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Abstract 

Adipose tissue is an organ with unmatched plasticity that dynamically responds to energy intake 

and expenditure. With substantial changes in dietary habits and physical activity, a constant 

positive energy balance can be seen as the main driver behind the disproportionate accumulation 

of white adipose tissue and the manifestation of obesity as a major global health burden. On a 

microscopic scale, an increase in fat cell volume (adipocyte hypertrophy) has been identified as 

metabolically adverse and was shown to associate with obesity-related comorbidities such as type 

2 diabetes and cardiovascular disease. While adipocyte size has been frequently associated with 

obesity and changes of the metabolic state, the underlying genetic architecture and transcriptomic 

changes associated with adipose morphology remain largely unknown.  

To link genetic variation and gene expression changes to adipocyte size, this Ph.D. thesis aimed 

to establish novel, scalable adipocyte sizing strategies that are tailored towards large cohort 

studies.  

To address current limitations in adipocyte sizing, a machine learning-based method (Adipocyte 

U-net) was developed to reliably obtain adipocyte area estimates from whole adipose slide scans. 

Validation experiments against current state-of-the-art adipocyte sizing methods showed excellent 

agreement and therefore the obtained area estimates were used in a genome-wide association 

study to gain insight into the genetic architecture of adipocyte morphology. Despite large sample 

numbers (n = 820), no genetic loci reaching genome-wide significance were found.  

To obtain a more granular cell size characterization of adipocyte populations, a distribution-

centered analysis strategy suggesting additional sizing parameters beyond measures of central 

tendency was established. The additional sizing parameters complemented previous analytical 

approaches and revealed important insights into the shape and modality of histology-derived 

adipocyte size distributions. Based on the extracted sizing parameters, possible correlations 

between adipocyte size, anthropometry, clinical parameters and mitochondrial function were 

explored. As a novel finding linking adipocyte hypertrophy and adipose tissue metabolism, an 

inverse relationship between adipocyte size estimates and mitochondrial respiration was found. 

Transcriptomic profiling of white adipose tissue, and size-separated mature adipocytes by RNA-

sequencing indicated a shift from an energy-dissipating towards an energy-storing and pro-

inflammatory transcriptomic profile associated with adipocyte hypertrophy. In good agreement 

with the altered expression of fatty acid metabolism-related genes, a close relationship between 

white adipose tissue fatty acid composition and adipocyte size was discovered. To harness the 
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diagnostic potential of the described laboratory findings, magnetic resonance spectroscopy-based 

strategies for the non-invasive, simultaneous characterization of adipose tissue morphology and 

composition were developed. 

Altogether, the current work provides a novel, fully automated method for the reliable quantification 

of adipocyte size that is tailored towards large population-based studies. As key findings, 

substantial alterations in gene expression, mitochondrial function and fatty acid composition 

associated with adipocyte hypertrophy were discovered which at least partially lay the 

transcriptional and metabolic foundation for the manifestation and progression of obesity and its 

related disorders.   
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Zusammenfassung 

Fettgewebe ist ein Organ mit enormer Plastizität und reagiert dynamisch auf Veränderungen der 

Energiezufuhr und des Energieverbrauchs. Eine dauerhaft positive Energiebilanz aufgrund 

substanzieller Veränderungen im Essverhalten, kombiniert mit reduzierter körperlicher 

Betätigung, wird als der zentrale Mechanismus für eine überproportionale Zunahme der 

Fettmasse angesehen und trägt dazu bei, dass Adipositas zu einem der größten gesundheitlichen 

Probleme des 21. Jahrhunderts geworden ist. Die Größenzunahme von bereits existierenden 

Fettzellen (Hypertrophie) gilt als eine der zentralen pathologischen Veränderungen im Fettgewebe 

von Personen mit Adipositas. Das sekretorische und metabolische Profil von hypertrophen 

Adipozyten gilt als schädlich und trägt maßgeblich zur Manifestation Adipositas-assoziierter 

Erkrankungen bei (z.B. Typ 2 Diabetes & Kardiovaskuläre Erkrankungen). Bisher ist jedoch nicht 

bekannt, ob eine genetische Prädisposition für hypertrophe Fettzellen existiert und wie sich das 

Transkriptom, die mitochondriale Funktion und Fettsäurezusammensetzung in Abhängigkeit von 

der Adipozytengröße verändert.  

Um genetische Prädisposition und Veränderungen der Genexpression in Abhängigkeit der 

Fettzellgröße zu untersuchen, war es daher das Ziel der Doktorarbeit neue, auf große Kohorten 

zugeschnittene Methoden zur Fettzellgrößenbestimmung zu entwickeln.  

Basierend auf maschinellem Lernen wurde eine Methode zur Zellgrößenbestimmung entwickelt, 

welche ganze Objektträgerbilder als Datenquelle nutzt und Limitationen von derzeitigen 

Größenbestimmungsmethoden adressiert. Im ersten Schritt wurden die Fettzellgrößen des 

sogenannten „Adipocyte U-net“ mit Fettzellgrößen von bisher genutzten „state of the art “ 

Methoden verglichen. Basierend auf der neuen Fettzellgrößenbestimmungsmethode wurde als 

nächster Schritt in einer genomweiten Assoziationsstudie untersucht, ob bestimmte Einzel-

Nukleotid-Polymorphismen die mittlere Fettzellgröße beeinflussen. Trotz der hohen Anzahl an 

Probanden in der Studie (n = 820), konnten keine Loci mit genomweiter Signifikanz identifiziert 

werden.  

Um eine detailliertere Charakterisierung der gesamten Adipozytenpopulation zu erreichen, wurde 

eine verteilungsbasierte Methode zur Fettzellgrößenanalyse entwickelt. Die Analysestrategie 

schlägt zusätzliche Parameter zur Charakterisierung vor, die über die bisher verwendeten 

Lageparameter hinausgehen, und vervollständigt somit bisher publizierte Analysemethoden. 

Mittels der neuen statistischen Parameter konnten wichtige Erkenntnisse zur Form und Modalität 

von Histologie-basierten Fettzellgrößenverteilungen gewonnen werden. Basierend auf den 

gewonnenen Fettzellgrößenparametern wurden Korrelationsanalysen durchgeführt, um den 
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Zusammenhang zwischen Fettzellgröße, anthropometrischen, sowie klinischen Parametern und 

mitochondrialer Funktion zu untersuchen. Die Studie belegt ein reziprokes Verhältnis zwischen 

Fettzellgröße und mitochondrialer Atmung und deckt somit neue metabolische Störungen, die mit 

vergrößerten Adipozyten einhergehen, auf.  

Die Transkriptomanalysen von Fettgewebe und größenseparierten Adipozyten basierend auf RNA 

Sequenzierung ergaben, dass in Individuen mit hypertrophen Fettzellen eine Veränderung der 

globalen Genexpression vorliegt. Detaillierte Analysen zeigten, dass das Transkriptom sich von 

einem energieverbrauchenden zu einem energiespeichernden und entzündungsfördernden Profil 

verändert. Zusätzlich zur veränderten Expression von Genen des Fettsäuremetabolismus konnten 

Assoziationen zwischen Fettsäuremustern und Fettzellgrößen nachgewiesen werden. Um das 

diagnostische Potential der genannten Forschungserbnisse zu ergründen, wurden nicht-invasive 

Magnetresonanz-spektroskopie-Methoden zur morphologischen und kompositionellen 

Charakterisierung des Fettgewebes erprobt. 

Zusammenfassend etabliert die beschriebene Arbeit eine neue und vollautomatisierte Methode 

zur Fettzellgrößenbestimmung, die auf populationsbasierte Studien zugeschnitten ist. Als 

zentrales Ergebnis konnten transkriptomweite Veränderungen in der Genexpression in 

Abhängigkeit der Fettzellgröße identifiziert werden. Die globalen Veränderungen in der 

Genexpression in Abhängigkeit von der Zellgröße könnten als ein zentraler mechanistischer 

Grundstein für das Entstehen und Fortschreiten von Adipositas sowie ihren verwandten 

metabolischen Erkrankungen gesehen werden.   

 

 

 

 

 

 

 

 



1 | Introduction 

1 

1 | Introduction 

1.1 | The role of adipose tissue in the pathophysiology of obesity 

Obesity has reached epidemic proportions and is a central risk factor and driving force for the 

development of chronic, non-communicable diseases such as type 2 diabetes (T2D), nonalcoholic 

fatty liver disease, and coronary artery disease. In 2016, according to the World Health 

Organization (WHO), more than 1.9 billion adults were overweight relating to 39 % of the total 

adult population (1). Since 1980 the number of individuals with obesity has doubled (2). Recent 

projections, furthermore, suggest that the prevalence of obesity in adults will continue to increase 

and it is estimated that by 2030 approximately half of the United States population will suffer from 

obesity (3). Obesity can, therefore, be recognized as one of the most important global health 

burdens of the 21st century.  

The mechanisms behind the development of obesity are multi-factorial and stem from both 

environmental and genetic factors (4, 5). From all factors contributing to the progression of obesity, 

an increased energy intake combined with decreased energy expenditure due to a sedentary 

lifestyle resulting in a persisting positive energy balance can be seen as one of the central 

developmental origins (4). A long-term positive energy balance results in the expansion of white 

adipose tissue (WAT) due to increased lipid storage in fat cells in the form of triglycerides. Except 

for serving as a site to store excess calories, WAT was seen as metabolically inactive for a long 

time. With methodological advances including the isolation of mature adipocytes from collagenase 

digested tissue samples it became clear that WAT plays a major role in nutrient homeostasis and 

whole-body energy metabolism (6). Later, the discovery of adipose-secreted factors like leptin, 

adiponectin, and tumor necrosis factor alpha (TNF-α) led to the recognition of WAT as an 

endocrine and inflammatory organ involved in multiple, systemic metabolic disorders (7).  

1.2 | The adipose organ in brief 

In contrast to other organs, adipose tissue is compartmentalized, and depots are scattered across 

the human body fulfilling various important functions ranging from energy storage and energy 

dissipation to mechanical support and cushioning (8, 9). Generally, adipose tissue can be 

classified into either brown adipose tissue (BAT) or WAT (10). WAT, by volume, is mainly 

comprised of adipocytes with a unilocular lipid droplet, serving as a storage site for triglycerides 

(11). BAT, in contrast, contains multilocular adipocytes and is a thermogenic organ as it can 

dissipate energy in the form of heat mediated by uncoupling protein 1 (UCP1) (12). Anatomically, 
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different adipose tissue depots can be broadly classified into either subcutaneous or visceral 

adipose tissue (SAT/VAT). Thereby, SAT is being located beneath the skin, while VAT resides in 

the abdominal cavity (13). The distribution of body fat between the two compartments is influenced 

by multiple factors (sex, age, nutrition) and large-scale genome-wide association studies (GWAS) 

suggest sexual dimorphisms in the genetics of body fat distribution (14-16). Additionally, both 

storage sites differ in volume and regarding their associations with metabolic disorders (8). While 

SAT has the highest contribution to total body fat the accumulation of VAT shows a stronger 

association with metabolic disorders (15). The cellular composition of WAT is ambiguous. While 

mature adipocytes make up for more than 90 % of fat pad volume, it is important to emphasize 

that a wide variety of other cells resides in WAT, including endothelial cells, fibroblasts, 

preadipocytes, and immune cells (7, 17). All together these cells form the stromal-vascular fraction 

(SVF) and make up for approximately 60 - 80 % of the WAT cell count (7). SVF cells are a double-

edged sword as on the one hand they are crucial to maintain metabolically healthy WAT function 

by amongst other functions constant adipocyte renewal (18). On the other hand, immune-related 

SVF cells can substantially contribute to the progression of metabolic disorders as they are pivotal 

to the formation of a pro-inflammatory environment within WAT (7, 17).  

1.3 | Mechanisms of white adipose tissue expansion 

Besides being recognized as an endocrine organ, WAT has unmatched morphological plasticity 

that cannot be seen in any other organ (19). Studies measuring adipocyte size confirm this 

observation as there is considerable variation in fat cell size both within and between individuals 

(20). Thereby, the total WAT mass is mainly determined by the size and number of fat cells 

residing in the different depots. With the onset of obesity, WAT mass increases up to multiple 

folds, either due to an increase in fat cell size (hypertrophy) or number (hyperplasia). While 

adipocyte number is a major determinant of total fat mass, studies highlight that fat cell number 

remains largely stable during adulthood and is preferentially set during childhood and adolescence 

(21). Only in the context of severe obesity, an increase in fat cell number can be observed as well 

(21). Despite a mostly stable population of adipocytes being present in adults, this does not mean 

that there is no turnover and renewal of the existing cell population. Measurements of 14C-

incorporation into genomic DNA suggest that approximately 10 % of the total adipocyte population 

are renewed annually, which relates to the replacement of 50 % of the fat cell population after 8 

years (22). In humans, the two different morphological profiles show opposing effects regarding 

the development and progression of cardiometabolic diseases (23, 24). While WAT hyperplasia 

is generally considered benign, hypertrophic WAT expansion has been associated with adverse 
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outcomes including impaired lipid metabolism, hypoxia, and a pro-inflammatory environment 

leading to insulin resistance, T2D, dyslipidemia, and hypertension (6).  

1.4 | Techniques to measure adipocyte size  

Adipocyte size has been one of the earliest measured parameters to characterize adipose tissue 

morphology and function (25). Currently, three methods have emerged as standards to assess 

adipocyte size: Histological sections, collagenase digestion, and osmium tetroxide fixation. 

Adipocyte size determination from AT sections is most often carried out after hematoxylin & eosin 

(H&E) staining using manual gating or semi-automated image thresholding methods (26, 27). Size 

determination with collagenase digestion relies on adipocyte size measurements in a suspension 

of isolated mature adipocytes either based on direct microscopy with an object micrometer or with 

computer-based sizing methods (28, 29). Osmium tetroxide fixes intracellular lipids and adipocyte 

size is measured with a multisizer allowing for the quantification of multiple thousands of cells (30, 

31). Both osmium fixation and collagenase-based size determination measure the maximum cell 

diameter as the adipocyte is liberated from connective tissue taking on spherical shape in 

suspension. With histology, adipocyte area is assessed in a certain plane of the tissue. Depending 

on where the adipocyte is cut the measured area does not necessarily correspond to the largest 

cross-sectional area of the cell (32). Histology is however the only method where spatial 

information, as well as other tissue structures and general tissue architecture, are preserved. 

Furthermore, samples from histology can be easily stored at different stages of processing either 

as formalin-fixed paraffin-embedded (FFPE) tissue or as stained and coverslipped slides. 

Additionally, reanalysis is straightforward while the sample is inevitably lost with the other 

described sizing methods. Due to differences in methodology mean adipocyte size and its 

underlying size distribution and modality differ from method to method while the “ground truth” 

adipocyte size in an unperturbed state remains unknown (33). A large systematic review confirmed 

this observation with histology consistently producing smaller estimates compared to collagenase 

digestion, while osmium fixation yielded larger size estimates than collagenase digestion in SAT 

(34). Despite systematic differences, all methods are largely coherent regarding their associations 

with anthropometric measures and markers of cardiometabolic diseases (33).  
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1.5 | Adipocyte size is related to anthropometry and systemic metabolic disorders 

Hypertrophy is a known stress factor for WAT and up to date, multiple studies report associations 

of SAT and VAT adipocyte size with anthropometry, cardiometabolic markers, or certain types of 

metabolic diseases (23, 34). Independent of the depot, positive associations between adipocyte 

size and body mass index (BMI) as well as body composition (body fat percentage, body fat mass) 

have been frequently reported (33, 35, 36). Differences in fat cell size between SAT and VAT are 

well established with VAT adipocytes, in general, being smaller compared to their SAT counterpart 

(34, 37, 38). In line with body fat distribution being a sexual dimorph trait, adipocytes size was 

identified to show marked differences between males and females (8, 39). In the context of morbid 

obesity, these differences vanish and adipocyte size from males and females converges (8). 

Systematic reviews as well as a large study that meta-analyzed adipocyte area across multiple 

cohorts suggest that females are less susceptible to visceral adipocyte hypertrophy than males 

(34, 39). There is clear evidence that adipose morphology is associated with insulin resistance 

and T2D (Figure 1) (40-42). Results are however divergent concerning the depot-specificity of the 

described associations. Both SAT and VAT adipocyte size have been associated with T2D, insulin 

resistance, and laboratory values related to these metabolic diseases (homeostasis model 

assessment for insulin resistance (HOMA-IR), glycated hemoglobin (HbA1C), glucose, Insulin) (33, 

41-46). Further, VAT adipocyte size has been shown to have a detrimental influence on 

dyslipidemia and is associated with plasma apolipoprotein B, total cholesterol, low-density 

lipoprotein (LDL) cholesterol, and triacylglycerols (33, 41, 47). In conclusion, data from smaller 

studies as well as systematic analyses highlight that VAT compared to SAT adipocyte hypertrophy 

has a greater contribution to the manifestation of metabolic disorders and shows stronger 

associations with their respective laboratory parameters (34, 48). Studies investigating WAT 

morphology before and after bariatric surgery suggest that adipocyte hypertrophy and its 

associated metabolic disturbances are at least partially reversible with a marked long-term 

reduction in fat cell size and substantial improvements in systemic insulin sensitivity up to two 

years after surgery (49-51).  

 

 

 

 

 



1 | Introduction 

5 

 

 

Figure 1: Adipocyte hypertrophy associated pathologic alterations in adipose tissue and their 
systemic consequences.  
An expansion in the volume of existing adipocytes (hypertrophy) is accompanied by changes in structure, 
morphology and cellular composition of adipose tissue. The described pathological alterations manifest in 
systemic consequences such as T2D and cardiovascular diseases.  
T2D, Type 2 Diabetes; NAFL, Non-alcoholic fatty liver 
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1.6 | Adipocyte hypertrophy introduces pathophysiological changes to white adipose 

tissue structure and composition 

An increasing body of evidence suggests pathophysiological changes occurring along with 

adipocyte hypertrophy in WAT as a causal event for the manifestation of the disease phenotypes 

described above (19, 52). With increasing adipocyte size capillary density in WAT, blood flow and 

cardiac output do not increase even-handedly resulting in inadequate oxygenation (hypoxia) of 

the tissue (Figure 1) (53-55). To accommodate WAT growth extensive extracellular matrix 

remodeling is required leading to local fibrotic depositions (56-58). While immune cells are 

ordinary residents in WAT the hypertrophic expansion of adipose tissue has been associated with 

the infiltration of additional immune cells and introduces a shift in the polarization of residential 

immune cells (17). Amongst other immune cells, macrophages have been identified as a key 

player in promoting a pro-inflammatory environment during unhealthy WAT expansion (59). WAT 

macrophages can be broadly classified into two categories: M1 and M2 macrophages. The M2 

population is mainly present in normal-weight individuals with metabolically healthy WAT and is 

thought to have an anti-inflammatory secretion profile. With increasing adipocyte size the 

macrophage polarization switches towards the M1 subtype with a pro-inflammatory secretion 

profile (42, 60, 61). Macrophages typically accumulate around death or senescent adipocytes, 

thereby forming “crown-like structures” (61). Along with this phenomenon, the expression of 

senescence marker genes and the shortening of telomeres were observed with increasing 

adipocyte size (62-64).  

1.7 | Enlarged adipocytes display altered adipokine secretion patterns and show metabolic 

alterations.  

Together with the discovery of leptin, numerous adipocyte-secreted factors such as TNF-α, 

Interleukin 6, and adiponectin have been identified, manifesting the adipocyte as an endocrine cell 

(65, 66). Besides changes in WAT microstructure and SVF composition, the secretory profile of 

the white adipocytes itself undergoes pathologic changes during its hypertrophic expansion 

(Figure 1). Studies on size-separated adipocytes suggest major differences between small and 

large fat cells from the same individual. Thereby, large fat cells display a more adverse secretion 

pattern that promotes inflammation and thus might facilitate the development of metabolic 

diseases (67, 68). Lipogenesis and lipolysis are key metabolic pathways of the adipocyte. Up to 

date, multiple studies have demonstrated increased lipolysis rates with adipocyte hypertrophy (69-

71). De novo lipogenesis (DNL) in WAT on the other hand was found to be reduced in individuals 

with large fat cells (71, 72). Longitudinal analysis of lipid age in adults suggests that lipid turnover 

in SAT is age-dependent and decreased lipid removal rates are observed with higher age. Given 
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that lipid uptake remains constant, a long-term increase in fat mass and body weight is observed 

(73). The mitochondrion represents an essential organelle for adipocyte lipogenesis and lipolysis 

as it provides energy in the form of ATP and harbors multiple lipid metabolism-related processes. 

Further, clear evidence for an impairment of mitochondrial function in WAT with obesity exists (74-

76). Whether mitochondrial dysfunction is related to adipocyte hypertrophy and fat cell size 

remains poorly investigated. So far, only two studies with size-separated adipocytes concluded 

that the respiratory capacity of small and large fat cells does not differ (77, 78).  

Despite the adipocyte being mainly comprised of triglycerides (> 95 %) and numerous lipogenesis 

and lipolysis genes being related to adipocyte hypertrophy, studies relating WAT lipid composition 

to fat cell size remain scarce (79). Roberts et al. observed a negative relationship between 

adipocyte size and myristic acid (FA 14:0) as well as stearic acid (FA 18:0) (72). Another study 

investigating the relationship between fat cell size and fatty acid (FA) composition in overweight 

and obese individuals yields conflicting results observing a positive relationship between saturated 

fatty acids and adipocyte size (80). Further, obesity and insulin resistance have been associated 

with increased FA chain lengths and elevated levels of mono unsaturated fatty acid species in 

WAT (81). 
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1.8 | Data-driven “omics” studies and adipocyte hypertrophy 

Despite adipocyte size being associated with obesity-related metabolic complications and markers 

thereof, the mechanisms, transcriptome-wide changes, and genetic predisposition for adipocyte 

hypertrophy remain largely unknown. Notwithstanding an important role of environmental factors, 

literature leaves no doubt that common obesity is under strong genetic control. Only a minor 

fraction of obesity cases, however, stems from monogenic alterations and the prevalence for the 

development of obesity can be attributed to a plethora of genetic risk loci that are also involved in 

a complex interplay with their environment (82). Up to date, GWAS studies have identified 

numerous genetic variants that are associated with measures of obesity, body fat distribution 

(waist-to-hip ratio), and metabolic disorders (14, 83-85). Even though many obesity-associated 

genetic variants have been identified, deciphering their mode of action and relevant target tissues 

remains a challenging task, especially if variants are located in noncoding genomic regions (5, 86-

88). With a substantial body of evidence indicating that obesity is under (poly) genetic control, it 

seems likely that adipocyte morphology and expansion could be heritable traits as well. A single 

locus dissection study reports a relationship between rs1421085 (fat mass and obesity-

associated, FTO) genotype and adipocyte size (86). Further, a female-specific effect of the 

Krüppel Like Factor 14 (KLF14) genotype on adipocyte size was identified (87). rs11614913, an 

expression quantitative trait locus for miRNA196a, was associated with adipocyte size as well 

(89). On a genome-wide scale, a study in over 900 individuals on adipocyte morphology identified 

31 loci displaying suggestive associations (p < 1e-05) with adipose morphology but none of the loci 

did reach genome-wide significance (p < 5e-08) (90). Overall, evidence from a limited number of 

studies based on suggestive GWAS associations, heritability estimates, twin cohorts, and single-

locus dissection indicates that adipocyte size is under (poly)-genetic control (86, 87, 90, 91).  

Similar to genomic analyses, research investigating transcriptome-wide changes that might occur 

with adipocyte hypertrophy remain scarce. Microarray-based transcriptomic analysis using size-

separated adipocytes was able to identify 14 mainly immune-related genes that were enriched in 

large compared to small adipocytes (68). Studies in twins discordant for obesity and adipocyte 

volume suggest an upregulation of inflammatory genes, while transcripts related to mitochondrial 

function were found to be reduced in the heavier twin (92). Recently, spatial transcriptome studies 

in SAT were able to shed light on the spatial organization of 18 different cell types within the tissue. 

Based on transcriptome data three different adipocyte types with distinct gene expression patterns 

were identified. Strikingly, out of the three adipocyte subtypes, only one class was shown to be 

insulin sensitive (93). While Bäckdahl et al. report that the transcriptome is fat cell-size dependent, 

adipocyte size per se did not explain the heterogeneity between the different adipocyte subtypes 
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(93). Although next-generation sequencing techniques became cheaper and more accessible 

evidence from hypothesis-free methods on the molecular pathways, genetic variants, and 

transcripts that are involved in the depot-specific regulation of adipocyte morphology and size 

remain largely unexplored.  

1.9 | Limitations of current adipocyte sizing methods  

While numerous smaller cohort studies on adipocyte size exist, it is striking that despite adipocyte 

size being one of the earliest measurable WAT traits large human cross-sectional or longitudinal 

studies are limited (50, 90, 94). One reason for this observation is that the biopsy procedure, 

especially for VAT, is highly invasive and tissue can only be obtained during medically indicated 

general surgery under anesthesia (95). The requirement of surgery to obtain WAT biopsies further 

proposes some limitations of its own: Cohorts are often biased towards individuals with medical 

conditions while samples from lean and healthy individuals remain scarce. Further, general 

anesthesia and surgical stress are known to induce substantial metabolic, inflammatory, and 

endocrine alterations that could influence the desired outcome measures (96). Very few studies 

rely on WAT samples obtained post-mortem with the advantage of being able to sample multiple 

WAT sites and larger amounts of tissue albeit care needs to be taken as sample ischemic times 

are known to influence specimen integrity (97, 98). After a biopsy is obtained, adipocyte sizing 

remains a labor-intensive task as mature adipocytes need to be isolated using collagenase 

digestion or extensive sample processing with fixation, tissue processing, embedding, and cutting 

is required before H&E staining. Following sample processing, only limited automation is present 

during the microscopic determination of adipocyte size from sections or with mature adipocytes 

(26, 27, 99). Commonly, adipocyte diameter after collagenase digestion is determined based on 

a few hundred cells using a built-in object micrometer or with a ruler tool. For histology, imaging 

mostly remains a manual process as digital pathology and whole slide scanning are not yet widely 

used in an exploratory research setting but rather in clinical laboratories (100). Existing proprietary 

microscope software and freeware to determine adipocyte size from histology are optimized 

towards smaller images using thresholding and watershed algorithms to separate foreground and 

background for the identification of adipocytes (26, 27, 99, 101). After object identification, manual 

inspection and flagging of improperly gated structures and artifacts is necessary to obtain reliable 

estimates. In conclusion, independent of the adipocyte-sizing strategy extensive processing and 

manual labor is required to obtain size estimates. In summary, the in vivo adipocyte size in an 

unperturbed state remains largely unknown and there is a need to develop fast, accurate, and fully 

automated adipocyte sizing approaches suitable for digital pathology. 
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2 | Aims  

Adipocyte size is one of the most frequently measured parameters to describe adipose 

morphology. However, as only little automation is present with current sizing methods the 

applicability to harness the power of large biobanks that routinely archive and image WAT is 

limited. Accordingly, to date, the genetic predisposition for adipocyte hypertrophy and the 

transcriptomic alterations occurring with hypertrophic WAT expansion remain largely unknown. 

While recent studies suggest that adipocyte size can serve as a potential biomarker for metabolic 

diseases, a clinical application of the latter is still pending due to the invasiveness of the procedure.  

Therefore, the goals of the thesis were to develop novel, automated, fast, precise, and less 

invasive methods for the determination of adipocyte size. The obtained size estimates from large 

cohort studies were then used to investigate the genetic predisposition, metabolic foundation, and 

the transcriptomic alterations of adipocyte hypertrophy (Figure 2).  

 

Figure 2: Aims and objectives 

Due to the inherent limitations of currently existing adipocyte sizing methods, a central objective was to develop novel 
sizing strategies with higher degrees of automation and speed, thereby allowing for scalable, precise and accurate size 
prediction in a multitude of sections. Further, the potential of biopsy-free and thus non-invasive strategies for the 
measurement of adipocyte size was explored. After extensive method validation, the aim was to use the previously 
developed methods to reliably determine adipocyte size in large cohort studies to investigate the genetic, transcriptomic 
and metabolic mechanisms underlying adipocyte hypertrophy.   
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Chapter I  Development of a novel adipocyte sizing strategy that facilitates the study of potential 

genetic drivers behind adipocyte morphology.  

“Current histology-based adipocyte sizing methods rely on manual gating or are 

only semi-automated. Therefore, adipocyte sizing remains a rather time and labor-

intensive procedure limiting its applicability to large cohort studies that are required 

to detect SNPs that are associated with WAT morphology in GWAS studies. To 

overcome the limitations described above a fully automated machine-learning-

based adipocyte sizing method was developed and applied to whole-slide scans 

from four large cross-sectional cohorts. With the mean adipocyte area estimates 

obtained, a GWAS on adipose morphology was computed.” 

Chapter II  A distribution-centered approach to analyze human adipocyte size estimates and their 

relationship with obesity-associated traits and mitochondrial respiration.  

“Measures of central tendency (mean & median) are commonly used to describe 

adipocyte populations. However, data on the similarity and differences of adipocyte 

size distributions in a method and sizing-parameter specific manner is limited and 

sometimes contradictory. A distribution-centered approach for the analysis of 

human adipocyte size was developed and outcome measures were associated 

with obesity-related traits and mitochondrial respiration.” 

Chapter III  Deciphering the transcriptomic and fatty acid-related alterations that accompany 

adipocyte hypertrophy. 

“Hypertrophic WAT expansion has been associated with metabolic disorders and 

laboratory markers thereof. The global transcriptional alterations and changes in 

FA patterns that accompany pathological WAT expansion however remain unclear. 

Hence, RNA-Seq experiments were performed in bulk WAT biopsies, and size-

separated mature adipocytes to unravel transcriptional patterns associated with 

adipocyte hypertrophy. Further, the relationship between adipocyte size and WAT 

FA composition was investigated. For a possible future translation of the findings 

into clinical practice the applicability of magnetic resonance spectroscopy (MRS) 

for the non-invasive characterization of WAT morphology and composition was 

explored.” 
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3 | Material and methods 

3.1 | Human samples and study cohorts 

Human WAT samples were obtained from either abdominal surgery or plastic surgery. Each 

participant gave written informed consent before inclusion and the study protocol was approved 

by the ethics committee of the Technical University of Munich (Study №: 5716/13; 1946/07, 

409/16s). A summary of the different cohorts, the sampled biomaterials, related outcome 

measures, and references in various publications emerging from this thesis is given in Figure 3. 

 

Figure 3: Cohorts, samples, outcome measures, and respective publications 

The different cohorts that were recruited are shown in blue at the top of the figure. Sample types that were collected 
(Abdominal surgery & plastic surgery cohort) or used for downstream computational analysis (GTEx) are depicted in 
grey. Outcome measures are shown in red and publications that the different cohorts appear in are pictured in yellow. 
SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; hAMSC, human adipose mesenchymal stem cell; 
GTEx, Genotype-Tissue Expression Project 
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Abdominal surgery cohort (“Munich obesity biobank”) 

SAT and VAT biopsies were obtained from adult individuals undergoing elective abdominal 

laparoscopic surgery (e.g. sleeve gastrectomy, fundoplication, appendectomy). SAT samples 

were collected at the site of the incision in the upper abdominal area. VAT samples were excised 

in the proximity of the angle of his. Venous blood was drawn intraoperatively using K3 EDTA 

collection tubes and immediately centrifuged at 4500 g for 10 min at room temperature. After 

centrifugation plasma and buffy coat were aliquoted and immediately snap-frozen on dry ice. 

Directly after the WAT biopsies were obtained two approximately 5 mm3 pieces were gross 

sectioned from the whole tissue and fixed in 4% formaldehyde for later use in histology. 10 – 20 

mg of WAT were immediately snap-frozen on dry ice in tubes containing 700 mg of 1.4 mm 

diameter ceramic beads for later FA composition analysis. The remaining tissue was equally 

divided and either fixed in formalin for MR-based characterization or immersed in DMEM-F12 + 

1% penicillin-streptomycin for the isolation of mature adipocytes, respectively. Clinical data of the 

participants was collected including the presence or absence of T2D as diagnosed by the treating 

physician, demographics (age, sex), anthropometry (weight before surgery, height, BMI) as well 

as laboratory values (HbA1C, fasting plasma glucose, triglycerides, cholesterol, LDL-cholesterol, 

and high-density lipoprotein (HDL)-cholesterol). Briefly, samples originating from the abdominal 

surgery cohort were used for adipocyte sizing, respirometry measurements, FA composition 

analysis, and MR.  

Plastic surgery cohort 

Human liposuction material was used for the isolation of human adipose mesenchymal stem cells 

(hAMSCs) and mature adipocytes. Large WAT samples from abdominoplasty were gross 

sectioned into approximately 300 - 500 cm3 pieces. Smaller tissue biopsies were dissected from 

directly underneath the skin and from the bottom of the sample being formerly attached to the 

abdominal wall to account for possible heterogeneities in WAT microstructure. Smaller tissue 

biopsies were preserved for histology and FA composition analysis as described above. Two of 

the remaining large tissue pieces were placed in one liter straight-sided wide-mouth jars and 

immersed in 4 % formaldehyde with the skin side facing upwards for MR measurements.  
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Genotype-Tissue Expression (GTEx) project 

Parts of the data and material used originates from the “Genotype-Tissue Expression (GTEx)” 

project. Briefly, GTEx is a public resource to study gene expression in various tissues and has 

been described elsewhere in detail (102, 103). Most GTEx samples are harvested post-mortem 

with SAT originating from beneath the legs skin sample located on the left or right leg 2 cm below 

patella on the medial side. VAT is obtained from the greater omentum. Detailed sampling 

instructions are given in the GTEx Tissue Harvesting Work Instruction and a visual representation 

of tissue sampling sites is given on the GTEx portal1. Publicly available subject phenotypes (10 

year age brackets, sex) were downloaded from GTEx analysis V8 (dbGap accession 

phs000424.v8.p2).  

3.2 | DNA isolation and genotyping 

DNA was isolated from 100 µl buffy coat using silica-based spin column DNA purification 

according to the manufacturer’s instructions (DNeasy Blood & Tissue, Qiagen). DNA 

concentration and quality were assessed photometrically by measuring wavelengths of 230 nm, 

260 nm, and 280 nm. 260/280 ratios in a range between 1.7 and 1.8 as well as 260/230 ratios > 

1.5 were considered as sufficient for further processing of the samples. As DNA concentration is 

often overestimated in spectrophotometer measurements, quantification with higher accuracy was 

additionally carried out using the DNA intercalating dye PicoGreen against a standard of known 

DNA concentrations (Quant-iT PicoGreen dsDNA Assay Kit, Thermo Fisher Scientific). DNA 

concentration was normalized to 50 ng/µl and 10 µl of DNA was shipped to the Oxford Genotyping 

Center for genotyping on the Infinium HTS assay on Global Screening Array bead chips (Illumina).  

3.3 | Histology and imaging 

All WAT samples used for histology were fixed in 4 % formaldehyde for at least 24 hours. 

Dehydration and clearing were carried out automatically (TP1020, Leica). After tissue processing 

samples were embedded in paraffin and at least three 5 µm thick sections with a minimum 

distance of 100 µm were cut on a rotary microtome (RM2255, Leica). After sectioning slides were 

stained with hematoxylin & eosin (H&E) in a fully automated multistainer (ST5020, Leica) and 

coverslipped immediately after the run was finished. Representative digital images of WAT from 

the abdominal surgery cohort were acquired in a lossless format using a fluorescence microscope 

with a texas red filter cube at 200x magnification (DMI 4000B, Leica). Whole slide scans were 

generated using an Aperio AT2 scanner (Leica) in collaboration with the Core Facility Comparative 

Experimental Pathology (Klinikum Rechts der Isar, Technical University of Munich). Stitched 

                                                
1 https://gtexportal.org/home/samplingSitePage 
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images from WAT sections originating from the plastic surgery cohort were taken in high-definition 

range at ×200 magnification using a Keyence VHX-6000 microscope with a motorized stage. 

3.4 | Adipocyte size determination from histological sections  

Machine learning-based estimation of adipocyte size 

To allow for the fast and accurate determination of adipocyte area from whole slide scans a 

machine learning-based adipocyte sizing method, the so-called “Adipocyte U-Net” was developed 

in a collaborative effort led by the University of Oxford’s Big Data Institute. Briefly, the Adipocyte 

U-net uses a convolutional neural network (CNN) to classify 1024x1024 pixel tiles derived from 

whole slide scans as either empty, adipocyte-only, or non-adipocyte-containing (104). For this 

purpose, transfer learning was applied to a CNN that was previously developed for complex object 

category classification and detection tasks (Inceptionv3) (105). The network was trained using a 

supervised learning approach on 2,729 image tiles. Tiles were equally distributed across SAT and 

VAT as well as across all tile categories with 80 % of the dataset being used for training and the 

remaining 20 % being used for validation. Tiles classified as adipocyte containing were then further 

processed to obtain fat cell counts and areas. For this purpose, a second CNN (U-net) designed 

for efficient image segmentation tasks in smaller biomedical datasets (e.g. microscopy images) 

was used (106). To train the model for adipocyte segmentation adipocytes on 175 tiles were 

manually annotated. As an output probability maps where each pixel was either classified as an 

adipocyte or background were generated. After transforming the probability maps into greyscale 

images, adipocyte area and count were measured. Objects with area estimates between 200 µm2 

and 16,000 µm2 were used to generate descriptive statistics (mean ± SD) based on a consistent 

number of 500 randomly sampled objects.  

CellProfiler based adipocyte area measurements as a validation strategy for Adipocyte U-

net derived area estimates 

CellProfiler (CP) is a free open-source software that is based on image processing and 

measurement modules that can be arranged sequentially to generate custom-tailored analysis 

pipelines. Due to its flexibility, accessibility, and user-friendly interface that does not require 

extensive knowledge in computer vision or programming CP has become one of the most popular 

software for the quantitative analysis of microscopy images (26). For the reasons mentioned, CP 

was chosen to validate the Adipocyte U-net-derived area estimates based on an adipocyte sizing 

pipeline that was published by Berry et al. (107). Each image overlay generated by CP was 

analyzed manually, and improperly gated structures or artifacts were excluded after processing. 

A lower area limit of 314 µm2 (≙ 20 µm diameter) was set to exclude small artifacts and debris. A 
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constant number of 200 randomly sampled objects was used to generate descriptive statistics 

(mean ± SD).  

Proprietary software-based adipocyte sizing 

Adipocyte area of WAT sections originating from the plastic surgery cohort was determined using 

proprietary microscope software (VHX 6000, Keyence). A lower (200 µm2) and upper size limit 

(16,000 µm2) similar to the Adipocyte U-net’s cut-off was used (39). Each image was manually 

inspected after automated identification and remaining artifacts were removed. 

3.5 | Cell Culture 

Both, the isolation of hAMSCs and mature adipocytes relies on the use of collagenases to 

dissociate WAT and liberate cells from the extracellular matrix. Filtration steps are afterwards used 

to remove the digested extracellular matrix and centrifugation results in the pelleting of the SVF. 

The SVF contains amongst other cell types hAMSCs. Mature adipocytes accumulate in the 

supernatant due to a low density (~ 0.9 g/ml) stemming from their large lipid droplet. The isolation 

of mature adipocytes based on this method has first been published by Rodbell et al. in the early 

sixties and since then has been refined to maximize yield and integrity of different cell types 

residing within WAT (108). The SVF can be plated and the growth of hAMSCs is promoted by 

specific culture media (109, 110). Despite multiple efforts being made the long-term cultivation of 

mature adipocytes remains a challenging task due to their fragility and non-adherent nature (111).  

hAMSC isolation 

hAMSCs were isolated from liposuction material as published (112). Briefly, 37.5 ml Krebs-ringer 

phosphate buffer (KRP) containing 4 % bovine serum albumin (BSA) and 200 u/ml collagenase 

were added to 12.5 ml of liposuction material and incubated for one hour at 37 °C under strong 

agitation in a water bath. After digestion, the supernatant containing mostly lipids from ruptured 

mature adipocytes was discarded, while the remaining volume was filtered through a nylon mesh 

with 2 mm pore size. The SVF was pelleted by centrifugation at 200 g for 10 minutes. The 

supernatant was removed and the pellet was resuspended in an ammonium chloride-containing 

buffer for the lysis of erythrocytes. The suspension then was filtered through 250 µm and 150 µm 

nylon meshes followed by centrifugation at 200 g for 10 minutes. The supernatant was discarded 

and the pellet was resuspended in isolation medium (IM). Subsequently, cells were seeded into 

T75 cell culture flasks. On the next day, cells were washed three times with phosphate-buffered 

saline (PBS) and the medium was changed to proliferation medium (PM). Following, the medium 

was changed every three days, and cells were grown until confluency and cryopreserved 

afterwards.  
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Differentiation of hAMSCs 

Adipogenic differentiation of hAMSCs was induced by applying a method that was already 

described in detail (110, 112). Briefly, cells were supplemented with PM and grown until 

confluence in 6-well plates. At confluence, the medium was changed to induction medium (InM) 

containing rosiglitazone, the glucocorticoid dexamethasone, and the phosphodiesterase inhibitor 

IBMX (D0) to stimulate adipogenic differentiation. After three days (D3), the medium was changed 

to differentiation medium (DM) and cells were cultured until day 14 (D14) to allow for lipid 

accumulation. At D0 and D14 cells from two wells were harvested in 350 µl of RLT buffer with 1 

% ß-mercaptoethanol for later RNA isolation. Oil Red O was used to stain lipids and to assess the 

differentiation capacity of hAMSCs. 

Mature adipocyte isolation and size-separation 

Isolation of mature adipocytes was carried out similar to the hAMSc isolation described above with 

the following differences: The collagenase concentration was reduced to 100 u/ml and incubation 

was shortened to 45 minutes with only mild agitation to prevent rupturing of mature adipocytes. 

The supernatant was filtered twice through meshes with pore sizes of 2,000 µm and 200 µm. 

Following, isolated mature adipocytes were washed with KRP 0.1 % BSA three times. Mature 

adipocytes were fractionated in a separating funnel based on the observation that large adipocytes 

contain higher amounts of lipids compared to their smaller counterparts and are thus more buoyant 

(67, 77). For size separation, 25 ml of mature adipocytes were gently mixed with 50 ml KRP 0.1 % 

BSA. After 45 s 25 ml of volume was withdrawn from the funnel representing the small adipocyte 

fraction. The missing volume in the funnel was replaced with KRP 0.1 % BSA and this procedure 

was repeated 4 times. Similarly, an intermediate fraction was obtained with a flotation time of 20 s. 

After this procedure, only large cells remain in the funnel which can be directly withdrawn. 600 µl 

of each fraction were immediately snap-frozen in 600 µl RLT buffer containing 1 % ß-

mercaptoethanol and 250 mg, 0.5 mm zirconia beads for later RNA isolation. To measure mature 

adipocyte diameter a glass-slide was wetted with 200 µl of PBS and approximately 20 µl of 

adipocytes were carefully pipetted onto the slide using a cut-off pipette tip to avoid shearing. 

Stitched, bright field images in high definition range were taken and adipocyte diameter was 

automatically determined using the microscope’s software (VHX-6000, Keyence). Identified 

objects were inspected manually and artifacts were excluded from the analysis. 
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3.6 | Respirometry in mature adipocytes 

High-resolution respirometry is considered a state-of-the-art approach to analyze respiration in 

intact cells or isolated mitochondria to gain detailed insights on mitochondrial (dys- )function (113). 

Thereby, an oxygen sensor is used to monitor oxygen concentration in an enclosed chamber while 

substrates, uncouplers, and inhibitors are injected allowing for a detailed investigation of the 

function of individual mitochondrial respiratory chain complexes and respiratory states (113, 114). 

Data on SAT and VAT mature adipocyte mitochondrial function was derived from an earlier project 

of our group and related to adipocyte area in further studies during this Ph.D. thesis (74). 

Therefore, a detailed description of the respirometry protocol is given in a publication by Wessels, 

Honecker, et al. (74). Briefly, 200 µl of mature adipocytes were pipetted into the respirometry 

chamber of an Oxygraph-2k (Oroboros Instruments) and digitonin, pyruvate, malate, adenosine 

diphosphate (ADP), succinate, oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, 

rotenone, and antimycin A were injected to assess among others, the following respiratory states: 

Free oxidative phosphorylation (OXPHOS) capacity, describing the respiratory capacity potentially 

available for ADP phosphorylation. OXPHOS capacity depicting the respiratory capacity of 

mitochondria in the ADP activated state. Electron transfer system capacity (ETS) being 

representative of the maximum respiratory chain capacity due to chemical uncoupling introducing 

proton reflux into the mitochondrial matrix. Leak respiration in the presence of oligomycin 

describing the dissipative component of respiration that it is not available for adenosine 

triphosphate synthesis. Oxygen consumption in pmol/s was normalized per ng of DNA. Mature 

adipocytes were chosen as a model system to measure respiration since cell-mitochondria 

interactions remain preserved and, compared to WAT pieces, a contribution of the SVF to 

respiration can be ruled out (7, 114).  

3.7 | Cell culture sample processing 

RNA isolation 

RNA from mature adipocytes and hAMSCs was isolated using the mirVana, miRNA Isolation Kit, 

with phenol. Samples from hAMSCs intended for RNA isolation were allowed to thaw on ice and 

350 µl of mirVana lysis buffer was added to each tube. All following hAMSC RNA isolation steps 

were carried out as described in the manufacturer’s protocol. Before isolation, samples from 

mature adipocytes were allowed to thaw on ice, the RLT containing, 1 % ß-mercaptoethanol was 

carefully removed and replaced with mirVana lysis buffer. Mature adipocytes were lysed for 3 x 

30 s in a homogenizer filled with dry ice set to 6.0 m/s and centrifuged at 12,000 xg for 10 minutes 

at 4 °C. Using an insulin syringe the adipocyte lysate located underneath the fatty layer was 
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transferred to a new tube. All remaining steps were carried out as described by the manufacturer. 

RNA concentration was photometrically determined and the 260/280 ratio was used for quality 

control. Further, bioanalyzer RNA Nano chips (Agilent) were run to obtain RNA integrity number 

(RIN) and percentage of fragments of >200 nucleotides (DV200) to assess RNA quality and 

integrity. An average RIN value of 9.0 ± 0.8 was observed across all samples.  

Oil Red O staining  

Oil Red O is a fat-soluble dye that stains neutral lipids such as triglycerides and, therefore, 

accumulates in lipid droplets of hAMSCs when differentiation has been induced. Staining intensity 

is used as an estimate for the differentiation capacity of the cultured cells as lipid droplets are 

stained in a distinct deep red color. At D0 and D14 of differentiation, the medium was removed 

and cells were washed with PBS. hAMSCs were covered with 4 % formaldehyde for one hour to 

fix the cells. Subsequently, cells were stained with a 0.3 % Oil Red O solution dissolved in a 

mixture of 60 % isopropanol and 40 % water (v/v). After one hour of incubation at room 

temperature the dye was removed and cells were washed with PBS twice and covered with an 

appropriate volume of PBS for storage. Representative images at 200x magnification were taken 

across the well (VHX-6000, Keyence).  

3.8 | RNA sequencing 

hAMSCs and mature adipocytes 

Library preparation, sequencing, and reference genome alignment were carried out by the 

genomics services department of the Broad Institute of MIT and Harvard choosing a strand-

specific, whole transcriptome sequencing approach. 250 ng of total RNA was used as an input for 

poly-A selection and strand-specific cDNA library preparation. After final quality control fragments 

with a mean length of 550 basepairs were sequenced on an Illumina platform generating a 

minimum sequencing depth of 50 million aligned reads. Reads were aligned to human genome 

assembly GRCh37 (hg19) using Spliced Transcripts Alignment to a Reference (STAR) (115). Raw 

read counts were determined using the feature counts function from the Rsubread package (116).  

GTEx RNA sequencing data 

GTEx RNA-seq data in the form of raw gene read counts and gene transcripts per kilobase million 

(TPM) were downloaded from the GTEx portal stemming from GTEX analysis V8 (dbGap 

accession phs000424.v8.p2) (103, 117). 
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Differential expression analysis 

All RNA-seq data was analyzed using edgeR’s quasi-likelihood pipeline (118, 119). As an initial 

step in the analysis, genes with very low counts across all libraries were removed. Second, 

normalization was carried out to adjust for different sequencing depths between samples. 

Additionally, technical influence on RNA-seq data can stem from the phenomenon when a small 

number of genes is highly expressed in a limited number of samples. These highly expressed 

genes can now make up for a substantial amount of the total library size, while the remaining 

genes with lower expression might be underrepresented (119). To account for this issue, 

normalization was carried out by edgeR’s inbuilt trimmed mean of M values (TMM) function prior 

to downstream analysis (118, 119). Multi-dimensional scaling (MDS) and dendrograms based on 

euclidean distances were used to test if samples cluster in dependence of an experimental group. 

EdgeR’s quasi-likelihood pipeline was used to test for significant differential expression (DE) (118). 

Gene set enrichment analysis 

While DE analysis tests for significant expression differences of a given gene in the context of an 

experimental condition compared to the baseline control, biological systems involve thousands of 

transcribed genes that are co-regulated, acting in networks, thereby orchestrating complex 

biological pathways and regulatory processes. Further, multiple genes involved in a certain 

biological process with only subtle expression differences might manifest in a phenotype but 

individually might not pass a certain significance threshold. The basis of Gene set enrichment 

analysis (GSEA) are lists of genes (gene sets) that for example act in synergy within a biological 

pathway or metabolic process. GSEA is then used to compute whether these predefined genes 

cluster together at either the top or bottom of the list of DE genes which indicates an enrichment 

or depletion in one of the experimental groups. Albeit custom gene sets can be generated, large 

curated repositories with predefined sets exist and the gene ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database were used in this study for GSEA 

analysis. ClusterProfiler was utilized to compute the GSEA analysis and data was visualized in 

the form of pathway graphs with pathview (120). 

BATLAS analysis to estimate the brown adipocyte content in bulk WAT biopsies 

Briefly, BATLAS is a web tool based on deconvolution algorithms that estimates brown adipocyte 

content in heterogeneous cell populations as present in bulk WAT biopsies (121). A better 

understanding and relative quantification of cells with the potential to perform thermogenesis in 

various human adipose tissue depots is further of great relevance for a better understanding of 

whole-body energy homeostasis and metabolism. While most studies rely on single marker genes 
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(e.g. UCP-1, PRDM16) to estimate the thermogenic capacity of tissues or cell cultures, BATLAS 

takes into account the expression of 98 and 21 genes that have been identified as either BAT or 

WAT specific. A total of 119 marker genes were therefore identified in a data-driven approach by 

analyzing mouse and human transcriptomes of pure brown, brite and white adipocyte populations 

(121). For the estimation of GTEx SAT and VAT brown adipocyte content TPM expression value 

data was filtered for the relevant BATLAS marker genes. Before uploading the data on the 

BATLAS webtool homepage expression values of marker genes that were not expressed in the 

GTEx cohort were set to zero 2. Brown adipocyte content estimates per individual and respective 

WAT depot were obtained from the web tool’s results sheet and mean-centered for all later 

statistical analysis.  

3.9 | Adipose tissue fatty acid composition 

Gas chromatography–mass spectrometry (GC-MS) of fatty acid methyl esters (FAME) is one of 

the most common analyses in lipid research to assess the total FA composition of various 

specimens ranging from blood to tissue and cell cultures. A protocol initially published and 

described in detail by Ecker et al. was used to determine the total FA composition of WAT biopsies 

(122). Frozen samples were allowed to thaw on ice and dependent on sample weight a mixture of 

equal parts MeOH and water (v/v) was added to set the concentration to 0.05 mg/µl. Tissue was 

lysed using a homogenizer set to 30 s and 6 m/s. Transesterification was carried out by incubating 

the samples together with MeOH, acetyl chloride, and two internal FA standards (FA 13:0 iso, FA 

21:0 iso) for one hour at 95 °C in a shaking water bath. Hexane was used to extract FAMEs and 

GC-MS, as well as post-run analysis, was carried out as described earlier (122). A total of 28 

different fatty acid species with chain lengths between eight and 28 carbon atoms and different 

degrees of unsaturation were resolved by the method. Individual FA species were presented as 

molar percentages of the total FA profile.  

3.10 | MR based characterization of WAT 

Lipid emulsions 

Lipid emulsions are an important model system to validate novel MR protocols, since water-fat 

content, FA composition, and droplet size can be precisely set up in a laboratory environment 

(123-125). To generate a reference that MR measurements could be validated against later in the 

process, the FA composition of store-bought linseed oil and sunflower seed oil was determined 

using FAME GC-MS. For this purpose, the oils were diluted at 1:500 (v/v) and 1:1000 (v/v) in 3:1 

(v/v) isooctane isopropyl alcohol. Transesterification and GC-MS were carried out similarly to WAT 

                                                
2 https://shiny.hest.ethz.ch/BATLAS/ 
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samples as described above. Together with the chair of food and bioprocess engineering (School 

of Life Sciences, Technical University of Munich) water-fat phantoms were manufactured with a 

fat content of 80 % and a water content of 20 % closely resembling human in vivo WAT 

composition (126, 127). Emulsions were manufactured with the two individual oils and by mixing 

them in a 1:2 (v/v) and 2:1 (v/v) ratio. 2 % tween 80 (v/v) was added to the aqueous phase as an 

emulsifier. 0.5 % sodium benzoate (m/v) was added as a preservative. Emulsification was carried 

out using a colloid mill (IKA Labor‐Pilot 2000/4) set to 3000, 5000, 8000, and 12,000 rpm. Colloid 

mills operate on the rotor-stator principle where a rotor turns at an adjustable speed. Shear forces 

that are dependent on the speed and gap between rotor and stator result in the disintegration of 

droplets and emulsions with different particle sizes can be produced by varying the speed of the 

rotor. The lipid droplet sizes of the different manufactured emulsions were determined using a 

laser diffraction particle size analyzer (Mastersizer 2000 with Hydro 2000S dispersing unit).  

Magnetic resonance measurements 

Magnetic resonance imaging is an established method for the quantitative and spatial analysis of 

WAT abundancy and distribution across the human body (128). In a collaborative effort together 

with the body magnetic resonance research group (Department of Diagnostic and Interventional 

Radiology, Klinikum Rechts der Isar, Technical University of Munich) the potential of novel MR-

based strategies for the analysis of WAT morphology and composition were explored. For this 

purpose, magnetic resonance spectroscopy and imaging were applied to lipid emulsions and 

human WAT biopsies to assess adipocyte size and FA composition on a clinical 3 Tesla magnetic 

resonance scanner. Results from the MR measurements were referenced against gold standard 

methods for the measurement of adipocyte size (histology), particle size (laser diffraction), and 

fatty acid composition (FAME GC-MS). The different MR sequences and strategies that were 

tested and deemed as suitable to generate an MR signal from which adipocyte size and fatty acid 

composition can be estimated are described elsewhere in detail and were developed, tested, and 

applied by the body magnetic resonance research group (123, 129, 130). 

3.11 | Statistics 

All statistical analyses were conducted in R (131). If not specified otherwise results are given as 

mean ± SD. Histograms, Q-Q plots, and Shapiro Wilk tests were used to test for/against normality 

of the measurement values. According to the sample distribution, variance, and experimental 

setting (paired vs. unpaired) parametric tests (paired samples t-test, independent samples t-test) 

or non-parametric tests (Mann-Whitney test, Wilcoxon signed-rank test) were used to test 

for/against differences between groups. Pearson or Spearman correlation was used to investigate 
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the association between continuous variables. Multiple linear regression was used to model a 

linear relationship between an explanatory and a response variable, while at the same time being 

able to account for possible confounding effects of BMI. When numerous comparisons or 

correlations were run in parallel, Bonferroni adjustment was used to account for multiple testing. 

Across all analyses, p-values < 0.05 were considered significant.  
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Graphical abstract: 

 

Summary 

Adipocyte size has been frequently associated with cardiometabolic markers and metabolic 

disease. However, the genetic and mechanistic underpinnings of adipocyte hypertrophy remain 

elusive. This can be partially attributed to the fact that adipocyte sizing with current methods 

remains a laborious task due to limited automation and is therefore not well suited for large cross-

sectional cohort studies that are necessary to unravel the genetic background and mechanisms 

leading to the manifestation of a phenotype. Therefore, a machine-learning based method, the 

“Adipocyte U-net” was developed to measure adipocyte area from H&E stained whole slide scans. 

Briefly, tiles from whole slide scans were automatically classified into either adipocyte-containing, 

non-adipocyte-containing, or empty. Afterwards, segmentation masks were generated from 

adipocyte-containing tiles and cell area was determined. Due to the automated tile classification, 

there is no further need for the manual inspection of identified objects and time-consuming 

exclusion of improperly gated structures. Performance benchmarking revealed that the Adipocyte 

U-net is computationally faster than previous conventional sizing approaches. Area estimates from 

the adipocyte U-net were compared against state-of-the-art approaches for the segmentation of 

adipocyte histology images (Adiposoft & CellProfiler) and against the size of mature floating 

adipocytes in two independent cohorts (MOBB & fatDIVA). Results from the U-net were highly 

concordant with the validation strategies. As validation and benchmarking proofed that the 

adipocyte U-net was a reliable method for the fast and accurate determination of adipocyte area, 

associations with obesity-related phenotypes were investigated next. Across all cohorts, a positive 

relationship between adipocyte area and BMI was found and subcutaneous adipocytes were on 

average larger compared to their visceral counterparts. With the obtained adipocyte area 

estimates a GWAS study with a subsequent meta-analysis across all cohorts (nSAT  = 820, nVAT = 

564) was performed. No SNP reaching genome-wide significance, most likely due to a for GWAS 
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studies relatively small sample set and heterogeneous sampling sites across the different cohorts, 

was observed. SNPs (FTO/rs1421085, KLF14/rs4731702) from single-locus dissection studies 

that were previously reported to be associated with adipocyte size could not be confirmed when 

area estimates from all cohorts were meta-analyzed. In conclusion, the study emphasizes the 

necessity of large cross-sectional cohorts with homogenous sampling to identify robust genetic 

associations. With the adipocyte U-net a fast and readily available tool for the reliable 

measurement of adipocyte size from whole slide sections, especially in large biobanks, is 

provided. The analysis of tissue endophenotypes in a GWAS network compared to clinical 

outcome measures represents a promising approach to detect novel genetic variants, as 

endophenotypes are most likely linked more directly to the underlying biological mechanisms.   
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Summary 

Measures of central tendency (mean & median) are frequently used to describe adipocyte area, 

diameter or volume derived from different sizing methods such as histology or collagenase 

digestion. Systematic approaches assessing the shape, symmetry, and modality of the underlying 

adipocyte size population are, however, scarce. Further, it is common practice to transform the 

initial measurement variable into another sizing parameter assuming spherical shape. How 

adipocyte distributions change regarding this mathematical transformation has not yet been 

reported. The described publication, therefore, aimed to complement previous approaches by an 

in-depth description of histology and collagenase-derived adipocyte size distributions. Next, the 

relationship of different adipocyte sizing variables with obesity-related traits was investigated. As 

mitochondria have a pivotal role in WAT metabolism and are impaired with obesity their 

relationship with adipocyte hypertrophy was assessed by high-resolution respirometry. The data 

indicated that adipocyte area estimates derived from histology are not distributed normally but are 

rather characterized by positive skewness. Mathematical transformation of adipocyte area into 

diameter or volume assuming spherical shape introduced substantial changes to the shape of the 

distribution. In contrast, distributions from collagenase-digested adipocytes closely followed the 

pattern of a normal distribution. Histology-derived adipocyte area, diameter, volume, and surface 

area were all equally correlated with obesity-associated traits. While BMI was the only parameter 

correlated with adipocyte size in SAT, robust associations with glucose, HbA1C, HDL-cholesterol, 

and T2D were found in VAT. Further, VAT adipocyte size was identified as a sexual dimorph trait 

with males having significantly larger adipocytes compared to females. In conclusion, the study 

confirmed the strong link between VAT expansion and cardiometabolic disorders. Next, histology-

derived adipocyte size was associated with different respiratory states derived from high-

resolution respirometry in mature adipocytes to investigate the relationship between adipocyte 

hypertrophy and mitochondrial (dys)-function. Primarily in SAT, significant negative associations 

between adipocyte size, free OXPHOS capacity, and ETS capacity were observed. Results from 

the correlation analyses were confirmed in a multiple linear regression model, taking into account 

possible confounding by BMI. In summary, the study provides an original approach for the 

distribution-based examination of adipocyte size and draws important methodological 

considerations towards a distribution-centered analysis approach. As a novel finding, this work 

establishes for the first time a link between adipocyte size and mitochondrial function, thus 

providing new insights on the metabolic changes occurring with adipocyte hypertrophy.   
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Summary 

WAT is characterized by an unmatched plasticity and its expansion in volume through hypertrophic 

adipocyte expansion has been associated with adverse cardiometabolic outcomes. The causal 

transcriptional and metabolic alterations within WAT and especially adipocytes leading to this 

systemic phenotype, however, remain poorly investigated. Based on publicly available GTEx-

derived SAT and VAT RNA-Seq data, the relationship between adipocyte size and global gene 

expression was investigated. The data indicate substantial transcriptomic alterations of genes 

involved in OXPHOS, biosynthesis, and elongation of FAs, FA degradation, and inflammation in 

individuals with large adipocytes. As a key finding, a reduction in the expression of thermogenesis-

related genes and estimated brown adipocyte content with increasing adipocyte size was found. 

An increased brown adipocyte content in WAT could display an important protective mechanism 

against excessive lipid accumulation and adipocyte hypertrophy. Since WAT is a heterogeneous 

organ composed of many cell types mature adipocyte isolations were prepared to gain further 

insights on the cell types that could be detrimental to the observed transcriptomic alterations in 

bulk tissue. Mature adipocytes were separated into different size fractions based on their 

buoyancy and transcriptional differences between the fractions were assessed. Different 

transcriptomic patterns were observed between small and large adipocytes with an identical 

genetic background, suggesting enlarged adipocytes themselves as a causal cell type for 

transcriptomic changes in bulk WAT. As unilocular adipocytes account for over 90 percent of the 

total fat pad volume and our transcriptome analysis suggested that genes involved in fatty acid 

metabolism are regulated in a size-specific manner, it was next investigated whether the WAT FA 

pattern is affected by adipocyte hypertrophy. FA composition of WAT was found to be size and 

depot-specific, with a positive relationship between adipocyte size and certain polyunsaturated 

fatty acid (PUFA) species in SAT, while a negative relationship between adipocyte size and 

saturated fatty acids was seen in VAT. Taking into account the transcriptional and FA related 

patterns that most likely contribute to WAT dysfunction and metabolic disease, the reliable and 

fast quantification of FA composition and adipocyte size in a clinical setting would be highly 

desirable. With the use of water-fat phantoms and large WAT biopsies, MRS strategies tailored 

towards clinical scanners for the future non-invasive quantification of WAT adipocyte size and FA 

composition were developed. Excellent agreement between MRS and reference methods 

confirmed that MRS is suitable for the characterization of WAT morphology and composition. In 

summary, the present study unravels novel transcriptional and metabolic aberrations related to 

adipocyte hypertrophy and proposes MRS methods to detect the latter towards a better and earlier 

detection and diagnosis of metabolic disease.  
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5 | Discussion 

Obesity is a major global health concern and is characterized by an unhealthy expansion of SAT 

and VAT. Especially an increase in volume of existing adipocytes (hypertrophy) has been 

identified as pivotal in the manifestation of systemic metabolic disorders such as T2D and 

cardiovascular disease. While associations of adipocyte size with systemic phenotypes and 

markers of the latter have frequently been made, the genetic, transcriptomic, and metabolic 

underpinnings of adipocyte hypertrophy remain poorly investigated. A sound understanding of the 

biological mechanisms and genetic determinants of WAT expansion is, however, imperative for 

the development of preventive strategies, an earlier diagnosis, and improved treatment of obesity 

and its related comorbidities. 

Machine learning-based adipose tissue phenotyping 

Whole slide scans of adipose tissue are a rich source of data that allow for the spatial, numerical, 

and morphological quantification of various cell types and structures within WAT (100, 132). 

Additionally, histology offers the major advantage that samples can be easily conserved and 

reanalyzed, either in digital or physical form, and are not lost during quantification. As histological 

samples can be easily obtained and archived this allows for the great opportunity to retrospectively 

harness the power of large, already existing biorepositories for basic and translational research. 

A bottleneck in the quantitative analysis of WAT sections, however, is that nearly all currently 

existing approaches rely on manual annotations or are only semi-automated (26, 27, 99, 107). 

Often, the knowledge of an expert in the field or pathologist is further required to carefully assess 

and review identified structures. In conclusion, long running times combined with manual 

examination and correction are major limitations for the application of current adipocyte sizing 

strategies to large cohort studies. To improve upon current sizing methods and to address the 

pitfalls described above, a deep learning-based method for the estimation of adipocyte area from 

H&E stained sections was developed (adipocyte U-net). Adipocyte area estimates from the 

adipocyte U-net were in excellent agreement with reference methods considered as gold 

standards for adipocyte sizing, while run times were drastically shorter. Therefore, the adipocyte 

U-net was deemed suitable for the fast, reliable, and accurate determination of adipocyte area in 

large cohort studies from thousands of sections. Despite high accuracy and speed, it should be 

acknowledged that extensive computational knowledge and specialized hardware requirements 

(graphics processing units) are necessary to obtain U-net-derived adipocyte area estimates. 

Previous segmentation algorithms on the other hand often do provide a graphical user interface 

and have fewer hardware requirements which might make them more feasible for a broad 
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application in the field of adipose biology. The adipocyte U-net in its current form uses a per-tile 

classification where intact objects are lost if the major area on the slide has been recognized as 

either damaged or empty. A large number of measured adipocytes comparable to counts from 

osmium tetroxide fixation would, however, be desirable to reliably assess the shape and modality 

of adipocyte size distributions. Therefore, the method is currently further developed to transition 

from a per-tile to an individual object classification approach. Besides adipocytes, other cell types 

(immune cells), structures (connective tissue & vasculature) and cellular compartments are 

involved in pathological alterations of WAT with obesity and have been frequently identified as 

important drivers for the systemic manifestation of metabolic disorders (52, 56-58, 61, 133, 134). 

Hence, a training data set with manual annotations is currently generated to expand the adipocyte 

U-net’s capabilities towards identifying besides adipocytes other structures such as vessels, 

connective tissue and nuclei within WAT.  

The genetic basis of adipocyte morphology 

With adipocyte area estimates obtained from over 2000 SAT and VAT samples stemming from 

four different study cohorts, the genetic background of adipocyte hypertrophy was investigated by 

computing a GWAS study on adipocyte area. Despite a large sample size, no associations 

exceeding genome-wide significance were found. Similar to obesity itself and in agreement with 

monozygotic twin studies on adipocyte size and number, heritability estimates suggested that 

adipocyte area is a heritable trait. Since previous investigations on individual genetic risk loci 

report an association between genetic variants (rs1421085 (FTO), rs4731702 (KLF14)) and 

adipocyte size, validation experiments were carried out with sample numbers exceeding the cohort 

sizes of the initial publications by multiple folds (86, 87). Previously published genetic associations 

were not confirmed in a meta-analysis across all adipocyte U-net cohorts. Both studies listed 

above despite having smaller sample sizes, however, do provide orthogonal, mechanistic 

evidence on how genetic variants of FTO and KLF14 are involved in the regulation of adipocyte 

size (86, 87). In a recent analysis with larger n-numbers, sex-specific significant associations 

between rs1421085 genotype and adipocyte area were observed for the abdominal surgery 

cohort. Results concerning the sex-specific effect of the rs1421085 genotype on adipocyte size 

are corroborated by a novel study indicating sexual dimorph steroid profiles regarding rs1421085 

genotype (135). Conflicting results and a lack of significance in both the GWAS and single-locus 

analysis could be explained by heterogeneities and differing sampling sites between the cohorts 

that were enrolled for the adipocyte U-net publication. For instance, GTEx is a post-mortem cohort 

with WAT samples obtained from a broad study population with different causes of death and 

previous courses of disease. The ENDOX cohort is an endometriosis cohort, while samples from 
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the abdominal surgery cohort are mainly derived from severely obese individuals undergoing 

bariatric surgery. Similarly, SAT and VAT samples were harvested from different anatomical 

locations, further contributing to heterogeneity between the different cohorts and possibly blunting 

genetic associations. Together, the described findings confirm that it is of great importance that 

SAT/VAT stem from exactly matched anatomical sites if meta-analyses are performed and that 

sex-specific effects should always be taken into account. Especially the origin of GTEx SAT in 

proximity to the knee could provide a plausible explanation for missing significant associations 

within the GWAS study. While SAT from the abdominal area is considered to be crucial for energy 

storage, SAT from the knee could also have important biomechanical properties that are not 

related to metabolism. Up to date, there is no metabolic characterization comparing the two SAT 

depots with each other and it remains speculative to make assumptions about the similarities and 

differences between knee and abdominal SAT. A study characterizing the transcriptome of 15 

different adipose depots identified that the gene expression pattern in SAT depots is rather diverse 

with the most distinct gene expression patterns for buccal, heel, and carotid sheath AT. Gene 

expression of samples from the upper leg, upper arm, and abdomen were comparable (98). RNA-

Seq data is publicly available for GTEx SAT and VAT samples which allowed a comparison 

between the two depots regarding the expression of adipose marker genes. First, depot-specific 

developmental gene expression signatures of GTEx samples were in good agreement with 

previously published lineage tracing and transcriptomic studies (HOX family, IRX3, IRX5, TBX15, 

SHOX2, NR2F1, EN1, WT1) (98, 136-140). Second, the expression of adipogenic and lineage-

specific marker genes from knee-derived SAT was compared with VAT (Figure 4). GTEx SAT 

from the knee showed expression patterns of depot-specific marker genes similar to motifs 

reported in the literature. Common adipogenic marker genes were expressed at comparable levels 

to VAT as well (Figure 4). It is, therefore, concluded that GTEx fat harvested from the knee is (a) 

representative for the subcutaneous depot and (b) expresses common adipogenic marker genes 

representative for energy-storing WAT sites that are involved in obesity and metabolic diseases. 

Nevertheless, direct comparisons between paired SAT from the knee and the abdomen from the 

same individual would be desirable to completely unravel similarities and differences between the 

two sites.  
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Figure 4: Adipogenic and depot-enriched marker gene comparison between SAT and VAT 
The expression of adipogenic (A) and depot-specific (B) marker genes was compared between SAT and 
VAT to test whether SAT from the knee shows an expression of common adipocyte and subcutaneous 
lineage-specific markers.  

In conclusion, tying GWAS studies to robust WAT endophenotypes represents a promising 

approach for the more rapid discovery of genetic variants and their underlying biological 

mechanisms of action. Much larger sample sizes with highly standardized sampling procedures 

are, however, necessary to obtain robust genetic associations from GWAS studies. Therefore, in 
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close collaboration with the IFB adiposity diseases (University of Leipzig) SAT and VAT samples 

from approximately 1200 individuals are currently processed, stained, and imaged to address the 

issues raised above. Both, the IFB adiposity diseases cohort and the abdominal surgery cohort 

were initiated together under the umbrella of the German Obesity Biobank network with standard 

operating procedures for sample harvesting, preservation, and processing in place. This offers the 

unique opportunity to obtain adipocyte area estimates from SAT and VAT with homogenous and 

highly standardized sampling procedures in a well-powered study cohort with an estimate of 1500 

individuals to be enrolled.  

Distribution-centered analysis of human adipocyte size estimates 

Using a systematic approach, a series of statistical parameters and graphical visualizations were 

computed from individual adipocyte-area estimates to obtain an in-depth and method-specific 

characterization of adipocyte size distributions. Histology-derived adipocyte size distributions 

showed substantial deviations from normality and were also influenced in their shape by 

mathematical transformation of the initial size measurement into another sizing variable. 

Therefore, measures of central tendency are not well suited to describe the most frequent cell 

population in skewed distributions, and results from studies where a mathematical transformation 

of the initial sizing variable was carried out need to be interpreted with care. Consequently, the 

study emphasizes the importance of ascertaining method, sizing parameter, and distribution 

shape when conducting adipocyte size analyses. A distribution-centered approach for the analysis 

of adipocyte size is also of high physiological relevance, as small and large adipocyte populations 

separated based on buoyancy show different gene expression and adipokine secretion patterns 

(67, 68). Besides distribution shape, adipocyte distribution modality is controversially discussed in 

the literature, with both unimodal and bimodal distributions being reported (33, 68, 141, 142). The 

data did not confirm the presence of a second local maximum in histology-derived adipocyte size 

distributions and adds further body of evidence to adipocyte size distributions being unimodal. 

Despite using a larger number of adipocytes (n = 500) for the distribution-based analysis 

compared to previous studies, higher counts would be desirable to reliably detect additional 

maxima with low frequencies. With the per-object classification strategy from whole slide scans 

described above it is to be expected that greater numbers of adipocyte area estimates will be 

obtained laying a sound foundation for further investigations on the question of adipocyte 

distribution modality. Despite substantial differences in distribution shape, the extracted adipocyte 

sizing parameters were all equally correlated with anthropometry and laboratory chemistry. The 

observed results are in good agreement with investigations by Laforest et al. suggesting that 

different adipocyte size estimates from various measurement techniques all show comparable 
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correlations with adiposity and cardiometabolic risk factors (33). In conclusion, small cohort sizes 

and limited adipocyte counts should propose greater limitations to significance and comparability 

between studies rather than different measurement techniques or outcome measures. 

Nonetheless, it is important to emphasize that adipocyte size itself cannot be generalized between 

studies and always needs to be seen in context and carefully interpreted regarding physiological 

relevance.  

Individuals with enlarged adipocytes show decreased respiratory capacity 

As a novel finding, the present work indicates that mature adipocyte respiratory chain capacity is 

decreased in individuals with enlarged adipocytes predominantly in SAT-derived samples. If 

mitochondria due to defects in the respiratory chain fail to provide sufficient ATP for cellular and 

lipid metabolic processes this could lead to enhanced levels of free fatty acids and reactive oxygen 

species. Altered mitochondrial function in turn could substantially contribute to differences in the 

adipocyte's energy homeostasis and secretory function. While the study does provide functional 

evidence for a reduction in respiratory chain capacity with adipocyte hypertrophy it should be 

acknowledged that further investigations are necessary to identify individual respiratory chain 

complexes or distinct biological pathways leading to the observed effects. Additionally, it would be 

of high physiological relevance to conduct follow-up experiments to gain more insights into a 

possible relationship between adipocyte size, free fatty acid release, ROS production, and pro-

inflammatory signaling. The study for the first time reports a negative relationship between fat cell 

size and mature adipocyte respiratory chain function. Similar to the results described, multiple 

publications report a pivotal role of mitochondrial deficiencies in obesity (77, 143, 144). Perturbed 

respiratory chain capacity in individuals with large adipocytes, therefore, represents a highly 

plausible mechanism that could substantially contribute to WAT dysfunction, a harmful metabolic 

profile, and the systemic manifestation of metabolic disorders. While an inverse relationship 

between respiratory chain capacity and adipocyte size was predominantly observed in SAT, it is 

striking that no other anthropometric or laboratory variables besides BMI were associated with 

adipocyte size in this depot. Albeit weaker associations with respiratory chain function were seen 

in VAT, multiple significant relationships between adipocyte size and laboratory parameters 

representative for obesity-related disorders were present. The associations reported for VAT are 

in good agreement with the well-known and frequently reported close interrelationship between 

visceral obesity and metabolic disorders (8, 42). Both, the functional associations observed in SAT 

and the relationship between adipocyte size and laboratory markers of cardiovascular disease in 

VAT emphasize that metabolic alterations within a tissue do not necessarily manifest in a 

phenotype that is easily detectable and vice-versa. A detailed and comprehensive transcriptional 
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and functional characterization of WAT in relation to adipocyte size is, therefore, of utmost 

importance to obtain detailed insights how metabolic differences within a certain adipose depot 

are intertwined with obesity-associated disorders and markers thereof.  

The white adipose tissue transcriptome and adipocyte size 

WAT is an organ with unmet plasticity and expansion capacity when energy intake exceeds energy 

expenditure. How the WAT transcriptome differs between depots and changes with adipocyte 

hypertrophy remains poorly investigated. The GTEx project offers an unmatched dataset to 

address these research questions, as it is a public resource that allows studying tissue-specific 

gene expression at over 50 sites including SAT and VAT. Since H&E stained histology images 

are provided by the consortium as well, adipocyte area estimates and transcriptomics were tied 

together. As an initial analysis, RNA-Seq data from GTEx was used to compare global differences 

in gene expression between SAT and VAT. Later, differential expression analysis concerning 

adipocyte size was carried out both using a binned model grouping adipocyte area into four 

different size categories and with adipocyte area as a continuous variable. The RNA-Seq analysis 

comparing SAT and VAT showed that multiple developmental genes and transcription factors 

(HOX family, IRX family, BARX1) were differentially expressed between the two sites. With a large 

number of paired SAT and VAT samples (n = 99), the present study expands the existing body of 

evidence from smaller transcriptomics and lineage tracing studies suggesting that SAT and VAT 

white adipocytes arise from different progenitors (98, 136-140). 

Besides developmental genes, arachidonate 15-Lipoxygenase (ALOX15) was found amongst the 

top differentially expressed genes, being significantly enriched in VAT. ALOX15 can produce both 

pro and anti-inflammatory mediators depending on its FA substrates. While anti-inflammatory 

mediators mainly arise from ω-3 FAs, pro-inflammatory mediators are synthesized from ω-6 FA 

species such as arachidonic acid (145, 146). Due to a substantial enrichment of ω-6 FAs in 

westernized diets, production of pro-inflammatory mediators by ALOX15 would be favored, 

displaying a possible novel link between diet, metabolism, and the harmful pro-inflammatory 

environment in VAT with progressing obesity (147, 148). Based on the findings from the described 

exploratory analysis it would be of great relevance to conduct a follow-up study that assesses the 

expression of ALOX15 and measures its substrates/products with lipidomics techniques in relation 

to dietary intake or intervention. 

On the single gene level, EGFL6 and SLC27A2 were amongst the top-ranked differentially 

expressed genes related to adipocyte size in SAT. EGFL6 is a growth factor that has been 

previously associated with obesity and enhanced proliferation of adipose tissue-derived stromal 

vascular cells and was shown to be increased in individuals with large adipocytes (149). On the 
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contrary, SLC27A2 was inversely related to adipocyte size and functions as an acyl-coA synthase 

and FA transporter showing substrate specificity towards long-chain FAs (150). SLC27A2 levels 

are reduced after high-fat overfeeding and correlated negatively with obesity and diabetes-related 

traits (151-153). Interestingly, the expression of SLC27A1, a FA transporter highly expressed in 

WAT and BAT, was not influenced by cell size. As SLC27A2 usually shows higher expression in 

liver or kidney compared to WAT, functional studies with orthogonal assays should be conducted 

to elucidate the role and importance of SLC27A2 in WAT FA metabolism (150). Similarly, strong 

negative associations between transcripts involved in DNL (FASN) and elongation of its products 

(ELOVL6) were seen in VAT. Decreased expression of DNL related genes has been previously 

reported with obesity and T2D (154). The reduced expression of DNL related enzymes in VAT 

could display a physiological response to elevated dietary intake of fatty acids that is usually 

observed with obesity and western diets. Accordingly, DNL is suppressed by high-fat diets and 

stimulated through an increased intake of carbohydrates (155). In agreement with the observed 

gene expression patterns, DNL has been identified as an important metabolic pathway to maintain 

an anti-inflammatory and insulin-sensitive environment within WAT (156).  

KEGG gene set enrichment analysis to identify classes of genes that are over- or under-

represented in individuals with enlarged fat cells suggested that genes involved in OXPHOS, 

thermogenesis, lipolysis, and FA degradation were underrepresented. Orthogonal, functional 

evidence for this finding is provided by studies within this Ph.D. thesis clearly showing a negative 

relationship between respiratory capacity and fat cell size. Thermogenesis and lipolysis could 

display essential mechanisms to maintain healthy adipocyte size and a strategy to dispose excess 

dietary lipids in the form of heat. Based on this intriguing finding further investigations estimating 

the brown adipocyte content in heterogeneous WAT biopsies were carried out using a 

deconvolution tool (BATLAS) that was previously published (121). In both depots, a negative 

relationship between adipocyte size and estimated BAT content with stronger effects in VAT was 

observed. While pathways related to mitochondrial function and FA metabolism were found to be 

impaired with larger adipocyte size, an enrichment of genes related to immune and inflammatory 

processes was present. For the first time, the study reports that in individuals with large fat cells 

an energy-storing rather than energy-expending transcriptomic profile is present. Additionally, 

upregulation of genes involved in pro-inflammatory processes was observed. The present work, 

therefore, provides important novel insights on the transcriptional foundation leading to WAT 

dysfunction and excess lipid accumulation with obesity. A decreased brown adipocyte content in 

WAT of individuals with large adipcoytes could facilitate white adipocyte hypertrophy and excess 

lipid accumulation.  
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As bulk tissue was used for the study a substantial contribution of other cell types from the SVF 

cannot be ruled out, and future single cell gene expression profiling will be important to link gene 

signatures across adipocyte cell state transitions to adipocyte size. Further, the SAT and VAT 

samples originate from different individuals with diverse genetic backgrounds that most likely 

influences WAT gene expression. To rule out these possible confounders, mature adipocytes from 

four individuals were separated by size and RNA from the different fractions was sequenced. The 

analysis revealed similar pathways and genes to be affected in size-separated adipocytes as in 

bulk tissue and indicated that large adipocytes display a metabolically more harmful transcriptional 

profile compared to their small counterparts. It is therefore concluded, that differences in gene 

expression in bulk tissue and the harmful transcriptional profile with larger adipocyte size can at 

least partially be attributed to hypertrophic adipocytes themselves. Findings from mature 

adipocytes were in good agreement with recent spatial transcriptomics experiments indicating that 

adipocytes grouped into different size quartiles, display distinct gene expression patterns (93). 

However, Bäckdahl et al. additionally conclude that adipocytes of similar size also have distinct 

transcriptional profiles clustering them into three different subtypes. According to these authors, 

fat cell size per se does not explain transcriptional differences between adipocyte subclasses that 

show remarkable differences in insulin sensitivity. Location, surrounding SVF cells, and lineage 

are major drivers of gene expression in adipocytes as well and add another layer of complexity to 

the data (93). As the categorization of human adipose tissue into either SAT or VAT is gross and 

intradepot variation exists, it cannot be ruled out that the observed effects are specific to the 

anatomical locations that were investigated (157). This is especially relevant in the context of 

GTEx SAT biopsies, which were harvested proximate to the knee. Detailed investigations that 

characterize gene expression at multiple WAT depots across the body and at different intra-depot 

sites would be of great interest and could shed further light on the generalizability of findings from 

distinct anatomical locations (98).  

The fatty acid composition of WAT is depot dependent and adipocyte size specific 

Since genes related to FA metabolism ranked with high significance in the DE analysis it was 

hypothesized that FA composition of WAT could be depot- and adipocyte size-specific. Hitherto, 

only limited data is available on FA patterns and fat cell size. Using FAME GC-MS the relative 

abundance of 28 different fatty acids between and 8 and 28 carbon atoms was measured and 

related to adipocyte size and WAT depots. In VAT relative to SAT, a lower proportion of ω-3 and 

ω-6 PUFAs was observed, while elevated levels of medium and long-chain saturated FAs were 

present. Lower amounts of ω-3 and ω-6 PUFAs in VAT could be attributed to an elevated 

expression of genes that utilize PUFAs for the synthesis of pro and anti-inflammatory mediators 
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(lipoxygenases, cyclooxygenases, epoxygenases) as seen in RNA-Seq experiments. As VAT 

directly drains through the portal circulation to the liver, it is also plausible that higher amounts of 

PUFAs are dispensed from the tissue with increasing adipocyte size. The in general high 

metabolic activity of VAT combined with elevated fatty acid fluxes and access lipid accumulation 

in the liver with obesity would support this hypothesis (158).  

Elevated levels of medium and long-chain saturated fatty acids in VAT could be explained by a 

higher expression of genes involved in DNL at this site as seen in our own RNA-seq data and 

previous publications (159). Organismal studies with isotope-labeled substrates would, however, 

be of great relevance to obtain a clear, organ-specific overview of the flux and origin of different 

fatty acid species. In SAT, a strong positive relationship between the relative abundance of 

eicosapentaenoic and arachidonic acid (FA 20:5(n-3), FA 20:4(ω-6)) with adipocyte size was 

seen, while medium and long-chain saturated fatty acids showed a strong negative correlation 

with adipocyte size in VAT. The observed results are somewhat counterintuitive, as in general a 

higher dietary intake of saturated fat is considered to be metabolically unhealthy. Similar results 

were, however, observed by Roberts et al. who report a negative association of myristic acid (FA 

14:0) and adipocyte size (72). The strong negative correlation of DNL genes and adipocyte size 

in VAT as seen in our own RNA-seq experiments provides a plausible explanation for the observed 

inverse relationship between saturated fatty acids and fat cell size. Similar to the results observed 

in VAT, the positive relationship between PUFAs and fat cell size in SAT could stem from multiple 

origins. It is plausible that an increased abundance of PUFAs facilitates the expandability of 

existing fat cells due to greater conformational flexibility and fluidity of the adipocyte membrane 

(160). Concordantly, severe differences in the WAT membrane lipid composition were found in 

monozygotic twins discordant for obesity (161). Besides structural properties and functioning as 

an energy-dense medium to store excess energy, lipids, especially PUFAs, have been shown to 

have substantial signaling activity. For example, PUFAS are known to have signaling activity 

towards peroxisome proliferator-activated receptors and sterol regulatory element binding proteins 

that are abundantly expressed in WAT (162). Since total FAs were quantified no assumptions can 

be made about the individual lipid classes, the individual FA species were most abundant in or if 

certain lipid classes show a stronger relationship with adipocyte size compared to others. Lipidome 

studies concerning adipocyte size would represent a promising tool to follow up on these pending 

research questions. Cell culture studies assessing the adipogenic differentiation capacity of 

hAMSCs in the presence or absence of PUFAs could help to investigate the relationship between 

signaling activity and lipid accumulation. 
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Magnetic resonance spectroscopy as a promising strategy for the future in-vivo 

characterization of WAT morphology and composition 

To obtain quantitative information about WAT morphology and FA composition a biopsy is typically 

required. While SAT is relatively easy to obtain, acquisition of the metabolically more harmful VAT 

becomes increasingly more difficult and requires general surgery. The requirement of general 

surgery to obtain VAT biopsies makes longitudinal studies of the respective depot almost 

impossible as surgery needs to be medically indicated. Also, this prerequisite makes it challenging 

to obtain samples from healthy and lean individuals. Further, surgical stress and anesthesia are 

known to alter glucose metabolism, enhance lipolysis and increase the release of pro-

inflammatory mediators (96). Moreover, the amount of tissue and anatomical location where WAT 

can be excised is often limited due to ethical, anatomical or surgical reasons. For a comprehensive 

characterization of WAT in health and disease it would be desirable to achieve a longitudinal 

characterization of WAT with spatial resolution at multiple different sites in the body in an 

unperturbed state. Up to date, no feasible methods for the quantitative assessment of WAT 

morphology and composition in an in vivo state are available. Thus, in close collaboration with the 

Body Magnetic Resonance Research Group (Klinikum Rechts der Isar) the potential of magnetic 

resonance spectroscopy to simultaneously and non-invasively probe adipocyte size and FA 

composition of WAT were explored. As a model system, water-fat emulsions were manufactured 

in a colloid mill allowing to precisely modify the size of the lipid droplets generated based on stirrer 

speed. Thereby, the manufactured droplets closely resemble the round, unilocular shape and size 

of lipid droplets that are observed in mature adipocytes. As high fat emulsions were produced the 

fat content of 80 % and water content of 20 % closely resembled in vivo WAT composition (126, 

127). Since ω-3 to ω-6 ratios in diet and tissues are considered to have a substantial impact on 

metabolic health and disease, two vegetable oils with drastically different ω-3 and ω-6 content 

(linseed oil and sunflower oil) were chosen to manufacture the emulsions (146, 163). MRS was 

validated against gold-standard methods for droplet sizing (laser diffraction) and FA composition 

(FAME-GCMS) showing excellent agreement for both parameters. After the proof-of-concept 

study with lipid emulsions, a similar approach comparing MR against state-of-the-art validation 

methods was chosen in SAT and VAT biopsies. Findings from the model systems were 

corroborated by good agreement between MR and reference methods. It should be noted that 

clinical MRS was able to discriminate well between different degrees of saturation, chain length 

and double bond position, but does not yet reach a resolution that is comparable to mass 

spectrometry that allows identifying individual FA species. With two successful validation 

strategies MRS represents an innovative approach for the simultaneous assessment of fat cell 

size and FA composition. Compared to diffusion-based MR strategies, the in-parallel quantification 



5 | Discussion 

43 

of adipocyte size and FA composition using MRS offers the advantage to extract more quantitative 

WAT parameters with overall shorter measurement times. Further, MRS is less sensitive to 

breathing, vibration and motion. In conclusion, the application of MRS to probe adipocyte size and 

FA composition in vivo is highly feasible and prospect of future investigations. Non-invasive MRS 

would offer the opportunity to longitudinally study adipose morphology and composition in health, 

disease and ageing or as part of (dietary) intervention studies. Further, in vivo MRS could help to 

unravel questions about inter- and intra-depot WAT heterogeneity as accessibility and scanning 

locations are in contrast with biopsy-based techniques not limited.   
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Conclusion  

The present work aimed to address limitations in adipocyte sizing approaches to unravel the 

genetic, metabolic and transcriptomic underpinnings of adipocyte morphology. 

Therefore, the potential of novel, machine learning based strategies for the fast and accurate 

determination of adipocyte size from whole slide scans was explored. Machine learning proved 

feasible to reliably measure adipocyte size from histology images and estimates were used for an 

in-depth analysis of fat cell size distributions and to shed light on the genetic and transcriptional 

background of adipocyte morphology.  

Orthogonal experiments (RNA-Seq, respirometry, FAME GC-MS) in complementary model 

systems (mature adipocytes) were carried out to validate and expand the initial findings. While no 

loci with genome-wide significance were found, in the present study, the data generated identified 

novel transcriptional and functional alterations of genes involved in OXPHOS, FA metabolism, 

thermogenesis, and inflammatory processes with adipocyte hypertrophy. In agreement with 

results from RNA-Seq, correlations between adipocyte size, mature adipocyte respiration and 

WAT FA composition were observed. Together, the identified transcriptional signatures can be 

considered as fundamental for WAT dysfunction and the manifestation of metabolic disorders.  

The observed inverse relationship between adipocyte size and WAT thermogenic adipocyte 

content displays a novel mechanism that could facilitate hypertrophic adipocyte expansion. 

Further, a plethora of novel transcripts that are related to adipocyte size were found. As a follow-

up, functional studies should be carried out from this rich dataset to decipher the mechanism of 

action of individual transcripts and evaluate their potential for pharmacological targeting. Changes 

in WAT morphology, gene expression, and FA patterns are most likely pivotal events that occur 

before obesity-related disorders become systemic. MRS represents a promising tool for the early 

and preventive detection of the described WAT phenotypes in a clinical setting.  

In conclusion, the present Ph.D. thesis leads from methodological advances in adipocyte sizing to 

insights on the transcriptional and metabolic background of adipocyte hypertrophy with the 

possibility of a translational application towards a non-invasive characterization of WAT. 
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This is an open access article distributed under the terms of the Creative Commons CC-BY-NC-

ND 4.0 international license4 which permits unrestricted use, distribution and reproduction in any 

medium, provided the original work is properly cited 5.   
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7.3 | Key resources table 

Biomaterials Cohort Source 

Subcutaneous adipose tissue 
Abdominal surgery cohort This study 

Plastic surgery cohort This study 

Visceral adipose tissue Abdominal surgery cohort This study 

Buffy coat Abdominal surgery cohort This study 
Human adipose mesenchymal 
stem cells 

Plastic surgery cohort This study 

Mature adipocytes Plastic surgery cohort This study 

Reagents Source Identifier 

2-Mercaptoethanol Sigma-Aldrich #M6250 

3,3'-5-Triiodo-L-Thyronin 
Sodium Salt (T3) 

Sigma-Aldrich #T-6397 

3-Isobutyl-1-methylxanthine 
(IBMX) 

Serva #26445 

4 % phosphate buffered 
formaldehyde pH 7 

Carl-Roth #P087 

apo-Transferrin human Sigma-Aldrich #T2252 

Bovine serum Albumin heat 
shock fraction (BSA) 

Sigma-Aldrich #A7906 

Collagenase NB4 Nordmark #S1745401 

D-Biotin Carl-Roth #3822.1 

Dexamethasone Sigma-Aldrich #D4902 

D-Pantothenic acid hemicalcium 
salt 

Sigma-Aldrich #P5155 

Dulbecco's Modified Eagle 
Medium/Nutrient Mixture F-12 
(DMEM/F12) 

Gibco #31330-038 

Epidermal growth factor (EGF) R&D Systems #236-EG 

Ethanol absolute AnalR 
NORMAPUR  

VWR #20823.362 

Ethylenediaminetetraacetic acid 
(EDTA), anhydrous 

Sigma-Aldrich #E9884 

Fetal calf serum (FCS) F Sigma-Aldrich #F7524 (Lot:045M3270) 

Fibroblast growth factor (FGF) R&D Systems #233-FB 

Hydrocortisone Sigma-Aldrich #H4001 

Insulin Sigma-Aldrich #19278c 

Linseed Oil Generic brand N/A 

Mounting medium, ROTI 
Histokitt 

Carl-Roth #6638.2 

Oil-Red-O Sigma-Aldrich #O0625 

Organic Solvents for FAME GC-
MS 

All from Merck, LiChrosolv Diverse 

Penicilin-Streptomycin Sigma-Aldrich #P0781 

Phosphate buffered saline (PBS) Sigma-Aldrich #L182-50 

Rosiglitazone Sigma-Aldrich #R2408 

Salts 
All from Sigma-Aldrich in ACS 
grade or higher 

Diverse 

Sodium benzoate Sigma-Aldrich #71300 
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Sunflower seed oil Generic brand N/A 

Tris (hydroxymethyl)-
aminomethan  

AppliChem #A1086 

Trypsin/EDTA Sigma-Aldrich #T3924 

Tween 80  Sigma-Aldrich #P1754 

Commercial assays & kits Source Identifier 

Buffer RLT Qiagen #79216 

DNeasy Blood & Tissue Qiagen #69504 

Infinium Global Screening Array  Illumina #20030770 

mirVana miRNA isolation kit with 
phenol 

Invitrogen #AM1560 

Quant-iT PicoGreen dsDNA 
Assay Kit 

Invitrogen #P7589 

RNA 6000 Nano Chip Agilent #5067-1511 

RNase A  Qiagen #19101 

Consumables Source Identifier 

2000 µm nylon mesh VWR #510-9482 

250 µm nylon gauze VWR #510-9526 

25cm² rectangular canted neck 
cell culture flask with vented cap 

Falcon #353109 

384 Well Skirted PCR Plate, 
Roche Style 

4titude #4ti-1381 

6-well clear flat bottom TC-
treated multiwell cell culture 
plate 

Falcon #353046 

75cm² rectangular canted neck 
cell culture flask with vented cap 

Falcon #353136 

Biosphere filter tips Sarstedt N/A 

Borosilicate glass round bottom 
tube with screw cap 

Pyrex #10004654 

Cell strainer 70μm BD Falcon #352360 

Cellstar conical tubes (15 ml, 50 
ml)  

Greiner N/A 

Cellstar serological pipettes 
(50 ml, 25 ml, 10 ml, 5 ml, 2 ml) 

Greiner N/A 

Circonia glas beads Carl-Roth #11079105 

Coverslips 
Thickness no. 1, 24x60 mm 

Carl-Roth #H878.2 

FrameStar 96 Well Plate, clear 4titude #4ti-0960 

Lysing matrix D MP biomedicals #116913050-CF 

Safe-Lock Tubes (5 ml, 2ml, 1.5 
ml) 

Eppendorf N/A 

S-Monovette K3 EDTA, 9 ml Sarstedt #02.1066.001 

Microscope slides 
Superfrost corners grounded 

Carl-Roth #1880.1 
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Equipment Name Manufacturer 

Balances 
Pinnacle, analytical balance Sartorius 

Pinnacle, top loading balance Sartorius 

Bead beating grinder and lysis 
system 

Fast Prep-24 MP biomedicals 

Biological Safety Cabinet HeraSafe Class II safety cabinet Thermo Fisher Scientific  

Centrifuges 

Centrifuge 5415 R Eppendorf 

Centrifuge 5415 D Eppendorf 

Centrifuge 5810 Eppendorf 

Colloid mill Labor‐Pilot 2000/4 IKA 

High resolution automated 
electrophoresis 

2100 bioanalyzer instrument Agilent 

Incubator Heracell 240i CO2 incubator Thermo Fisher Scientific  

Magnetic stirrer  MR3001 Heidolph 

Microplate reader Infinite M200 Tecan 

Microscopes 

VHX-6000 microscope  Keyence 

DMI4000 B inverted microscope Leica Microsystems 

Aperio AT2 whole slide scanning 
microscope 

Leica Biosystems 

Multistainer ST5020 Leica Biosystems 

Paraffin Embedding System AP280 1-3 Microm 

Particle Sizer 
Mastersizer 2000 with Hydro 
2000S dispersing unit 

Malvern Panalytical 

Pipettes 

Research plus pipette set Eppendorf 

Multipette stream/Xstream Eppendorf 

Easypet 3 Eppendorf 

E1-ClipTip Thermo Fisher Scientific 

MICROMAN positive 
displacement pipette 

Gilson 

Rotary microtome HM 355 S Thermo Fisher Scientific 

Thermocycler 
Mastercycler gradient Eppendorf 

LightCycler 480, 384 well block Roche 

Tissue processor  TP1020 tissue processor  Leica Biosystems 

Ultrapure water system PURELAB flex 2 Elga Veolia 

Water baths 
CORIO CD Thermostat Julabo 

GFL 1083 shaking water bath Gesellschaft für Labortechnik 
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Software & Algorithms Publication URL 

Adipocyte U-net 
https://doi.org/10.1371/journal.p
cbi.1008044 

https://github.com/GlastonburyC/Adip
ocyte-U-net 

BATLAS 
https://doi.org/10.1016/j.celrep.2
018.09.044 

https://shiny.hest.ethz.ch/BATLAS/ 

CellProfiler 
https://doi.org/10.1186/gb-2006-
7-10-r100 

https://cellprofiler.org/ 

CellProfiler, adipocyte sizing 
pipeline 

https://doi.org/10.1016/b978-0-
12-411619-1.00004-5 

N/A 

R 
N/A; R Foundation for statistical 
computing 

https://www.R-project.org/ 

Rsubread 
https://doi.org/10.1093/nar/gkz1
14 

https://bioconductor.org/packages/rel
ease/bioc/html/Rsubread.html 

edgeR 
https://doi.org/10.1093/bioinform
atics/btp616 

https://bioconductor.org/packages/rel
ease/bioc/html/edgeR.html 

clusterProfiler 
https://doi.org/10.1089/omi.2011
.0118 

https://bioconductor.org/packages/rel
ease/bioc/html/clusterProfiler.html 

Pathview 
https://doi.org/10.1093/bioinform
atics/btt285 

https://bioconductor.org/packages/rel
ease/bioc/html/pathview.html 

QuPath 
https://doi.org/10.1038/s41598-
017-17204-5 

https://qupath.github.io/ 

Collaborative experiments Group name URL 

FAME GC-MS 

ZIEL Research Group Lipid 
Metabolism 

Head: Dr. Josef Ecker 
https://www.ziel.tum.de/ecker/ 

Genotyping, abdominal 
surgery cohort 

Oxford Genomics Centre https://www.well.ox.ac.uk/ogc/ 

MR experiments 

Body magnetic resonance 
research group (BMRR) 
Head: Prof. Dimitrios 
Karampinos 

https://www.bmrrgroup.de/ 

Mature adipocyte respiration 
Wessels B., Honecker J. et al. 
(2019) 

https://doi.org/10.1002/oby.22435 

RNA-Seq of hAMSCs and 
mature adipocytes 

Broad Institute Genomics 
platform 

https://www.broadinstitute.org/genom
ics 

Water-fat phantoms 
Chair of Food and Bioprocess 
Engineering 
Head: Prof. Ulrich Kulozik 

https://www.lmvt.wzw.tum.de/en/hom
e/  

Public data Publication URL 

GTEx adipocyte size estimates 
https://doi.org/10.1371/journal.p
cbi.1008044 

https://github.com/GlastonburyC/Adip
ocyte-U-net 

GTEx phenotypes https://doi.org/10.1038/ng.2653 
https://gtexportal.org/home/datasets 
dbGap accession phs000424.v8.p2 

GTEx RNA-Seq data https://doi.org/10.1038/ng.2653 
https://gtexportal.org/home/datasets 
dbGap accession phs000424.v8.p2 
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Ich, Julius Honecker, erkläre an Eides statt, dass ich die bei der promotionsführenden Einrichtung der TUM School of 

Life Sciences Weihenstephan der TUM zur Promotionsprüfung vorgelegte Arbeit mit dem Titel:  
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