of fixed SVF cells of eWAT. All data were analyzed by one-way ANOVA (Dunn-Šidák correction). Data 
are presented as individual values and means ± standard deviation, n = 6 (biological replicates). 
* = p < 0.05, ** = p < 0.01, *** = p < 0.001. CD = control diet, HFD = high-fat diet, Lin = Lineage, 
pf = pair-fed, SCA1 = stem cells antigen 1, VAP1 = vascular adhesion protein 1.  

To clarify whether feeding obese mice for one week CD or pfHFD is sufficient to restore sub-

cellular composition of resident preadipocytes in WAT, we implemented a caloric restriction in 

mice with a minimum body mass of 40 g. Additionally, we distinguished between dietary quality 

by using CD or pfHFD for caloric restriction following HFD feeding. Analysis of inguinal SVF 

cells revealed no changes in the abundance of CD142+ Aregs with either diet, or in unfixed 

and fixed sample preparations (Figure 7 A and B). The frequency of CD55+ adipogenic stem 

cells remained comparable to HFD feeding after one week of CD or pfHFD, and was therefore 

reduced in comparison to the control group (Figure 7 A and B). For one week of CD, the 

frequency of VAP1+ preadipocyte subpopulation was similar to the HFD group. Therefore, 

feeding mice with a body mass greater than 40 g for one week of CD resulted in well-differen-

tiating cells with CD55+ adipogenic stem cells giving rise to VAP1+ preadipocytes and no inhi-

bition of the adipogenic potential by increased CD142+ Areg frequencies. After one week of 

pfHFD, we observed a reduction in VAP1+ preadipocyte frequencies compared to HFD feeding 

(Figure 7 A and B). As the committed preadipocyte pool normalized to the control group, it 

indicated a reduced demand for new VAP1+ preadipocytes that can differentiate into mature 

adipocytes. However, the CD55+ adipogenic stem cell subpopulation was still decreased com-

pared to the control group, indicating their ongoing development into committed preadipocytes 

and differentiation into mature adipocytes caused by caloric reduction with a fat-rich diet. In 

epididymal SVF cells, we demonstrated a reduction of CD142+ Aregs in both sample prepara-

tions upon feeding obese mice for one week of CD (Figure 7 C and D). Using pfHFD for obesity 

intervention had no reverse effect on the adipogenic potential, as CD142+ Areg frequency re-

mained as high as in the HFD group. The frequency of CD55+ adipogenic stem cells and VAP1+ 

preadipocytes in the Lin-/SCA1+ population remained unchanged when comparing all four dif-

ferent feeding regimes (Figure 7 C and D), indicating the importance of CD142+ Aregs in reg-

ulating the differentiation capacity.  

With our findings, we proved an increase in the adipogenic potential of epididymal SVF cells 

of obese mice after just one week of feeding with CD. Furthermore, we demonstrated again 

the importance of diet-dependent caloric restriction. Only obesity intervention with a low-fat CD 

had a positive effect on the adipogenic potential of epididymal SVF cells. HFD feeding caused 

signals that reached the SVF cells and influenced their further progression. In iWAT, these 

signals resulted in an appropriate expansion of the fat depot through the development and 

differentiation of preadipocytes from adipogenic stem cells to mature adipocytes. However, in 

eWAT, HFD feeding also leads to inflammation, hypoxia, and insulin resistance (Hammarstedt 
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et al., 2018; Isakson et al., 2009), releasing further signals that inhibit the expansion of eWAT. 

These signals influence the composition of the subpopulations of eWAT and favor the inhibition 

of adipogenesis by increasing the frequency of Aregs. The elevated CD142+ Areg frequency 

then interferes with the transition of CD55+ adipogenic stem cells into VAP1+ preadipocytes 

and mature adipocytes. Feeding obese mice a low-fat CD for one week stopped the inhibitory 

signal cascade and the Areg frequency decreased. As a result, the differentiation capacity 

increased again and the SVF cell composition started to normalize to control group levels, as 

demonstrated by our findings above.  

 

3.1.6 High-fat diet feeding does not induce an in vivo proliferation arrest in stro-

mal-vascular fraction cells  

In our final step to investigate the adipogenic potential of SVF cells, we performed in vivo 

studies. Feeding mice HFD until they reach a minimum body mass of 40 g may exhaust the 

adipocyte progenitor pool, limiting further expansion of eWAT. We sought to resolve whether 

reaching the limit of eWAT expansion causes an in vivo proliferation stop of SVF cells. To 

investigate this, we injected control mice and obese mice with a body mass greater than 40 g 

with EdU for the last seven days to detect deoxyribonucleic acid (DNA) synthesis. Afterward, 

we examined previously studied SVF cell subpopulations and the frequency of their cells that 

were proliferating. 

Comparing CD to HFD feeding, inguinal SVF cells showed no significant differences in the 

frequency of EdU+ cells in the Lin-/SCA1+ population (Figure 8 A). Both feeding regimes re-

vealed a low proliferation rate, with approximately 1.7 % EdU+ cells in the Lin-/SCA1+ popula-

tion. Examining the three previously examined subpopulations of Lin-/SCA1+ cells demon-

strated a similar, low abundance of EdU+ cells upon CD and HFD feeding (Figure 8 B – D). 

However, there was a slight increase in EdU+ cells in HFD-fed mice. Therefore, the proliferation 

potential was not impaired in inguinal SVF cells in response to HFD feeding. The low frequency 

of EdU+ cells was expected, as the turnover of adipocytes is low (Spalding et al., 2008). A low 

percentage of EdU+ cells of the Lin-/SCA1+ population was also detected in epididymal SVF 

cells of CD- and HFD-fed mice (Figure 8 E). The frequency of EdU+ cells in the three studied 

subpopulations showed no substantial differences between epididymal SVF cells of CD- and 

HFD-fed mice (Figure 8 F – H). Only a minor reduction of EdU+ cells was visible, representing 

a slight reduced proliferation potential mainly in CD55+ adipocyte stem cells and VAP1+ pread-

ipocytes. Overall, in both tissue depots we did not observe an in vivo proliferation arrest, high-

lighting the importance of Aregs and its frequency in WAT in terms of a reduced adipogenic 

potential.  
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Figure 8: High-fat diet feeding does not affect the in vivo proliferation of stromal-vascular frac-
tion cells. Flow cytometry analysis of fixed stromal-vascular fraction (SVF) cells from inguinal (iWAT) 
and epididymal white adipose tissue (eWAT) in four feeding regimes. (A) Fraction of proliferating (EdU+) 
cells in the Lin-/SCA1+ population of SVF cells in iWAT. (B) Fraction of proliferating (EdU+) cells in the 
Lin-/SCA1+/CD142+ population of SVF cells in iWAT. (C) Fraction of proliferating (EdU+) cells in the Lin-

/SCA1+/CD55+ population of SVF cells in iWAT. (D) Fraction of proliferating (EdU+) cells in the Lin-

/SCA1+/VAP1+ population of SVF cells in iWAT. (E) Fraction of proliferating (EdU+) cells in the Lin-

/SCA1+ population of SVF cells in eWAT. (F) Fraction of proliferating (EdU+) cells in the Lin-

/SCA1+/CD142+ population of SVF cells in eWAT. (G) Fraction of proliferating (EdU+) cells in the Lin-

/SCA1+/CD55+ population of SVF cells in eWAT. (H) Fraction of proliferating (EdU+) cells in the Lin-

/SCA1+/VAP1+ population of SVF cells in eWAT. All data were analyzed by one-way ANOVA (Dunn-
Šidák correction). Data are presented as individual values and means ± standard deviation, n = 6 (bio-
logical replicates). * = p < 0.05, ** = p < 0.01. CD = control diet, HFD = high-fat diet, Lin = Lineage, 
pf = pair-fed, SCA1 = stem cells antigen 1, VAP1 = vascular adhesion protein 1. 

We next examined the effect of one week of CD or pfHFD on cell proliferation. We sought to 

determine whether the adipogenic potential of SVF cells could be quickly restored by increased 

cell proliferation after just one week of reduced caloric intake, or whether adipogenic stem and 

precursor cells were only silenced by long-term HFD feeding and reprogrammed in response 

to low-fat CD refeeding, as previously shown. We also aimed to determine whether the prolif-

eration rate in the short-term obesity intervention phase could be influenced by the quality of 

the diet, in terms of low- or high-fat content. We fed mice that weighed at least 40 g for one 

week of CD or pfHFD. In inguinal SVF cells, we found that both obesity interventions resulted 

in almost complete proliferation arrest, particularly in the VAP1+ preadipocyte subpopulation 

(Figure 8 A – D). Thus, caloric restriction affected the inguinal APCs after just one week. The 

proliferation arrest was independent of diet quality, with only diet quantity being important. In 

epididymal SVF cells, we observed a slight reduction in the proliferation rate in the studied 

subpopulations when feeding obese mice for one week of CD (Figure 8 E – H). In contrast, 

feeding mice that weighed at least 40 g for one week of pfHFD resulted in decreased prolifer-

ation of the Lin-/SCA1+ population of epididymal SVF cells (Figure 8 E). The reduced prolifer-

ation rate was particularly evident in the CD55+ adipose stem cell pool subpopulations (Figure 

8 G) when compared to the control group. The caloric restriction of the HFD (pfHFD) was 

largely responsible for the reduction in proliferation potential in epididymal APCs. Feeding 

obese mice for one week with either control diet or pfHFD did not improve the proliferation rate. 

The adipogenic potential of SVF cells in iWAT showed only minor diet-induced effects, while 

in epididymal SVF cells, the adipogenic potential was diminished by certain diets. The adipo-

genic potential of epididymal SVF cells in obese mice was decreased due to decreased differ-

entiation capacity compared to the control group. The adipogenic potential in the HFD-CD 

group was restored through increased differentiation capacity and unchanged proliferation rate 

compared to the HFD group. In contrast, pfHFD feeding resulted in reduced adipogenic poten-

tial in epididymal SVF cells through decreased differentiation and proliferation capacity in com-

parison to the HFD group. Our findings highlighted fat depot-specific differences and the im-

portance of diet composition, particularly on the adipogenic potential of epididymal SVF cells. 



                                                                                                                                        Results 

48 
 

Additionally, we have demonstrated the significant role of high Areg frequency in reducing the 

adipogenic potential compared to low Areg frequency. 

 

3.1.7 HFD feeding and short-term obesity intervention have pronounced impact 

on the proliferation and structure of eWAT 

To visualize the effects of low-fat CD and HFD on the adipogenic potential in eWAT, we con-

ducted 3D imaging. We stained for vessels (CD31+) to assess the overall tissue structure, 

CD45.2+ cells to identify immune cells, and EdU+ cells to identify cells that had proliferated 

within the previous seven days. 

Upon comparison of CD with HFD, we observed clear differences between lean and obese 

mice (Figure 9 A, C, and D). As previously seen in the flow cytometry data for epididymal SVF 

cells, we observed the highest proliferation rate in the CD group. We distinguished between 

vessel-associated and freely distributed EdU+ preadipocytes by excluding immune cells and 

crown-like structures. Our findings supported the notion that most preadipocytes are located 

in close proximity to vessels (Cawthorn et al., 2012; Schwalie et al., 2018). In lean mice, we 

observed only a few infiltrating immune cells in the tissue (Figure 9 A). HFD feeding caused 

the formation of crown-like structures, which were characterized by an infiltration of numerous 

immune cells into the tissue to clear up cell debris and dying adipocytes (Figure 9 A right). In 

addition, it slightly reduced the in vivo proliferation rate, particularly for tissue-distributed pread-

ipocytes (Figure 9 D). However, we did not observe an in vivo proliferation stop in obese mice. 

As the Areg population increased with HFD feeding, we were able to demonstrate their global 

effect on preadipocytes in the whole tissue, with a mild influence on proliferation and a strong 

impact on differentiation capacity. 
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Figure 9: The effects of obesity and short-term control diet or pair-fed high-fat diet on the mor-
phology of epididymal white adipose tissue. Randomly chosen Z-stacks of epididymal white adipose 
tissue (eWAT) after in vivo treatment with 5-ethynyl-2’-deoxyuridine (EdU) for seven days. (A) Example 
of eWAT from control diet (CD) (left) and high-fat diet (HFD) (right). Scale bar 100 μm (B) Example of 
eWAT from HFD-CD (left) and HFD-pair-fed (pf) HFD (right). Scale bar 100 μm (C) Vessel-associated 
EdU+ preadipocytes. (D) Non-vessel and non-crown-like structure associated separated EdU+ preadi-
pocytes. C and D are presented as individual values and means ± standard deviation, N = 6 (technical 
replicates) of n = 2 (biological replicates). blue = EdU, pink = CD31, yellow = CD45.2, white = merge.  

While investigating mice with body mass greater than 40 g that received either CD or pfHFD 

for one week, we observed diet-dependent differences (Figure 9 B, C, and D). In both short-
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term obesity intervention groups, a huge number of crown-like structures were present (Figure 

9 B). In the HFD-pfHFD group, there was also a notable infiltration of immune cells in the tissue 

in addition to the crown-like structures (Figure 9 B right). Furthermore, the vasculature struc-

tures in the HFD-pfHFD group were deteriorated, with numerous small branches present. In 

line with our previous data, we confirmed slight reductions in in vivo proliferation rates in both 

obesity intervention groups (Figure 9 C and D).Thereby, the proliferation reduction was more 

dominant in the HFD-pfHFD group compared to the HFD-CD group.  

The findings from 3D imaging of eWAT indicated that obesity had a global impact on eWAT 

structure, including immune cell infiltration and slightly reduced in vivo proliferation in response 

to HFD feeding. These results corroborated and extended our previous findings in the SVF. 

Furthermore, the influence of diet quality on obesity intervention was demonstrated. While ca-

loric restriction with a HFD resulted in massive immune cell infiltration, vascular deterioration, 

and a near complete proliferation stop of preadipocytes, these negative effects were not ob-

served with CD. These findings suggest that body mass reduction may be more sustainable 

and beneficial when achieved through low-fat CD rather than energy-restricted HFD.  

 

3.2 Diminished mitochondrial function of epididymal adipocytes in 

diet-induced obese mice persists after complete remission from obe-

sity 

The pathological expansion of WAT and positive energy balance not only affects the adipo-

genic potential of preadipocytes, but also reduces the mitochondrial function of adipocytes. 

Thus, HFD feeding in mice has been shown to impair mitochondrial fission activity, bioener-

getics, and alterations in mitochondrial protein expression (Schottl et al., 2015b; Schottl et al., 

2020; Tol et al., 2016). Certain alterations in mitochondrial architecture are not reversible even 

after initial body mass loss (Schottl et al., 2015b). We aimed to investigate persistent mito-

chondrial alterations after complete remission from obesity with a low-fat CD. Additionally, we 

were interested in their potential contribution to handle again an obesogenic environment and 

thereby contributing to body mass cycling, coined as ‘yo-yo effect’.  

 

3.2.1 Body mass and fat mass normalize during control diet-induced obesity re-

mission 

Diet-induced obesity causes a fat depot-specific reduction in mitochondrial function. A de-

crease in respiratory capacity and mitochondrial integrity in eWAT remains even after one 

week of CD feeding (Schottl et al., 2015b). For investigating whether this effect is reversible 



                                                                                                                                        Results 

51 
 

after the mice have reestablished a lean body and fat mass, body mass and composition were 

continuously determined during an eight-week long return to CD after established, diet-induced 

obesity. 

Body mass, fat mass and fat depot masses increased drastically during HFD feeding (Figure 

10 A – D, I, and J). However, body mass adjusted fat mass showed no differences between 

CD and HFD feeding (Figure 10 E and F). The adjusted fat mass demonstrated an appropriate 

fat mass for the body mass at any time. Furthermore, body composition analysis detected no 

differences in lean mass after 24 weeks of HFD feeding compared to CD feeding (Figure 10 

G and H). The eWAT depot accumulated a similar mass in both diet groups, consistent with a 

eWAT plateau in mice at around 40 g body mass (van Beek et al., 2015).  

After eight weeks of CD-induced obesity remission, the body mass and fat mass of the HFD-

CD group had normalized to levels comparable to the CD group (Figure 10 A – D). Addition-

ally, the iWAT mass of the HFD-CD group was again comparable to that of the CD group 

(Figure 10 I), while the eWAT mass had decreased below that of the CD group (Figure 10 J). 

The adjusted fat mass showed differences already four weeks after the diet switch from age 

40 weeks (data not shown) until the end of the experiment when comparing the HFD and HFD-

CD groups (Figure 10 F). The lean mass remained unchanged throughout the experiment 

(Figure 10 G – H). 
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Figure 10: Normalization of body mass and fat mass during control diet-induced obesity remis-
sion on a low-fat control diet. All male C57BL/6N mice received a control diet (CD) at 8 weeks of age. 
High-fat diet (HFD) feeding started at 12 weeks of age for mice in the HFD and HFD-CD groups. CD-
induced obesity remission began at 36 weeks of age for HFD-CD mice. (A) Body mass development 
between 8 and 44 weeks of age. Body mass was determined weekly. (B) Comparison of body mass at 
44 weeks of age between the three feeding regimes. (C) Fat mass development between 12 and 
44 weeks of age. Fat mass was measured monthly until 36 weeks of age and biweekly thereafter. (D) 
Comparison of fat mass at 44 weeks of age between the three feeding regimes. (E) ANCOVA-adjusted 
fat mass development between 12 and 44 weeks of age. Fat mass was measured monthly until 
36 weeks of age and biweekly thereafter. (F) Comparison of ANCOVA-adjusted fat mass at 44 weeks 
of age between the three feeding regimes. (G) Lean mass development between 12 and 44 weeks of 
age. Lean mass was measured monthly until 36 weeks of age and biweekly thereafter. (H) Comparison 
of lean mass at 44 weeks of age between the three feeding regimes. (I) Organ mass of inguinal white 
adipose tissue (iWAT). (J) Organ mass of epididymal white adipose tissue (eWAT). B, D, F, H, I, and J 
were analyzed by one-way ANOVA (Dunn-Šidák correction). Data are presented as individual values 
and means ± standard deviation, n = 16 (C – H) – 18 (A, B, I, J) (biological replicates). * = p < 0.05, 
** = p < 0.01, *** = p < 0.001. 

Overall, HFD feeding resulted in an increase in body mass, fat mass, and iWAT mass without 

a corresponding increase in lean mass and with an appropriate adjusted fat mass. CD-induced 

obesity remission reduced body mass, fat mass, and organ mass to levels comparable to the 

control group. 

 

3.2.2 Diminished mitochondrial capacity and content persist in epididymal adi-

pocytes after body mass and fat mass normalization 

Body mass, fat mass, and organ mass were comparable or even reduced to the levels ob-

served in the CD group after eight weeks of CD-induced obesity remission. In this setting, we 

analyzed the capacity, content, and integrity of mitochondrial to investigate whether a long-

term CD-induced obesity remission restores mitochondrial function of epididymal adipocyte 

mitochondria. Therefore, we measured the mitochondrial respiration (state 3 and 4) of perme-

abilized inguinal and epididymal adipocytes. Mitochondrial integrity was calculated using the 

respiratory control ratio (RCR), and mitochondrial content was determined using a citrate syn-

thase (CS) activity assay. 
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There were no differences in respiration rates (state 3 and 4) in inguinal adipocytes among the 

three feeding groups (Figure 11 A). Additionally, mitochondrial abundance (Figure 11 B) and 

RCR (Figure 11 C) remained unchanged among the three different feeding groups. However, 

respiratory rates were reduced in epididymal adipocytes upon HFD feeding and remained di-

minished after an eight-week CD-induced obesity remission phase (Figure 11 D). Analysis of 

mitochondrial content via CS activity revealed a reduction in the HFD group. This reduced 

mitochondrial abundance per cell did not recover after CD-induced obesity remission and re-

mained unchanged compared to the HFD group (Figure 11 E). The RCR, which is independent 

of mitochondrial mass, was also reduced in the HFD group and did not recover upon CD-

induced obesity remission (Figure 11 F). Therefore, respiratory rates were not only diminished 

by a reduced mitochondrial abundance, but also by respiratory capacity itself.  

 

Figure 11: Diminished mitochondrial capacity, content, and integrity persist in epididymal adi-
pocytes. (A) Bioenergetics of α-chaconine permeabilized inguinal adipocytes in the presence of sub-
strates (pyruvate, malate, succinate). State 4 represents substrate-only respiration. Phosphorylating 
state 3 respiration was assessed in the presence of substrates and adenosine diphosphate (ADP). Non-
biological background respiration was subtracted from respiration rates after electron flow at complex III 
was blocked with antimycin A. Respiration rates were normalized to deoxyribonucleic acid (DNA) con-
tent of inserted cells. (B) Citrate synthase (CS) activity measurements of inguinal adipocytes. CS activity 
was normalized to DNA content. (C) Respiratory control ratio (RCR) of inguinal adipocytes, defined as 
the ratio of state 3 to state 4 respiration. (D) Bioenergetics of α-chaconine permeabilized epididymal 
adipocytes in the presence of substrates (pyruvate, malate, succinate). State 4 represents substrate-
only respiration. State 3 is respiration in the presence of substrates and ADP. Non-biological background 
respiration was subtracted from respiration rates after electron flow at complex III was blocked with 
antimycin A. Respiration rates were normalized to DNA content of inserted cells. (E) CS activity meas-
urements of epididymal adipocytes. CS activity was normalized to DNA content. (F) RCR of epididymal 
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adipocytes, defined as the ratio of state 3 to state 4 respiration. Data were analyzed by one-way ANOVA 
(Dunn-Šidák correction). Data are presented as individual values and means ± standard deviation, n = 7 
(biological replicates). ** = p < 0.01, *** = p < 0.001. CD = control diet, HFD = high-fat diet.  

These findings clearly demonstrated that HFD feeding had far-reaching consequences on ep-

ididymal adipocyte mitochondria that were not reversed in the short-term by reducing body and 

fat mass. In contrast, inguinal adipocyte mitochondria were resilient to the HFD challenge with 

no effect on respiratory capacity and abundance. 

 

3.2.3 Obesity has no effects on the oxidative phosphorylation protein expression 

As reduced mitochondrial function persisted in epididymal adipocytes after restoration of con-

trol mass, we examined the effects on oxidative phosphorylation complexes. To detect whether 

there is compensation of protein expression levels, we investigated whole tissue and SVF cells. 

Western blot analysis of subunits from complexes II to V revealed only minor changes in adi-

pocytes, whole tissue, and SVF cells of both fat depots due to HFD feeding and CD-induced 

obesity remission (Figure 12 A – F). Only complex II of inguinal mature adipocytes showed 

reduced expression upon HFD feeding and recovery upon CD-induced obesity remission (Fig-

ure 12 A). Protein expression of the oxidative phosphorylation complexes was stable between 

all three feeding groups in the whole tissue samples (Figure 12 B and E). Interestingly, SVF 

cells nearly had no complex II expression (Figure 12 C and F). This is in line with a diminished 

role of oxidative phosphorylation in highly proliferative cells (DeBerardinis et al., 2008). Addi-

tionally, inguinal SVF cells slightly reduced expression of all four detected complexes upon 

HFD, while epididymal SVF cells slightly increased expression of oxidative phosphorylation 

complexes (Figure 12 C and F). CD-induced obesity remission mostly affected complex ex-

pression in a direction similar to the CD group. Investigation of the ratio of total protein per 

organ mass (Figure 12 H and I) also revealed no differences caused by obesity or CD-induced 

obesity remission. 
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Figure 12: Minor changes in protein expression of oxidative phosphorylation complexes. Western 

blot analysis of oxidative phosphorylation complexes. Complex signals were normalized to vinculin sig-
nal. (A) Inguinal adipocytes. (B) Inguinal white adipose tissue (iWAT). (C) Inguinal stromal-vascular 
fraction (SVF) cells. (D) Epididymal SVF cells. (E) Epididymal white adipose tissue (eWAT). (F) Epidid-
ymal SVF cells. (G) Example of eWAT western blot with oxidative phosphorylation and vinculin antibod-
ies. (H) Total protein per organ mass ratio of iWAT. (I) Total protein per organ mass ratio of eWAT. Data 
were analyzed by one-way ANOVA (Dunn-Šidák correction). Data are presented as individual values 
and means ± standard deviation, n = 4 (C, F) – 6 (A, B, D – F, H, and I) (biological replicates). 
* = p < 0.05. CD = control diet, HFD = high-fat diet. 

In summary, the expression of subunits of mitochondrial oxidative phosphorylation complexes, 

as well as the total protein abundance per organ mass, were largely unaffected by diet. These 

findings showed that other factors, such as additional proteins or signals from primary adipo-

cytes, play an important role in the regulation of mitochondrial capacity and abundance in ma-

ture adipocytes. 
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3.2.4 Obesity causes no mitochondrial protein expression changes 

Extending our analysis beyond oxidative phosphorylation complexes, we sought to identify 

mitochondrial pathways and proteins that could lead to differences in mitochondrial integrity 

and abundance. We performed mass spectrometry on inguinal and epididymal adipocytes to 

identify additional mitochondrial proteins and gain a deeper understanding of the differences 

between inguinal and epididymal adipocytes. 

When examining the principal component analysis (PCA) of inguinal adipocytes, we did not 

observe any clear clustering between lean mice, obese mice, and mice in CD-induced obesity 

remission (Figure 13 A). In contrast, the PCA of epididymal adipocytes showed a clear sepa-

ration in protein expression between the CD and HFD groups (Figure 13 B). The CD-induced 

obesity remission mice displayed intermediate protein expression between the CD and HFD 

groups in the PCA. The hierarchical clustering analysis showed no separation between the 

three feeding groups in inguinal adipocytes, but a clear distinction was observed between the 

groups in epididymal adipocytes (Figure 13 C and 13 D). No significant expressed proteins 

were identified when comparing CD-induced obesity remission mice with control mice in ingui-

nal adipocytes (data not shown). The epididymal adipocytes exhibited two major patterns, one 

comprising non-mitochondrial proteins and the other comprising mitochondrial proteins (Fig-

ure 13 D). However, to our surprise, when evaluating biologically relevant proteins using a 1.5-

fold cutoff, a coefficient of variation less than 0.5, and differently regulated proteins (p < 0.05) 

for HFD versus CD and HFD-CD versus CD mice, we did only observe one single mitochon-

drial protein (upregulation: FTH1) that differed between obesity-recovered and control mice 

(Figure 13 E). The analysis of proteins exhibiting significant differences with a 1.5-fold change 

in epididymal adipocytes at the cellular level revealed the differential regulation of 18 non-

mitochondrial proteins (downregulation: SORBS1, DGAT2, CLMP, SZT2, TRIM14, ATXN2, 

PHLDA3; upregulation: SH3BGRL3, SERPINB6B, SLC37A2, RCC2, GC, HPX, CD9, NUP210, 

FAM129B, AS3MT, EFHD2) that differed between obese mice or those undergoing CD-in-

duced obesity remission and control mice. The downregulated proteins were predominantly 

involved in processes such as adipocyte differentiation (SORBS1, CLMP, ATXN2, PHLDA3) 

(Eguchi et al., 2005; Song et al., 2021; Yang et al., 2003; Yousof et al., 2022) and lipid metab-

olism (DGAT2, TRIM14) (Cases et al., 1998; Xu et al., 2019). The upregulated proteins were 

primarily related to processes such as increased adipose tissue mass (GC, FAM129B) (Mutt 

et al., 2014; Vazquez-Sandoval et al., 2023), adipose tissue fibrosis (CD9) (Marcelin et al., 

2017), macrophage infiltration (SLC37A2) (Kim et al., 2007), mitosis (RCC2) (Yenjerla et al., 

2013), elevated triglyceride levels (HPX) (Lawson et al., 2017), and oxidative stress in WAT 

(FTH1) (Moreno-Navarrete et al., 2014). Furthermore, the observed increase in ferritin heavy 

chain 1 (FTH1) expression is consistent with a prior study that linked dysregulated iron home-

ostasis to reduced adipogenic differentiation capacity (Moreno-Navarrete et al., 2014). The 
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limited number of proteins, out of the 104 significantly differentially regulated proteins, that 

exhibited a 1.5-fold difference suggests that alterations in protein expression alone may not 

entirely explain the sustained decline in mitochondrial function observed in obesity. Neverthe-

less, these identified protein candidates offered valuable insights into the impact of reduced 

adipocyte differentiation on mitochondrial function and warrant further investigation. 
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Figure 13: No changes in mitochondrial protein expression in inguinal and epididymal adipo-
cytes. Mass spectrometry proteomics analysis of inguinal and epididymal adipocytes. Data were pro-
cessed in Perseus. (A) Principal compound analysis (PCA) of inguinal adipocytes. (B) PCA of epididy-
mal adipocytes. (C) Profile plots (left) and hierarchal-clustered heat map (right) of significantly expressed 
proteins in inguinal adipocytes. The dark blue lines on the profile plot represent the overlap with Gene 
Ontology Cellular Component (GOCC) terms associated with mitochondria. (D) Profile plots (left) and 
hierarchal-clustered heat map (right) of significantly expressed proteins in epididymal adipocytes. The 
dark blue lines on the profile plot represent the overlap with GOCC terms associated with mitochondria. 
(E) Vent diagram of significant different proteins in epididymal adipocytes, MitoCarta 3.0 proteins, and 
significant different proteins with 1.5-fold change in the high-fat diet-control diet (HFD-CD) versus CD 
group. Significant different proteins were defined as those with p < 0.05 for HFD versus CD groups and 
HFD-CD versus CD groups and a coefficient of variation less than 0.5 between the investigated feeding 
groups. Data are presented as individual values, n = 5 (epididymal adipocytes) – 6 (inguinal adipocytes) 
(biological replicates).  

Our results showed that the decreased mitochondrial function was not primarily caused by 

changes in protein expression. Despite the fact that the epididymal adipocytes from obese 

mice clustered differently from those from lean mice, we did not observe significant changes 

in mitochondrial protein expression that could account for our previous findings. These findings 

suggest that signaling factors outside of mature adipocytes, such as from preadipocytes, may 

contribute to the reduction in mitochondrial function. Furthermore, our data demonstrated that 

the ability of primary adipocytes to differentiate was diminished in obese mice, and even ma-

ture adipocytes displayed decreased differentiation, implying a possible connection between 

primary and mature adipocytes that leads to a persistent reduction in both the quantity and 

quality of mitochondria within epididymal adipocytes. 

 

3.2.5 High-fat diet refeeding doubles body mass and fat mass within the first two 

weeks in comparison to first time high-fat diet feeding 

Body mass, composition, and organ masses normalized within an eight-week CD-induced obe-

sity remission phase; even so, epididymal adipocyte mitochondria sustained irreversible alter-

ations. Next, we examined the effect of body mass, body composition, and organ masses after 

a HFD refeeding period. We sought to determine whether mice that had undergone CD-in-

duced obesity remission were more prone to HFD afterward. Therefore, mice received HFD 

for 12 weeks either following CD-induced obesity remission or for the first time.  

Body mass, fat mass, and lean mass were comparable at 44 weeks of age (Figure 14 A – D, 

I, and J). Body mass and fat mass increased during the 12-week HFD feeding period in both 

groups (Figure 14 A – D), while lean mass only increased in the HFD-refed group (Figure 14 

I and J). However, the rate of change in body mass and fat mass was two-fold higher within 

the first two weeks of HFD refeeding (HFD-CD-HFD group) compared to mice that were 

switched to HFD for the first time (CD-HFD group) (Figure 14 E and F), demonstrating that 

HFD-refed mice are more susceptible to an obesogenic environment. After four weeks of HFD 

feeding, CD-HFD mice exhibited a faster rate of change in body mass and fat mass compared 
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to HFD-CD-HFD mice, before both HFD groups demonstrated similar rate changes. Interest-

ingly, the adjusted fat mass was consistent among all three feeding groups at any time point 

(Figure 14 G and H). These findings corroborated the notion that mice had an appropriate fat 

mass relative to their body mass when comparing the three feeding regimes. The organ mass 

of the iWAT depot significantly increased in the HFD refeeding group (Figure 14 K). In con-

trast, the eWAT depot remained largely unchanged in organ mass in both HFD groups (Figure 

14 L), potentially due to the limited storage capacity of eWAT at body masses above 40 g (van 

Beek et al., 2015) and the different behaviors of the fat depots.  
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Figure 14: High-fat diet refeeding doubles body mass and fat mass within the first two weeks. All 
male C57BL/6N mice received a control diet (CD) at 8 weeks of age. High-fat diet (HFD) feeding began 
at 12 weeks of age for mice in the HFD-CD-HFD group. CD-induced obesity remission began at 
36 weeks of age for HFD-CD-HFD mice. At 44 weeks of age, the diet was switched to HFD for HFD-
CD-HFD and CD-HFD mice. (A) Body mass development between 8 and 56 weeks of age. Body mass 
was determined weekly. (B) Comparison of body mass at 44 and 56 weeks of age between described 
feeding regimes. (C) Fat mass development between 12 and 56 weeks of age. Fat mass was measured 
monthly until age 36 weeks and biweekly afterward. (D) Comparison of fat mass at 44 and 56 weeks of 
age between depicted feeding regimes. (E) Rate of weekly body mass changes upon 44 weeks of age. 
(F) Rate of biweekly fat mass changes upon 44 weeks of age. (G) ANCOVA-adjusted fat mass devel-
opment between 12 and 56 weeks of age. Fat mass was measured monthly until 36 weeks of age and 
biweekly afterward. (H) Comparison of ANCOVA-adjusted fat mass at 46 and 48 weeks of age. (I) Lean 
mass development between age 12 and 56 weeks. Lean mass was measured monthly until 36 weeks 
of age and biweekly afterward. (J) Comparison of lean mass at 44 and 56 weeks of age between three 
feeding regimes. (K) Organ mass of inguinal white adipose tissue (iWAT). (L) Organ mass of epididymal 
white adipose tissue (eWAT). B, D, H, J, K, and L were analyzed by one-way ANOVA (Dunn-Šidák 
correction). E and F were analyzed by two-way repeated measures ANOVA (Dunn-Šidák correction) of 
CD-HFD and HFD-CD-HFD group. Data are presented as means ± standard deviation, n = 13 
(C - J) – 14 (A, B, K, L) (biological replicates). * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

Overall, HFD-refed mice exhibited a phenomenon of body mass cycling reminiscent of what is 

commonly referred to as ‘yo-yo effect’ in humans, and were more prone to HFD. The persistent 

changes in epididymal adipocyte mitochondria at the start of the HFD refeeding period under-

scored the critical function of these organelles in metabolism. These data suggest that reduced 

mitochondrial integrity and abundance alone may lead to irreversible consequences without 

changes in mitochondrial protein expression.  
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3.2.6 HFD refeeding impairs epididymal mitochondrial function 

HFD-refed mice were more prone to an obesogenic environment. To investigate the impact of 

HFD refeeding on mitochondrial function, we assessed mitochondrial respiration (states 3 and 

4) in permeabilized inguinal and epididymal adipocytes, as well as mitochondrial content and 

integrity.  

Consistent with previous findings, we did not observe significant changes in the mitochondrial 

respiration rate of inguinal adipocytes between CD, CD-HFD, and HFD-CD-HFD feeding (Fig-

ure 15 A). In addition, there were no differences in mitochondrial respiration, abundance, and 

integrity between 12 weeks of HFD feeding and HFD refeeding for 12 weeks (Figure 15 A – 

C). However, in epididymal adipocytes, we observed a decrease in mitochondrial respiration 

in the HFD-refed group compared to the CD group, while the CD-HFD group already demon-

strated a trend towards reduced respiration (Figure 15 D). This trend towards reduced mito-

chondrial respiration was reflected in both HFD groups in terms of mitochondrial content and 

integrity (Figure 15 E and F). The more marked reduction in mitochondrial respiration in the 

HFD refeeding group was due to the greater decrease in mitochondrial abundance, as both 

HFD feeding groups showed similar reductions in mitochondrial integrity. HFD refeeding did 

not further reduce mitochondrial integrity compared to HFD feeding for the first time in epidid-

ymal adipocytes. 
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Figure 15: Three-month high-fat diet feeding already alters the mitochondrial capacity, content, 
and integrity in epididymal adipocytes. (A) Bioenergetics of α-chaconine permeabilized inguinal ad-
ipocytes in the presence of substrates (pyruvate, malate, succinate). State 4 represents substrate-only 
respiration. Phosphorylating state 3 respiration was assessed the in presence of substrates and aden-
osine diphosphate (ADP). Non-biological background respiration was subtracted from respiration rates 
after electron flow at complex III was blocked with antimycin A. Respiration rates were normalized to 
deoxyribonucleic acid (DNA) content of the inserted cells. (B) Citrate synthase (CS) activity measure-
ments of inguinal adipocytes. CS activity was normalized to DNA content. (C) Respiratory control ratio 
(RCR) of inguinal adipocytes, defined as the ratio of state 3 to state 4 respiration. (D) Bioenergetics of 
α-chaconine permeabilized epididymal adipocytes in the presence of substrates (pyruvate, malate, suc-
cinate). State 4 represents substrate-only respiration. State 3 is respiration in the presence of substrates 
and ADP. Non-biological background respiration was subtracted from respiration rates after electron 
flow at complex III was blocked with antimycin A. Respiration rates were normalized to DNA content of 
inserted cells. (E) CS activity measurements of epididymal adipocytes. CS activity was normalized to 
DNA content. (F) RCR of epididymal adipocytes. It is defined as ratio of state 3 to state 4 respiration. 
Data were analyzed by one-way ANOVA (Dunn-Šidák correction). Data are presented as individual 
values and means ± standard deviation, n = 6 (biological replicates). * = p < 0.05. CD = control diet, 
HFD = high-fat diet.  

Our investigation of the effects of HFD feeding for the first time and HFD refeeding on mito-

chondrial function revealed that 12 weeks of HFD feeding had already caused alterations in 

the mitochondrial function of epididymal adipocytes, but not in inguinal adipocytes. These find-

ings supported the conclusion that inguinal adipocytes were resistant to re-exposure to an 

obesogenic environment, while epididymal adipocyte mitochondria demonstrated a trend to-

wards additional reduction in mitochondrial respiration and abundance in comparison to mice 

consuming HFD for the first time. 

 

3.2.7 HFD refeeding has no effects on the expression of oxidative phosphoryla-

tion proteins 

To investigate whether HFD refeeding had negative effects on oxidative phosphorylation ex-

pression in adipocytes, we performed Western blot analyses of subunits from complex II to V. 

In order to identify potential compensation of protein expression levels, we also analyzed whole 

tissue and SVF cells.  

Western blot analyses showed only minor changes between the different feeding regimes 

within adipocytes, whole tissue, and SVF cells in both fat depots (Figure 16 A – F). As oxida-

tive phosphorylation play only a moderate role in highly proliferative cells (DeBerardinis et al., 

2008), SVF cells showed nearly no complex II expression (Figure 16 C and F). Interestingly, 

we observed slightly increased expression of all four detected complexes in epididymal SVF 

cells following HFD refeeding (Figure 16 F), while epididymal adipocytes showed slightly re-

duced expression of oxidative phosphorylation complexes (Figure 16 D). In addition, HFD 

feeding for the first time caused a reduction in complex II expression in the whole eWAT, but 

this effect did not persist after HFD refeeding. (Figure 16 E). Analysis of the ratio of total protein 
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to organ mass (Figure 16 H and I) revealed no significant differences between the investigated 

feeding regimes. 

 

Continue page 68 
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Figure 16: High-fat diet refeeding has only minor effects on protein expression of oxidative phos-
phorylation complexes. Western blot analysis of oxidative phosphorylation complexes. Complex sig-
nals were normalized to vinculin signal. (A) Inguinal adipocytes. (B) Inguinal white adipose tissue 
(iWAT). (C) Inguinal stromal-vascular fraction (SVF) cells. (D) Epididymal SVF cells. (E) Epididymal 
white adipose tissue (eWAT). (F) Epididymal SVF cells. (G) Total protein concentration of iWAT. (H) 
Total protein concentration of eWAT. Data were analyzed by one-way ANOVA (Dunn-Šidák correction). 
Data are presented as individual values and means ± standard deviation, n = 5 (biological replicates). 
* = p < 0.05, ** = p < 0.01. CD = control diet, HFD = high-fat diet. 

In summary, we found that HFD feeding did not significantly affect the expression of mitochon-

drial oxidative phosphorylation complex subunits or total protein abundance. Thus, HFD 

refeeding did not appear to alter the expression of these complex subunits. These results high-

light the importance of other factors in regulating mitochondrial function in mature adipocytes.  
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Based on our inability to observe changes in overall protein expression, we also assumed that 

there would be no changes in the expression of other proteins after HFD refeeding. Our previ-

ous data showed that obesity reduces the differentiation potential of primary adipocytes, im-

plying a potential connection between primary and mature adipocytes. This connection led to 

a sustained decline in the quantity and quality of mitochondria in epididymal adipocytes without 

affecting general protein expression. In addition, our findings revealed a reduced adipogenic 

potential due to a HFD-induced increase in the Areg frequency, suggesting that signaling from 

primary adipocytes plays a crucial role in the regulation of mitochondria in mature adipocytes. 

In addition, we observed an impaired in vivo proliferation rate in obese mice that was further 

reduced after one week of CD feeding. These findings suggested that the adipogenic potential 

could be restored after a short-term low-fat CD intervention, but the obesity-induced signals 

may result in irreversible changes to the mitochondria in epididymal mature adipocytes. De-

spite the normalization of body and fat mass and the restoration of adipogenic potential, the 

function of the epididymal mitochondria remained reduced. These results indicated that obesity 

had far-reaching effects on the epididymal mitochondria, which may contribute to the phenom-

enon of body mass cycling, commonly known as the ‘yo-yo effect’. 
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4 Discussion 

The persistent increase in the prevalence of obesity and overweight highlights the urgency for 

further research to identify the underlying causes of disrupted energy balance and develop 

effective interventions. Despite all the progress to date, the physiological mechanisms that 

impede the maintenance of reduced body mass after successful body mass loss remain poorly 

understood. Adults who undergo repeated cycles of caloric restriction (i.e., "dieting") and over-

eating often experience an increase in body mass, commonly referred to as the ‘yo-yo effect’ 

(Dulloo and Montani, 2015; OECD/WHO, 2020). Adipose tissue, exhibiting a heterogeneous 

composition of various fat cell types with diverse function, has emerged as a critical node in 

the homeostatic system that regulates body mass (Hepler and Gupta, 2017; Macotela et al., 

2012; Rosen and Spiegelman, 2014).  

Our prior research on the cellular composition of adipose tissue in diet-induced obese mice 

reveals a restricted mitochondrial function in mature adipocytes (Schottl et al., 2015b). Inter-

estingly, preliminary data from our laboratory suggested a reduction in the adipogenic potential 

of adipocyte progenitor cells (APCs) that could be restored by short-term exposure to a low-

fat diet. Of note, feeding mice for one week a control diet (CD) does not improve mitochondrial 

function in mature adipocytes (Schottl et al., 2015b). If corroborated, a nutritional programming 

of adipogenic potential and mitochondrial function plausibly contributes to the accelerated body 

mass regain. Hence, it is of great interest to investigate the effects of caloric restriction and 

CD-feeding followed by a high-fat diet (HFD) on adipose tissue growth and mitochondrial func-

tion, as these factors contribute to the development of metabolic complications. A better un-

derstanding of the underlying cellular mechanisms may provide valuable insights into the ef-

fects of repeated cycles of dieting and overeating on body mass regulation in humans. 

The present study aimed to examine the impact of APCs on the adipogenic potential and the 

mitochondrial function in white adipocytes during body mass loss and regain. At first, we in-

vestigated the capacity of HFD feeding to deplete the adipogenic stem and precursor cells and 

to suppress the differentiation of APCs into mature adipocytes. Our findings demonstrated the 

significance of various adipogenic stem and progenitor cells on the adipogenic potential and 

their fluctuations after a one-week dietary intervention in obese mice. Secondly, we analyzed 

the mitochondrial function and protein expression in obese mice and mice undergoing CD-

induced obesity remission, which were comparable in body mass to control mice. By refeeding 

these CD-induced obesity remission mice, we revealed the persistent effects of obesity on 

mitochondria and the long-lasting impact of nutritional programming on white adipose tissue 

(WAT) that may contribute to body mass regain in mice. 
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Figure 17: Nutritional programming of epididymal white adipose tissue and its consequences. 
High-fat diet (HFD) feeding is associated with an increased frequency of CD142+ adipogenesis-regula-
tory cells (Aregs) and reduced adipogenic potential in stromal-vascular fraction (SVF) cells of epididymal 
white adipose tissue (eWAT) (yellow area left). Furthermore, HFD feeding reduces mitochondrial func-
tion and content in mature adipocytes (yellow area right). Upon refeeding with control diet (CD) for one 
week, the frequency of CD142+ Aregs decreases, and the adipogenic potential of SVF cells increases 
(green area). However, even after normalization of body mass and fat mass following long-term CD 
feeding, mitochondrial function and content fail to restore (red area). This increased adipogenic potential 
coupled with diminished mitochondrial function and content renders HFD-refed mice more susceptible 
to an obesogenic environment and body mass regain (orange area). Created with BioRender.com 

 

4.1 Reversible alterations in cell fate decision and terminal differen-

tiation 

The nutritional programming of APCs may contribute to accelerated body mass regain. In a 

preliminary study, a HFD feeding regime resulted in a reduction of the adipogenic potential of 

WAT. However, a one-week refeeding of obese mice with a low-fat CD reversed this effect 

(unpublished). To corroborate and understand these observations, a more detailed investiga-

tion was necessary. To that end, we examined both the whole tissue structure and primary 

adipocyte cultures to assess their adipogenic potential through differentiation analyses. Addi-

tionally, we determined the presence and proliferation ability of previously described subpop-

ulations within the adipose tissue (Merrick et al., 2019; Schwalie et al., 2018).  

Feeding mice with HFD for several weeks until they reached at least 40 g of body mass and 

the eWAT expansion plateau (Figure 3) resulted in consistent outcomes with previous studies 

in mice and humans (Pasquet et al., 1992; Schmitz et al., 2016). However, we observed a 
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huge variation between individual mice. Additionally, lean mass increased steadily during ag-

ing and the increase in lean mass in HFD-fed mice plateaued over time, reducing the differ-

ences between the CD and HFD groups (Figure 10). Despite the potential influence of various 

factors on body mass development in mice (Anderson et al., 1968; Parra-Vargas et al., 2020; 

Toth et al., 2015), only slight variations between the different feeding regimes were observed 

and deemed negligible since no correlations were found with factors such as litter size and 

housing density. In the group fed with caloric restricted pair-fed (pf) HFD, the mice were pro-

vided with food of the same caloric density as the HFD-CD group, but only once a day before 

the onset of darkness. They consumed the food within a few hours, resulting in starvation for 

the remaining hours of darkness and throughout the light phase. Therefore, feeding the mice 

a CD for one week led to a suggestive reduction in fat mass and organ masses, whereas one-

week of a pfHFD reduced lean mass significantly, but had a less pronounced effect on organ 

masses compared to one-week CD feeding. Previous studies on calorie restriction and starva-

tion in humans and mice have also reported a reduction in lean mass (Keys et al., 1950; 

Schmitz et al., 2016). However, ad libitum low-fat diets have more beneficial effects on insulin 

resistance and a decrease in plasma triglycerides compared to caloric restriction (Muurling et 

al., 2002), despite the fact that the dietary composition did not result in a significant difference 

in body mass loss in our study and a previously reported study (Sacks et al., 2009). Our results 

highlighted the importance of diet quality, rather than solely quantity, in determining body com-

position during a short phase of body mass loss. This suggests that diet quality is more signif-

icant than diet quantity in achieving body mass and fat mass loss, whereas for lean mass, the 

opposite is true. 

Following the initial determination of the change in body mass and body composition during 

the first series of experiments, subsequent investigations involved a more detailed analysis of 

the composition of WAT. Adipose tissue can be hypertrophic and/or hyperplastic increasing 

storage capacity (Jo et al., 2009). iWAT primarily undergoes hypertrophy and limited adipo-

genesis when exposed to a HFD, whereas eWAT initially experiences hypertrophy followed by 

hyperplastic growth (Kim et al., 2014; Wang et al., 2013). However, upon reaching a body 

mass of approximately 40 g, the expansion of the eWAT depot ceases, while iWAT continues 

to increase proportionally with body mass (van Beek et al., 2015). The morphological analysis 

of WAT was conducted to assess the differences in terminal differentiation between different 

feeding regimes and fat depots. Our results (Figure 4) confirmed a limited expandability of 

eWAT and larger adipocytes in eWAT than in iWAT (Madsen et al., 2023; van Beek et al., 

2015). After HFD feeding, adipocyte size increased further in both fat depots, but reached its 

limit earlier in eWAT, suggesting maximal hypertrophy and an elevated adipocyte death op-

posing the increased hyperplasia in eWAT (Alkhouri et al., 2010; Kim et al., 2014). The in-

crease in adipocyte size can elicit metabolic stress such as endoplasmic reticulum stress and 
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lipotoxicity, and finally leads to alterations in mitochondrial function, adipokine secretion pro-

files, and metabolites (Brookheart et al., 2009). Consequently, a plethora of co-occurring med-

ical conditions may arise, such as type 2 diabetes, cardiovascular and renal diseases, and 

certain types of cancer (Kitahara et al., 2014; Kovesdy et al., 2017; Renehan et al., 2008; Xu 

et al., 2018). The impact of one week of CD or pfHFD following a prolonged HFD on the overall 

tissue architecture was negligible. However, one week of CD may had a slightly stronger re-

verse effect on the morphology of WAT in both fat depots. Overall, both WAT depots were 

found to be hypertrophic, with an earlier expansion limit observed in eWAT. Moreover, iWAT 

exhibited a more rapid remodeling of its tissue structure in response to dietary alterations com-

pared to eWAT, indicating a superior physiological adaptation of iWAT. iWAT exhibited a fa-

vorable remodeling response to varying caloric challenges, while prolonged exposure to an 

obesogenic environment caused pathological changes in eWAT, resulting in deleterious ef-

fects on the health of the entire organism. 

As WAT plays a central role in the pathogenesis of obesity, we conducted a detailed examina-

tion of its cellular composition. The stromal-vascular fraction (SVF) comprises the majority of 

cells in WAT, including APCs (Sarjeant and Stephens, 2012). Even though APCs are only one 

of several cell populations within WAT, our preliminary data suggested that reduced adipo-

genic potential of APCs might contribute to the limited expansion of eWAT. Therefore, we pro-

ceeded to investigate the adipogenic potential of isolated SVF cells in vitro (Figure 5). We 

suggested that inguinal primary adipocytes differentiated appropriately with fewer, but well-

differentiated large lipid droplets. On the other hand, epididymal primary adipocytes indicated 

reduced differentiation capacity, with smaller and less developed lipid droplets within primary 

adipocytes. However, the results did not support our previous preliminary findings of reduced 

adipogenic potential in primary adipocytes after HFD feeding, since we still observed prolifer-

ating and lipid-storing primary adipocytes in this experiment. In line with observations at the 

entire tissue morphological level (Figure 4), we observed only minor changes within one week 

of CD or pfHFD feeding. The reversing effects on the morphology were more pronounced in 

inguinal primary adipocytes compared to epididymal primary adipocytes. Furthermore, one 

week of CD seemed to have a slightly stronger reversing effect compared to one week of 

pfHFD, especially in inguinal primary adipocytes. It is worth noting that the aging of the cells 

(Bonab et al., 2006) may have weakened the differences between the feeding regimes. Con-

trary to our preliminary data, we could not observe a fully reduced adipogenic potential of 

APCs. Nevertheless, our data showed a diminished terminal differentiation capacity of epidid-

ymal primary adipocytes upon HFD feeding at the morphological level of primary cell cultures. 



                                                                                                                                   Discussion 

74 
 

To enhance our understanding of APCs, we studied their gene expression. The successful 

expansion of WAT requires a high level of coordination between the numerous cell types pre-

sent in the SVF (Sun et al., 2011). Moreover, studies have demonstrated alterations in the 

abundance and expression patterns of specific subpopulations of SVF cells during the pro-

gression of obesity (Burl et al., 2018; Cho et al., 2019; Emont et al., 2022; Hepler et al., 2018; 

Merrick et al., 2019; Sarvari et al., 2021; Schwalie et al., 2018). Therefore, we further evaluated 

the terminal differentiation capacity of APCs (Figure 6). The results of the HFD feeding were 

in agreement with the observations made at the morphological level (Figure 4 and Figure 5). 

Inguinal primary adipocytes were unaffected by obesity, while epididymal primary adipocytes 

indicated a slightly reduced terminal differentiation capacity in obese mice. Intriguingly, there 

were differences in the gene expression of various terminal differentiation markers in epididy-

mal primary adipocyte. Markers related to lipogenesis (Fasn) and lipid biosynthesis (Plin1) 

were more downregulated upon HFD feeding than general adipocyte markers (Pparg) as pre-

viously described in eWAT (Sarvari et al., 2021). Feeding mice a low-fat CD for one week had 

no effect on the gene expression levels of terminal differentiation markers and Pref1 in inguinal 

primary adipocytes. However, a one-week pfHFD seemed to increase the expression of these 

markers, suggesting a higher differentiation capacity. These results indicated a slightly differing 

outcome compared to the morphological investigations of cultured primary adipocytes and en-

tire tissue. Upon further examination of individual mice, it was revealed that one mouse in the 

pfHFD group (Figure S3) heavily influenced the results of the inguinal primary adipocytes. 

Excluding this mouse from the analysis would indicate that the one-week CD feeding was more 

effective in increasing the expression of terminal differentiation markers and Pref1 than the 

one-week pfHFD. These findings were consistent with our previous morphological findings, 

with one-week CD feeding resulting in a greater reversion of diet-induced obesity compared to 

one-week pfHFD. Our results indicated that HFD feeding resulted in a reversible reduction in 

the terminal differentiation capacity of APCs on a gene expression level. This observation was 

consistent with the results obtained at the morphological level. 

Recently, a multitude of studies has been conducted to explore the various subpopulations of 

SVF cells. Although the specific subpopulations analyzed may vary among studies in terms of 

their numbers and names, the overall results consistently demonstrate comparable character-

istics and markers within the different defined subpopulations (Burl et al., 2018; Cho et al., 

2019; Emont et al., 2022; Ferrero et al., 2020; Hepler et al., 2018; Merrick et al., 2019; Sarvari 

et al., 2021; Schwalie et al., 2018). After dividing the SVF cell population into subpopulations, 

some have investigated the adipogenic potential of these subpopulations both in vivo and in 

vitro, as well as their development in lean versus obese mice (Merrick et al., 2019; Schwalie 

et al., 2018). In line with prior research findings (Merrick et al., 2019; Schwalie et al., 2018), 
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we conducted further investigations to analyze the influence of HFD consumption and the un-

explored effects of short-term dietary alterations at the subpopulation level of SVF cells. We 

examined three distinct subpopulation clusters of the lineage-negative/stem cells antigen 1-

positive (Lin-/SCA1+) cell population in inguinal and epididymal SVF cells: Cluster 1: CD55+ 

adipocyte stem cells, Cluster 2: Vascular adhesion protein 1-positve (VAP1+) preadipocytes, 

and Cluster 3: CD142+ adipogenesis-regulatory cells (Aregs). Our data (Figure 7) confirmed 

a connection between CD142+ Aregs and VAP1+ preadipocytes, their shared origins, and their 

capacity to transit into each other (Emont et al., 2022; Merrick et al., 2019). However, the 

function of the CD142+ Areg subpopulation and its potential inhibitory effects on adipogenesis 

are still not fully resolved (Merrick et al., 2019; Sarvari et al., 2021; Schwalie et al., 2018). A 

recent study underscores the importance of age in determining the function and frequency of 

CD142+ Aregs (Zachara et al., 2022). Our result aligned with those of other studies investigat-

ing diet-induced obesity in mice, showing no significant increase in the CD142+ Areg frequency 

of inguinal SVF cells upon exposure to a HFD (Emont et al., 2022; Merrick et al., 2019). Fur-

thermore, HFD feeding decreased the pool of CD55+ adipocyte stem cells while increasing the 

frequency of VAP1+ preadipocytes in inguinal SVF cells. This demonstrated that the differenti-

ation capacity of inguinal SVF cells remained unaffected, as CD55+ adipocyte stem cells dif-

ferentiate into VAP1+ preadipocytes to meet the growing demand for lipid-storing mature adi-

pocytes. The subpopulation distribution of SVF cells from eWAT differed from that of SVF cells 

from iWAT. Specifically, the frequency of CD142+ Aregs in SVF cells from eWAT increased in 

response to HFD feeding in both experimental setups, as previously reported in obese mice 

(Merrick et al., 2019; Schwalie et al., 2018). However, the frequency of VAP1+ preadipocytes 

and CD55+ adipocyte stem cells remained unchanged, indicating a minor role for the differen-

tiation capacity of SVF cells initially. Our findings suggested a reduced differentiation capacity 

in SVF cells of eWAT, supported by the absence of a trajectory of CD55+ adipocyte stem cells 

towards VAP1+ preadipocytes. As the inhibitory characteristics of CD142+ Aregs increase with 

age (Zachara et al., 2022), the increase in CD142+ Aregs in SVF cells from eWAT explained 

the decreased adipogenic potential of epididymal primary adipocytes. In addition, we evaluated 

the subpopulation distribution after one week of CD feeding and one week of pfHFD feeding. 

In inguinal SVF cells, the reduction of VAP1+ preadipocytes with one-week pfHFD indicated a 

decreased demand for preadipocytes to differentiate into mature adipocytes. However, since 

the CD142+ Areg frequency remained low, the adipogenic potential was not reduced. In the 

case of epididymal SVF cells, the CD142+ Areg frequency normalized to the control group level 

after one week CD without alterations in the frequency of CD55+ adipocyte stem cells or VAP1+ 

preadipocytes. Based on the observed trend towards increased adipogenic potential at the 

morphological and gene expression levels, without a reduction in infiltrated immune cells 

(Schmitz et al., 2016; Shirakawa et al., 2017), we suggested that the reduced CD142+ Areg 
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frequency was a major contributor to these rapid changes. The present study demonstrated 

that HFD intake had a significant impact on cell fate decisions and the adipogenic process. 

Our findings indicated that HFD-mediated signals reach the SVF cells and influence their fur-

ther development. HFD feeding increased the frequency of CD142+ Areg cells in the epididy-

mal SVF, leading to an inhibitory effect on adipogenesis in adult obese mice. The raised fre-

quency of CD142+ Areg cells resulted in a diminished transition of CD55+ adipocyte stem cells 

into VAP1+ preadipocytes, ultimately hindering the differentiation of VAP1+ preadipocytes into 

lipid-laden adipocytes. These observations proved that the HFD-induced increase in the fre-

quency of CD142+ Areg subpopulation lowered the adipogenic potential of epididymal SVF 

cells. However, the inhibitory effect could be rapidly reversed by reducing the frequency of 

CD142+ Areg, as evidenced by a low-fat diet intervention. These findings emphasized the cru-

cial role of dietary composition in regulating the frequency of CD142+ Areg and the adipogenic 

potential. 

The plateau phenomenon observed in eWAT may results from nutritional programming of the 

adipogenic potential in progenitor cells derived from eWAT. This may be attributed to APC pool 

depletion, as well as the silencing of differentiation capacity through an increase in CD142+ 

Areg frequency during HFD feeding. To assess the impact of diet on cellular proliferation, we 

performed in vivo studies using 5-ethynyl-2’-deoxyuridine (EdU) to monitor deoxyribonucleic 

acid (DNA) synthesis. Given the low turnover rate of adipocytes (Spalding et al., 2008), we 

observed a modest rate of proliferation in adipogenic stem and precursor cells (Figure 8). Our 

results indicated that HFD feeding slightly enhanced cell proliferation in SVF cells of iWAT, 

while in eWAT, a slight reduction in proliferation was observed in response to HFD, albeit 

without a complete termination of proliferation. Interestingly, one week of CD or pfHFD resulted 

in a substantial reduction in the proliferation rate of SVF cells in iWAT and a milder reduction 

in eWAT. On the contrary, our results disproved a HFD-induced proliferation stop and depletion 

of the adipogenic stem and precursor cells as an explanation of a decreased adipogenic po-

tential in epididymal SVF cells. Additionally, these findings demonstrated that HFD did not limit 

eWAT expansion through a reduction in cell proliferation. Instead, our data suggested that 

HFD feeding suppressed the differentiation of adipogenic stem and precursor cells into mature 

adipocytes, primarily due to the inhibitory effect of the increased CD142+ Areg subpopulation 

in eWAT of obese mice.  

APCs appear to play a vital role in the development and expansion of WAT. To validate our 

findings regarding APCs, we conducted 3D imaging analysis on eWAT. The results of this 

image analysis were consistent with our flow cytometry data (Figure 9). Additionally, we noted 

that a majority of the EdU+ preadipocytes were associated with vessels, as previously reported 
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(Cawthorn et al., 2012; Schwalie et al., 2018). Upon exposure to HFD, we observed an ex-

pected increase in immune cell infiltration in eWAT, which was predominantly organized into 

crown-like structures (Fischer et al., 2018; van Beek et al., 2015). Our findings indicated that 

HFD feeding resulted in a reduction of the proliferation rate in tissue-distributed EdU+ preadi-

pocytes. A short-term obesity intervention was not able to reverse the infiltrated immune cells. 

However, one-week pfHFD feeding further promoted the immune cell infiltration into eWAT 

and led to a deterioration of the surrounding vascular structures. Additionally, both obesity 

intervention groups demonstrated a reduction in the in vivo proliferation rate and were in line 

with our previous findings in the SVF. The analysis confirmed the broad impact of obesity on 

the structure of eWAT, including infiltration of immune cells and a slight reduction in in vivo 

proliferation in response to a HFD. The increase in the CD142+ Areg subpopulation observed 

with HFD feeding highlighted their systemic influence on preadipocytes in the entire tissue, 

with a modest effect on proliferation and a significant impact on differentiation capacity. Our 

findings also demonstrated the critical role of diet quality in obesity intervention. The imple-

mentation of caloric restriction with HFD led to a significant increase in immune cell infiltration, 

deterioration of surrounding vasculature, and near-complete inhibition of preadipocyte prolifer-

ation, whereas these negative effects were not observed after one week of a low-fat diet. These 

results suggested that body mass reduction achieved through low-fat diet was more sustaina-

ble and beneficial compared to energy-restricted HFD. 

In summary, a HFD caused a significant increase in body mass, fat mass, and organ mass, 

while CD for one week resulted in a reduction of fat mass and organ mass. The expandability 

of eWAT was reduced and the effects of one week of CD on tissue structure were modest, 

with slower eWAT remodeling compared to iWAT. While the quality of the diet played a more 

significant role in body mass and fat mass loss, caloric restriction alone may result in a loss of 

lean mass. HFD reduced the differentiation capacity of adipogenic stem and precursor cells, 

without preventing cell proliferation, but CD reversed its inhibitory effects. Short-term obesity 

interventions resulted in a proliferation reduction in both iWAT and eWAT, without reducing 

immune cell infiltration. Overall, a low-fat diet result in a more sustainable and beneficial re-

duction of body mass compared to caloric restriction with HFD. 

 

4.2 Persistent mitochondrial impairment 

Previous studies have documented adverse effects of obesity on adipocyte mitochondria. It is 

well known that murine eWAT is more susceptible to the negative impacts of obesity concern-

ing mitochondrial bioenergetics and inflammation compared to iWAT (Giordano et al., 2013; 

Gonzalez-Franquesa et al., 2022; Schmitz et al., 2016; Schottl et al., 2015b). However, to the 

best of our knowledge, no studies have yet explored whether obesity has long-lasting effects 
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on the mature adipocytes of WAT that persist beyond a full remission achieved through switch-

ing from a HFD to a low-fat CD. In our study, we compared mice that achieved a full remission 

from obesity through diet with obese mice and mice that were never obese. Similar to several 

studies in rodents and humans (Brownell et al., 1986; Pietilainen et al., 2012; Saarni et al., 

2006), we investigated body mass cycling in mice. We examined whether mice that recovered 

from obesity through a low-fat diet were more susceptible to a HFD environment and gained 

body mass and fat mass more rapidly compared to mice that were exposed to a HFD for the 

first time. 

Initially, we demonstrated that HFD feeding significantly increased body and fat mass with an 

appropriate fat-to-body mass ratio at all tested time points (Figure 10). An eight-week CD-

induced obesity remission was sufficient to restore body mass and fat mass. One possible 

explanation for the steady lean mass was the late onset of our HFD feeding, as we aimed to 

investigate its effects in adulthood. Compared to a study where lean mass increases during 

HFD feeding, we switched the diet at 12 weeks of age instead of 4 weeks of age (Schmitz et 

al., 2016). However, as we observed an increase in lean mass in our study investigating the 

adipogenic potential (Figure 3), we attributed the differences to variations within our mice and 

their high age. These parameters led to an increase in lean mass in the control group and thus 

reduced differences in lean mass between CD and HFD-fed mice. After the CD-induced obe-

sity remission, we did not observe a decrease in lean mass, which is in contrast to the findings 

of decreased lean mass in the Minnesota experiment in humans and the study in mice that 

started HFD feeding at 4 weeks of age (Keys et al., 1950; Schmitz et al., 2016). However, less 

decrease in lean mass was observed in heavier lean men in the Minnesota experiment (Dulloo, 

2021; Keys et al., 1950). These results, combined with our previous findings, propose that after 

initial body mass gain, lean mass does not decrease significantly with long-term CD feeding, 

as the energy deficit is preferentially balanced by energy stored in fat mass rather than lean 

mass. Therefore, we suggested that lean mass replenishment and subsequent fat overshoot-

ing play only a minor role in body mass cycling under regular meals distributed over the day. 

However, it should be noted that our studies were conducted with mice and thus may differ 

from findings in humans. Unfortunately, there are no data on lean mass in human studies on 

co-twins, body mass cycling athletes, or in the Guru-Walla ritual, where an ethnic group from 

northern Cameroon underwent voluntary overfeeding for approximately two months. There-

fore, we can only speculate that lean mass only plays a minor role in body mass regain in 

these cases (Pasquet and Apfelbaum, 1994; Pietilainen et al., 2012; Saarni et al., 2006). An-

other interesting observation in our study was the clear distinguishable behavior of iWAT and 

eWAT organ masses. As previously observed (Giordano et al., 2013; van Beek et al., 2015), 

iWAT could expand unlimitedly, while eWAT had limited expansion capacity. In contrast, eWAT 
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has higher levels of inflammation and macrophages content. These macrophages are im-

portant for debris removal that results from increased eWAT expenditure and need a long time 

to finish the task (Giordano et al., 2013). Therefore, inflammation persists even after full remis-

sion from obesity with normalized fat cell size (Schmitz et al., 2016; Shirakawa et al., 2017). 

The reduced eWAT organ mass after CD-induced obesity remission in our study may already 

indicated ongoing and lasting effects of obesity in terms of crown-like structure removal and 

reduced regeneration. These findings provided initial evidence for a long-lasting obesity effect 

on eWAT that could not be reversed by long-term CD feeding for obesity recovery. 

After initially determining the change in body mass and composition during the first series of 

experiments, further investigations involved a detailed analysis of the mitochondria in adipo-

cytes. Mitochondria in WAT play a crucial role in various physiological processes, including 

lipogenesis, lipolysis, adipokine secretion, and adipocyte differentiation (De Pauw et al., 2009; 

Koh et al., 2007). However, recent studies in rodent models have consistently demonstrated a 

reduction in mitochondrial integrity, content, and protein levels during obesity and type 2 dia-

betes (Fischer et al., 2015; Heinonen et al., 2017; Kusminski and Scherer, 2012; Mustelin et 

al., 2008; Schottl et al., 2015b; Schottl et al., 2020; Wessels et al., 2019). In-depth examina-

tions have revealed that long-term consumption of a HFD particularly affects epididymal mito-

chondria, and these alterations cannot be improved by short-term low-fat CD interventions 

(Schottl et al., 2015b). Therefore, our study aimed to determine the impact of obesity and com-

plete recovery from obesity on mitochondrial bioenergetics and content, investigating whether 

a full CD-induced remission from obesity is necessary to reverse the effects on mitochondria. 

For this purpose, we evaluated the respiration capacity, the mitochondrial integrity, and the 

mitochondrial content in inguinal and epididymal adipocyte mitochondria (Figure 11). Our find-

ings regarding inguinal adipocytes were partially in contrast to the results of Schöttl et al., who 

also report no changes in mitochondrial integrity but observe a decrease in mitochondrial con-

tent (Schottl et al., 2015b). However, our results were consistent with a study that investigated 

iWAT and eWAT homogenates before and after reducing body mass and fat mass through 

caloric restriction of a HFD (45 % fat) and exercise intervention (Gonzalez-Franquesa et al., 

2022). The resistant decrease in respiration capacity in the phosphorylating state observed in 

our data is also reported in eWAT homogenates after caloric restriction of HFD feeding and 

exercise (Gonzalez-Franquesa et al., 2022). However, examining the whole WAT may detect 

effects primarily caused by immune cells or SVF cells, not mature adipocytes, as WAT only 

makes up one-third of mature adipocytes, yet it can account for over 80 % of its tissue volume 

(Tsiloulis and Watt, 2015). Furthermore, the number of immune cells greatly increases in WAT 

because of HFD feeding (Gonzalez-Franquesa et al., 2022; Schmitz et al., 2016). Therefore, 

we employed only mature adipocytes and permeabilized them with α-chaconine at the begin-

ning of the experiment additionally to ensure that the mitochondria had access to all substrates 
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needed for respiration and to exclude the effects of limited substrate supply. The reduced res-

piratory capacity of epididymal mitochondria in our data could be partially attributed to reduced 

mitochondrial content. Another reason for the lowered mitochondrial respiration with HFD feed-

ing was the reduced mitochondrial integrity. Mitochondrial content and integrity did not recover 

after full remission from obesity, demonstrating a long-lasting effect of obesity on epididymal 

adipocyte mitochondria and their metabolic flexibility. Furthermore, our results provided clear 

evidence that HFD feeding has extensive consequences beyond the mitochondrial functional-

ity and content in epididymal adipocytes. For instance, the reduced mitochondrial respiration 

capacity of epididymal adipocyte mitochondria is in line with reduced mitochondrial fission ac-

tivity. Obesity disrupts the fusion-fission balance, and reduced fission activity is associated 

with impaired mitochondrial bioenergetics in diet-induced obese mice and obesity models, in-

dicating a reciprocal metabolic adaptation to reduce excess lipid accumulation in eWAT (Tol 

et al., 2016). Changes in the physiological behavior of mitochondria in response to obesity may 

lead to alterations in mitochondrial structure, which are crucial for proper mitochondrial func-

tion. One such change observed in response to a HFD is a reduction in the density of the 

mitochondrial inner membrane cristae structure, as well as a decrease in its master regulator, 

optic atrophy 1 (OPA1), as reported in previous studies (Gonzalez-Franquesa et al., 2022). 

Moreover, caloric restriction of HFD and physical interventions are insufficient to reverse the 

effects of HFD (Gonzalez-Franquesa et al., 2022), as also observed in our study. Although it 

is known that caloric restriction, achieved by switching from HFD to CD, has a body mass 

reducing effect (Sacks et al., 2009), the reduced mitochondrial function and content in eWAT 

of obese mice persisted. Another potential contributing factor to our observations is the down-

regulation of immunometabolic crosstalk between adipocytes and macrophages, which leads 

to a decrease in mitochondrial uptake from adipocytes to macrophages in the eWAT following 

HFD feeding. This, in turn, results in an increased immune response (Brestoff et al., 2021). 

Furthermore, adipocytes also communicate with other cell types, such as myocytes, through 

paraspeckles and small extracellular vesicles (Crewe et al., 2021; Fox, 2018). This means that 

the absence of paraspeckles may lead to dysfunctional mitochondria and decreased mitochon-

drial content, respiration, and fission activity (Fox, 2018). The alterations within the extracellu-

lar mitochondrial signaling modulate the whole body physiology. Thereby, circulation mitochon-

drial DNA may explain a chronic inflammatory state beyond obesity (Boardman et al., 2023). 

This elevated inflammation persists even after full recovery from obesity (Schmitz et al., 2016). 

Overall, the impaired mitochondrial transfer and signaling due to obesity have a detrimental 

impact on the overall organism. The collective findings on altered fusion-fission activity, mito-

chondrial structure, and communication between adipocytes and non-adipocytes highlight the 

extensive impact of HFD on mitochondria, which could potentially explain the persistently de-

creased mitochondrial content and function observed in our study.  
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Since reduced mitochondrial function and abundance can have multiple contributing factors, 

we initiated an investigation into their protein expression. Several studies have previously 

demonstrated the impact of obesity on the expression of mitochondrial OXPHOS proteins. 

(Gonzalez-Franquesa et al., 2022; Madsen et al., 2023; Schottl et al., 2020). Therefore, we 

were interested in whether persisting reduced mitochondrial integrity and abundance in epi-

didymal adipocytes was due to a permanent adaptation of the respiratory chain at the protein 

level. To this end, we investigated the expression of oxidative phosphorylation (OXPHOS) 

complexes II – V in several adipose tissue samples (Figure 12). Our results did not replicate 

previous findings that reported a decreased expression of OXPHOS proteins in obese mice 

(Gonzalez-Franquesa et al., 2022; Madsen et al., 2023; Schottl et al., 2020). Interestingly, 

despite a reversible reduction in complex II expression, the mitochondrial respiration and in-

tegrity in inguinal adipocytes remained unaltered, suggesting that the reduction may have been 

compensated by other mechanisms. 

As the absence of alteration in protein expression could indicate that the proteins are present 

but not functional, we conducted a comprehensive analysis of the proteome of inguinal and 

epididymal adipocytes from our feeding groups. Of particular interest were mitochondrial pro-

teins, which may have undergone modifications during HFD feeding. Additionally, we sought 

to examine pathways related to protein misfolding and alterations in mitochondrial structure. 

Previous studies have reported reduced fission activity in mitochondria in response to HFD, 

leading to an elongated appearance and compromised respiratory capacity, as well as reduced 

mitochondrial functions (Giordano et al., 2013; Tol et al., 2016). Furthermore, the lysosomal 

and proteasome pathways have been found to be altered during HFD feeding, but remain 

unaltered in whole eWAT homogenates following caloric restriction in combination with exer-

cise intervention. Lysosomal proteins are upregulated, whereas proteasome proteins are 

downregulated (Gonzalez-Franquesa et al., 2022). In detail, the activation of lysosomal path-

ways by the cell is an attempt to manage defective mitochondrial proteins (Deus et al., 2020), 

whereas the downregulation of proteasome proteins resulting from obesity-induced adipocyte 

senescence and represents the failure of a recycling/removal of dysfunctional proteins (Li et 

al., 2021; Saez and Vilchez, 2014). Our findings (Figure 13) demonstrated a clear distinction 

in protein expression between the CD and HFD groups in epididymal adipocytes. However, by 

analyzing the biologically relevant altered protein expression, we detected only very few pro-

teins that were significantly regulated after HFD feeding and remained dysregulated after full 

remission of obesity in comparison to CD mice. Intriguingly, the majority of the low expressed 

proteins were involved in adipocyte differentiation, whereas the highly expressed proteins were 

primarily associated with increased fat mass size and inflammation. Our findings suggested 

that the altered expression of OXPHOS proteins, as reported in previous studies (Gonzalez-

Franquesa et al., 2022; Madsen et al., 2023; Schottl et al., 2020), did not appear to be the 
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cause of mitochondrial dysfunction in our study. This was supported by our criteria that the 

protein levels remained unaltered for biological relevance. Furthermore, we did not detect any 

significant differences in protein expression related to protein misfolding pathways, as de-

scribed earlier in eWAT homogenates (Gonzalez-Franquesa et al., 2022). Our findings sug-

gested that the altered expression of proteins may not be the primary cause of mitochondrial 

dysfunction. Instead, the proper differentiation of adipose stem and progenitor cells into mature 

adipocytes could be a critical factor for mitochondrial function. This differentiation process can 

be influenced by nutritional programming, resulting in persistent epigenetic modifications in 

epididymal adipocytes and their mitochondria, which ultimately leads to a reduction in mito-

chondrial function and content. 

Depending on the persistence of reduced mitochondrial abundance and function even after 

complete recovery from obesity, mitochondria may play a role in body mass cycling. Studies 

have shown that athletes and identical twins with a history of body mass loss have a higher 

body mass compared to non-athletes or non-dieting co-twins (Pietilainen et al., 2012; Saarni 

et al., 2006). The underlying mechanisms of body mass cycling are complex, with evidence 

supporting the role of mitochondria in both mice and humans (Heinonen et al., 2017; Kusminski 

and Scherer, 2012; Mustelin et al., 2008; Schottl et al., 2015b; Schottl et al., 2020; Wessels et 

al., 2019). To further elucidate the intricate subject of body mass cycling, we conducted an 

experimental investigation into the susceptibility of mice, which had undergone CD-induced 

obesity remission, to a high-fat environment and their proclivity to the ‘yo-yo effect’. The lean 

mice that were refed with a HFD showed an increased susceptibility to an obesogenic envi-

ronment (Figure 14). In addition, inguinal iWAT demonstrated proper expansion capability, 

while eWAT showed no increase in mass due to its early limited storage capacity (van Beek 

et al., 2015), which was almost reached even in the control group due to age-related body 

mass gain (Turturro et al., 1999). Our data highlighted the susceptibility of HFD-refed mice to 

an obesogenic environment and suggested a link between the ‘yo-yo effect’ and the persis-

tence of impaired epididymal adipocyte mitochondria. 

After we had observed the susceptibility of HFD-refed mice to an obesogenic environment on 

the level of body mass and body composition, we were interested whether we can also see 

further reduction of the mitochondrial function (Figure 15). We proved the resistance of ingui-

nal adipocytes against diet-induced obesity and a re-exposure to an obesogenic environment. 

On the contrary, in mice, eWAT reached its plateau already after 12 weeks of HFD feeding, 

which could lead to increased inflammation (van Beek et al., 2015) and a reduction in mito-

chondrial function. HFD refeeding even more decreased the functionality of the mitochondria 

in epididymal adipocytes by reducing the mitochondrial content. A further increase in the im-

mune response and decrease in mitochondrial bioenergetics during obesity may be promoted 



                                                                                                                                   Discussion 

83 
 

by a diminished immunometabolic crosstalk, reduced fission activity, and decreased density of 

cristae structures (Brestoff et al., 2021; Gonzalez-Franquesa et al., 2022; Tol et al., 2016). 

However, the inflammatory state in WAT and the reduced density of mitochondrial inner mem-

brane cristae structure remain even after a full recovery from obesity (Gonzalez-Franquesa et 

al., 2022; Schmitz et al., 2016). As these alterations seem to be permanent, we suggested that 

they contributed to a susceptibly to re-exposing mice to an obesogenic environment. Our data 

highlighted the vulnerability of epididymal mitochondria and the resistance of inguinal mito-

chondria to a HFD environment.  

To obtain a more profound understanding of the direct impact of body mass cycling, an inves-

tigation into the adipocyte protein expression was conducted. Previous studies have shown 

that obesity results in a reduced expression of mitochondrial OXPHOS proteins in obese co-

twins when compared to their non-obese counterparts (Heinonen et al., 2017; Mustelin et al., 

2008), and that body mass cycling has a negative effect on body mass in twins (Pietilainen et 

al., 2012). In light of these observations, we comprehensively examined OXPHOS complexes 

II – V in various adipose tissue samples (Figure 16). Strikingly, we failed to observe the re-

ported decrease in the expression of OXPHOS proteins in obese mice in any of the samples, 

even after HFD refeeding (Gonzalez-Franquesa et al., 2022; Madsen et al., 2023; Schottl et 

al., 2020). The reasons for this discrepancy remained elusive. Nonetheless, we supposed no 

significant differences when analyzing the OXPHOS protein expression using a proteomics 

approach with strict criteria for detecting only biologically relevant proteins. Our findings sug-

gested that nutritional programming of SVF cells and adipocytes induced persistent alterations 

that affected the function and abundance of mitochondria within adipocytes, resulting in irre-

versible changes. 

In summary, our investigation unveiled the persistent deleterious effects of obesity on epidid-

ymal adipocytes even after complete remission induced by CD. While obesity caused a re-

versible increase in body mass and fat mass, it had a permanent negative impact on mitochon-

drial bioenergetics and inflammation in epididymal adipocytes. Notably, the differentiation ca-

pacity of adipocytes may play a crucial role in mitochondrial function, beyond differences in 

protein expression alone. The re-exposure of mice to an obesogenic environment after CD-

induced obesity remission resulted in an increased susceptibility to obesity recurrence, likely 

due to irreversible alterations in mitochondrial function and content contributing to their procliv-

ity to the ‘yo-yo effect’. 
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4.3 Conclusion and outlook 

This dissertation has identified discernible variations in the adipogenic potential of iWAT and 

eWAT in response to obesity. Notably, we observed a reduction in the adipogenic potential of 

eWAT, primarily due to changes in the frequency of subpopulations of progenitor cells, in which 

an increase in the frequency of Aregs induces a reduced adipogenic potential. Prolonged HFD 

feeding and the subsequent relapse period induce an increase in the number of adipocytes, 

which can result in the shift of the balance from an available lipid storage to excess storage of 

lipid. This can contribute to the high rate of body mass regain. Our findings also suggest that 

HFD feeding does not lead to the arrest of APC proliferation. Nevertheless, the observed di-

minished adipogenic potential can be reversed through one-week refeeding with a low-fat CD, 

but not with a calorie-restricted pfHFD, demonstrating the importance of diet quality instead of 

solely diet quantity. Nutritional programming of adipogenic potential in APCs during the body 

mass loss phase may enforce the rate of body mass regain by promoting hyperplasia in re-

sponse to subsequent HFD consumption. On the other hand, during the relapse period, there 

may be an increased frequency of Areg, which can reduce the adipogenic potential of progen-

itor cells, limiting the expansion of adipose tissue. As a result, mature adipocytes can enlarge 

to their maximum capacity, which may trigger cellular stress responses and lead to metabolic 

complications. 

Adipose tissues, beyond serving as fat storage organs, mediate endocrine and paracrine ac-

tivities. The alteration in the mitochondrial function of mature adipocytes persists even after 

the full remission of diet-induced obesity. However, we have not been able to attribute these 

persistent alterations in mitochondrial functionality to changes in the expression of mitochon-

drial proteins. As body mass increases and is regained, triglyceride stores in adipose tissue 

accumulate, leading to expansion of adipocytes until a plateau is reached in individuals with 

severe obesity. The increase in cell size places stress on the adipocytes, resulting in metabolic 

stress including endoplasmic reticulum stress and lipotoxicity, which finally alters mitochondrial 

function and communication, adipokine secretion patterns, and metabolite levels. These alter-

ations may cause persistent abnormalities that predispose to relapsing metabolic disease upon 

refeeding with an obesogenic diet, representing a novel mechanism of nutritional program-

ming. 

Further research should be directed towards investigating the interplay between SVF cell sig-

naling and mature adipocytes, particularly in relation to the development of adipogenic stem 

and precursor cell subpopulations and their impact on mitochondrial function. It is also crucial 

to consider strategies to restore mitochondrial function and content in eWAT when developing 

long-term body mass reduction therapeutics to address the issue of body mass cycling. 



                                                                                                                                   Discussion 

85 
 

Overall, the rapid recovery of the adipogenic potential through the generation of new APCs, in 

conjunction with the persistent reduction in mitochondrial function, may promote body mass 

regain in mice. Nutritional programming of APCs results in irreversibly changed mitochondrial 

functionality and crosstalk of adipocytes in obesity, which might be implicated in driving body 

mass regain and constitute a valuable therapeutic target to preserve body mass reduction. 
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6 Appendix 

6.1 Material 

Table 14: List of used chemicals. 

Chemical Cat# Supplier 

1-Thioglycerol Cay20824-5 Biomol 

2-acrylamido-2-methylpro-

pane sulfonic acid (AMPS) 

9592 Carl Roth 

4-(2-hydroxyethyl)-1-pipera-

zineethanesulfonic acid 

(HEPES) 

H0887 Sigma-Aldrich 

5,5’dithiobis(2-nitrobenzoic 

acid (DTNB) 

D21800 Sigma-Aldrich 

5-ethynyl-2'-deoxyuridine 

(EdU) 

A10044 ThermoFisher Scientific 

α-chacconie 1553 S Extrasynthese 

Acetyl coenzyme A sodium 

salt 

A2056 Sigma-Aldrich 

Adenosine diphosphate 

(ADP) monopotassium hy-

drate salt 

A5285 Sigma-Aldrich 

Ammonium chloride 5470 Carl Roth 

Amphotericine B A2612  Biochrom 

Antimycin A A8674  Sigma-Aldrich 

β-mercaptoethanol M3148 Sigma-Aldrich 

Bovine serum albumin 

(BSA) Fatty Acid Free  

A3803  Sigma-Aldrich 

Bovine serum albumin 

(BSA) fraction 

8076 Carl Roth 

Bromphenol blue B0126 Sigma-Aldrich 

Chloroform p.a. Y015.1  Carl Roth 

Collagenase type I C 1-22  Biochrom 

Dexamethasone D4902 Sigma-Aldrich 

Diethylpyrocarbonate 

(DEPC) 

D5758 Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) 4720 Carl Roth 
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Dipotassium hydrogen phos-

phate 

T875 Carl Roth 

Dulbecco's modified eagle 

medium (DMEM) - high-glu-

cose 

D5796  Sigma-Aldrich 

Eosin 7089 Carl Roth 

Ethanol 70 %, denatured T913 Carl Roth 

Ethanol 96 %, denatured T171 Carl Roth 

Ethanol 99.8 % p.a. 9065 Carl Roth 

Ethyl cinnamate W243000  Sigma-Aldrich  

Ethylenediaminetetraacetic 

acid (EDTA) 

V432B Promega 

Ethylene glycol tetraacetic 

acid (EGTA) 

3054 Carl Roth 

Fetal bovine serum (FBS) S0615 Biochrom 

Formaldehyde 4 % (v/v) 97135000 VWR 

Gentamycin A2712  Biochrom 

Glucose HN06 Biochrom 

Glycerin 3783 Carl Roth 

Hank's balanced salt solu-

tion (HBSS) w/o Mg2+, Ca2+  

14025-050 Invitrogen 

Hematoxylin 3870.2500 VWR 

Hydrogen chloride 0281 Carl Roth 

Indomethacin I7378 Sigma-Aldrich 

Insulin I9278 Sigma-Aldrich 

Isobutylmethylxanthine I5879 Sigma-Aldrich 

Isopropanol I9516 Sigma-Aldrich 

Lactobionic acid 153516 Sigma-Aldrich 

Magnesium chloride M8266 Sigma-Aldrich 

Malate disodium salt M9138 Sigma-Aldrich 

Methanol 4627 Carl Roth 

Mounting medium 1.00579.0500 VWR 

Nonidet® P-40 NP40S Sigma-Aldrich 

Nuclease-free water 129114 Qiagen 

Oligomycin O4876 Sigma-Aldrich 

Oil Red O O0625 Sigma-Aldrich 

Oxaloacetic acid O4126 Sigma-Aldrich 
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PageRuler Prestained Pro-

tein Ladder 

26616 ThermoFisher Scientific 

Paraffin 361336E VWR 

Penicillin/Streptomycin A2212 Biochrom 

Phosphate Buffered Saline 

(PBS) Tablets 

18912-014 Gibco 

Potassium chloride P9541 Sigma-Aldrich 

Potassium hydroxide 6751 Carl Roth 

Potassium pyruvate COM448637111 Sigma-Aldrich 

Protease inhibitor P8340 Sigma-Aldrich 

Rosiglitazone Cay71740 Biomol 

ROTI® Phenol/Chloro-

form/Isoamyl alcohol 

A156 Carl Roth 

ROTIPHORESE® Gel 30 

(37.5:1) 

3029 Carl Roth 

Sodium chloride 3957 Carl Roth 

Sodium deoxycholate D6750 Sigma-Aldrich 

sodium dodecyl sulfate 

(SDS)/Sodiumlaurylsulphate 

4360 Carl Roth 

Succinate 398055 Sigma-Aldrich 

Sucrose 84097 Sigma-Aldrich 

Taurine 4721 Carl Roth 

Tetramethylethylenediamine 

(TEMED) 

2367 Carl Roth 

Triiodothyronine (T3) T6397 Sigma-Aldrich 

Tris 4855 Carl Roth 

Tris-HCl 9090 Carl Roth 

TRISure BIO-38033 BioLine 

Triton X-100 85111 ThermoFisher Scientific 

Trypan blue 0.4 % (v/v) 1680 Carl Roth 

Tween 20 9127 Carl Roth 

Xylene 28973.363 VWR 
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Table 15: List of precast buffers. 

Buffer Cat# Supplier 

eBioscienceTM Intracellular 

Fixation & Permeabilization 

Buffer Set 

88-8824-00 ThermoFisher Scientific 

ROTI® Load Sample buffer K929 Carl Roth 

ROTIPHORESE® SDS-Gel 

Buffer 10x 

3060 Carl Roth 

 

Table 16: List of commercial kit systems. 

Kit system Cat# Supplier 

CellTiter-Glo® Luminescent 

Cell Viability Assay  

G7570 Promega 

Click-iTTM EdU Alexa FluorTM 

488 Imaging Kit  

C10637 ThermoFisher Scientific 

PierceTM BCA Protein Assay 23225 ThermoFisher Scientific 

SensiFASTTM cDNA Synthe-

sis Kit 

BIO-65054 BioLine 

SensiMix SYBR® No-Rox QT650-20 BioLine 

SV Total RNA Isolation Sys-

tem 

Z3105 Promega 

 

Table 17: List of consumables. 

Consumable Cat# Supplier 

Cell culture plate 12 well  83.3921 Sarstedt 

Cell scraper 83.3951 Sarstedt 

Cell strainer 40 μM  352340  BD Biosciences 

Filter tips (10 μl, 200 μl, 

1000 μl) 

701130210, 70760211, 

70.3050.355 

Sarstedt 

Micro 96 well plate nunc  260895  VWR 

Microscope Cover Slips MENZBB024060M113 VWR 

Nitril gloves 112-2755 VWR 

Nitrocellulose 926-31092 Li-Cor 

Nylon Mesh 250 μm  510-9526  VWR 
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Omnifex® 50 ml Luer Lock 

syringe 

4617509F Zefa 

Pasteur pipette 7477 70 VWR 

PCR tubes  72.991.992  Sarstedt 

Pipette tips (10 μl, 100 μl, 

1000 μl)  

70.1130, 70.760.002, 

70.762  

Sarstedt 

Screw cap tube (5 ml, 15 ml, 

50 ml)  

62558201, 62.554.502, 

62.547.254   

Sarstedt 

Serological pipette (5 ml, 

10 ml, 25 ml) 

861253001, 861254001, 

861685001 

Sarstedt 

SuperFrost® Microscope 

slides  

12372098  ThermoFisher Scientific 

Syringe filter CA 25 mm, 

0.22 µm 

1302601 Zefa 

Tubes (1.5 ml, 2 ml)  72.690.001, 72.691 Sarstedt 
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6.2 Supplementary figure 
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Figure S1: Gating strategy for live cell surface staining to identify three adipogenic stem and 
precursor cell subpopulations. The gating strategy example shows stromal-vascular fraction (SVF) 
cells from epididymal white adipose tissue (eWAT) of mice fed a control diet (CD), with gating performed 
from left to right and top to bottom. Fluorescence minus one (FMO) controls were implemented to accu-
rately differentiate between positive and negative subpopulations. AF = Alexa Fluor®, APC = allophy-
cocyanine, BV = blue violet, Cy = Cyanine, DAPI = 4′,6-diamidino-2-phenylindole, FSC-A = forward 
scatter area, FSC-H = forward scatter height, FSC-W = forward scatter width, Lin = Lineage, PE = phy-
coerythrin, SSC-A = side scatter area, SCA1 = stem cells antigen 1, VAP1 = vascular adhesion protein 
1.  
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Figure S2: Gating strategy for intracellular staining to identify three adipogenic stem and pre-
cursor cell subpopulations and cell proliferation. The gating strategy example shows stromal-vas-
cular fraction (SVF) cells from inguinal white adipose tissue (iWAT) of mice fed a control diet (CD), with 
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gating performed from left to right and top to bottom. Fluorescence minus one (FMO) controls were 
implemented to accurately differentiate between positive and negative subpopulations. AF = Alexa 
Fluor®, APC = allophycocyanine, BV = Blue violet, Cy = Cyanine, DAPI = 4′,6-diamidino-2-phenylindole, 
EdU = 5-ethynyl-2’-deoxyuridine, FSC-A = forward scatter area; FSC-H = forward scatter height, FSC-
W = forward scatter width, Lin = Lineage, PE = phycoerythrin, SSC-A = side scatter area, SCA1 = stem 
cells antigen 1, VAP1 = vascular adhesion protein 1.  
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Figure S3: Influence of high-fat diet and short-term obesity interventions on terminal differenti-
ation makers of the adipogenic potential. Isolated stromal-vascular fraction (SVF) cells were cultured 
until confluence, induced for 48 h, and differentiated for six days. Terminal differentiation capacity was 
determined by real-time quantitative polymerase chain reaction (RT-qPCR) (A) Heat map of selected 
terminal differentiation markers in differentiated inguinal primary adipocytes in four feeding regimes. 
Every value represents one mouse (biological replicate) with three technical replicates. Values are 
standardized in a way that each column (single protein) has the same mean (0) and standard deviation 
(1). (B) Heat map of selected terminal differentiation markers in differentiated epididymal primary adi-
pocytes in four feeding regimes. Every value represents one mouse (biological replicate) with three 
technical replicates. Values are standardized in a way that each column (single protein) has the same 
mean (0) and standard deviation (1). All data were analyzed by one-way ANOVA (Dunn-Šidák correc-
tion). n = 5 (biological replicates). CD = control diet, HFD = high-fat diet, pf = pair-fed.  
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