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“Perhaps the most valuable result of all education is the ability to make yourself 

do the thing you have to do, when it ought to be done, whether you like it or not. It 
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begins, it is probably the last lesson that he learns thoroughly.” 

Thomas Huxley, Biologist 

 



 
TABLE OF CONTENTS 

Page 4 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................................. 6 

ZUSAMMENFASSUNG ............................................................................................................................... 8 

ABBREVIATIONS ..................................................................................................................................... 10 

INDEX OF TABLES.................................................................................................................................... 16 

INDEX OF FIGURES .................................................................................................................................. 17 

1 INTRODUCTION ......................................................................................................................... 18 

1.1 Adipose tissue in energy homeostasis and metabolic disorders............................................. 18 

1.2 The hallmarks of diabetes ...................................................................................................... 28 

1.3 Genome-wide association studies (GWAS) ............................................................................ 31 

1.4 Metabolomics........................................................................................................................ 35 

1.5 Aim of thesis .......................................................................................................................... 40 

2 MATERIALS AND METHODS ....................................................................................................... 41 

2.1 Chemicals and media ............................................................................................................. 41 

2.2 Primary cell material .............................................................................................................. 47 

2.3 Genotyping ............................................................................................................................ 48 

2.4 Cell culture ............................................................................................................................ 50 

2.5 NucBlue staining .................................................................................................................... 53 

2.6 Oil Red O lipid staining ........................................................................................................... 54 

2.7 Protein extraction and quantification .................................................................................... 54 

2.8 Gene expression analysis ....................................................................................................... 55 

2.9 Metabolomic analysis ............................................................................................................ 58 

2.10 Statistics ................................................................................................................................ 68 

3 RESULTS .................................................................................................................................... 69 

3.1 Adipocytes of rs6712203-C risk allele carriers reveal no morphological changes ................... 69 

3.2 In vitro differentiated adipocytes from rs6712203-C risk allele carriers reveal changes in 

selected fat metabolism and obesity marker genes ............................................................... 72 



 
TABLE OF CONTENTS 

 
Page 5 

3.3 Adipocytes of rs6712203-C risk allele carriers reveal metabolomic changes ......................... 75 

4 DISCUSSION ............................................................................................................................... 79 

4.1 COBLL1 and adipogenesis ...................................................................................................... 80 

4.2 COBLL1 and adipocyte marker gene expression .................................................................... 82 

4.3 COBLL1 and adipocyte metabolism ....................................................................................... 85 

5 OUTLOOK .................................................................................................................................. 89 

6 COLLABORATIONS ..................................................................................................................... 91 

APPENDICES ........................................................................................................................................... 92 

Supplementary table 1: Enzymes of up-regulated metabolites in phase 1 and down-regulated 

metabolites in phase 2 ........................................................................................................... 92 

Supplementary table 2: Enzymes of down-regulated metabolites in phase 1 and  2 ........................ 105 

Supplementary table 3: Enzymes of up-regulated metabolites in phase 1 and 2 .............................. 108 

Supplementary table 4: Enzymes of down-regulated metabolites in phase 1 and up-regulated 

metabolites in phase 2 ........................................................................................................ 111 

Helmholtz Center Declaration of no-objection of sample material ................................................... 129 

LETTERS OF APPROVAL ......................................................................................................................... 130 

WHO Letter of Approval, March 2023 .............................................................................................. 130 

Elsevier Letter of Approval, April 2023 ............................................................................................. 131 

Brucker Letter of Approval, April 2023 ............................................................................................. 132 

LITERATURE .......................................................................................................................................... 133 

CURRICULUM VITAE ............................................................................................................................. 166 

ACKNOWLEDGEMENTS ........................................................................................................................ 167 

DECLARATION OF AUTHORSHIP ............................................................................................................ 168 

 

 

 

  



 

 
 

Page 6 

ABSTRACT  

Type 2 diabetes (T2D) is a chronic metabolic disease whose prevalence is steadily increasing at an alarming 

rate. Environmental risk factors such as diet and lifestyle play an important role in the development of T2D. 

Family and twin-based studies first suggested the heritability of T2D risk. Genome-wide association studies 

(GWAS) then provided additional evidence for the heritability of T2D and identified genetic variations 

associated with T2D risk. Most of these single nucleotide polymorphisms (SNPs) are located in non-coding 

regions of the genome, which makes their mechanistic or functional characterisation challenging. Recently, 

a study revealed that the non-coding rs6712203 variant is localized in an adipocyte-specific enhancer 

region and the C-to-T point mutation leads to a disrupted POU class 2 homeobox 2 (POU2F2) binding motif. 

Through in vitro knockdown studies, a possible mechanism for rs6712203-C risk allele carriers was 

suggested: the lack of POU2F2 binding at the enhancer leads to reduced cordon bleu like protein 1 

(COBLL1) expression, which in turn leads to disturbed actin remodeling during adipogenesis, lower insulin-

stimulated glucose uptake, triglyceride storage and response to lipolytic stimulation. Therefore, this thesis 

aimed to unravel which metabolic pathways are directly influenced by the COBLL1 rs6712203-C risk allele 

in adipocytes. 

To address this question, pre-adipocyte cells (PACs) isolated from subcutaneous adipose tissue of six obese 

and female carriers of the rs6712203-C risk allele and five obese and female patients with the rs6712203-T 

non-risk allele, were in vitro differentiated. The microscopic analysis during standardized adipose 

differentiation did not show any remarkable changes between the two genotypes. Oil Red O lipid 

staining revealed the same amount of fat accumulation in adipocytes from rs6712203-C risk allele 

and rs6712203-T non-risk allele carriers. 

To gain insight into the transcriptional changes following a decrease in COBLL1 in carriers of the rs6712203-

C risk allele, expression analyses of selected lipid metabolism and obesity marker genes were performed. 

Adipocytes of rs6712203-C risk allele carriers revealed a similar expression pattern of PPARG2 and IRS2 

compared to adipocytes from rs6712203-T non-risk allele carriers. Whereas PIK3CA and PLIN1 expression 

was upregulated in in vitro differentiating pre-adipocytes of carriers of the rs6712203-C risk allele, ITGAM 

expression was upregulated in pre-adipocytes of rs6712203-C risk allele carriers and LEP expression was 

decreased in in vitro differentiated adipocytes of carriers of the rs6712203-C risk allele.  

To dissect the metabolic pathways which are affected by COBLL1, Direct injection Fourier-Transform 

Ion Cyclotron Resonance Mass Spectrometry (DI-FT-ICR/MS) measurement was performed of cell 

lysates of pre-adipocytes, differentiating pre-adipocytes and mature adipocytes from carriers of the 

rs6712203-C risk allele and rs6712203-T non-risk allele carriers. The data generated in this thesis 
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suggest that specific metabolic pathways such as nucleotide catabolism, metabolism of amino acids, 

glycolysis, fatty acyl-CoA biosynthesis and carnitine synthesis were upregulated in early adipogenesis 

of rs6712203-C risk allele carriers compared to rs6712203-T non-risk allele carriers. In late 

adipogenesis, fat and steroid metabolism was increased in adipocytes of carriers of the rs6712203-C 

risk allele compared to rs6712203-T non-risk allele carriers. 

In conclusion, the results of this thesis provide unprecedented insight into the metabolic changes of 

adipocytes from rs6712203-C risk allele carriers.   



 

 
 

Page 8 

ZUSAMMENFASSUNG  

 

Typ-2-Diabetes (T2D) ist eine chronische Stoffwechselerkrankung, deren Prävalenz stetig und in 

alarmierendem Maße zunimmt. Umweltbedingte Risikofaktoren wie Ernährung und Lebensstil spielen 

eine wichtige Rolle bei der Entwicklung von T2D. Familien- und Zwillingsstudien wiesen erstmals auf 

die Vererbbarkeit des T2D-Risikos hin. Genomweite Assoziationsstudien (GWAS) lieferten dann 

zusätzliche Beweise für die Vererbbarkeit von T2D und identifizierten zahlreiche genetische 

Variationen, die mit dem T2D-Risiko in Verbindung stehen. Die meisten dieser Einzelnukleotid-

Polymorphismen (SNPs) befinden sich in nicht kodierenden Regionen des Genoms, was ihre 

mechanistische oder funktionelle Charakterisierung schwierig macht. Kürzlich zeigte eine Studie, dass 

die nicht-kodierende Variante rs6712203 in einem adipozytenspezifischen Enhancer lokalisiert ist und 

die C-to-T-Punktmutation zu einem gestörten POU Klasse 2 Homeobox 2 (POU2F2) Bindungsmotiv 

führt. Durch in vitro Knockdown-Studien wurde ein möglicher Mechanismus für Träger des rs6712203-

C-Risikoallels vorgeschlagen: Die gestörte POU2F2-Bindung am Enhancer führt zu einer verminderten 

Expression des Cordon Bleu Like Protein 1 (COBLL1), was wiederum zu einem gestörten Aktin-

Remodeling während der Adipogenese, einer geringeren insulin-stimulierten Glukoseaufnahme, 

Triglyceridspeicherung und Reaktion auf lipolytische Stimulation führt. Ziel dieser Arbeit war es daher, 

herauszufinden, welche Stoffwechselwege direkt durch das COBLL1 Protein in Adipozyten mit dem 

Risikoallel rs6712203-C beeinflusst werden. 

Um diese Frage zu klären, wurden Prä-Adipozyten (PACs), die aus dem subkutanen Fettgewebe von 

sechs fettleibigen weiblichen Trägern des Risiko-Allels rs6712203-C und fünf fettleibigen weiblichen 

Patienten mit dem Nicht-Risiko-Allel rs6712203-T isoliert wurden, in vitro differenziert. Die 

mikroskopische Analyse ergab keine nennenswerten Unterschiede zwischen den beiden Genotypen. Die 

Oil-Red-O-Lipid-Färbung zeigte, dass die Prä-Adipozyten von Trägern des Risiko-Allels rs6712203-C und 

Trägern des Nicht-Risiko-Allels rs6712203-T die gleiche Menge an Fett akkumulierten. 

Um einen Einblick in die transkriptionellen Veränderungen nach einer Verminderung des COBLL1 

Proteins bei Trägern des rs6712203-C-Risikoallels zu erhalten, wurden Expressionsanalysen 

ausgewählter Markergene des Lipidstoffwechsels und der Adipositas- durchgeführt. Adipozyten von 

Trägern des rs6712203-C-Risikoallels zeigten ein ähnliches Expressionsmuster von PPARG2 und IRS2 

verglichen mit Adipozyten von Trägern des rs6712203-T-Nicht-Risikoallels. Während die Expression 

von PIK3CA und PLIN1 in in vitro differenzierenden Prä-Adipozyten von Trägern des rs6712203-C-

Risiko-Allels hochreguliert war, war die Expression von ITGAM in Prä-Adipozyten von Trägern des 
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rs6712203-C-Risiko-Allels hochreguliert und die Expression von LEP war in in vitro differenzierten 

Adipozyten von Trägern des rs6712203-C-Risiko-Allels vermindert. 

Um die Stoffwechselwege, die von COBLL1 beeinflusst werden, zu entschlüsseln, wurde eine 

Direktinjektions-Fourier-Transformations-Ionenzyklotronresonanz-Massenspektrometrie (DI-FT-

ICR/MS) Analyse von Zelllysaten von Präadipozyten, differenzierenden Präadipozyten und reifen 

Adipozyten von Trägern des rs6712203-C-Risikoallels und Trägern des rs6712203-T-Nicht-Risikoallels 

durchgeführt. Die in dieser Arbeit gewonnenen Daten deuten darauf hin, dass Stoffwechselwege wie 

Nukleotidkatabolismus, Aminosäurestoffwechsel, Glykolyse, Fettacyl-CoA-Biosynthese und 

Carnitinsynthese in der frühen Adipogenese von Trägern des rs6712203-C-Risikoallels im Vergleich zu 

Trägern des rs6712203-T-Nicht-Risikoallels hochreguliert sind. In der späten Adipogenese ist der Fett- 

und Steroidstoffwechsel in Adipozyten von Trägern des rs6712203-C-Risikoallels im Vergleich zu 

Trägern des rs6712203-T-Nicht-Risikoallels erhöht. 

Insgesamt bieten die Ergebnisse dieser Untersuchungen einen neuen Einblick in die metabolischen 

Veränderungen von Adipozyten, die bei Trägern des rs6712203-C-Risikoallels auftreten und die 

Assoziation des Genotyps mit Typ 2 Diabetes weiter charakterisieren.  
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ABBREVIATIONS  

General abbreviations 

%   Percentage, percent 

°C   Degree centigrade 

3T3-L1   Mouse 3T3-L1 preadipocyte cell line 

ABPs  Actin-binding proteins 

Arp2/3   Actin-related protein 2/3 

ATMs   Adipose tissue macrophages 

BAT   Brown adipose tissue  

BCA   Bicinchoninic acid 

BMI   Body mass index 

BMP   Bone morphogenetic protein 

CD   Cluster of differentiation 

cDNA   complementary DNA 

CKD  Chronic kidney disease 

CVD   Cardiovascular disease 

Da  Dalton 

Dcs  Dendritic cells  

DI  Direct injection 

DMAPP   dimethylallyldiphosphate 

DMSO  Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

ECM   Extracellular matrix 

EDTA  Ethylenediaminetetraacetic acid 

e.g.  Exempli gratia 
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EM  Endosome membrane 

ESI  Electrospray ionisation 

FA  Fatty acid  

F-actin   Filamentous actin 

FCS  Fetal calf serum 

FT-ICR/MS  Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry  

G-actin   Globular monomeric actin 

GPL   Glycerophospholipids 

g/rcf   G force / relative centrifugal force 

GWAS   Genome-wide association studies 

hASC   Primary human adipose-derived stromal cells 

HMDB   Human Metabolome Database 

IBMX   3-Isobutyl-1-methylxanthine 

ICR  Ion cyclotron resonance 

IFG  Impaired fasting glycaemia 

IGT  Impaired glucose tolerance 

IPP   Isopentenyl diphosphate 

ISO  International Standards Organization 

LD   Linkage disequilibrium 

MDEA   Mass difference enrichment analysis 

MDiN   Mass difference network 

MeOH  Methanol 

MEP   Methylerythritol phosphate 

MetS   Metabolic syndrome 

mg  Milligram 
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min   Minute/minutes 

miRNA  Micro ribonucleic acid 

ml   Milliliter 

mM   Millimolar 

MOBB   Munich Obesity Biobank 

mRNA  Messenger ribonucleic acid 

MS  Mass spectrometry 

MVA  Mevalonic acid 

Mws  Megawords 

m/z  Mass-to-charge ratio/mass over charge 

NAFLD  Nonalcoholic fatty liver disease 

NMR  Nuclear magnetic resonance 

OD  Optical density 

OGTT   Oral glucose tolerance test 

PA   Phosphatidic acid 

PAC  Pre-adipocyte cells 

PBS  Phosphate-buffered saline 

PC  Phosphatidylcholine  

PCR   Polymerase-chain-reaction 

PE   Phosphatidylethanolamine 

PGE2   Prostaglandin E2 

pH   Potentia hydrogenii 

PH   Pleckstrin homology domain 

PI   Phosphatidylinositol 

PIP   Phosphatidylinositol phosphate 
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PIP2   Phosphatidylinositol 4,5-bisphosphate 

PIP3  Phosphatidylinositol 3,4,5-trisphosphate 

PL  Phospholipid 

PLIS  Prediabetes Lifestyle Intervention Study 

PM  Plasma membrane 

PMCA   Phylogenetic module complexity analysis 

PPE   Protein precipitation extraction 

PR  Prenol lipids 

PS   Phosphatidylserine 

PTB   Phosphotyrosine binding domain 

RF  Resonance frequency 

rpm   Rotations per minute 

RT  Room temperature 

s  Seconds 

SD  standard derivation  

SGBS   Simpson–Golabi–Behmel syndrome cell line 

S/N   Signal-to-noise ratio 

SNPs   Single nucleotide polymorphisms 

SPE   Solid phase extraction 

T1D   Type 1 Diabetes 

T2D   Type 2 Diabetes 

TAG   Triacylglycerol 

TCA   Tricarboxylic acid cycle 

TF  Transcription factor 

TSS  Transcriptional start site 
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TUM  Technical University Munich 

TZDs  Thiazolidinediones 

UV   Ultraviolet 

VCA   verprolin homology, cofilin homology, and acidic region 

WAT   White adipose tissue 

WH2   WASP (Wiskott–Aldrich syndrome protein)-homology 2 

WHO   World Health Organization 

WHR  Waist-to-hip-ratio 

μg   Microgram 

μl   Microliter 

 

Gene abbreviations 

Arp2/3   Actin related protein 2/3 complex subunit 2 and 3 

ATGL/ PNPLA2 Adipose triglyceride lipase/Patatin-like phospholipase domain containing 2 

C/EBPα  CAAT/enhancer-binding protein alpha 

C/EBPβ   CCAAT/enhancer-binding protein beta 

C/EBPδ  CAAT/enhancer-binding protein delta 

CGI-58   Comparative Gene Identification-58 

COBL   Cordon-bleu protein 

COBLL1  Cordon bleu like protein 1 

EGFR   Epidermal growth factor receptor 

FGFR   Fibroblast growth factor receptor 

FOSL2  FOS like 2, AP-1 transcription factor subunit 

GAPDH   Glyceraldehyde-3-phosphate dehydrogenase 

GLUT4   Solute carrier family 2, facilitated glucose transporter member 4 
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GAPDH   Glyceraldehyde-3-phosphate dehydrogenase 

GRB14  Growth factor receptor-bound protein 14 

HSL/LIPE  Lipase E, hormone-sensitive 

ILK   Integrin-linked kinase 

IGF1R  Insulin-like growth factor-1 receptor 

IPO8  Importin 8  

IR   Insulin receptor 

IRS2   Insulin receptor substrate 2 

ITGAM  Integrin subunit alpha M 

LEP   Leptin 

LPL   Lipoprotein lipase 

N-WASP  Neural Wiskott-Aldrich syndrome 

PDGFR   Platelet-derived growth factor receptor 

PIK3CA  Phosphatidylinositol-4-phosphate 3-kinase, catalytic subunit alpha 

PDGFRα  Platelet-derived growth factor receptor alpha 

PDGFRβ  Platelet-derived growth factor receptor beta 

PLIN1   Perilipin 1 

POU2F2  Pou domain, class 2, transcription factor 2 

PPARG/PPARγ Peroxisome proliferator activated receptor gamma 

SOCS3  Suppressor of cytokine signaling 3 

SQLE     Squalene epoxidase 

TCF7L2   Transcription factor 7 like 2 

Tek/Tie2  Tunica endothelial kinase 

UCP1   Uncoupling protein 1 

ZNF423  Zinc finger protein 423 
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1 INTRODUCTION  

1.1 Adipose tissue in energy homeostasis and metabolic disorders 

1.1.1 Classification of adipose tissues 

Adipose tissues can be considered as an organ where the body's energy is stored. There are two main 

types of adipose tissue with distinct functions: brown adipose tissue (BAT) and white adipose tissue 

(WAT) (Frontini and Cinti, 2010; Rosen and Spiegelman, 2014).  

1.1.1.1 Brown adipose tissue (BAT) 

The main function of brown adipocytes is to burn stored energy through thermogenesis (Cypess and 

Kahn, 2010). Brown adipocytes are characterised by an increased number of mitochondria and 

multilocular lipid droplets (Harms and Seale, 2013). They also express high levels of uncoupling protein 

1 (UCP1), which is considered to be the main driver of the thermogenesis programme (Ricquier 2012). 

BAT develops embryonically from the mesoderm. In addition to BAT, the Myf5- and Pax7-expressing 

progenitor cells give also rise to skeletal muscle cells and UCP1-expressing adipocytes (Lepper and Fan, 

2010; Sanchez-Gurm-aches et al., 2012; Seale et al., 2008; Wang and Seale, 2016). There are also 

clusters of UCP1-expressing adipocytes in WAT. These cells are termed beige adipocytes. They express 

UCP1 and reveal the capacity to perform thermogenesis in response to various stumuli (Vitali, A. et al. 

2012). Previously, BAT in humans was thought to be found only in the interscapular region in infants 

and adults chronically exposed to extreme cold (Heaton, 1972; Lidell et al. 2013). Recent findings have 

shown that brown and beige adipocytes may be more widespread in adults than previously thought 

(Nedergaard, Bengtsson and Cannon, 2007; Saito et al., 2009; van Marken Lichtenbelt et al. 2009; 

Virtanen et al. 2009). This is especially interesting, since the activities of brown and beige fat cells 

reduce metabolic disease, including obesity, in mice and correlate with leanness in humans (Wang 

and Seale, 2016). 

1.1.1.2 White adipose tissue (WAT) 

The primary function of WAT is to store excess energy in the form of triglycerides (Rosen and 

MacDougald, 2006). Mature white adipocytes are unilocular and contain one large lipid droplet which 

makes up the majority of the cell (Greenberg et al. 2011). As a result, the white fat cells have a 

rounded cell shape (Orlicky et al. 2013; Smas and Sul 1995). White fat cells contain significantly fewer 

mitochondria than brown adipocytes. Based on its location in the body, WAT is further classified into 

two categories: subcutaneous WAT and visceral WAT. Furthermore, visceral and subcutaneous WAT 

show intrinsically different metabolic functions, including lipolysis rates, thermogenic potential and 
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the secretion of adipokines and inflammatory cytokines (Ghaben and Scherer, 2019). The visceral WAT 

can be found in different depots throughout the body including omental, mesenteric, retroperitoneal, 

gonadal, and pericardial WAT (Wajchenberg, 2000). The omental depot, one of the most studied 

visceral depots, is located inside the peritoneum, starts near the stomach and spleen and extends 

deep into the abdomen. The visceral WAT is often associated with metabolic disorders such as 

diabetes and cardiovascular disease (Shuster et al., 2012). The depots of subcutaneous WAT are 

located in several locations under the skin in upper (deep and superficial abdomen) and lower 

(gluteofemoral) body regions (Kwok et al. 2016). The gluteofemoral depot is anatomically located 

subcutaneously, along the hips, buttocks and thighs. 

1.1.2 Adipogenesis of WAT 

Adipogenesis refers to the process by which fibroblast-like progenitor cells express their potential to 

the adipogenic lineage, accumulate lipids and become mature round-shaped adipocytes filled with 

triglycerides (Kawaguchi et al. 2003). This process is divided into two steps, which are well 

characterised (Cristancho and Lazar, 2011). In the commitment step, a pluripotent fibroblast-like cell 

commits itself to the adipocyte lineage and forms a pre-adipocyte (Fig. 1). Mesenchymal precursor 

cells for instance are fibroblast-like cells which are characterized by the expression of platelet-derived 

growth factor receptor-α (PDGFRα) and/or PDGFRβ. The commitment step occurs without any 

morphological changes. Pre-adipocytes are located in the adipose vasculature (Tang et al. 2008; 

Gupta et al. 2012). After the commitment step, the terminal differentiation takes place. Here, 

specified pre-adipocytes undergo growth arrest, accumulate lipids and form insulin-responsive 

mature adipocytes (Fig. 1).  
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Figure 1 - Overview of molecular mechanisms of adipogenesis.  
Bone morphogenetic protein (BMP) signalling restricts multipotent, fibroblast-like mesenchymal precursors 
marked by platelet-derived growth factor receptors (PDGFRα and/or PDGFRβ) to the adipocyte lineage as part of 
a process known as ‘commitment’. Committed pre-adipocytes still reveal a morphologically fibroblast-like shape 
and express the transcription factor ZNF423. When the committed pre-adipocyte arrests its growth, it activates 
the master regulator of adipogenesis peroxisome proliferator-activated receptor-γ (PPARγ) and transcription co-
activators CCAAT/enhancer-binding protein α and β (C/EBPα and C/EBPβ). Lipid accumulation is induced by the 
expression of the adipocyte fatty-acid binding protein (AP2) and the insulin-sensitive transporter GLUT4, marking 
adipocytes in early stages of differentiation. At the completion of differentiation, mature adipocytes express all 
the markers of early adipocyte differentiation as well as the peptide hormones adiponectin and leptin; the 
lipases adipose triglyceride lipase (ATGL) and lipoprotein lipase (LPL); and high levels of the lipid-droplet-
associated protein perilipin 1. Adapted from: Ghaben and Scherer, 2019 

The processes of adipogenesis are controlled by a transcriptional cascade (Farmer 2006; Rosen, 

Walkey, Puigserver and Spiegelman 2000) initiated by the opening of chromatin by the transcription 

factor (TF) CCAAT/enhancer-binding protein-β (C/EBPβ) (Steger et al. 2010; Siersbaek et al. 2011). In 

vitro studies have shown that C/EBPβ and C/EBPδ are expressed in the early stage of adipogenesis 

(Cao, Umek and McKnight 1991) and induce the expression of the nuclear hormone receptor 

peroxisome proliferator-activated receptor-γ (PPARγ) and C/EBPα (Wu et al. 1996). Cell culture studies 

with fibroblasts showed that the bone morphogenetic protein 2 (BMP2) and BMP4 are sufficient to 

drive adipocyte commitment and are required for in vitro adipogenic differentiation (Wang, Israel, 

Kelly and Luxenberg, 1993; Huang et al. 2009; Bowers, Kim, Otto, and Lane, 2006). BMPs bind and 

signal through BMP receptors to activate SMAD4 (Huang et al. 2009). Activated SMAD4 stimulates the 

transcription factor PPARγ. PPARγ is considered to be the master regulator of adipogenesis, as it is 

indispensable for adipocyte differentiation both in vitro and in vivo (Tontonoz, Hu and Spiegelman, 

1994; Barak et al. 1999; Rosen et al. 1999; Wang, Mullican, DiSpirito, Peed and Lazar, 2013). PPARγ 

controls terminal differentiation of adipocytes (Rosen &MacDougald 2006; Farmer 2006; Lee and Ge 

2014; Lefterova, Haakonsson, Lazar and Mandrup 2014.; Siersbaek and Mandrup 2011) and is 

required for maintaining their differentiated state (Tamori et al. 2002; Imai et al. 2004). Another 

important function of PPARγ is the activation of the transcription factor C/EBPα which acts in concert 

with PPARγ to establish the phenotype of mature adipocytes (Wu et al. 1999; Nielsen et al 2008; 

Lefterova et al. 2008). It hast been shown in vitro, that overexpression of C/EBPα in fibroblasts is 
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sufficient to drive adipocyte differentiation (Freytag, Paielli and Gilbert, 1994). Another key 

commitment factor of the white adipocyte lineage is the zinc-finger protein 423 (ZNF423) (Gupta, R. K. 

et al. 2010). ZNF423 is required for fetal development of subcutaneous adipose tissue (Shao, M. et al. 

2017). In adipogenic fibroblasts ZNF423 sensitizes to pro-adipogenic BMP signalling.  

1.1.3 The role of adipocytes in the development of obesity 

The World Health Organization (WHO) defines overweight and obesity as abnormal or excessive fat 

accumulation that may impair health. The body mass index (BMI) is a commonly used measure for 

classifying overweight and obesity in adults. It is calculated by dividing a person’s weight in kilogram by 

the square of its height in meter. According to the WHO Report on Obesity a person with a BMI of 25 

to 29.9 is classified as overweight; a BMI of 30 or more is defined as obesity (WHO Consultation on 

Obesity, 1999). Since 1980, the global prevalence of excessive weight gain has at least doubled (Ataey 

et al. 2020). According to the WHO, more than 1.9 billion adults were overweight and 650 million 

obese in 2016 (WHO, 2016). Frighteningly, in some countries such as the USA 30 to 40 percent of the 

adults are obese, although the percentages are also quite high in European countries (Fig. 2). What is 

even more alarming is that rates of overweight and obesity continue to grow in children. From 1975 to 

2016, the prevalence of overweight or obese children and adolescents aged 5–19 years increased 

more than four-fold from 4% to 18% globally (WHO (obesity), 2023).  

 

Figure 2 - Obesity as a pandemic. 
Global distribution of obesity as defined by a BMI ≥ 30 kg/m2. From: Global database on Body Mass Index, WHO, 

2011, reprinted with the permission of the World Health Organization, see LETTERS OF APPROVAL 
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Obesity poses an increased risk to health as it elevates the probability of developing various diseases 

and conditions that are associated with increased mortality. This includes cardiovascular diseases 

(CVD), chronic kidney disease (CKD), certain types of cancer, depression, hyperlipidemia, 

hypertension, metabolic syndrome (MetS), nonalcoholic fatty liver disease (NAFLD). obstructive sleep 

apnea, osteoarthritis and Type 2 diabetes (T2D) (Swinburn et al. 2011). Furthermore, obesity also 

appears to be a major problem for the health system, as it is estimated that obese people have 30% 

higher medical costs than people with a normal BMI (WHO Consultation on Obesity 1999).  

Several mechanisms are known to lead to obesity (Dubern 2019). One of the main causes of obesity 

is that significantly more energy is taken in through energy-rich foods than the body can consume. If 

more energy is taken in than the body needs to meet its energy requirement, the adipose tissue must 

expand. There are two ways to expand adipose tissue: hypertrophy or hyperplasia (Fig. 3). 

Hypertrophy describes the increase in size of existing adipocytes, whereas hyperplasia means the 

formation of new adipocytes from precursors in the process of adipogenesis (Ghaben and Scherer 

2019). Hypertrophy is considered the unhealthier of the two mechanisms, since an increase in 

adipocyte size is correlated with increased systemic insulin resistance (Salans et al. 1968; Krotkiewski, 

1983). In contrast to that, decreased susceptibility to developing diabetes is often correlated with 

small adipocytes (Lönn et al. 2010; Yang et al. 2012).  

Figure 3 - Mechanisms of adipose tissue expansion. 
Adipose tissue can primarily expand in one of two ways: through differentiation of resident tissue precursors to 
form new adipocytes (hyperplasia) or through enlargement of existing adipocytes (hypertrophy). Hyperplasia of 
adipose tissue is generally considered healthy and adaptive, because the tissue is able to maintain proper 
vascularization and levels of the insulin-sensitizing, anti-inflammatory hormone adiponectin and other 
metabolism-modulatory adipokines. Hypertrophy of adipocytes is associated with an increase in hypoxia 
experienced by these cells because of their massively expanded size. The hypoxic reaction of the fatty tissue is 
not sufficient to induce angiogenesis. Hypoxic adipose tissue increases the expression of pro-fibrotic genes and 
leads to tissue fibrosis. Sometimes, hypoxic adipocytes undergo necrosis, leading to infiltration by immune cells 
and tissue inflammation. These factors combine to decrease adipose tissue function, leading to persistently 
elevated levels of nutrients (sugars and lipids) in the blood and contributing to earlier onset of metabolic disease 
and causing toxic lipid deposition in other tissues, such as muscle and liver. Adapted from: Ghaben and Scherer, 
2019 
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Increased adipocyte size leads to elevated mechanical stress as they are more in contact with 

neighbouring cells and the extracellular matrix (ECM). If they expand to a size that reaches the limits of 

oxygen diffusion, they can suffer from hypoxia. Both the mechanical and hypoxic stress can lead to 

inflammation in adipose tissue (Halberg et al. 2009; Khan et al. 2009). Furthermore, hypoxic stress in 

large adipocytes stimulate increased rate of collagen synthesis, fibrosis and adipocyte necrosis which 

leads to an enhancement of pro-inflammatory cytokines and inflammatory infiltration (Halberg et al. 

2009; Scherer, 2016). Larger adipocytes may also exhibit different biochemical properties compared 

to smaller adipocytes including increased inflammatory cytokine secretion, elevated lipolysis and 

reduced secretion of anti-inflammatory adipokines such as leptin and adiponectin (Bambace et al. 

2011; Laurencikiene et al. 2011; Meyer et al. 2013; Skurk et al. 2007). In the process of the metabolic 

disturbances associated with obesity, the adipocyte does not respond properly to almost all 

extracellular signals, especially to insulin, resulting in increased plasma glucose and lipid levels (Rosen 

and Spiegelman, 2014; Stern, Rutkowski and Scherer 2016). Moreover, it could be shown that adipose 

tissue secretes lipid subtypes which have an influence on insulin sensitivity and can contribute to 

insulin resistance associated with obesity (Holland et al. 2007; 35 Xia et al. 2015). In contrast, the 

formation of smaller fat cells by adipogenesis with increased angiogenesis reduces hypoxic stress in 

the fat depot and subsequent inflammation (Sun et al. 2012). It also prevents the accumulation of 

toxic lipids (lipotoxicity) in other tissues such as muscle, liver and heart and correlates with the 

maintenance of metabolic function. 
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Figure 4 - Adipocyte dysfunction and local inflammation leading to lipotoxicity-induced insulin resistance. 
Chronic overloading of adipocytes induces cellular stress such as endoplasmic reticulum stress that also 
contributes to the chronic inflammatory state in the adipose tissue, further recruiting macrophages and other 
inflammatory cells into the adipose tissue to feed-forward the release of free fatty acids, adipokines and 
inflammatory cytokines. Increase in circulating concentrations of free fatty acids, lipid mediators, inflammatory 
cytokines/adipokines, insulin and leptin, together with reductions in circulating adiponectin, leads to ectopic lipid 

storage, lipotoxicity and insulin resistance in non-adipose tissues. From: Iyer and Brown, 2010, reprinted with 
the permission of Elsevier Journal, see LETTERS OF APPROVAL 

1.1.4 Marker genes of fat metabolism and obesity 

A previous study identified the variant rs6712203, a regulatory site within the non-coding region at 

the COBLL1/GRB14 locus (see chapter 3.2) suggesting a link to T2D (Ocvirk (nee Glunk) et al. 2023). To 

further evaluate these findings the expression of a set of established marker genes of fat metabolism 

and the metabolome in obese individuals was analyzed in white subcutaneous adipocytes from 

females (BMI > 38,82) having the non-risk allele TT or the risk allele CC at rs6712203.  

1.1.4.1 PPARG 

PPARG encodes for the previously mentioned nuclear hormone receptor peroxisome proliferator-

activated receptor-γ (PPARγ), which is the master regulator of adipogenesis (Rosen and MacDougald 

2006). The PPARG gene has separated promoters and 5’ exons which results in three different mRNAs 

(PPARG1, PPARG2 and PPARG3) (Janani et al. 2015). PPARG1 and PPARG3 mRNAs give rise to identical 

proteins, whereas the protein translated via PPARG2 contains an additional NH2-terminal region 
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composed of 30 amino acids. The PPARG1 isoform is expressed in nearly all cells, while PPARG2 is 

limited mainly to adipose tissue (Janani et al. 2015). PPARγ is a TF activated by binding to its ligands. 

After interaction with the specific ligands, nuclear receptors are translocated to the nucleus, where 

they change their structure and regulate gene transcription (Rogue et al. 2001; Rogue et al. 2010; 

Willson et al. 2000). PPARγ plays an important role in lipid metabolism by regulating genes which 

participate in release, transport and storage of fatty acids (FAs) like lipoprotein lipase (LPL) and the FA 

transporter CD36 (Lehrke and Lazar 2005; Medina-Gomez et al. 2007; Ren et al. 2002). Dysregulation 

of PPARγ is associated with the development of obesity, type 2 diabetes and atherosclerosis (Lehrke 

and Lazar 2005). Polyunsaturated FAs and phytanic acid are natural PPARγ agonists in the human diet 

which increase glucose uptake and insulin sensitivity (Heim et al. 2002). Furthermore, its synthetic 

ligands such as thiazolidinediones (TZDs), e.g. troglitazone, rosiglitazone and pioglitazone, improve 

insulin action and glucose parameters and increase whole body insulin sensitivity. Thus, they are 

potent insulin sensitizers used in the treatment of type 2 diabetes (Mooradian et al. 2002). TZDs 

stimulate genes which favor storage of triglycerides and thereby lowering circulating free FA 

concentrations (Moore et al. 2001). Here it is worth mentioning that the development of insulin 

resistance is associated with increased levels of circulating free FAs and the accumulation of lipids in 

non-fatty tissues. Thus, PPARγ protects non-fatty tissues from an excessive lipid load (lipotoxicity) and 

maintains the normal function of organs, especially liver and skeletal muscle. In addition, PPARγ 

ensures a balanced and adequate secretion of adipokines (adiponectin and leptin) in adipocytes, 

which are mediators of insulin action in peripheral tissues (Kintscher and Law 2005).  

1.1.4.2 LEP 

LEP encodes for leptin, which was identified in 1994 as the product of the obese gene in mice, a 

circulating factor whose mutation leads to severe obesity and type 2 diabetes (Zhang et al. 1994). LEP 

is primarily produced in white adipose tissue, although it is also expressed in several other tissues, 

including the stomach, lungs, placenta and possibly the brain (Bado et al. 1998; Hoggard et al. 1997, 

Vernooy et al. 2009; Wiesner et al. 1997; Zhang et al. 1994). It circulates in the blood in protein-bound 

forms and free, the latter is the biologically active form (Chan et al. 2002). Leptin regulates fat 

storage in the body and is produced in proportion to the size of fat deposits in the human body, that 

means when fat cells increase, leptin levels increase proportionally (Harris 2014). It acts on the satiety 

center in the brain through binding to the leptin receptors (LEP-R) and suppresses food intake and 

increases energy expenditure (Fasshauer and Blüher 2015; Zhu and Scherer 2019; Park and Ahima 

2015; Papathanasiou et al. 2018). Studies demonstrated that the concentration of circulating leptin 

decreases during fasting or energy restriction, but increases during refeeding, overfeeding, as well as 
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during surgical stress (Boden et al. 1996; Dubuc et al. 1998; Kolaczynski et al. 1996; Hernandez et al. 

2000). Moreover, leptin plays a vital role in reproductive functioning, fetal growth, proinflammatory 

immune responses, angiogenesis, and lipolysis (Farr et al. 2015). It also directly promotes adipogenesis 

of bone marrow mesenchymal precursors and inhibits osteogenic differentiation (Yue et a. 2016). 

Leptin resistance is characterized by reduced satiety, over- consumption of nutrients, and increased 

total body mass, which often leads to obesity (Obradovic et al. 2021). This reduces the effectiveness of 

using exogenous leptin as a therapeutic agent, but combining it with leptin sensitizers could help 

overcome leptin resistance and possibly obesity. 

1.1.4.3 IRS2 

IRS2 encodes the insulin receptor substrate 2 which ia an essential adaptor that mediates signaling 

downstream of the insulin receptor and other receptor tyrosine kinases (Guo 2014). The IRS2 protein 

contains an NH2-terminal pleckstrin homology (PH) domain which mediates cell membrane 

interactions, a phosphotyrosine binding (PTB) domain which binds to the phosphorylated NPXpY-motif 

of the activated insulin receptor and a COOH-terminal tail that contains numerous tyrosine and 

serine/threonine phosphorylation sites that act as on/off switches to transduce insulin action, 

recruiting downstream signaling proteins, including PI3K subunit, phosphotyrosine phosphatase SHP-

2, and adaptor molecules such as Grb-2, suppressor of cytokine signalling 3 (SOCS3), Nck, Crk, SH2B 

and others (Copps and White 2012; Sun and Liu 2009; White 2003). The insulin receptor (IR) and 

insulin-like growth factor-1 receptor (IGF1R) are receptor tyrosine kinases that control metabolism, 

differentiation and growth. After ligand binding at the cell surface, the activated IR or IGF1R undergo 

conformational changes that allow them to autophosphorylate tyrosine residues on their cytoplasmic 

subunits (Haeusler et al. 2017). This facilitates the recruitment and phosphorylation of IRS2, which 

serves as scaffold for the initiation of downstream signalling pathways (Copps and White 2012). There 

are two major pathways that are stimulated by IRS2, the PI3K-AKT and Ras-Raf-MAPK pathways 

(Haeusler et al. 2017). In skeletal muscle cells, IRS2 is required for lipid uptake and metabolism 

(Bouzakri et al. 2006; Long et al. 2011). Interestingly, IRS2 knockout mice reveals a failure in β cells 

which results in diabetes (Lavin et al. 2016). Inhibition of IRS2 inactivates PI3K and interferes with 

nutrient homeostasis. It prolongs activation of MAP kinases (ERK1/2, p38, & JNK) which promotes 

mitogenesis and overgrowth resulting in obesity (Guo 2014). 

1.1.4.4 PIK3CA 

PIK3CA encodes the α-isoform of the 110 kDa catalytic subunit of phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3Kα) and is ubiquitously expressed (Keppler-Noreuil et al. 2016). In human 

cells, there are three main classes of PI3Ks, which are categorised based on their structure and 
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substrate preference (Fruman et al. 2017; Goncalves et al. 2018; Liu et al. 2009). PI3Ks of class I 

comprise a catalytic subunit (p110) and a regulatory subunit (Fruman et al. 2017). There are four 

isoforms of the p110 catalytic subunit found in mammals (p110α, β, γ and δ) (Keppler-Noreuil et al. 

2016; Fruman et al. 2017). Class II PI3Ks and Class III PI3Ks each contain 3 enzymes (PI3K-C2α, β, γ) and 

one enzyme (hVPS34) (Fruman et al. 2017). Class I PI3Ks are activated downstream of growth factor 

receptors such as the PDGF receptor, epidermal growth factor receptor (EGFR), insulin-like growth 

factor receptor (IGFR) and insulin receptor (IR) (Fruman et al. 2017). Class I PI3Ks catalyse the 

phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to form phosphatidylinositol 3,4,5-

trisphosphate (PIP3), which recruits effector proteins such as the AKT subfamily of AGC-

serine/threonine kinases (Keppler-Noreuil et al. 2016; Fruman et al. 2017). AKT activates mTOR, a 

serine/threonine kinase, indirectly, which is part of the cellular mTORC1 and mTORC2 complexes 

(Keppler-Noreuil et al. 2016). Furthermore, the components of the PI3K/AKT/mTOR pathway interact 

with other pathways such as RAS/RAF/MEK/MAPK. The PI3K signalling pathway is involved in many 

cellular processes, for example proliferation, angiogenesis, survival and metabolism (Adams and Ricci 

2019; Hennessy et al. 2005; Hillmann and Fabbro 2019; Keppler-Noreuil et al. 2016; Nguyen et al. 

2017). Phosphorylation of PI3K is mainly responsible for insulin-stimulated glucose uptake by Solute 

carrier family 2, facilitated glucose transporter member 4 (GLUT4), which is responsible for peripheral 

glucose disposition in muscle and adipose tissue. Interestingly, mice lacking either the PI3K catalytic 

subunit or Akt2 show insulin resistance and type 2 diabetes (Brachmann, et al. 2005; Cho, et al. 2001). 

1.1.4.5 PLIN1 

PLIN1 encodes the protein perilipin-1, which is one of the major lipid droplet binding proteins (Sohn et 

al. 2018). It is highly expressed in adipocytes where it coats lipid droplets and participates in droplet 

formation, triglyceride storage and lipolysis (Patel et al. 2022). In the initial state, PLIN1 envelops lipid 

droplets and inhibits lipolysis in adipocytes (Tansey et al. 2001). Furthermore, it binds to Comparative 

Gene Identification-58 (CGI-58), a co-activator of adipose triglyceride lipase (ATGL). However, in the 

stimulated state, PLIN1 releases CGI-58 to induce lipolysis upon activation of protein kinase A 

(Granneman et al. 2009). Catecholamines induce translocation of hormone-sensitive lipase (HSL) into 

lipid droplets, which also promotes lipolysis (Brasaemle et al. 2000; Miyoshi et al. 2006). Moreover, 

PLIN1 plays a role in unilocular lipid droplet formation by activation of Fsp27 in adipocytes (Sun et al. 

2013). Plin1 deficient mice are lean and exhibit glucose intolerance and insulin resistance in the 

absence of any metabolic stress (Tansey et al. 2001). Interestingly, people with frameshift mutations 

in the PLIN1 gene have been shown to develop partial lipodystrophy, severe dyslipidaemia and insulin-

resistant diabetes with small subcutaneous adipocytes, macrophage infiltration and fibrosis (Gandotra 

et al. 2011). 
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1.1.4.6 ITGAM 

ITGAM encodes for the integrin CD11b (alphaM), which combines with the integrin CD18 to form the 

functional integrin Mac-1 also called alphaMbeta2 or CR3 (Fagerholm et al 2013). Mac-1 is 

predominantly expressed on the surface of myeloid cells such as macrophages, neutrophils and 

dendritic cells (DCs) (Fagerholm et al 2013). There are a variety of Mac-1 ligands, such as members of 

the ICAM family, the complement protein iC3b and fibrinogen. It helps leukocytes reach sites of 

inflammation by binding ICAM ligands to the endothelium of blood vessels, thereby assisting 

neutrophils to creep up the endothelium before extravasation occurs (Fagerholm et al. 2006; 

Phillipson et al. 2006). In addition, Mac-1 mediates phagocytosis of particles that are marked with iC3b 

such as apoptotic cells (Morelli et al. 2003). Mac-1 has also been associated with the attenuation of 

macrophage responses through the induction of signalling inhibitors such as SOCS3 and protein A20, 

and interleukin (IL) 10 (Wang et al. 2010). An important factor in the pathogenesis of insulin resistance 

is chronic, low-grade inflammation (Kwon and Pessin 2013; Olefsky and Glass 2010). Macrophages 

secrete a variety of chemokines and cytokines and thus play an important role in regulating 

inflammation. In humans with obesity, for example, macrophages are recruited to adipose tissue and 

show pro-inflammatory properties compared to resident adipose tissue macrophages (ATMs) (Lumeng 

et al. 2017). Elevated fatty acids in the blood, as found in patients with obesity, are a potential trigger 

for macrophage activation (Suganami et al. 2007). Saturated fatty acids stimulate Toll-like receptor 

(TLR) 4 on the surface of ATMs, leading to the activation of inflammatory signalling cascades mediated 

by NF-κB (Suganami et al. 2007). 

1.2 The hallmarks of diabetes 

According to the WHO, diabetes is a chronic metabolic disease characterised by high blood sugar 

levels (hyperglycaemia). It is one of the most common diseases worldwide and its prevalence is 

continuously increasing at an alarming rate. The number of people with diabetes was estimated at 451 

million in 2017 and predicted to rise to 693 million by 2045 (Cho et al. 2018). Diabetes is associated 

with premature death from coronary heart disease, stroke and heart failure, bowel, liver and lung 

cancer, chronic obstructive pulmonary disease, and liver and kidney disease (Baena-Díez et al. 2016). It 

is thus a global public health problem (Nolan, Damm and Prentki 2011). For prognosis and treatment, 

individuals with diabetes are usually divided into type 1 diabetes (T1D), type 2 diabetes (T2D), specific 

types of diabetes due to other causes and gestational diabetes mellitus (American Diabetes 

Association 2014). 
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1.2.1 Type 1 diabetes (T1D) 

T1D represents 5-10% of all people with diabetics and was previously termed “insulin-dependent, 

juvenile or childhood-onset diabetes” (American Diabetes Association 2014). It is the result of cell-

mediated autoimmune destruction of the β-cells of the pancreas leading to a deficient insulin 

production. Insulin is the hormone that is essential for regulating glucose levels in the body. T1D 

requires continuous administration of insulin. Symptoms of hyperglycaemia include excessive 

excretion of urine (polyuria), thirst (polydipsia), weight loss, sometimes constant hunger (polyphagia) 

and blurred vision (American Diabetes Association 2014). These symptoms can also occur suddenly. 

Furthermore, T1D patients are also prone to other autoimmune disorders such as Hashimoto’s 

thyroiditis, vitiligo, celiac sprue and others (American Diabetes Association 2014). 

1.2.2 Type 2 diabetes (T2D) 

T2D has the highest proportion among people with diabetes (90 to 95 %) and was previously referred 

as non-insulin dependent or adult-onset diabetes (American Diabetes Association 2014). There are 

probably many different causes of this form of diabetes which all result in a disturbed glucose 

homeostasis. The inability to assimilate glucose can be caused by defects in insulin secretion, the 

response to insulin or a combination of both. Most T2D patients are obese, and obesity itself causes 

some degree of insulin resistance (American Diabetes Association 2014). There is an increasing 

prevalence of T2D, which can be partly attributed to the increase in overweight and obesity in the 

general population due to high calorie intake coupled with low physical activity (McAllister et al. 2009). 

In addition to an increasing T2D prevalence, these lifestyle changes also lead to earlier onset and more 

severe diabetic complications, including limb-threatening neuropathy, vasculopathy, retinopathy, 

renal failure, cardiovascular disease, stroke, myocardial infarction and sudden death (D'Adamo & 

Caprio 2011; Hannon 2005). This suggests that T2D is one of the biggest threats to global healthcare 

systems (Groop & Pociot 2014).  

1.2.3 Epidemiology, causes and treatment 

According to WHO, 8.5% of all adults aged 18 and older had diabetes in 2014. In high-income 

countries, prevalence has increased less than in low- and middle-income countries. In 2019, diabetes 

led to 1.5 million deaths, indicating that diabetes is a major problem for health systems. The age-

standardised mortality rate due to diabetes increased by 3% between 2000 and 2019. Furthermore, 

the mortality rate due to diabetes increased by 13% in low- to middle-income countries (WHO 

(diabetes), 2023). 



 

 
 

Page 30 

Diabetes can lead to blindness (retinopathy), kidney failure (nephropathy), vascular problems and 

heart attack, stroke and lower limb amputation. In the transition between normality and diabetes, 

impaired glucose tolerance (IGT) and impaired fasting glycaemia (IFG) are evident. Therefore, people 

with IGT or IFG are at high risk of developing T2D, even if it can still be prevented. There are several 

ways to prevent or delay the onset of T2D. These include a healthy diet with less sugar and highly 

processed foods, regular physical activity, maintaining a normal body weight and avoiding tobacco to 

reduce the risk of cardiovascular disease. Accordingly, simple lifestyle measures are effective to avoid 

or delay the onset of T2D (WHO, 2022). 

Diabetes can damage the heart, blood vessels, eyes, kidneys and nerves over time. Adults with 

diabetes have a two- to three-fold increased risk of heart attacks and strokes (Emerging Risk Factors 

Collaboration 2010). Neuropathy (nerve damage) in the feet, combined with reduced blood flow, 

increases the risk of foot ulcers, infections and eventually the need for limb amputation. Due to long-

term damage to the small blood vessels in the retina, diabetic retinopathy may cause blindness. 

Diabetes led to blindness in almost 1 million people (GBD 2019 Blindness and Vision Impairment 

Collaborators 2021). Furthermore, diabetes is one of the most common causes of kidney failure (Saran 

et al. 2015). 

Early diagnosis is pivotal and can be accomplished through relatively inexpensive testing of blood 

sugar. Controlling blood glucose levels, especially in T1D is a cost-saving intervention that is feasible 

even in low- and middle-income countries. People with T1D will always need insulin, while people with 

T2D may be treated with oral medication.  

1.2.4 Association of obesity with T2D development 

Age, BMI and sex are important predictors of T2D risk. The prevalence is clearly higher in people with 

a BMI > 30 and increases across all age groups from 1.1 to 6.1 with increasing BMI (Tab. 1). People 

with a high BMI and older than 70 years are particularly affected (Tab. 1). Nevertheless, even after 

adjusting for age, BMI and sex, population-based differences can still be found. Other environmental 

and genetic factors account for these differences (Prasad & Groop 2015). At first, family- and twin-

based studies established the heritability of T2D risk (Meigs et al. 2000; Newman et al. 1987). The 

subsequent establishment of genome-wide association studies (GWAS) enabled the identification of 

genetic variations associated with risk for T2D and related traits (Welter et al. 2014). Most of these 

sites of variation have not yet been mechanistically or functionally characterised. 
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Table 1 – Number and proportion of people with type 2 diabetes (T2D) per age and weight group in the Health 
Survey for England 2003. 

Age is displayed in years and BMI in kg/m2. Adapted from: Gough et al. 2009 

Age  BMI < 25  BMI 25.0-29.9  BMI ≥ 30  

16–29 

All, n 1390  568 266 

With T2D, n 2  0 3 

Proportion with T2D, % 0.1  0.0  1.1 

30–49 

All, n 1780  1765 1084 

With T2D, n 6  14 29 

Proportion with T2D, % 0.3  0.8  2.7 

50–69 

All, n 1071  1674 1073 

With T2D, n 23  56 108 

Proportion with T2D, % 2.1  3.3  10.1 

70+  

All, n 456  661 400 

With T2D, n 23  62 47 

Proportion with T2D, % 5.0  9.4  11.8 

All 

All, n 4697  4668 2823 

With T2D, n 54  132 187 

Proportion with T2D, % 1.1  2.8  6.6 

 

1.3 Genome-wide association studies (GWAS) 

The genome-wide association study (GWAS) is an experimental design applied to detect associations 

between genetic variants and traits in samples from populations (Visscher et al. 2017). GWASs focused 

on detecting associations between common single nucleotide polymorphisms (SNPs) and common 

diseases such as heart disease, diabetes, autoimmune diseases and psychiatric disorders (Visscher et 

al. 2012). The major objective of GWAS is a better understanding of the biology of diseases, assuming 

that a better knowledge will lead to novel approaches to the diagnosis, prevention, treatment, and 

monitoring of disease. 

The principle on which GWAS is based is the linkage disequilibrium (LD) at the level of the population. 

LD is the non-random association between alleles at different loci and arises from evolutionary forces 
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such as mutation, drift and selection and is degraded by recombination (Hartl and Clark 1997). The LD 

structure was investigated as part of the HapMap project. The result was a list of tag SNPs that maps 

most of the common genomic variation in a number of human populations (International HapMap 

Consortium 2005). The first results from GWASs were reported in 2005 and 2006 on age-related 

macula degeneration (Dewan et al. 2006; Klein et al. 2005). In 2007, the Wellcome Trust Case Control 

Consortium (WTCCC) conducted the first large, well-designed GWAS for complex diseases, using a SNP 

chip that had good genome coverage (Wellcome Trust Case Control Consortium 2007). Since then, 

about 10,000 strong associations between genetic variants and one or more complex traits have been 

identified (Welter et al., 2014). For most traits and diseases studied, the mutation target in the 

genome appears to be high so that polymorphisms in many genes contribute to genetic variation in 

the population (Visscher et al. 2017). The majority of GWAS-identified risk alleles are non-coding 

variants. For the interpretation of these non-coding variants, the maps of regulatory annotations such 

as deoxyribonucleic acid (DNA) accessibility, DNA methylation, histone modification and RNA 

expression levels and connections in disease-relevant tissues produced by projects such as ENCODE, 

Epigenome RoadMap, 69 and GTEx, 70 are crucial (ENCODE Project Consortium 2012; Roadmap 

Epigenomics Consortium 2015; GTEx Consortium 2013). 

1.3.1  GWAS in T2D 

GWAS approaches have identified over 400 genes associated with T2D (Srinivasan et al. 2021; Chen et 

al. 2019). The challenges in deciphering GWAS are to identify causal variants, long genomic 

regulations, relevant cell types, regulators, target genes and their biological role. To this end, 

Claussnitzer and colleagues have developed the comparative genomics approach Phylogenetic Module 

Complexity Analysis (PMCA), which, in combination with state-of-the-art experimental validation, has 

identified a non-coding functional variant rs4684847 in the PPARG locus associated with T2D 

(Claussnitzer et al. 2014). It was found that the homeobox factor PRRX1 bind to the rs4684847 risk 

allele within the PPARG locus, which leads to repression of the PPARG isoform PPARG2 in adipose 

cells. This repression leads to adverse effects on lipid metabolism and systemic insulin sensitivity. This 

study demonstrated the isoform-specific cis-regulatory role of a non-coding intronic variant in an 

adipocyte-specific manner (Claussnitzer et al. 2014). Another study examined the biological role of the 

FTO locus, which has the strongest genetic association with obesity Claussnitzer et al. 2015. Therefore, 

an adapted version of PMCA was used integrated with large-scale epigenomic profiling in 127 cell 

types and tissues. This approach identified a long-range regulatory super-enhancer in the FTO locus 

that is specifically active in adipocyte progenitor cells from carriers of the risk allele. The rs1421085 T-

to-C variant disrupts a conserved motif for the ARID5B repressor. This leads to an overexpression of 

IRX3 and IRX5 during early adipocyte differentiation. As a result, there is a cell-autonomous 
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developmental shift from energy-releasing beige (brite) adipocytes to energy-storing white 

adipocytes, with a 5-fold reduction in mitochondrial thermogenesis and an increase in lipid storage 

(Claussnitzer et al. 2015). Another interesting locus for which GWAS has shown several non-coding 

T2D risk variants is the GBR14/COBLL1 locus, which is discussed in detail in the next chapter. 

1.3.2 Importance of the intergenic variant rs6712203 at the GRB14/COBLL1 locus for T2D 
risk  

The GRB14/COBLL1 locus is located in an intergenic region between COBLL1 and GRB14 (Fig. 5). The 

association region stretches from the intergenic region between GRB14 and COBLL1, clustering 

around the 3'-UTR and the fifth 3'-intron of COBLL1.  

Figure 5 - Variants at the T2D risk locus GRB14/COBLL1. 
Panel A shows the COBLL1 /GRB14 locus and the annotated risk variants. In Panel B, characteristics of the variant 
rs6712203 are shown. SNP: single nucleotide polymorphism; PMCA: Phylogenetic Module Complexity Analysis. 
Adapted from: Ocvirk (nee Glunk) et al. 2023. 

At first, the rs3923113 variant was associated with T2D and insulin sensitivity in a population of South 

Asian ancestry and later verified in a transethnic meta-analysis (Kooner et al. 2011; DIAbetes Genetics 

Replication And Meta-analysis (DIAGRAM) Consortium et al. 2014). Another variant rs13389219 in the 

same haplotype was also associated with T2D and insulin resistance in a European Metabochip study 

(DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) Consortium et al. 2012). The exonic 

COBLL1 variant rs7607980, which is a missense mutation in the third COBLL1 3' exon, has been 

associated with T2D and lower fasting insulin and HOMA-IR levels (Albrechtsen et al. 2013; Mancina et 

al. 2013). It is unlikely that this exonic variant fully underlies the non-coding GRB14/COBLL1 T2D 

association signal, as it is in partial LD with rs3923113 and rs13389219. Additionally, GWAS studies 

reported non-coding variants at the GRB14/COBLL1 locus with waist-to-hip ratio (WHR), HDL 

cholesterol and triglyceride levels besides association with T2D and insulin resistance (Heid et al. 2010; 

Desmarchelier et al. 2014; Teslovich et al. 2010; Randall et al. 2013). Furthermore, pleiotropic studies 

linked GRB14/COBLL1 to metabolic syndrome, inflammation, endometriosis, WHR (adjusted for BMI), 
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body fat percentage and cardiovascular events (Kraja et al. 2014; Lu et al. 2016; Rahmioglu et al. 

2015). A sexual dimorphism has been shown for the association with WHR and BMI, with stronger 

effects found in women (Heid et al. 2010; Randall et al. 2013; Morris 2011). Interestingly, GWAS 

analyses at the GRB14/COBLL1 locus also showed sex- and BMI-specific associations with insulin 

resistance and T2D (DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) Consortium et al. 

2012; DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) Consortium 2014; Kooner et al. 

2011; Heid et al. 2010; Manning et al. 2012). 

Both GRB14 and COBLL1 are convincing target genes for the underlying mechanisms of the 

GRB14/COBLL1 locus variants for T2D risk. GRB14 encodes for the cytoplasmic adaptor protein GRB14, 

which binds to a number of activated receptor tyrosine kinases such as the fibroblast growth factor 

receptor (FGFR), PDGFR, IR and the tunica endothelial kinase (Tek/Tie2) receptor (Scharf et al., 2004). 

GPR14 can act as negative regulator of the insulin receptor. In human visceral adipose tissue, the 

expression of GRB14 has been shown to be increased in obese and type 2 diabetic subjects (Schleinitz 

et al. 2014). So far, however, it has not been convincingly demonstrated that GRB14 is the target gene 

of T2D association. 

The COBLL1 gene encodes for the COBLL1 protein. Unfortunately, the functional role of COBLL1 in 

metabolic diseases in humans is poorly understood. Until recently, expression analysis linking COBLL1 

to T2D disease signalling was also not comprehensive and could not elucidate the regulatory circuit 

(Heid et al. 2010; Morris 2011; Albrechtsen et al. 2013; Schleinitz et al. 2014). In a recent study, Ocvirk 

(nee Glunk) and colleagues investigated the regulatory mechanisms of the rs6712203 variant of the 

GPR14/COBLL1 locus (Ocvirk (nee Glunk) et al., 2023). The first question that arose was which tissue 

might play a role in the rs6712203 variant. For this purpose, information on the epigenetic marks for 

primary cells and tissues was used from the NIH Roadmap Epigenomics Consortium and an adipocyte-

specific enhancer region surrounding the intronic COBLL1 variant rs6712203 was found (Roadmap 

Epigenomics Consortium et al. 2015). Next, a TF motif analysis was performed and a rs6712203-T non-

risk allele specific POU2F2 binding site was identified (Fig. 6). CRISPR/Cas9 experiments were used to 

investigate the effect of POU2F2 on COBLL1 expression. It was shown that POU2F2 binding at the 

adipocyte-specific enhancer leads to increased COBLL1 expression, which was completely abolished by 

both POU2F2 knockdown and disruption of the binding site in carriers of the rs6712203-C risk allele. 

Finally, it was shown that impaired COBLL1 expression leads to impaired actin remodelling during 

adipogenesis, followed by reduced insulin-stimulated glucose uptake, diminished triglyceride storage 

and decreased stimulated lipolysis. The cellular phenotypes observed in the study are relevant to type 

2 diabetes and are consistent with the association of the GRB14/COBLL1 locus with type 2 diabetes in 
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different populations, which may be due to peripheral insulin resistance with dysfunctional energy 

regulation in adipose tissue. 

Figure 6 - Mechanistic model of the POU2F2 dependent up-regulation of COBLL1 expression in rs6712203-T non-
risk allele carriers. 
In rs6712203-T non-risk human adipocytes, the expression of COBLL1 is POU2F2 dependent upregulated. In 
rs6712203-C risk adipocytes, the POU2F2 motif is partially disrupted, which prevents the up-regulation of 
COBLL1. COBLL1 perturbation in human adipocytes, leads to a disturbed remodeling of F-actin fibers from stress 
fibers to cortical actin, which is essential for adipogenesis and for the adaptation to changes in the 
microenvironment of the cell. Lower cortical actin structures cause disturbances during adipogenesis and result 
in a decreased insulin-stimulated glucose uptake, lipolysis and triglyceride storage. Adapted from: Glunk et al., 
2023). 

1.4 Metabolomics 

The word "metabolism" originates from the Greek and means change. In all living organisms, various 

types of biological transformations take place that characterise metabolism. Metabolites are the end 

products of cellular regulatory systems, so changes in metabolites reflect the responses of biological 

systems to intrinsic and extrinsic regulators such as pathological changes in metabolism (Patti et al. 

2012). Metabolomics is the comprehensive and quantitative detection and identification of all 

metabolites of an organism or a biofluid (Fiehn 2002; Raamsdonk et al. 2001; Wilson et al. 2005). 

Metabotype is described as a metabolic profil that determines a phenotype related to the genetic 

variation of the organism (Gavaghan et al. 2000). It is the result of interaction with environmental 

factors such as gender, age, lifestyle, diet, stress level and gut microbiota and within this interaction, 

disease risk may arise (Daviglus et al. 2004; Li et al. 2008; Nicholson et al. 2002). Metabolic profiling 

requires the analysis of various metabolites in biofluids such as plasma, serum, urine or exhaled breath 

condensate (Nicholson et al. 2002; Holmes et al. 2008). There are endogenous metabolites, which are 

under the control of the host genome and depend on cell function, or exogenous metabolites, which 

are introduced by environmental influences or via diet and drugs (Nicholson and Wilson 2003). The 

updated version of the Human Metabolome Database (HMDB) contains 40,335 metabocard entries 
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(Wishart et al. 2009). The mass of metabolites ranges from 50 Da to 1500 Da and from low picomolar 

concentration (e.g. hormones) to molar concentration (e.g. albumin, urea). Their chemical and 

physical properties can be strongly polar as well as strongly apolar. Furthermore, the stereochemistry 

of metabolites leads to different biological functions (Chen et al. 2008). The detection of this diversity 

of metabolites in a biological sample requires the integration of different analytical platforms to 

enable the highest level of analyte detection and identification through high sensitivity, selectivity and 

resolution (Lenz et al. 2004; Wishart et al. 2007; Wishart et al. 2008). 

The two main metabolomic techniques are mass spectrometry (MS) and nuclear magnetic resonance 

(NMR) spectroscopy (Dettmer et al. 2007; Emwas, et al. 2019; Monge et al. 2019; Nicholson et al. 

2008; Patti et al. 2012). MS-based metabolomics has much higher sensitivity and selectivity compared 

to NMR-based metabolomics (Emwas 2015; Griffin et al. 2011; Han et al. 2012). Direct injection (DI) 

coupled with Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR/MS) is able to 

cover a wide range of metabolites in a short measurement time, even with complex sample matrices 

without prior chromatographic separation. Furthermore, it has an extremely high resolution compared 

to various liquid chromatography coupled with mass spectrometry analysis techniques and a very high 

sensitivity compared to NMR (Aharoni et al. 2002; Witting et al. 2015; Zhu et al. 2021). 

Another technique used in targeted metabolomic studies is solid phase extraction (SPE). It is used to 

quantitatively isolate certain classes of compounds of interest. The advantages of SPE are the 

minimisation of ion suppression and possible automation. To integrate this technique into non-

targeted metabolomics analysis, a suitable absorption material must be selected. 

1.4.1 The mode of operation of Fourier-Transform Ion Cyclotron Resonance Mass 
Spectrometers (FT-ICR/MS) 

Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR/MS) is currently the state-of-

the-art mass spectrometric technology with the highest resolution and accuracy. Mass detection is 

based on the circular oscillation that charged ions exhibit when introduced into a homogeneous 

magnetic field. The equation (1) shows the relationship of the (Lorentz) force (f) with the mass (m), 

the charge (z), the velocity (v) and the strength of the magnetic field (B) in Tesla. 

𝑧𝐵

𝑊𝑐
 (1) 

A conversion of this equation gives the relations (2) and (3), where Wc is the cyclotron frequency of 

mass m for a given charge z and magnetic field strength B (Marshall et al. 1998). 

Wc = 
𝑧𝐵

𝑚
  (2) 
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m = 
𝑧𝐵

𝑊𝑐
  (3) 

From this relationship, it can be deduced that a particle with a certain mass has its specific ion 

cyclotron frequency. In a typical ICR cell, all ions of a sample oscillate with their specific frequencies Wc 

around the z-axis of the cell. By superimposing the cyclotron frequency of a specific molecule on an 

oscillating RF (resonance frequency) field of the same frequency, this specific molecule is moved to a 

trajectory more distant from the z-axis. Detector plates are located there to detect the frequency and 

presence of this molecule in this this post-excitational orbit (Fig. 7). 

 
Figure 7 - Schematic representation of the ICR process. 
Ions introduced into the ICR cell begin to oscillate at mass-specific frequencies in the centre of the cell. The 
superposition with the RF resonance frequency leads to an excitation near the detector plates. The ion cyclotron 
frequency now becomes measurable as an image stream is Fourier-transformed into mass spectra. Reprinted 
with permission from Bruker solariX FTMS User Manual, see LETTERS OF APPROVAL 

 

From equation (3) it can be concluded that the higher the magnetic field strength, the more 

prominent the frequency difference between two masses. Consequently, the resolution, mass 

accuracy and scanning speed increase with increasing magnetic field strength (Chernushevich et al. 

2001). Molecules with a mass between 150 and 1000 Da, have frequencies between kHz and MHz. 

Typically, sampling times of between 1s and 2s are required to detect each mass frequency over a 

sufficient period of time. In general, the sensitivity per scan of FT-ICR/MS mass spectrometers is 

relatively low (Li X et al. 2009). It is likely that this observation is due to the fact that all ions generated 

from a sample coexist in a spatially confined orbit around the z-axis of the ICR cell, resulting in 

interactions of like-charged ions. Ions with the same charge repel each other, which leads to different 

thermal states of the ions and consequently to off-resonance excitations. This makes it difficult to be 

detected by this noise, especially for ions with relatively low abundance. For this reason, successive 
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FT-ICR/MS scans are usually superimposed. In this way, the repeated occurrence of certain masses 

enhances peak formation, while noise signals cancel each other out.  

Coupling the FT-ICR/MS with liquid chromatography (LC) is not practical due to the long scan times 

required for high resolution. Furthermore, developments in LC-MS have focused on higher peak 

capacity, shorter gradient times and consequently shorter chromatographic peaks. In general, at least 

15 data points per peak width are required to obtain a chromatographic peak with good mass 

spectrometric resolution (Rainville 2010). For this reason, FT-ICR/MS is best carried out with direct 

injection electrospray ionisation. This technique generates a constant ion flux, optimising the 

sensitivity and accuracy of FT-ICR/MS. These advantages of FT-ICR/MS minimise the lack of 

chromatographic resolution in the differentiation of isobaric masses, which is a major disadvantage of 

other spectrometers. 

1.4.2 Prediabetes Lifestyle Intervention Study (PLIS) 

The Prediabetes Lifestyle Intervention Study (PLIS) currently ongoing at 7 cooperating institutes across 

Germany (Berlin, Dresden, Düsseldorf, Heidelberg, Munich, Potsdam, Tübingen) investigates to what 

extent lifestyle changes such as a balanced diet and increased exercise are able to reduce the risk of T2D. 

The local subproject “Genotype-driven deep metabotyping and de novo Type 2 Diabetes biomarker 

identification” is currently ongoing as well in Munich, Freising-Weihenstephan and Neuherberg. 

Early metabolic changes may occur many years before the clinical manifestation of a metabolic disease 

and before the actual onset of the disease. This is also true for T2D. Moreover, because T2D is highly 

heterogeneous in terms of its symptoms and pathophysiology, it is of great importance to identify 

specific and stable biomarkers indicative of such early metabolic changes. The blood glucose level by 

itself does not meet the requirements. A better comprehension of the pathophysiology of T2D, i.e. its 

genetic background and typical early abnormal metabolism, will improve early risk prediction and 

preventive measures. While through GWAS, numerous genetic T2D risk loci have already been 

successfully identified, but the mechanisms behind these associations remain to be discovered. 

Associated SNPs may just follow the neighbouring SNPs actually driving a phenotypic association. So 

far, the predictive power of existing risk scores is only slightly increased by adding GWAS association 

information. Revealing their biological function and metabolic causalities and consequences, and by 

successfully integrating this genetic information will be invaluable for disease prediction strategies. 

Recent approaches, novel bioinformatics technologies and a comprehensive biological validation 

framework, offer a powerful new tool for understanding how causal non-coding genetic variants and T2D 

traits are associated (Claussnitzer et al, 2014). After it demonstrated its power in the context of the FTO 
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obesity association locus (Claussnitzer et al. 2015), this unique computational technology is now used to 

shed light on the molecular mechanisms of relevant T2D loci (GCK, TCF7L2, MTNR1B, GRB14-COBLL1, 

TLE1) including comprehensive non-targeted metabolic profiling for identification of metabolic profiles in 

circulating plasma clearly reflecting the metabolic disturbances caused by the relevant genetic variation. 

Based on ultra-high resolution and mass spectrometry data from Fourier Transform Ion Cyclotron 

Resonance/ Mass Spectrometry (FT-ICR/MS) high confidence chemical sum formula annotations 

become available, and enable the identification of known and as yet unknown metabolites and their 

respective pathways, allowing a deeper understanding of disease pathophysiology, possibly even in 

very early stages. 

Certain genetic variants (SNPs) are assumed to contribute to an increased risk for T2D and result in 

alterations in specific pathways causing specific metabolite profiles. Such "metabotypes" may help 

discriminate between risk allele carriers vs. non-risk allele carriers, i.e. there are metabolite profiles 

specific for certain disease phenotypes and can be applied as predictive biomarkers. 

This subproject of the PLIS study, therefore, aimed to evaluate how diabetes risk SNPs determine the 

individual "metabotype" by interconnecting functional SNP data (including GCK, TCF7L2, MTNR1B, 

GRB14/COBLL1, TLE1 and FTO) and metabolomics data. 

1 Identification of metabolite profiles/metabolic fingerprints discriminative for risk allele vs. non-risk 

allele carriers of type 2 diabetes risk genes that clearly reflect the genotype dependent changes in 

metabolism. 

2 Identification and validation of single biomarker/ set of biomarkers that is/ are specific as biomarkers 

for early metabolic dysfunction in individuals at risk of type 2 diabetes.  

For analysis of the genotype-specific metabolic phenotype/metabotype this subproject of the PLIS 

study involves a phenotyping/genotyping part complemented by non-targeted metabolomics via ultra-

high-resolution mass spectrometry. Correlations between genes and metabolites are then mapped 

using statistic bioinformatics tools (Faith et al. 2007). 

For the purpose of phenotyping and genotyping of individuals at elevated risk for type 2 diabetes 

phenotype data from the PLIS oral glucose tolerance test (OGTT) were used, including anthropometric 

data, medical history, standard clinical parameters and diabetes-related parameters. Biological 

material collected during an OGTT will be used for genotyping and metabolomics. 

Participants were genotyped for 5 diabetes-relevant risk loci (MTNR1B, GCK, GRB14-COBLL1, TCF7L2, 

and TLE1) together with the obesity and type 2 diabetes-associated FTO locus. 
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Non-targeted metabolomics measurements of blood plasma were performed via DI-FT-ICR/MS 

analysis with ultra-high resolution and high mass accuracy at the collaborating Research Unit 

Analytical Biogeochemistry (BGC) at the Helmholtz Zentrum Munich in compliance with established 

protocols (Forcisi et al. 2013; Forcisi et al. 2015; Moritz et al. 2015). This part also includes further 

application of MS/MS techniques and high-resolution chromatographic techniques for the validation 

and quantification of candidate biomarkers (Forcisi et al. 2015; Walker et al. 2014). 

1.5 Aim of thesis 

The aim of this thesis was to determine and confirm whether there is a link between the COBLL1 

intronic variant SNP rs6712203 and type 2 diabetes using patient-derived cell culture studies. In the 

work of Glunk et al., 2023 the TF POU2F2 was found to bind to the COBLL1 enhancer in the region of 

the rs6712203 variant in carriers of the non-risk allele and promote COBLL1 expression. However, in 

the risk allele carriers, COBLL1 expression is reduced, and actin remodelling is impaired. The changes 

in COBLL1 expression have clear implications for cell physiology: It reduces insulin-stimulated glucose 

uptake, triglyceride storage and lipolytic stimulation. A further study of the Hauner laboratory 

investigated the effect of ablated COBLL1 expression in the serum of patients with rs6712203 risk and 

non-risk alleles and a pattern was observed by metabolomic analysis that pointed to the genes PLIN5, 

ILK (integrity linked kinase) and PPARG (Al Sadat et al. 2022/unpublished data). In the present work, in 

vitro adipocyte differentiation of subcutaneous adipose tissue isolated from eleven obese rs6712203 

risk and non-risk female patients, marker gene expression analysis and metabolomic studies using FT-

ICR/MS were performed to determine which metabolic pathways are affected by COBLL1 directly in 

human adipocytes. 
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2 MATERIALS AND METHODS 

2.1 Chemicals and media  

Chemicals and reagents used for cell culture and cell sample processing are presented in Table 2. 

Table 2 – Chemical agents and components used 

Chemical  Company Storage Order Number 

(+)D-Biotin  Roth  4 °C 3822.1 

5X MyTaq Reaction Buffer Bioline  -20 °C BIO-21106 

10X RT Buffer, High-Capacity cDNA 
(complementary deoxyribonucleic acid) 
Reverse Transcription Kit 

Applied 
Biosystems 

 -20 °C 4368814 

10X RT Random Primers, High-Capacity cDNA 
Reverse Transcription Kit 

Applied 
Biosystems 

 -20 °C 4368814 

25X dNTP (deoxyribonucleotide triphosphate) 
Mix (100 mM), High-Capacity cDNA Reverse 
Transcription Kit 

Applied 
Biosystems 

 -20 °C 4368814 

Acid phenol: chlorophorm 5:1  Ambion RT AM9720 

apo-Transferrin, human  Sigma 4° C  T2252 

BCA (bicinchoninic acid) Reagent A, Pierce 
Microplate BCA Protein Assay Kit  

Thermo 
Scientific 

RT 23252 

BCA Reagent B, Pierce Microplate   
BCA Protein Assay Kit  

Thermo 
Scientific 

RT 23252 

BSA (bovine serum albumin)  Sigma 4 °C A 7906-500G 

BSA solution 10 % in DPBS (Dulbecco's 
phosphate buffered saline)  

Sigma 4 °C  A1595 

Compatibility Reagent, Pierce Microplate BCA 
Protein Assay Kit 

Thermo 
Scientific 

RT 23252 

Chloroform Rothe RT (under 
hood) 

3313.1 

Complete Mini Roche  -20 °C 11836153001 

Deoxycholate Sigma RE D6750 

Dexamethasone  Sigma 4 °C D4902 

DMSO (dimethyl sulfoxide) Merck RT 102.931 

EDTA (ethylenediamine tetraacetic acid) Merck RT 108.417 

EGF (epidermal growth factor) R&D Systems  -20 °C 236-EG 

Elution solution, Invitrogen mirVana miRNA 
(micro ribonucleic acid) and mRNA (messenger 
ribonucleic acid) Isolation Kit 

Thermo 
Scientific 

any T AM1560 

EtOH (ethanol) abs. VWR RT 20.821.330 

EtOH abs. analytical reagent grade  Fisher Scientific  RT E/0650DF/C17 

FCS (fetal calf serum)  Sigma -20 °C F7524 
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FGF (fibroblast growth factor)  R & D Systems  -20 °C 233-FB 

Formaldehyde solution 37 %  Roth  RT 4979.1 

GibcoTM DMEM/F-12, No Phenol Red Fisher Scientific  4 °C 11580546 

Histofix Roth RT P087 

Honeywell Riedel-de HaenTMMethanol, LC-MS 
CHROMASOLVTM, Honeywell Riedel-de HaenTM 

Fisher Scientific  -20 °C 15614740 

Hydrocortisone  Sigma 4° C  H4001 

Insulin, human  Sigma 4° C 19278 

Isopropanol = Propan2-ol Thermo 
Scientific 

RT (under 
hood) 

P/7500/PC17 

IBMX (3-isobutyl-1-methylxanthine)  SERVA RT 26445 

LightSNip rs6712203 COBLL1 TIB MOLBIOL 4° C - 

Lysis buffer, Invitrogen mirVana miRNA and 
mRNA Isolation Kit 

Thermo 
Scientific 

4° C AM1560 

Maxima SYBR Green/ROX qPCR Master Mix 
(2X) 

Thermo 
Scientific 

-20 °C K0223 

MultiScribe Reverse Transcriptase (50 U/μL), 
High-Capacity cDNA Reverse Transcription Kit 
Capacity cDNA Reverse Transcription Kit 

Applied 
Biosystems 

-20 °C 4368814 

MyTaq DNA Polymerase Bioline -20 °C BIO-21106 

NaCl (sodium chloride) Merck RT 6404 

NADH (nicotinamide adenine dinucleotide 
hydride)  

Applichem -20 °C A-1393 

NP-40 Fluka RT 74385 

NucBlueTM Live ReadyProbes Reagent (Hoechst 
33342) 

Thermo 
Scientific 

RT R37605 

Oil Red O  Sigma RT O0625 

Pantothenate (D-pantothenic acid hemicalcium 
salt) 

Sigma 4 °C P5155 

PBS (phosphate-buffered saline) w/o 
Ca2+/Mg2+ 

Merck RT L182-50 

PCR grade water, provided by ultrapure water 
system 

Elga Veolia 
Purelab flex  

RT  - 

PhosphoStop Roche -20 °C 4906837001 

PMSF Sigma RT (poison 
cupboard) 

P7626 

qPCR Primer Eurofins/Sigma -20 °C  - 

RLT buffer, RNeasy Kit Qiagen RT  Qiagen RT 1015762 

RNaseZAP Sigma RT R2020 

Rosiglitazone  Sigma 4 °C R2408 

SDS Omnilab RT 2.700.131 

T3 (3,3'-5-triiodo-L-thyronin sodium salt) Sigma -20 °C  T-6397 

Triethanolamine-HCl (hydrochloric acid)  Sigma RT  T1502 

Tris-HCl  Sigma RT T3253 
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Trizol Reagent Ambion/ 
Qiagen 

RT (under 
hood) 

- 

Trypan Blue solution 0.4 %  Sigma RT T8154 

Trypsin/EDTA Sigma -20 °C T3924 

Ultrapure RNase free H2O Qiagen/Roth water device with ultrapure filter 

96-well plates Brand - - 

96-well plates sealing foils Brand - - 
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Compositions, preparation and storage instructions for solutions and buffers used in cell culture and 

cell sample processing are given in Table 3. 

Table 3 – Composition, preparation and storage of solutions and buffers  

Solution/buffer Composition and Preparation Cfinal 

Biotin/Pantothenate 
solution 

400 mg Biotin 
200 mg Pantothenate 
dissolve in 500 ml DMEM-F12, sterile filter 0.2 µm, store at -
20°C 

3.3 mM 
1.7 mM 

BSA solution in PBS  0.1 g BSA, dissolve in 100 ml PBS, sterile filter 0.2 µm, store at 
4°C 

0.1 % 
 

BSA solution in H2O  20 g BSA, dissolve in 100 ml H2O (double distilled water), store 
at 4°C 

200 
mg/ml 

Dexamethasone 
solution 

Dissolve 9.81 mg Dexamethasone in 1 ml EtOH 95 % (stock), 
dilute 1:1000 in 50% EtOH. (15 µl plus 14985 μl EtOH 50 %), 
sterile filter 0.2 μm, store at -20 °C 

25 mM 

EGF solution 200 μg EGF (lyophilized), dissolve in 4 ml BSA solution in PBS 
(stock), dilute 1:10, (500 μl in 4.5 ml BSA solution in PBS), store 
at -20 °C 

5 μg/ml 

FGF solution 25 μg FGF lyophilized, dissolve in 5 ml BSA solution in PBS 
(stock), dilute 1:10 (500 μl in 4.5 ml BSA solution in PBS), store 
at -20 °C 

0.5 μg/ml 

Formaldehyde fixation 
solution 

Formaldehyde solution 37 %, dilute 1:10 in H2O (20 ml 
formaldehyde 37 % + 180 ml H2O)  

3.7 % 

Hydrocortisone solution 3.625 mg Hydrocortisone, dissolve in 1 ml EtOH abs. (stock), 
dilute 1:100 in EtOH 50 % (500 μl in 49.5 ml EtOH 50 %), sterile 
filter 0.2 μm, store at -20 °C 

100 μM 

IBMX solution 220 mg IBMX, dissolve in 50 ml ddH2O plus 1 tip of a spatula 
Na2CO3, sterile filter, 0.2 μm, store at 4 °C 

20 mM 

NADH buffer  8.51 mg NADH, dissolve in 1 ml TRAM buffer, prepare fresh 12 mM 

RNA (ribonucleic acid) 
harvesting solution 

140 μl ß-Mercaptoethanol, dissolve in 14 ml RLT buffer, store 
dark at RT 

1% 
 

Rosiglitazone solution 10 mg Rosiglitazone, dissolve in 2.797 ml DMSO (stock), dilute 
1:5 (1 ml in 4 ml DMSO), sterile filter 0.2 μm, store at -20 °C 

2 mM 
 

T3 solution 5 mg T3, dissolve in 7.4 ml EtOH abs. plus 2 drops 1 M NaOH, 
dilute 1:20 (500 μl in 9.5 ml EtOH abs.) (stock), dilute 1:25 in 
EtOH 50 % (500 μl) in 12 ml EtOH 50 %), sterile filter 0.2 μm, 
store at -20 °C 

2 μM 
 
 
 

TRAM buffer 18.57 g Triethanolamine-HCl 
0.931 g EDTA 
dissolve in 80 ml ddH2O, pH 7.4, fill up to 100 ml, store dark at 
4 °C 

1 M 
1 mM 
 

Transferrin solution  100 mg apo-Transferrin, dissolve in 100 ml ddH2O, sterile filter 
0.2 μm, store at -20 °C 

1 mg/ml 
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The composition of the proliferation medium with FCS is given in Table 4. 

Table 4 – Composition of proliferation medium with FCS 

 250 ml 500 ml Working 
solution 

Cfinal 

DMEM/F12 240.23 ml 480.46 ml  - 

Biotin/Pantothenate solution  2.5 ml 5 ml  1% 

FCS 6.25 ml 12.5 ml - 2.5% 

Insulin  19.2 μl 38.4 µl 1.722 mM 0.000131954 
mM 

EGF solution  500 μl 1000 μl 5 µg/ml 0.01 µg/ml 

FGF solution  500 μl 1000 μl 0.5 µgml 0.001 µg/ml 

 

The composition of the proliferation medium without (w/o) FCS is specified in Table 5. 

Table 5 – Composition of proliferation medium without (w/o) FCS 

 250 ml 500 ml Working 
solution 

Cfinal 

DMEM/F12 246.48 ml 492.96 ml - - 

Biotin/Pantothenate solution  2.5 ml 5 ml - 1% 

Insulin  19.2 μl  38.4 µl 1.722 mM 0.000131954 
mM 

EGF solution  500 μl 1000 μl 5 µg/ml 0.01 µg/ml 

FGF solution  500 μl 1000 μl 0.5 µgml 0.001 µg/ml 

 

The composition of the differentiation medium is indicated in table 6. 

Table 6 – Composition of differentiation medium. 

 250 ml 500 ml Working 
solution 

Cfinal 

DMEM/F12  244.5 ml 489 ml - - 

Biotin/Pantothenate solution  2.5 ml 5 ml - 1% 

Transferrin solution  2.5 ml 5 ml 1 mg/ml 0.01 mg/ml 

Insulin  125 µl 250 µl 1.722 mM 0.861 μM 

T3 solution  125 µl 250 µl 2 µM 1 nM 

Hydrocortisone solution  250 µl 500 µl 100 µM 0.1μM 
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The composition of the induction medium is provided in Table 7. 

Table 7 – Composition of induction medium. 
 Total volume 

 250 ml 500 ml Working 
solution 

Cfinal 

Differentiation medium 246.5 ml 493 ml - - 

Rosiglitazone solution  125 µl 250 µl 2 mM 1 μM 

Dexamethasone solution  250 µl 500 µl 25 µM 25 nM 

IBMX solution 312.5 μl 625 μl 20 mM 0.25 mM 

 

Compositions, preparation and storage instructions for solutions and buffers used in protein isolation 

are listed in Table 8. 

Table 8 – Solutions for protein isolation  

Solutions/ Buffers Composition and Preparation Cfinal 

1 M TRIS-HCl, pH 8.0  15.76 g TRIS, dissolve in 80 ml H2O solution, adjust to 
pH 8.0 with HCl, fill up to 100 ml, autoclave 

1 M 

PBS buffer  

 

10x PBS stock, dilute in H20, autoclave 137 mM NaCl, 2.7 
mM KCl, 4.3 mM 
Na2HPO4x2H2O1.4 
mM KH2PO4 

NaCl stock solution  2.34 g NaCl, dissolve in 20 ml H2O, autoclave 2 M 

SDS stock solution 10 g SDS, dissolve in 100 ml H2O 10% (w/v) 

NP-40 solution 20 g of 100% NP-40, dilute in 100 ml H2O 20% (w/v)  

PMSF solution 0.875 g PMSF, dissolve in 10 ml H2O, aliquot a 0.5 ml, 
store at -20°C 

0.5M 

RIPA stock solution 
(100 ml) 

5 ml of 1 M TRIS HCl pH 8.0 
7.5 ml of 2 M NaCl  
2 ml of 10% SDS solution 
5 ml of 20% NP-40 solution 
0.5 g Sodium-Deoxycholate  
add H2O ad 100 ml, store at 4°C 

50 mM 
150 mM 
0.2% 
1% 
0.5 % (w/v) 

RIPA harvesting 
solution 

20 μl 0.5 M PMSF Solution, dilute in 10 ml RIPA 
storage solution, freshly prepared 

- 

BSA dilution buffer mix 22 parts of H2O and 3 parts of RIPA harvesting 
solution 

- 

BSA stock solution 20 mg BSA, dissolve in 10 ml H2O, prepare standard 
dilution series 

2 mg/ml  

BSA standards 500 µl BSA stock solution, diluted in 500 µl BSA 
dilution buffer, preparation of a BSA standard series 
with 1:2 dilutions 

1.0 mg/ml 
0.5 mg/ml 
0.25 mg/ml 
0.125 mg/ml 
0.0625 mg/ml 
0.03125 mg/ml 

BCA working solution 
 

mix 50 parts of BCA reagent A and 1 part of BCA 
reagent B (provided in the kit), freshly prepared 
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Compositions, preparation and storage instructions for solutions and buffers used in RNA isolation are 

listed in Table 9. 

Table 9 – Solutions used in RNA Isolation 

Solution/Buffer Composition and Preparation Cfinal 

NaOH Dilute 500 µl of 1 M NaOH with 49.5 ml H2O 10 mM 

70% ETOH Mix 35 ml ETOH abs. with 15 ml Ultrapur4 RNase free H2O 50 ml 

 

The materials and chemicals used for the metabolome analysis are provided in Table 10. 

Table 10 – Materials and chemicals used in metabolomic analysis 

Material/ Chemical Company Storage Order Number 

Methanol  Honeywell/Fluka RT 348060-2.5L 

2% Formic acid 
 

Honeywell/Fluka RT 94318-50mL 
 

85% Ortho-phosphoric acid(H3PO4) Merck RT 1.00552.0250 

Bead Tubes Machery & 
Nagel 

- 740786.50  

LCMS Certified Clear Glass 12 x 32 mm Screw 
Neck Max Recovery Vial, with Cap and Preslit 
PTFE/Silicone Septum, 2 mL Volume, 100/pk 

Waters - 600000670CV 

 

2.2 Primary cell material 

We obtained Human primary adipose-derived mesenchymal stem cells (hAMSCs) from subcutaneous 

tissue extracted from patients during a variety of abdominal laparoscopic surgeries (sleeve 

gastrectomy, fundoplication or appendectomy). This subcutaneous adipose tissue was obtained from 

beneath the skin at the site of surgical incision. Additionally, human liposuction material was obtained 

from a collaborating private plastic surgery clinic, Med aesthetic Privat Klinik Hoffmann & Hoffmann in 

Munich, Germany. 

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 No. 5716/13; 1946/07, 409/14s). 

In the department of Nutritional Medicine at the Technical University Munich (TUM) subcutaneous 

adipose tissue from severely or morbidly obese patients who have received abdominal laparoscopic 

surgery is collected and subsequently stored in the Munich Obesity Biobank (MOBB). From these 

tissue samples, subcutaneous pre-adipocyte cells (PAC) have been isolated and cryopreserved. For this 

thesis, cellular material from eleven different patients of the MOBB was used who fulfilled the 
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following criteria: female, overweight, between 18 and 65 years of age (mean BMI 48.41 kg/m²). This 

is detailed below (see Table 11).  

Table 11 – Patient Characteristics 

Patient ID Rs6712203 Age Height (m) Weight 
(kg) 

BMI 
(kg/m2) 

T2D HbA1C 

 1 CC 35 1.58 104 41.66 N 5.8 

 2 CC 34 1.65 161 59.14 Y 6.0 

 3 CC 59 1.64 135 50.19 N N/A 

 4 CC 36 1.62 136 51.82 N 5.6 

 5 TT 37 1.70 142 49.13 N N/A 

 6 CC 45 1.83 130 38.82 Y 5.9 

 7 TT 52 1.66 155 56.25 N N/A 

 8 TT 25 1.65 120 44.08 Y 5.4 

 9 CC 21 1.73 135 45.11 N 5.5 

10 TT 45 1.71 161 55.06 N 5.6 

11 TT 44 1.64 111 41.27 N 5.6 

 

Adipose tissue is collected at various clinics in the operating theatre and transported to the Freising 

laboratory to expand the MOBB. At the Chair for Nutritional Medicine, blood samples and tissue 

samples are prepared and frozen for later analyses of DNA, ribonucleic acid (RNA) and various 

histological evaluations, including biopsies of fat, muscle and liver tissue. 

The majority of the fat tissue received was processed in the S2 Cell Culture Lab according to an 

established protocol in order to produce primary preadipocytes. These are cultivated and grown over 

a period of about two weeks and then preserved at -80°C; to be thawed on ice later and ready to be 

used for cell culture. In this way an ever-increasing biobank has been developed, and complemented 

with medical patient data supplied by the surgical clinics of the supporting hospitals. 

2.3 Genotyping 

For genotyping of the rs6712203 variant at the COBLL1 locus Roche SimpleProbes were used. Roche 

SimpleProbes are molecular hybridisation markers that emit fluorescence by binding to 

complementary DNA. The probe sequence matched the rs6712203 non-risk allele (TT). In a melting 

curve analysis, where temperature was increased gradually, the probe dissociated at a higher melting 

temperature (TM) when it fully matched the complementary sequence (Fig. 8). If a mismatch/SNP was 

present, the probe dissociated earlier resulting in a decrease of fluorescent signal at lower TM. 

Therefore, each variant resulted in a unique melting curve. The melting curve of the homozygous 

rs6712203 non-risk allele carriers (TT) showed a peak at 58,7°C and the risk allele carriers (CC) showed 
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a melting temperature at 53.3°C. Heterozygous melting curves showed two peaks at the respective 

temperatures. 

Figure 8 - Melting curves of the rs6712003 variant at the COBBL1 locus. 
The probe is designed to match the rs6712003 non-risk allele (TT). Since the sequence completely matches the 
non-risk allele, the probe dissociates from the template at the highest melting temperature (TM) of 58,7 °C 
(green melting curve). For homozygous rs6712003 risk allele (CC) samples, the probe shows mismatches for both 
non-risk alleles and there is a single peak at the low TM of 53,3 °C (red melting curve). Since the heterozygous 
variant has both a non-risk and a risk allele, it shows two peaks with the respective melting temperatures (black 
melting curve). 

 

For the polymerase-chain-reaction (PCR) reaction a reaction mixture of 10 µl was used composed of 

the following components: 5 µl PCR grade water, 2 µl 5xMyTAq Reaction Buffer (Bioline, Meridian 

Bioscience), 0.2 µl MyTAq Polymerase (Bioline, Meridian Bioscience), 0.5 µl Reagent Mix Simple Probe 

LightSNip rs6712003 COBLL1 (TIB MOLBIOL) and 2 µl of the prepared DNA solution. The analysis was 

performed in a Roche Lightcycler 480 (Roche) with the following program settings (Table 12). 
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Table 12 – Program of the rs6712203 genotyping PCR 

Parameter Dena-
tura-
tion 

Cycling Melting Cooling 

Analysis mode  None Quantification Melting Curves None 

 Cycles 1 45 1 1 

 Segment 1 1 2 3 1 2 3 1 

 Target [°Ĉ] 95 95 60 72 95 40 75 40 

 Hold [mm:ss] 10:00 00:10 00:10 00:15 00:30 02:00 00:00 00:30 

 Ramp Rate 
[°C/s] 384 

4.6 4.6 2.4 4.6 4.6 2.0 - 2.0 

Ramp Rate 
[°C/s]96 

4.4 4.4 2.2 4.4 4.4 1.5 - 1.5 

 Acquisition 
mode 

None None Single None None None Continuous None 

 Acquisition 
[per °C] 

- - - - - - 3 - 

 

2.4 Cell culture 

2.4.1 Thawing procedure  

Before thawing, proliferation medium with FCS was preheated at 37 °C. One 50 ml tube with 18 ml 

and one 15 ml tube with one ml prewarmed proliferation medium were prepared under sterile 

conditions. The cryopreserved vials were thawed in a water bath at 37 °C immediately after removal 

from the liquid nitrogen tank. Each vial contains 5x105 cells in 1 ml freezing medium. After thawing, 

the vial was taken under the sterile bench. One ml of the proliferation medium from the prepared 50 

ml tube was drawn into a 5 ml serology pipette, and only then was the thawed cell suspension taken 

up from the cryovial. Finally, one ml of the proliferation medium was carefully drawn up from the 50 

ml tube into the pipette without allowing air bubbles to enter the cell layer. The three phases 

(medium: cell suspension: medium) in the pipette were then carefully transferred into the prepared 

50 ml tube. The cryo vial was rinsed with one ml proliferation medium from the 15 ml tube and was 

then added to the 50 ml tube. The cell suspension was mixed carefully in the 50 ml tube and the total 

amount of 20 ml was distributed to two T25 Falcon® cell culture flasks. Normally 1.25x105 cells per 10 

ml are seeded in a T25 cell culture flask for maintenance. For thawing, twice this amount is used to 

compensate for the expected loss of cells during this process. The proliferation medium was 

completely replaced after 24 h to remove dead cells and residual DMSO. 

2.4.2 Splitting procedure and cultivation 

After thawing, the PACs were grown in T25 cell culture flasks and the proliferation medium with FCS 

was changed twice a week (Fig. 9). When the cells had reached 95 % confluence, they were split onto 
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6-well plates (Fig. 9). For this purpose, the medium was discarded, and the cells were washed twice 

with 10 ml prewarmed PBS. For detachment, cells were incubated with one ml trypsin/EDTA for about 

10 min which was confirmed by visual control under the microscope. After the proteolytic activity of 

trypsin was stopped by adding nine ml of pre-warmed proliferation medium, the cell suspension was 

transferred to a 50 ml tube. The cell suspension was mixed carefully and an aliquot of 50 μl was 

collected. After mixing the aliquot with 50 µl trypan blue solution, cells were counted in a Neubauer 

chamber. The number of cells per ml was determined as follows: cells/ml = X/8*2*1x104 where X 

represents the number of cells counted in eight large squares of the Neubauer chamber. The required 

volume of cell suspension for seeding the cells at a density of 2.5x105 per 6-well plate was calculated 

as follows: required number of cells divided by the calculated cells/ml. Seven six-well plates were 

required per patient to perform the experiment. 

 
Figure 9 - Workflow of thawing and splitting of Cells. 

 

2.4.3 Adipogenic differentiation 

Once the PACs in the 6-well plates reached 90-95 % confluence, adipogenic differentiation was 

induced. For this purpose, the proliferation medium was replaced by two ml freshly prepared 

induction medium per well. The induction day was defined as day 0 (d0). Three days after the 

induction of differentiation (d3), the medium was replaced completely by the required differentiation 

medium. The differentiating cells were cultured for a total of 14 days (d14), changing the 

differentiation medium twice a week.  

2.4.4 Harvesting procedure 

Three harvest time points were selected for subsequent analyses: Three days before induction of 

differentiation (d0-3), when cells had reached 60 to 70 % confluence, three days (d3) and 14 days 

(d14) after induction of differentiation.   
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For time point d0-3, the PACs were prepared 24 hours before collection. The proliferation medium 

with FCS was removed and the cells were washed twice with two ml proliferation medium without 

FCS. Finally, one ml of fresh proliferation medium without FCS was added per well. Cells of six wells 

were harvested and pooled for metabolomic analysis (Fig. 10). Another six wells were harvested and 

joined as blank controls for metabolomic analysis (Fig. 10). PACs of three wells were combined and 

harvested for RNA isolation and two wells were combined for protein extraction (Fig. 10). One well 

was used for NucBlue staining. 

For time point d3, 24 hours before sample collection the differentiating PACs were prepared. 

Therefore, therefore the induction medium was removed and replaced by one ml fresh of induction 

medium per well. Cells of three wells were harvested and pooled for metabolomic analysis as well as 

blank controls (Fig. 10). The cell material of two wells were harvested and combined for RNA isolation 

(Fig. 10) and one well was harvested for protein extraction. From the three remaining wells, the best-

looking cells were used for NucBlue staining. 

For time point d14, the differentiated adipocytes were prepared 24 hours before harvesting. For this, 

the differentiation medium was removed and replaced by one ml of fresh differentiation medium per 

well. For metabolomic analysis, three wells were harvested and pooled as samples as well as three 

wells as blank controls. Two wells were harvested and joined for RNA isolation, and one well was 

harvested for protein extraction. From the three remaining wells, the best-looking cells were used for 

NucBlue and Oil Red O staining. 

 

 

 

 

 

 

 

 

 

 
Figure 10 - Overview of cell harvesting for the different subsequent experiments 
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To isolate RNA, the medium was removed and the cells were washed twice with ice-cold PBS. The cells 

of the indicated amount of wells (Fig. 10), were resuspended in 350 μl Trizol solution and transferred 

into a 2.0 ml Eppendorf® DNA LoBind reaction tube. The harvested material was stored on dry ice until 

the end of the harvest day and then frozen at -80 °C. 

To harvest the cells for metabolomic analysis, the medium was removed and the cells and blank 

controls were washed twice with 2.0 ml MilliQ H2O (4°C). Subsequently, cells from the indicated wells 

(Fig. 10) were scraped with 500 μl ice-cold (-20°) methanol (MeOH) harvesting solution and 

transferred to a 2.0 ml Eppendorf® Protein LoBind tube. The harvested material was stored on dry ice 

until the end of the harvest day and then frozen at -80 °C. 

For protein extraction, all steps are performed on ice after removing the cells from the incubator. 

First, the medium was aspirated and the cells were washed twice with 5 ml cold (4 °C) PBS per well. 

Then 250 μl Radioimmunoprecipitation assay (RIPA) harvesting solution was added to each of the 

indicated wells of a 6-well plate and the cells were scraped off with a cell scraper. The cell suspension 

was transferred into a 1.5 ml reaction tube and was stored at -80 °C. 

NucBlue staining was performed as described in chapter 2.5.  

For Oil Red O staining, the medium was removed and the cells were washed twice with cold PBS. To fix 

the cells, 2 ml of Histofix solution was added to the well and incubated for 20 min (d0-3, d3) or 1 h 

(d14) at room temperature (RT). The Histofix solution was then removed and the Oil Red O staining 

was performed as described in chapter 2.6.  

2.5 NucBlue staining  

NucBlue™ staining was performed to determine cell counts. Therefore, 200 μl NucBlueTM Live 

ReadyProbes Reagent was added per well and incubated for 20 min. The medium was then changed 

and panoramic brightfield images of five specified areas of the selected well were taken using a 

KEYENCE© fluorescence microscope (Fig. 11). To determine the number of nuclei, the five images per 

well were analysed using CellProfiler™ software. To calculate the total number of nuclei per well, the 

total number of nuclei in the five images was divided by five and then multiplied by a factor of 61,505. 

Using the sets of five images respectively for each time point, the average number of nuclei per image 

was calculated, and then extrapolated by the factor 61.505 to obtain the total number of nuclei per 

well. 



 

 
 

Page 54 

Figure 11 - Defined well regions for imaging of NucBlue™ staining. 

Panoramic images were taken of five specified regions, from which the number of nuclei was determined to 
extrapolate the total number of cells per well. 

2.6 Oil Red O lipid staining  

After cell fixation, 2 ml of Oil Red O staining solution was added to the relevant well and incubated for 

one hour. Afterwards, the Oil Red O staining solution was removed, and the cells were washed twice 

with 2 ml of PBS. Finally, 2 ml of PBS and additional 4 drops of NucBlueTM were added. The plate was 

wrapped with aluminium foil and incubated for 20 min at RT in the dark. Using a KEYENCE© 

microscope, images were taken in reflected light and UV light, as well as UV 5x5 stitch images (300x 

magnification, REC format 1600 x 1200 pixels) with scale bars of 100 µm. The plate was then wrapped 

in Parafilm, covered and stored in the fridge at 4°C for later analysis. To preserve the effect of light-

sensitive NucBlueTM, the plate was wrapped in opaque cover.  

For quantification of Oil Red O, PBS was removed from the wells and the cells were air dried for 10 

minutes. Subsequently, the cells were resuspended with 800 μl isopropanol per well and incubated for 

10 to 20 minutes at (RT) in a shaker until the staining had completely resolved. Three aliquots of 75 μl 

per well were transferred to a 96-well Brand® flat-bottomed plate and the absorbance of the dissolved 

dye was measured at A = 492 nm using a TECANTM plate reader. A flash setting of 5 and a settle time of 

100 ms were used for the measurement. To determine the intensity per 1x105 cells, the determined 

optical density (OD) at 492 nm was divided by the number of cells. 

2.7 Protein extraction and quantification 

The samples were thawed on ice and homogenised three times on ice using an insulin syringe. After 

centrifugation at 10,000 g/rcf for 1 min at 4°C, the supernatant was then transferred without its upper 

fat layer to a new 1.5 ml reaction tube.  
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The Bicinchoninic acid (BCA) assay was used to quantify the protein extracts. The BCA working solution 

was prepared as indicated in Table 8. If any crystallisation is visible, the BCA working solution can be 

incubated for 5 min at 37°C and mixed by vortexing. 25 μl of the BSA standards and blank control were 

pipetted as duplicates per well into a 96-well plate. Per sample, 3 µl of the protein extract was diluted 

in 22 μl H2O directly in one well of the 96-well plate. The samples were also prepared as duplicates. 

Then 200 μl of BCA working solution was added per well using a multiple pipette. The plate was 

covered with sealing foil and placed on the shaker for 30 s for mixing. Subsequently, the plate was 

incubated for a maximum of 30 min at 37 °C in the dark. Finally, the plate was cooled down to RT for 5 

min and the absorbance at A = 562 nm was measured with a TECANTM 96-well plate reader. A flash 

setting of 5 and a settle time of 100 ms were used for the measurement. 

2.8 Gene expression analysis  

In order to determine the expression of the fat metabolism and obesity marker genes, messenger RNA 

(mRNA) expression levels of PPARG, LEP, IRS2, PI3KCA, PLIN1, ITGAM were examined by RT-PCR. For 

this purpose, first the total mRNA was isolated from the cells, which was then transcribed into 

complementary DNA (cDNA) using reverse transcription. The cDNA was then used for the qRT-PCR 

analysis. 

2.8.1 RNA isolation and quantification  

RNA was isolated using an in house established method. Before starting the extraction, the centrifuge 

was cooled down to 4°C and ultra-pure RNase-free H2O was pre-warmed to 37°C. After the fume hood 

and RNA pipettes were cleaned with RNAse ZAP, the samples were removed from storage at -80°C and 

thawed for 5 min on ice. Then 70 µl of chloroform was added to the reaction tubes containing 

resuspended cells in 350 µl of Trizol reagent and everything was thoroughly mixed by vortexing. After 

incubation on ice for 10 minutes, samples were centrifuged at 14,000 g/rcf for 10 minutes at 4 °C. In 

the meantime, new 1.5 ml reaction tubes were prepared, each containing 175 µl isopropanol. After 

centrifugation, the aqueous phase containing the RNA was carefully pipetted into the prepared 

reaction tubes. All reaction tubes are carefully inverted until all smears have vanished. The mixture is 

incubated on ice for 10 minutes and the samples are then centrifuged again at 14,000 g/rcf at 4 °C for 

10 minutes. Following centrifugation, the RNA is in the gel-like pellet. The supernatant was carefully 

removed, and the pellet was washed with 1 ml of 70% ethanol. Samples were again centrifuged at 

14,000 g/rcf for 10 minutes at 4°C. The washing procedure was repeated once, the remaining ethanol 

was removed, and the reaction tubes were placed upside down on a paper towel for min. To allow the 
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remaining ethanol to evaporate, the reaction tubes were placed with open lids on ice under a fume 

hood for 5 min. Then the RNA pellets were resuspended in 30 µl high purity RNase-free H20.  

RNA concentration and sample purity were determined photometrically using a Tecan® photometer. 

For this purpose, 2 µl of each sample was added to a 0.2 ml strip and the optical density was 

measured at 260 nm. The OD value of OD260 was set to an RNA concentration of 40 ng/µL. The purity 

of the RNA was determined by the ratio between the A260 and A280 values, for pure RNA the ratio 

should be about 2.  

Furthermore, RNA quality of five randomly selected RNA samples was determined via Bioanalyzer. 

Total RNA was measured with the Agilent RNA 6000 Nano Kit on an Agilent Technologies 2100 

Bioanalyzer, and high-quality RNA was determined by a RIN score > 7. 

2.8.2 cDNA synthesis 

The extracted RNA was transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit 

following the Applied Biosystems™ protocol. For cDNA synthesis, 500 ng RNA were used in a volume 

of 10 µl. The master mix for reverse transcription was prepared from the corresponding solutions of 

the kit and 10 µl were added to each RNA sample (Table 13). 

Table 13 – Preparation of master mix according to High-Capacity cDNA Reverse Transcription Kit.  

High capacity cDNA RT Kit Volume per sample 

10 x RT Reaction Buffer 2 µl 

RNase-Free water 4.2 µl 

25 x dNTP Mix (100 mM) 0.8 µl 

10 x RT Random Primer 2 µl 

Multi-Rev. Transcriptase 1 μl 

Total 10 µl 

 

For pipetting mRNA samples, master mix and water in 200 μl strips, a Hamilton© Microlab VANTAGE 

pipetting robot was used. An Eppendorf® Mastercycler® was used for the synthesis reaction. For this, 

the samples were first incubated for 10 min at 25 °C, followed by 2 h at 37 °C, and finally 5 min at 85 

°C. The negative control for the procedure was pure water in PCR quality. The cDNA samples were 

stored at -20 °C. 

2.8.3 Quantitative real-time PCR (qRT-PCR) 

Quantitative real-time PCR (qRT-PCR) was used to quantify relative changes in gene expression during 

adipogenesis in in carriers of the rs6712203-C risk allele and carriers of the rs6712203-T non-risk 

allele. The primers used for the qRT-PCR were synthesised by Sigma/Merck©. Primer sequences of fat 



 

 
 

Page 57 

metabolism and obesity marker genes as well as of the housekeeping genes glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and importin 8 (IPO8) are listed in Table 14. An initial primer test 

run, using a small subset of representative samples, PCR-grade water as negative control and PAC d14 

(PPARG2, LEP and PLIN1) and PAC d0 (IRS2, PI3KCA and ITGAM) as positive controls, ensured that all 

selected primers were working and operating at an annealing temperature of 60°C. 

Table 14 – Primer sequences used for qRT-PCR  

Target gene Primer 
orientation 

Primer Sequence 

PPARG2  forward GAA AGC GAT TCC TTC ACT GAT 

reverse TCA AAG GAG TGG GAG TGG TC 

LEP forward TTT GGC CCT ATC TTT TCT ATG TCC 

reverse TGG AGG AGA CTG ACT GCG TG 

IRS2  forward CCTGCCCCCTGCCAACACCT 

reverse TGTGACATCCTGGTGATAAAGCC 

PI3KCA  forward AGAGCCCCGAGCGTTTC 

reverse TCACCTGATGATGGTCGTGG 

PLIN1  forward GCGGAATTTGCTGCCAACACTC 

reverse AGACTTCTGGGCTTGCTGGTGT 

ITGAM  
  

forward GGAACGCCATTGTCTGCTTTCG 

reverse ATGCTGAGGTCATCCTGGCAGA 

GAPDH  forward GAT CAT CAG CAA TGC CTC CTG C 

reverse ACA GTC TTC TGG GTG GCA GTG A 

IPO8  forward CGGATTATAGTCTCTGACCATGTG 

reverse TGTGTCACCATGTTCTTCAGG 

 

All qRT-PCRs were performed as SYBR Green® assays. To prepare the respective master mix, the 

Maxima™ SYBR™ Green/ROX qPCR Master Mix (2X) (Thermo Scientific™) was used (Table 15). 

Table 15 – Composition of the qRT-PCR Master Mix 

Component Volume per sample 

Maxima SYBR Green/ROX qPCR Master Mix 
(2X) 

5 µl 

Primer forward (10 µM) 0.3 µl 

Primer reverse (10 µM) 0.3 µl 

Ultrapure RNase free water 2.4 µl 

Total 8 µl 

 

Dilutions of the synthesised cDNA samples were prepared with PCR-grade water to obtain a 

concentration of 5 ng/μl. 8 µl of the respective master mix and 2 µl of cDNA sample (10 ng) were 

pipetted into a well of a 384-well plate (4titude®). A Hamilton© Microlab VANTAGE pipetting robot 

was used for pipetting. After pipetting, the 384-well plate was sealed and centrifuged at 1500 rpm for 
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30 s at RT. Assays were run in a LightCycler®480 (Roche©) by using the Roche© LightCycler® software. 

The programme used for the qRT-PCRs is shown in Table 16.  

 

Table 16 – Program of the qRT-PCR assay 

Para-
meter 

Pre-
treatment 

De-
natura-

tion 

Cycling Melting 

Analysis 
mode  

None None Quantification Melting Curves 

 Cycles 1 1 40 1 

 Seg-ment 1 1 1 2 3 1 2 3 4 

 Target 
[°Ĉ] 

50 95 95 60 72 95 60 95 95 

 Hold 
[mm:ss] 

02:00 10:00 00:15 00:30 00:30 00:10 00:01 - 00:20 

 Ramp 
Rate 
[°C/s]  

4.8 1.0 4.8 2.5 4.8 1.0 2.5 0.29 4.8 

 Acqui-
sition 
mode 

None None None None Single None None Continuous None 

 Acqui-
sition [per 

°C] 

- - - - - - - 2 - 

 

Gene expression was calculated using the ΔΔCt method. In this calculation, the Cycle threshold (Ct) 

value of a reference gene for instance an housekeeping gene or a non-regulated gene was subtracted 

from the value of the target gene (ΔCt). GAPDH and IPO8 were used as housekeeping genes in this 

thesis. The mean of the calculated ΔCts of the rs6712203-T non-risk allele pre-adipocytes (PPARG2; 

IRS2; PIK3CA, ITGAM) or in vitro differentiating pre-adipocytes (LEP; PLIN1) was subtracted from the 

respective Δct of the sample (ΔΔCt). The ΔΔCt value was then log-transformed (2-ΔΔCt) to represent 

the induction for the gene in interest. 

2.9 Metabolomic analysis 

Sample collection and storage are critical for metabolomic analysis and standardised protocols are 

required to avoid contamination or interference with instruments that may lead to metabolite 

variability or degradation. Long-term stable and robust results when using a non-targeted 

metabolome platform require important control points ranging from sampling to data analysis. The 

following section presents and discusses the crucial points in the workflow that ensure reliable results 

when analysing PACs and cell media. 
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2.9.1 Cell collection and preparation 

Standardized collection methods are essential in order to allow comparison of different samples 

collected from different laboratories, for preserving quality, for reproducibility and stability in the long 

term. They have been defined by the International Standards Organization (ISO) with the aim to 

ensure the capacity of a sample to preserve its properties over a period of time, based on the 

observation of defined compounds (such compounds assumed as reference to help assess the 

variability of a sample) when the sample is stored under specified conditions (ISO Guide 30, 1992). 

Metabolomics analysis of cultured cells has emerged as an important technology for studying cellular 

biochemistry, thereby providing a snapshot of ongoing cellular metabolic pathways. The major 

bottlenecks associated with cell sample preparation metabolomics are efficient sampling, quenching 

and metabolites extraction in order to preserve the internal metabolite signatures (Kapoore et al. 

2017). 

Metabolomics analyses have been performed on a broad range of adherent cell numbers, ranging 

from 1×104 up to 4×107 cells (Lorenz et al, 2011). Depending on the cells and the technology used to 

process the cell extraction, the seeding number must be optimized in order to get sufficient signals in 

MS, to be able to detect small metabolites that are present at low concentration but that still may be 

important for biological processes, especially when global metabolomics is performed. 

Cell density and growth conditions have significant effects on metabolism. For best comparison, all 

replicate cell cultures need to be grown under identical conditions (i.e. seeding of the same number of 

cells/mL in the same quantity of medium for the same number of days before performing sample 

preparation. For rigorous biological replicates, a different passage of cells needs to be used for each 

replicate.  

Due to the nature of mass spectrometry, for accurate results, data must not be normalized post hoc. 

Therefore, an identical biomass for all samples (e.g. by cell count) is required and any necessary 

adjustments need to be made already during sample preparation by appropriate dilution (Glasgow 

Polynomics, 2013). 

Independently of any experimental context, the aim of sample preparation is always to extract a 

compound of interest (the analyte) from the sample or matrix it is embedded in. Any procedures are 

required to be reproducible, and any remaining analytes should be unaltered by the sample 

preparation and reflect their quantity in the original sample.  

First requirement for sample preparation procedures in biochemical studies is that they must be non-

destructive. In performing a metabolomics study, it is necessary to take the composition of the sample 
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matrix used into account. Independent of the ionization technique used later in the workflow, these 

compounds may carry a variety of ionizable functionalities or, e.g. in the case of metals, may feature 

various oxidation states. They are very potent competitors for ionization as they scavenge energy and 

therefore reduce the energy available for the metabolites of interest. Multiply charged compounds 

may also complicate mass spectrometry and formula annotation. In instruments with lower resolution 

their peaks may overlay metabolite peaks and thus interfere with detection. Therefore, sample 

preparation in metabolomics must aim to remove proteins, polymers, salts and metals, while 

preserving the relative and, if feasible, absolute concentration of metabolites. The most common 

techniques for these purposes are solid phase extraction (SPE) and protein precipitation extraction 

(PPE) (Bruce et al. 2009, Polson et al. 2003). 

During the PPE process not only proteins, but salts as well precipitate. They are not effectively 

separated from the liquid phase by centrifugation and are retained in the supernatant. As a 

consequence, SPE is the method to be preferred when performing ICR-FT/MS metabolomics. 

Typically, SPE is performed using funnel shaped cartridges which are filled with sorbent material. 

Fluids and aqueous samples are inoculated into the wider, upper end of the cartridge. The respective 

fluid rests upon the pressed sorbent bed until a force is applied. This can either be performed by 

application of pressure through the upper end of the cartridge or by creating an underpressure at the 

lower end of it. The first procedure is faster but possibly more destructive, since pressures up to 

several bars may occur. The second method is slower and more material-friendly since, given a perfect 

vacuum, the maximal pressure difference is one bar. SPE procedures based on reversed phase silica 

sorbents commonly follow these steps: 

1) Washing of the cartridge by flushing sorbent material with MeOH 

2) Equilibration/activation of the sorbent by flushing with water or water with acidic or basic additives 

3) Application/loading of the sample to be prepared 

4) Washing off salts and (hopefully) proteins again using the water mixture of step 2) 

5) Eluting the analytes using MeOH or any other preferably apolar solvent 

 According to our experience, these steps alone effectively remove salts and to some extent proteins 

as well. The reason for contemproary protein removal may be that small metabolites associate with 

the sorbent more rapidly than proteins do, therefore inhibiting protein-sorbent interactions. (Bruce 

S.J. et al, 2009). Preparation is a crucial step especially in non-targeted metabolomics studies, and an 

incisive sample pre-treatment is fundamental. The factors to be considered in choosing the most 
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reliable method are the number of extracted features, the effectiveness of protein removal and 

repeatability. In non-targeted metabolomics the principal aim is to extract the widest number of 

metabolites, and therefore to remove compounds that could interfere with the mass spectrometer 

(e.g. salts) or with the chromatographic system. A suitable sample preparation is characterized by a 

minimal number of steps, in order to avoid the degradation of thermo-labile compounds and to 

minimize contaminations and inter-laboratory errors as well. Additionally, the ideal sample 

preparation requires the lowest volume of cell and media possible and needs to consider a possible 

integration with other analytic platforms, enabling a high throughput of sample analyses. 

The samples used for this study in hand belong to the Munich Obesity Biobank, which is part of the 

German Obesity Biobank. The adipocyte samples are preserved at -80C and ready to be used after 

thawing on ice for cell culture: cultivation, proliferation and splitting (see chapter 2.2). After 

preparation, the samples were stored at -80° C until sample analysis. 

Nevertheless, there are strong concerns about the quality of the samples after such a long time at RT. 

Based on our experience, already after 8-10 hours at RT fundamental changes can be observed, 

especially for untreated samples where enzymes are still present. Significant changes in the blood 

plasma metabolome were detected when blood was exposed to RT for 2, 4, 8 and 24h. (Peiyuan, Yin 

et al.). Therefore, the samples were stored in -80° C until analysis. 

Prior to sending any biological samples for analysis to Helmholtz, it is mandatory to ensure that these 

samples have tested negative for HIV, HBV, HCV, and SARS-CoV-2 (COVID-19), especially if the samples 

were collected since January 2020. (For details on the declaration applied see Helmholtz Center 

Declaration) 

2.9.1.1 Pre-Preparation of PAC samples 

Before commencing sample preparation, it is crucial to number the samples according to ZipTip 

Protocol C18 and coding template and to compile a list of samples with acronyms for labelling of 

corresponding Eppis/vials. 

Additionally, ensuring the correct order according to the measurement protocol is essential, initially 

handling blanks before moving on to actual samples, beginning with day 0-3, then day 3, and finally 

day 14, while increasing cell numbers per day. 

To prepare, a dispenser for LC-MS quality MeOH and water is required as well as clean Eppis, 96-well 

plates (0.5 mL and 2 mL), reservoirs, and vials with MeOH. Blanks are prepared in advance by filling 

2/3 of the vials with MeOH and sealing them with caps.  
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See below for excerpt from protocol for pre-preparation of PAC samples: 

Cleaning and labelling instructions: 

Cleaning Instructions: 
Water Bottle (Before Use): 
• Clean in the following order:  

1. Three rounds of water 
2. One round of MeOH 
3. Three more rounds of water 

 

Methanol Bottle (Before Use): 

• Clean in the following order: 
1. Three rounds of water 
2. Three rounds of MeOH 

 
96-Well Plate Cleaning: 
• For pretreatment and washing, use three rounds of MeOH. 
• For elution, use three rounds of MeOH. 

 
Vials Cleaning: 
• Clean vials with three rounds of Methanol. 
• Use "max recovery vials" or "conical vials." 
• Label the vials at both the top and bottom. 
• Close them with new magnet FTMS caps. 

 
Labeling for FT Measurements: 
• Label vials, Eppis, and cryos with beads with sequential numbers on the bottom. Use 1, 2, 3, and so 

on for clear identification. 

 

2.9.1.2 Sample (Cell and Media) Preparation of PAC samples 

See below for excerpt from protocol for media preparation: 

Plate/Reservoir Preparation: 
Clean 96 well plates with 3 rounds of MeOH.p 
• 1 loading [0.5 mL] 
• 3 washings [2 mL] 
• 1 elution [0.5 mL] 
Clean the reservoirs with 3 rounds of MeOH. 
• 1 pretreatment (H3 PO4 2%) 
• 1 conditioning (MeOH) 
• 1 equilibration (FA 2%) 

 
As the focus of this study is analysis of cells, it will not go into further details regarding media here. 

 

See below for excerpt from protocol for cell sample processing: 

1. Sample Warming and Mixing: 
• Warm the samples (approximately 1 mL) for about 2 hours. 
• Vortex mix the samples for 2 seconds in between to expedite the process. 
 
2. Pre-Treatment: 
• Prepare a pre-treatment mixture by combining 50 µL of media with 50 µL of H3 PO4 2%. Ensure this 

step is performed on ice. 
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• Distribute the pre-treatment mixture into a 96-well plate. 
• Subsequently, pipette 50 µL of H3 PO4 2% from the reservoir into the loading plate (0.5 mL) (Step 

1.1). 
• Manually add 50 µL of the original media sample to the acid (Step 1.2). 
• Mix the contents using the robot after all samples are in the plate. 

 
3. Conditioning: 
• Conduct conditioning using MeOH for ten rounds from the reservoir. 
• Use a special tip from the green tip box C18. 
• Insert the Eppendorf Robot 300 µL Tips Holder into the ZipTip Tips for this process. 

 
4. Equilibration: 
• Perform equilibration with FA 2% for ten rounds in a 96 well plate (2 mL). 

 
5. Sample Loading: 
• Load the samples 50 times into a 0.5 mL 96 well plate. 
 
6. Washing (FA 2%): 
• Wash each well with FA 2% (500 µL per well), repeating this process three times (3 x 10). 
• Dispense FA 2% from the reservoir into the 96 well washing plates, initially with 300 µL, followed by 

200 µL, as the largest tips available are 300 µL. 
 

7. Elution (MeOH): 
• Elute with MeOH by pipetting 100 µL into each well, repeating this process 30 times for a 1:2 

dilution. 
• Carefully cover the elution plate with a lid. 

 
8. Elution Transfer: 
• Transfer the eluted samples from the 96-well elution plate (0.5 mL) into 0.5-mL Eppis on dry ice. 

Note that the elution process itself cannot be executed on dry ice with the robot. 
 

9. Prepare Dilutions (on Dry Ice): 
• When the samples are prepared in Eppis, conduct dilutions on dry ice. 
• For samples prepared in vials, dilutions should be performed on ice. 
• Ensure that the mother solutions (media eluates) stored at -80°C are kept on dry ice during this 

process. 
 

Dilution Ratio: 1:20 
• Prepare the dilutions by following these steps: 

 Add 300 µL of MeOH. 

 Subtract 30 µL of MeOH. 

 Add 30 µL of the elution sample. 

 Wet the first tip and then discard the MeOH amount. 

 Wet the second tip and pipette the sample. 

 Vortex the dilutions for thorough mixing. 
 

Transfer Dilution Samples: 
• Utilize clean Eppis for transferring and storing the dilution samples. 
• Label the Eppis with sequential numbers at the bottom (e.g., 1, 2, 3). 
• Arrange the order for measurements, starting from low-concentration to high-concentration 

samples.  
• Fill 250 µL of the dilutions from the Eppis or well plate into vials, and securely close them with new 

magnet caps (labelled as "screw magn"). 
• Label each vial with numbers according to Sara Forcisis Protocol re. number coding. 
• Place the vials (both samples and blanks) in a Styrofoam box filled with ice, and store it in the FTMS 

room for measuring the samples 
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• Keep the eluates and dilutions in a freezer at -20°C for a maximum of one day. 
 

Important Notes on Workflow Setup 
• Ensure that workflow on the bench is well-organized, with all necessary containers, tubs, and plates 

readily available. Place tissues underneath to maintain a clean workspace. 
• Prior to loading the sample onto the cartridge, the sample is to be pre-treated with 2% acid buffer 

(2% H3PO4) at the dilution ratio of 1/1. This step is necessary in order to disrupt protein binding. 
Load, wash and elute fractions were collected in order to assess the information relative to each 
fraction. 

• Work on dry ice for points 7 and 8 if prepared in Eppis. 
• For dilutions done in vials, vortex mixing is only necessary once, right after preparing the dilution. 
• Labelling of reservoirs and 96-well plates is not required. 

 

2.9.2 DI-FT-ICR/MS Analysis  

In order to analyse the metabolites involved in the two differentiation phases in the rs6712203 risk 

versus non-risk individuals, an untargeted metabolomic analysis was performed using DI-FT-ICR/MS. 

This part of the experiments was performed at the Helmholtz Zentrum Munich. 

 

2.9.2.1 Sample measurements 

Detailed description of DI-FT-ICR-MS measurements: 

The extracts underwent thorough analysis in positive electrospray ionization mode (ESI) through direct 

infusion Fourier transform ion cyclotron resonance mass spectrometry (DI-FT-ICR MS). This analysis 

was conducted using a state-of-the-art Bruker SolariX instrument, equipped with a powerful 12-Tesla 

magnet and an Apollo II ESI source, all provided by Bruker Daltonik GmbH in Bremen, Germany. 

To ensure the accuracy and precision of the instrument, it was externally calibrated using clusters of 

arginine (1 mg/mL in methanol/water with an 80/20 ratio). The calibration process resulted in 

impressively low calibration errors, all measuring below 0.1 parts per million (ppm).  

During the analysis, the injection flow rate was set at precisely 120 μL/h, ensuring a consistent and 

controlled sample introduction. For each spectrum, a total of 300 scans were meticulously acquired 

and subsequently averaged. These scans covered a specific mass-to-charge (m/z) range, ranging from 

147.4 to 1000.0 m/z, and were captured with a time domain of 4 mega words (MWs). 

To further optimize the instrument's performance, the capillary voltage was adjusted to 3800 V, and 

the spray shield voltage was set to -500 V. An ion accumulation time of 200 ms was established, and 

the time of flight to the detector was calibrated to 1 ms. The nebulizer gas flow rate was maintained at 
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1 bar, while the drying gas flow rate was carefully controlled at 4 L/min, with the drying gas being 

heated to a temperature of 250 °C. 

This highly sophisticated and precisely controlled DI-FT-ICR-MS method ensured that the mass 

spectrometry analysis of the extracts was conducted with the utmost accuracy and reliability, 

providing invaluable insights into the composition and characteristics of the analyzed samples. 

2.9.2.2 Data preprocessing and matrix generation 

Data preprocessing 

The acquired spectra underwent a meticulous data preprocessing phase, employing the robust Data 

Analysis 4.4 software provided by Bruker Daltonik, GmbH in Bremen, Germany. A peak-picking 

algorithm was meticulously executed, applying a signal-to-noise ratio (S/N) threshold of 4 and a 

minimum intensity threshold set at 1.5 × 10^6 counts. These settings ensured that only robust and 

reliable peaks were considered for further analysis. 

Following the peak-picking process, all the spectra were diligently exported as tab-separated ASCII 

(asc) files. Subsequently, these files were imported into the Kernel Calibrator (Smirnov K.S., et al, 

2019), a specialized tool for further data manipulation and calibration. 

In the generated data matrix, m/z (mass-to-charge ratio) features that were present in less than 10% 

of all samples were thoughtfully excluded. This filtering step aimed to retain only the most prevalent 

and informative features for subsequent analysis.  

For molecular formula assignment, a well-established mass difference network approach Tziotis D., et 

al, 2011) was thoughtfully applied. This sophisticated method allowed for the accurate determination 

of molecular formulas, contributing to a deeper understanding of the compounds within the analyzed 

samples. 

Matrix Generation: 

The peak alignment and generation of data matrices for both cell lysates and media samples were 

conducted with the aid of a meticulously designed, in-house-written matrix generator algorithm. This 

algorithm was thoughtfully configured to align peaks within an impressively tight 1-ppm error window, 

ensuring the accurate alignment of mass peaks across all spectra. 
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The resulting data matrices served as the foundation for subsequent statistical and computational 

analyses. This step was crucial in organizing and structuring the data for meaningful interpretation, 

allowing researchers to draw valuable insights from the mass spectrometry data collected during the 

study. 

2.9.2.3 Over-representation analysis (ORA) 

In the context of this study, a detailed analysis was conducted using a process known as Over-

Representation Analysis (ORA). This analysis aimed to shed light on the molecular composition of the 

spectra generated from the cell extracts and to uncover any significant associations with known 

metabolites and cellular processes. The method involved the following steps: 

1) Molecular Formulae Assignment: Initially, the spectra generated from the cell extracts were 

carefully examined, and molecular formulae were confidently assigned using a specialized 

method called Mass Difference Network (MDiN) approach (Tziotis et al., 2011). This step involved 

identifying the molecular formulas that corresponded to the various compounds present in the 

samples. 

2) Matching with HMDB: To further advance the analysis and gain insights into the identity of these 

compounds, the identified molecular formulae were compared and aligned with the Human 

Metabolome Database (HMDB) (Wishart, D.S., et al. 2018). The HMDB is a comprehensive 

resource that contains information about a wide range of metabolites found in humans. 

3) Over-representation Analysis (ORA): With the known metabolites identified through HMDB 

alignment, over-representation analysis (ORA) was performed in the next step. This analysis was 

performed using the Reactome database (Gillespie M., et. al., 2022). The Reactome database is a 

valuable resource for understanding biological pathways and processes. 

In essence, the ORA process aimed to uncover any significant associations between the compound 

classes identified and specific biological pathways or cellular processes. By cross-referencing the 

molecular formulae with known metabolites and applying ORA through the Reactome database, the 

study sought to provide deeper insights into the metabolic and molecular aspects of the cell extracts, 

potentially revealing valuable information about the underlying biological mechanisms and pathways 

at play in the samples under investigation. 

2.9.2.4 Mass difference enrichment analysis (MDEA)  

Mass Difference Enrichment Analysis (MDEA) is a powerful analytical approach that serves to examine 

the mass differences observed in mass-to-charge (m/z) signals acquired during mass spectrometry. 
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This technique allows researchers to monitor biochemical reactions and gain insights into the activity 

of enzymes. The method involves the following steps: 

1) Objective of MDEA: The primary goal of MDEA (Moritz, F. et al., 2017), is to assess whether 

statistically significant m/z peaks (mass-to-charge ratios of ions) tend to be associated with 

specific mass differences. These mass differences are indicative of various chemical reactions 

occurring within the sample. In essence, MDEA is a method for screening and deciphering the 

building blocks that constitute a metabolome, i.e., the complete set of metabolites present in a 

biological system. 

2) Selection of Mass Differences: One of the crucial steps in MDEA is the selection of such mass 

differences that allow researchers to draw conclusions or hypotheses about specific biochemical 

processes. These mass differences may represent the transformations or conversions of 

metabolites through the activity of enzymes. Enzymes interact with small molecules (metabolites) 

and directly convert them. Alternatively, proteins interact with their specific ligands, either 

triggering or inhibiting particular enzymatic activities. 

3) Database Comparison: To establish connections between enzymes and the mass differences 

associated with their activities, the results obtained in the study were compared with a database 

of chemical reactions known as the Rhea Database (Rhea DB) (Bansal, P., et al, 2022). The Rhea 

DB is a comprehensive resource that catalogues various chemical reactions and their associated 

reactants and products. 

4) Identifying Mass Differences for Each Enzyme: The analysis involved the collection of pairs of 

products and substrates, enabling the identification of mass differences characteristic of each 

enzyme. Typically, these characteristics are represented by the average of Z-scores for each 

enzyme, providing a quantitative measure of their involvement in specific reactions. 

5) Exclusion of Non-Relevant Genes: To ensure precision, genes that do not catalyse a reaction or 

were not found in the Rhea DB were excluded from the original list of enzymes. This step helps in 

focusing the analysis on enzymes that play a role in the detected biochemical reactions. 

In summary, MDEA is a sophisticated method for unravelling the complex web of biochemical 

reactions in biological samples, shedding light on the activities of enzymes and their connections to 

metabolites. This approach is instrumental in deciphering the underlying molecular mechanisms and 

metabolic processes within a given system, ultimately enhancing our understanding of biological 

phenomena at the molecular level. 
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2.10 Statistics 

The compiled data was analysed using Microsoft Excel software. Cell counts were presented as bar 

graphs with means and positive standard deviations (SDs). Fat production was expressed as intensity 

per 1x105 cells. For illustration purposes, the individual data points were presented as scatter plots, 

with mean±SD indicated. The evaluation of marker gene expression was conducted with log-

transformed data and were depicted as bar graphs with means and SDs. To determine the statistical 

significance of the experimental results, a student's t-test was performed. Results with a p-value of ≤ 

0.05 were considered as statistically significant. A p-value of ≤ 0.05 was indicated with one star (*), a 

p-value of ≤ 0.01 with two stars (**) and a p-value of ≤ 0.001 with three stars (***) in the Results 

chapter.  
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3 RESULTS 

To investigate the influence of the SNP variant rs6712003 on the development of T2D, pre-adipocytes 

were isolated from subcutaneous adipose tissue of eleven severely or morbidly obese female patients 

undergoing abdominal laparoscopic surgery (see Table 11). These pre-adipocytes were cultured and 

differentiated in vitro. In a large experiment, samples of pre-adipocytes (d 0-3, 60-70% confluence, 

three days before before reaching 100% confluence), of differentiating pre-adipocytes (three days 

after inducing differentiation, d3) and of mature adipocytes (14 days after inducing differentiation, 

d14) were taken for examination (Fig. 12). At each time point, cells were counted, the morphology was 

examined, RNA was isolated, and samples were taken for DI-FT-ICR/MS measurement for all eleven 

samples. Adipocytes (d14) were examined for their maturation by Oil Red O lipid staining. 

Figure 12 - Experimental setup of the in vitro adipocyte differentiation 
Pre-adipocytes were isolated from subcutaneous adipose tissue of six rs6712203-C risk allele carriers and five 
rs6712203-T non-risk allele obese female patients. Pre-adipocytes (d0-3) were plated into 6-well plates and 
differentiation was induced by medium change. Indicated samples were collected three days prior (d0-3), three 
(d3) and 14 (d14) days after induction of adipocyte differentiation.  

 

3.1 Adipocytes of rs6712203-C risk allele carriers reveal no 

morphological changes 

To understand the role of COBLL1 in adipogenesis, pre-adipocytes isolated from subcutaneous adipose 

tissue of six rs6712203-C risk allele and five rs6712203-T non-risk allele carriers were differentiated for 

14 days in vitro. Pre-adipocytes three days before initiation of the differentiation (d0-3) showed a 

confluency of 60 to 70% and the characteristic flat fibroblast-like morphology in both s6712203-C risk 

allele and five rs6712203-T non-risk allele carriers (Fig. 13A). Three days after onset of the 

differentiation (d3), a small amount of cells started to change the shape and form lipid droplets (Fig. 

13A). Under the microscope, there appeared to be more tiny fat droplets in this early differentiation 

stage (d0-3 to d3) in rs6712203-C risk allele carriers compared to rs6712203-T non-risk allele carriers, 
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although no Oil Red O staining was performed at these time points. After 14 days of differentiation 

(d14) mature round shaped adipocytes were generated which were filled with lipid droplets in 

cultures from both genotypes (Fig. 13A).  

To investigate the effect of COBLL1 on the proliferation capacity of pre-adipocytes, cell numbers were 

counted three days before initiation of differentiation (d0-3), three days (d3) and 14 days (d14) after 

the onset of differentiation. Initially, 4.17x104 pre-adipocytes were seeded per well on a 6-well plate. 

Three days before initiation of the differentiation (d0-3), 2.68±0.41x105 cells in cultures from 

rs6712203-T non-risk allele pre-adipocytes and 2.44±0.55x105 cells in cultures from rs6712203-C risk 

allele pre-adipocytes were counted (Fig. 13B). Differentiating pre-adipocytes (d3) of rs6712203-T non-

risk allele carriers revealed a cell number of 4.91±0.64x105 three days after onset of differentiation 

and rs6712203-C risk allele carriers showed a cell number of 4.60±0.80x105 cells per well (Fig. 13B). 

After 14 days, 3.55±0.52x105 mature adipocytes of rs6712203-T non-risk allele carriers and 

3.27±1.17x105 mature adipocytes of rs6712203-C risk allele carriers were counted (Fig. 13B). 

To further understand the effect of COBLL1 on adipocyte maturation, the fat storage capacity in 

mature adipocytes was examined by Oil Red O lipid staining. Mature adipocytes from both genotypes 

developed lipid droplets (Fig. 13C). The fat storage capacity of rs6712203-T non-risk adipocytes was 

0.08±0.01 per 105 cells and 0.09±0.02 per 105 cells in rs6712203-C risk adipocytes (Fig. 13D).  

In summary, adipocytes from rs6712203-C risk allele carriers reveal no morphological changes and 

form the same amount of fat compared to adipocytes from rs6712203-T non-risk allele carriers.  
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Figure 13 - Adipocyte differentiation in pre-adipocytes (stromal-vascular cell fraction) from rs6712203-C risk allele 
and rs6712203-T non-risk allele carriers. 
A Representative microscopic pictures of pre-adipocytes (d0-3), in vitro differentiating pre-adipocytes (d3) and in 
vitro derived mature adipocytes (d14) from rs6712203-C risk allele and rs6712203-T non-risk allele carriers. B 
Proliferation capacity as cell counts in pre-adipocytes (d0-3), in vitro differentiating pre-adipocytes (d3) and in 
vitro derived mature adipocytes (d14) from rs6712203-C risk allele (blue) and rs6712203-T non-risk allele (grey) 
carriers. Results were shown as mean plus SD. C Representative Oil Red O lipid staining in in vitro derived 
differentiated adipocytes (d14) from rs6712203-C risk allele (CC risk allele, patient 3, 6 and 9) and rs6712203-T 
non-risk allele (TT non-risk allele, patient 7, 8 and 10) carriers. D Fat production was measured by Oil Red O lipid 
staining and is shown as intensity (OD at 492 nm) per 1x105 cells in vitro derived differentiated adipocytes (d14) 
from rs6712203-C risk allele (CC risk allele) and rs6712203-T non-risk allele (TT non-risk allele) carriers. Results 
were shown as mean±SD. 
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3.2 In vitro differentiated adipocytes from rs6712203-C risk allele 

carriers reveal changes in selected fat metabolism and obesity 

marker genes 

As the storage of fat is the primary function of white adipocytes (Rosen and MacDougald, 2006), the 

question arised whether in vitro derived white subcutaneous adipocytes from female persons with 

severe adiposity (BMI > 38,82 kg/m²) carrying the rs6712203-C risk allele show altered expression of 

selected fat metabolism and obesity marker genes compared to white adipocytes from rs6712203-T 

non-risk allele carriers.  

First, the expression of PPARG2 was examined since it encodes for the master regulator of 

adipogenesis and is crucial for maturation of adipocytes (Rosen and MacDougald 2006). PPARG2 

expression increased during differentiation with a mean expression of 171.69±91.51 in differentiating 

pre-adipocytes (d3) from CC risk allele carriers and 124.23±61.08 in TT non-risk allele carriers (Fig. 

14A). The PPARG2 expression was highest in mature adipocytes (d14) with a mean expression of 

490.50±140.74 in CC risk allele carriers and 560.02±88.03 in TT non-risk allele carriers (Fig. 14A). There 

were no significant differences between rs6712203-C risk allele carriers and rs6712203-T non-risk 

allele carriers.  

Next, the expression of LEP was examined, which encodes for the hormone leptin that signals fat 

stores to the brain (Harris 2014). LEP expression was undetectable in pre-adipocytes (d0-3) and 

increased during adipogenesis (Fig. 14B). Differentiating pre-adipocytes (d3) revealed a mean 

expression of 0.17±0.06 in CC risk allele carriers and 1.09±0.40 in TT non-risk allele carriers (Fig. 14B). 

Mature white adipocytes (d14) revealed a mean LEP expression of 1.35±0.16 in CC risk allele carriers 

and 2.48±0.41 in TT non-risk allele carriers (Fig. 14B). Differentiating pre-adipocytes (p-value=0.7259) 

and mature adipocytes (p-value=0.03897) of rs6712203-C risk allele carriers revealed a decreased LEP 

expression compared to rs6712203-T non-risk allele carriers, although only the latter was statistically 

significant.  

IRS2 encodes the insulin receptor substrate 2, an essential adaptor mediating downstream signaling of 

the insulin receptor (Guo 2014). IRS2 was highest expressed in differentiating pre-adipocytes (d3) with 

a mean expression of 8.14±2.49 in CC risk allele carriers and 8.12±1.48 in TT non-risk allele carriers 

(Fig. 14C). In mature white adipocytes (d14), IRS2 expression slighly decreased with a mean expression 

of 5.36±0.93 in CC risk allele carriers and 5.25±0.17 in TT non-risk allele carriers (Fig. 14C). There were 

no significant differences in IRS2 expression under all three conditions between rs6712203-C risk allele 

and s6712203-T non-risk allele carriers. 
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PIK3CA encodes the α-isoform of the catalytic subunit of phosphatidylinositol-4,5-bisphosphate 3-

kinase (PI3Kα) and its phosphorylation is responsible for insulin-stimulated glucose uptake by GLUT4 

(Keppler-Noreuil et al. 2016). PIK3CA showed a similar expression pattern in comparison to IRS2 (Fig. 

14C, D). It was upregulated in differentiating pre-adipocytes (d3) with a mean expression of 

10.82±1.98 in CC risk allele carriers and 6.05±0.48 in TT non-risk allele carriers (Fig. 14D). In mature 

white adipocytes (d14), PIK3CA expression slightly decreased witch a mean expression of 2.36±0.49 in 

CC risk allele carriers and 2.71±0.54 in TT non-risk allele carriers (Fig. 14D). Interestingly, PIK3CA 

expression was significantly higher in differentiating pre-adipocytes from rs6712203-C risk allele (p-

value=0.03) compared to rs6712203-T non-risk allele carriers. 

Next, the expression of PLIN1 was investigated. PLIN1 encodes the protein perilipin-1, which coats 

lipid droplets and participates in droplet formation, triglyceride storage and lipolysis (Patel et al. 2022). 

PLIN1 showed a similar expression pattern compared to LEP (Fig. 14B, E). In pre-adipocytes (d0-3) 

PLIN1 expression was undetectable and its expression increased during differentiation (Fig. 14E). 

Differentiating pre-adipocytes (d3) revealed a mean expression of 2.35±0.56 in CC risk allele carriers 

and 1.00±0.06 in TT non-risk allele carriers (Fig. 14E). Mature white adipocytes (d14) revealed a mean 

PLIN1 expression of 2.02±0.89 in CC risk allele carriers and 2.55±1.16 in TT non-risk allele carriers (Fig. 

14E). Surprisingly, PLIN1 expression was significantly higher in differentiating pre-adipocytes from 

rs6712203-C risk allele (p-value=0.02112) compared to rs6712203-T non-risk allele carriers. 

Finally, the expression of ITGAM was examined, which encodes for the integrin CD11b (alphaM) and is 

predominantly expressed on the surface of myeloid cells (Fagerholm et al 2013). ITGAM showed a 

similar expression pattern compared to IRS2 and PIK3CA (Fig. 14C, D, F). Pre-adipocytes from CC risk 

allele carriers revealed a mean expression of 3.90±1.43 and pre-adipocytes from TT non-risk allele 

carriers showed a mean expression of 1.02±0.19 (Fig. 14F). Interestingly, this upregulation of ITGAM in 

rs6712203-C risk allele compared to rs6712203-T non-risk allele carriers was significant (p-

value=0.01755). Differentiating pre-adipocytes (d3) revealed a mean expression of 32.18±6.50 in CC 

risk allele carriers and 38.27±16.61 in TT non-risk allele carriers (Fig. 14F). Mature white adipocytes 

(d14) from CC risk allele carriers showed a mean ITGAM expression of 5.62±2.23 and mature white 

adipocytes from TT non-risk allele carriers revealed a mean expression of 3.96±1.58. 

In summary, aim of the study was to show if there are any changes between risk-allele (C) and non-

risk-allele carriers (T) in comparison in the course of adipogenesis in adipocytes of rs6712203 in LEP, 

PIK3CA, PLIN1 and ITGAM, PPARG 2, IRS2. 
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Adipocytes of rs6712203-C risk allele carriers exhibited a similar pattern of expression as adipocytes 

from rs6712203-T non-risk allele carriers with respect to PPARG2 and IRS2. PIK3CA and PLIN1 

expression was upregulated in in-vitro differentiating pre-adipocytes of carriers of the rs6712203-C 

risk allele, as was ITGAM expression in pre-adipocytes of same risk allele carriers. LEP expression 

however was decreased in in-vitro differentiated adipocytes of those carriers of the rs6712203-C risk 

allele. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 - Expression of fat metabolism and obesity marker genes in rs6712203-C risk allele and rs6712203-T non-
risk allele carriers during adipose differentiation. 
RT-PCR demonstrating expression levels of A PPARG2, B LEP, C IRS2, D PIK3CA, E PLIN1 and F ITGAM in pre-
adipocytes (d0-3), in vitro differentiating pre-adipocytes (d3) and in vitro derived mature adipocytes (d14) from 
rs6712203-C risk allele (blue; n=3-6) and rs6712203-T non-risk allele (grey; n=3-5) carriers. Results were shown 
as fold over GAPDH transcripts (mean±SD) normalized to the expression of rs6712203-T non-risk allele pre-
adipocytes (PPARG2; IRS2; PIK3CA, ITGAM) or in vitro differentiating pre-adipocytes (LEP; PLIN1) *: p≤0.05 (t-
test). 
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3.3 Adipocytes of rs6712203-C risk allele carriers reveal metabolomic 

changes 

To elucidate which metabolic pathways are affected by the COBLL1 gene, DI-FT-ICR/MS 

measurements were performed in cell lysates of pre-adipocytes (d0-3), differentiating pre-adipocytes 

(d3) and mature adipocytes (d14) from rs6712203-C risk allele carriers and rs6712203-T non-risk allele 

carriers. To evaluate the results of the metabolomic measurements of the three time points, they 

were divided into two phases (Fig. 15A). Phase 1 represents early adipogenesis and starts three days 

before initiation of differentiation (d0-3) and lasts until day three after the induction of differentiation 

(d3). Phase 2 represents adipocyte maturation and covers the period from three (d3) to 14 days (d14) 

after the onset of differentiation.  

In order to identify the compound classes, the 18.205 metabolic features detected were aligned with 

the Human Metabolome Database (HMDB). For 13 % of the metabolites a compound class could be 

annotated. Over-representation analysis (ORA) of compounds in phase 1 revealed a strong increase in 

steroids and steroid derivates, glycerophospholipids and prenol lipids in rs6712203-C risk allele 

carriers (Fig. 15B). Steroids are biologically active organic compounds with a core structure of 

seventeen carbon atoms bound in three cyclohexane rings and one cyclopentane ring. The male sex 

hormone testosterone, the female sex hormones estradiol and progesterone and the lipid cholesterol 

are examples of steroids. All steroids are produced in the cells from the sterol lanosterol, which is 

derived from the cyclisation of the triterpene squalene (Mazein et al. 2013). Since adipose tissue is a 

large endocrine organ that stores and metabolises steroid hormones, upregulation of these pathways 

could have immense effects on the entire body (Li et al. 2015).  

Furthermore, organooxygen compounds are downregulated in rs6712203-C risk allele adipocytes (Fig. 

15B). The oxygen-organic compounds are mainly carbohydrates and carbohydrate conjugates. The 

results from the ORA in phase 2 cannot be interpreted because these are flavonoids that only occur in 

plants and their frequency is too low to be statistically reliable. In summary, in differentiating 

adipocytes (d3) of rs6712203-C risk allele carriers, increased lipid production and less sugars are found 

compared to adipocytes of rs6712203-T non-risk allele carriers. 

Next, mass difference enrichment analysis (MDEA) was performed based on all 18205 metabolites. 

Here, an upregulation of reaction products of enzymes involved in glycerophospholipid synthesis were 

observed in early adipogenesis (phase 1) of rs6712203-C risk allele pre-adipocytes including synthesis 

of PC, synthesis of PE, inositol phosphate metabolism, synthesis of PIPs at the plasma membrane, 

synthesis of PIPs at the endosome membrane and PI metabolism (Fig. 15C). In addition, overall 
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metabolism appears to be increased in early adipogenesis in rs6712203-C risk allele carriers. This is 

indicated by the annotations nucleotide catabolism, metabolism of amino acids and derivatives, 

glycolysis, fatty acyl-CoA biosynthesis and carnitine synthesis (Fig. 15C). Carnitine is produced in the 

human body from the amino acid lysine and methionine. Interestingly, it is involved in fatty acid 

metabolism and mediates the transport of fatty acid chains into the mitochondrial matrix so that 

adipocytes can burn off fat and obtain energy from the stored fat reserves (Pekala et al. 2011). In 

phase 2, reaction prodcuts of phospholipid metabolism, sphingolipid metabolism, glycosphingolipid 

metabolism, peroxisomal lipid metabolism, fatty acid metabolism, glycerophospholipid biosynthesis 

and acyl chain remodelling of phospholipids indicates were upregulated in Phase (d3 – d14) of risk 

allale rs6712203-C, which can be summarized as phospholipid metabolism (Fig. 15D). The reaction 

products of cholesterol biosynthesis, metabolism of steroid hormones and bile acid and bile salt 

metabolism were also upregulated in phase 2 and can be grouped together as steroid metabolism 

(Fig. 15D).  

 These findings collectively imply that risk pre-adipocytes initiate lipid production early during 

differentiation, while the ability to remodel the cellular skeleton, particularly actin-related processes, 

is diminished in late differentiation (Phase 2). This suggests a fundamental shift in metabolic priorities 

and cellular activities as pre-adipocytes progress through differentiation phases, with potential 

implications for adipocyte function and metabolism. 

In conclusion, primary metabolism and glycerophospholipids synthesis are upregulated in early 

adipogenesis (phase 1) and phospholipid and steroid metabolism is increased in late adipogenesis 

(phase 2 ). 

Table 17 Comparison of compounds classes enrichment analysis outcomes and Mass- differences in Phase 1 and Phase 2. 

In Phase 1 indicated a strong increase in lipid metabolism, while in Phase 2, the ORA results were irrelevant. In Phase 1, Up-
regulated mass- differences were TCA, Glycolysis and IP metabolism, while in Phase 2, Steroid metabolism and phospholipid 
metabolism were Up-regulated mass-differences. 

Risk Allele Carriers Compounds(HMDB) Mass Differences 

Phase 1 

(d0-3 to d3) 
Glucose/ Organooxygen ↓ 

Prenol lipids ↑ 

Glycerophosphoilipids ↑ 

Steroids ↑ 

TCA↑ 

Glycolysis ↑ 
IP metabolism ↑ 

Phase 2 

(d3 to d14) 
Resulting from flavonoids 

Frequency of compound classes too low 
for statistical reliability 

Steroid metabolism↑ 

Phospholipid metabolism↑ 
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The Mass Difference Enrichment Analysis (MDEA) of enzyme-annotated mass differences on 

metabolome data reveals intriguing insights into the metabolic changes occurring during different 

phases of pre-adipocyte differentiation, particularly in relation to risk pre-adipocytes (PACs). In more 

detail, the findings were as follows: 

In Phase 1, several metabolic pathways showed upregulation, including the tricarboxylic acid (TCA) 

cycle, glycolysis, inositol phosphate (IP) metabolism, and primary metabolism. Conversely, these 

pathways were downregulated in Phase 2. Notably, IP metabolism is closely linked to the biosynthesis 

of myotubulin and actin, suggesting increased cellular activity in Phase 1. 

On the other hand, steroid metabolism and lipid metabolism exhibited a contrasting pattern. They 

were downregulated in Phase 1 but upregulated in Phase 2. These results suggest a dynamic shift in 

metabolic processes during pre-adipocyte differentiation. 

Mass Difference Enrichment Analysis clearly showed that in Phase 1 the metabolism of risk pre-

adipocytes is characterized by active primary metabolism, faster lipid production, and an intact actin-

related metabolism. This suggests that Phase 1 is marked by heightened cellular activity, efficient 

energy production (TCA and glycolysis), and actin-related processes. 

Conversely, in Phase 2, primary metabolism, including TCA and glycolysis, and actin-related processes 

are downregulated, while the metabolism of lipids and steroids is enhanced. This shift indicates a 

change from active energy production to a focus on lipid and steroid production, potentially 

associated with later stages of adipocyte differentiation. 

The supplementary tables in the APPENDICES illustrate the over-represented mass-differences 

associated with the upregulation and downregulation of products in the risk allele carriers. Phase 

1(d0-3 - d3) and Phase 2 (d3 - d14). 
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Figure 15 - Metabolomic changes in rs6712203-C risk allele adipocytes. 
A Scheme of the used bioinformatical analysis strategy. Adipocyte differentiation was separated in two phases, 
where phase 1 lasts from d0-3 to d3 and phase 2 from d3 to d14. First, differences of metabolites of 
differentiating pre-adipocytes (d3) and pre-adipocytes (d0-3) were calculated per genotype for phase 1. For 
phase 2, differences of metabolites of mature adipocytes (d14) and differentiating pre-adipocytes (d3) were 
calculated per genotype. B Over-Representation Analysis of HMDB compound classes in phase 1 in rs6712203-C 
risk allele carriers compared to rs6712203-T non-risk allele carriers. In rs6712203-C risk allele carriers 
upregulated compound classes are shown in blue and downregulated compound classes are depicted in grey. C-
D Mass difference enrichment analysis of phase 1 shows upregulated C and downregulated D reaction products 
in rs6712203-C risk allele carriers. EM: endosome membrane; PC: Phosphatidylcholin; PE: 
Phosphatidylethanolamin; PI: phosphatidylinositol; PIP: Phosphoinositide; PL: phospholipid; PM: plasma 
membrane 
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4 DISCUSSION  

This study delves into an extensive examination of adipocyte differentiation, marker gene expression, 

and metabolomic profiles, employing in-vitro techniques to scrutinize adipocytes isolated from two 

distinct groups: obese individuals carrying the rs6712203 risk allele (C) and non-risk allele (T) carriers. 

The aim was to decipher potential variations in these adipocytes, particularly those with the risk allele, 

to gain a deeper understanding of their metabolic characteristics. 

Remarkably, the morphological aspects and marker-gene expressions within adipocytes obtained from 

obese women, regardless of their allele type (rs6712203-C risk or rs6712203-T non-risk), exhibited no 

noticeable distinctions. This observation suggests that at the structural and gene-expression levels, 

these cells appear quite similar. 

However, the metabolomic analyses uncovered striking disparities. During the early stages of 

adipocyte development (d0-3 to d3), pre-adipocytes of rs6712203-C risk allele displayed a notable 

reduction in glucose and a simultaneous increase in lipid production, as illustrated in Figure 15B. This 

finding implies a shift in metabolic priorities towards enhanced lipid production in risk-allele carriers 

during the early phases of adipogenesis.  

Glycerophospholipids increased, and according to MDEA results, there was also glycerophospholipid 

conjugation with sugars, which are organic oxygen species, leading to their decrease. Sugar-modified 

glycerophospholipids always have implications for the extracellular matrix, meaning they play a role in 

signalling as well as cell-cell contact. 

Furthermore, these pre-adipocytes carrying the rs6712203-C risk allele exhibited an upregulation of 

reaction products of enzymes in the early phase, such as TCA (Citrate Cycle), glycolysis, IP (Inositol 

Phosphate) metabolism, primary metabolism, faster lipid production, and intact actin-related 

metabolism compared to their rs6712203-T non-risk allele counterparts, as depicted in Figure 15C. 

This therefore also suggests a more robust metabolic state during early adipocyte differentiation. 

When the differentiation process reached the late phase (d3 to d14), a notable upregulation in both 

fat and steroid metabolism was observed in adipocytes carrying the rs6712203-C risk allele, as 

indicated in Figure 15D. This points to significant alterations in the metabolic pathways associated 

with fat and steroid metabolism in risk-allele carriers. 

In conclusion, this comprehensive analysis highlights the complex interplay of genetic variations and 

metabolic processes in adipocytes. While morphological and marker-gene expression remained 

consistent between the two allele groups, the metabolomic data revealed substantial differences, 
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particularly in early adipogenesis, suggesting that the presence of the rs6712203-C risk allele 

significantly affects the metabolic characteristics of adipocytes, and may ultimately contribute to our 

understanding of the metabolic factors associated with obesity, although the detailed picture of the 

metabolic alterations remains to be elucidated.  

4.1 COBLL1 and adipogenesis 

The morphological changes from flat fibroblast-like pre-adipocytes to round shaped mature 

adipocytes during adipogenesis is accompanied by changes in cytoskeletal organization and contacts 

with the ECM (Kawaguchi et al. 2003). Pre-adipocytes possess long organised filamentous actin (F-

actin) stress fibres which are localised at the cell bottom and are in contact with the substratum 

(Kanzaki & Pessin 2001). In contrast to that, mature adipocytes display a dense layer of F-actin on the 

cell cortex, which coats the inside of the plasma membrane and is known as cortical actin (Kanzaki & 

Pessin 2001). In other words, cytoskeletal remodelling from F-actin stress fibres to cortical actin is a 

necessary step for adipocyte differentiation (Yang, Thein, Wang, et al. 2014; Kanzaki & Pessin 2001). 

This cytoskeleton remodelling is organized by two independently regulated processes: the degradation 

of stress fibres and the formation of cortical actin (Yang, Thein, Wang, et al. 2014). Several actin-

binding proteins (ABPs) control the linear elongation (polymerization), shortening (depolymerization) 

and architectural organisation of actin filaments in response to environmental stimuli (Stossel et al. 

2006). It could be shown that the disruption of stress fibres is mediated by the actin-severing protein 

cofilin-1 (Yang, Thein, Wang, et al. 2014). The formation of cortical actin starts with the aggregation of 

F-actin patches at the cell cortex which is mediated by the actin-related protein 2/3 (Arp2/3) complex 

(Yang, Thein, Lim et al. 2014). Furthermore, cortical actin assembly is mediated through activation of 

the small GTPases Rac, Rho and Cdc42 (Jaffe & Hall 2005).  

The cytoskeletal remodelling during adipogenesis is important for adipocyte function involving lipid 

storage in lipid droplets (Orlicky et al. 2013; Smas & Sul 1995) and glucose uptake by GLUT4 

translocation through the plasma membrane (Kanzaki & Pessin 2001). Adipocytes from rs6712203-C 

risk allele carriers reveal no morphological changes examined by microscopy and form the same 

amount of fat compared to adipocytes from rs6712203-T non-risk allele carriers. In a previous study, 

COBLL1 knockdown in primary human adipose-derived stromal cells (hASC) revealed the presence of 

actin stress fibers and the absence of cortical actin in in vitro derived mature adipocytes (Glunk et al., 

2023). Furthermore, stable repression experiments with shRNAS directed against COBLL1 in the 

Simpson–Golabi–Behmel syndrome (SGBS) cells, revealed lower amounts of lipids in shCOBLL1 

adipocytes compared to control cells. In contrast to these findings with artificial COBLL1 knockdowns, 
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rs6712203-C risk allele adipocytes revealed no significant differences in lipid production (Fig. 13C, D). 

Furthermore, metabolites of steroid and fat metabolism were upregulated in mature rs6712203-C risk 

allele adipocytes (phase 2) and were downregulated in pre-adipocytes (phase 1) (Fig. 15D). 

Surprisingly, the metabolites in phosphatidylinositol (PI) metabolism were strikingly elevated in 

rs6712203-C risk allele pre-adipocytes (Fig. 15C). Polyphosinositides are known to promote actin 

polymerization by removing capping proteins from barbed ends (Stossel et al. 2006). In addition, the 

interaction of N-WASP with PIP2 together with the activated Rho proteins Cdc42 and TC10 was shown 

to expose the VCA domain of N-WASP, which subsequently activates the Arp2/3 complex (Kanzaki et 

al. 2002; Prehoda et al. 2000; Rohatgi et al. 1999). The Arp2/3 complex is responsible for actin 

nucleation, which is the formation of new actin filaments from actin monomers (Welch & Mullins 

2002). The data may suggest that the adipocyte upregulates PI metabolism to compensate for the 

missing or reduced signals induced by COBLL1. A limitation of the present work is that no qPCR or 

Western blot was performed to check the expression of COBLL1 (Glunk et al., 2023). Differences in 

expression may exist between the rs6712203-C risk allele carriers or the reduction of COBLL1 may not 

be as drastic as in the knockdown studies with SGBS cells. The differences in COBLL1 expression 

between the carriers of the risk allele in fat production support this assumption. Patient 3 showed low 

fat production (intensity per 1x105 cells: 0.06), while patients 2 and 4 showed increased fat production 

(intensity per 1x105 cells: 0.12).  

Before the mechanistic studies of Glunk et al. (Glunk et al., 2023), the function of COBLL1 in the 

context of type 2 diabetes and obesity was widely unknown. The Cordon-bleu protein (COBL), which is 

a paralog of COBLL1, is able to nucleate (polymerize) and sever (depolymerize) actin filaments and, 

thereby, to promote the dynamic regulation of the actin cytoskeleton (Husson et al. 2011; Jiao et al. 

2014). Both proteins contain one or more Wiskott–Aldrich syndrome protein (WASP)-homology 2 

(WH2) domains which are found in many proteins that can alter the cytoskeleton through direct actin 

binding (Husson et al. 2011). In COBLL1, one or two WH2 domains in combination with a K region are 

sufficient for actin nucleation, while at least two WH2 domains are required for actin severing (Husson 

et al. 2011). Furthermore, the COBLL1 WH2 domain can form a complex with monomeric G-actin, 

thereby inhibiting the F- actin pointed-end growth (Husson et al. 2011). In contrast to that, COBLL1 

contains only one WH2 domain and the K-region can not be found. In prostate cancer cells, it could be 

shown that COBLL1 activate actin filamentation (Takayama et al. 2018). In accordance with this 

knowledge, COBLL1 localizes in the cytoplasm in proximity to actin filaments in in vitro differentiated 

hASC (Glunk et al., 2023). Furthermore, COBLL1 can be found in complexes with PACSIN's, which 

interact with N-WASP, an activator of Arp2/3 (Kessels & Qualmann 2004; Stark et al. 2006). 
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Nevertheless, the exact mechanism by which COBLL1 contributes to actin filamentation remains 

unclear.  

Cortical actin formation is essential for the cellular translocation of GLUT4 (Kanzaki & Pessin 2001). 

GLUT4 is an insulin-responsive glucose transporter which is stored in intra-cellular vesicles. Upon 

insulin stimulation GLUT4 is translocated from these intra-cellular vesicles to the plasma membrane 

and, thereby, mediates glucose uptake in adipocytes (Kanzaki & Pessin 2001). ORA revealed evidence 

for decreased glucose in rs6712203-C risk allele pre-adipocytes compared to rs6712203-T non-risk 

allele counterparts (Fig. 15B). This is in line with previous findings, where insulin-stimulated glucose 

uptake assays with a stable lentiviral knock down of COBLL1 in the SGBS cell line revealed a lower 

glucose uptake under basal conditions as well as no significantly increased glucose uptake after insulin 

stimulation in shCOBLL1 adipocytes (Glunk et al. 2023). This indicates that a potential reduction in 

COBLL1 expression in mature rs6712203-C risk allele adipocytes leads to a reduced glucose uptake 

and a loss of insulin sensitivity.  

4.2 COBLL1 and adipocyte marker gene expression 

Adipocytes of rs6712203-C risk allele carriers revealed distinct changes in LEP, PIK3CA, PLIN1 and 

ITGAM expression compared to adipocytes from rs6712203-T non-risk allele carriers (Fig. 14). 

Whereas PPARG2 and IRS2 showed a similar expression pattern in both genotypes. PPARG2 encodes 

for the adipocyte key TF PPARγ and it was shown that it is upregulated during adipogenesis 

(Kawaguchi et al. 2003). The missing morphological differences in adipocytes from rs6712203- C risk 

allele carriers compared to non-carriers (Fig. 13), went along with a normaly upregulated PPARG2 

during adipogenesis (Fig. 14A). In accordance with a study in which cofilin-1 expression was reduced 

via shRNAs in the murine preadipocyte cell line 3T3-L1, a diminished expression of a ABP had no 

influence on the expression of PPARG (Yang, Thein, Wang, et al. 2014). This is also in line with a study 

that has shown that it is not the expression patterns of TFs, but rather their target patterns and the 

resulting regulatory networks that are responsible for the regulation of tissue-specific processes 

(Sonawane et al. 2017). In contrast to that, in another study knocking down the actin nucleation factor 

Arp3 in 3T3-L1 cells, revealed a decrease in PPARG expression (Yang, Thein, Lim et al. 2014).  

LEP and PLIN1 are marker genes of mature adipocytes (Ghaben and Scherer, 2019). Therefore, it is not 

surprising that these two genes are not expressed in pre-adipocytes and were upregulated during 

differentiation (Fig. 14B, E). Interestingly, mature adipocytes of rs6712203-C risk allele carriers 

revealed a decreased LEP expression compared to rs6712203-T non-risk allele carriers (Fig. 14B). This 

is in accordance with a previous study from our group where COBLL1 expression was reduced via 
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shRNA in differentiated SGBS cells which also revealed a decreased LEP expression (Glunk et al. 2023). 

The exact mechanism of regulation of LEP expression in adipocytes is not yet clear, but it is likely that 

it is sensitive to hormonal and dietary signals (Zhang & Chua 2017). LEP expression is suppressed by 

growth hormone and catecholamines, which are both involved in the induction of lipolysis (Asada et al 

2000; Isozaki et al. 1999; Kosaki et al. 1996; Scriba et al. 2000; Sivitz et al. 1999; Trayhurn et al. 1996). 

In accordance with that, LEP expression is increased by antilipolytic agents such as prostaglandin E2 

(PGE2) (Fain et al. 2000a; Fain et al. 2000b). Furthermore, insulin and glucocortioids also stimulate LEP 

expression (Bradley & Cheatham 1999; Russell et al. 1998; Saladin et al. 1995; Slieker et al. 1996; 

Wabitsch, M & Hauner, H, et al. 1996). Likewise, long chain fatty acids have been shown to inhibit LEP 

expression in 3T3-L1 adipocytes (Rentsch & Chiesi 1996; Shintani et al. 2000). Furthermore, the 

transcription factor FOSL2 was shown to mediate the adipocyte-specific LEP expression which could 

be a candidate for mediating the effect of adipocyte size on LEP expression (Wrann et al. 2012). Since 

FOSL2 levels are not affected by nutritional changes such as 24-h fasting and refeeding, it is not likely 

to be involved in the nutritional regulation of LEP expression (Wrann et al. 2012). 

In contrast to LEP expression, PLIN1 was upregulated in differentiating pre-adipocytes of rs6712203-C 

risk allele carriers compared to rs6712203-T non-risk allele carriers, whereas its expression was 

equally in mature adipocytes (Fig. 14E). This is in line with the per eye observation, that differentiating 

pre-adipocytes of rs6712203-C risk allele carriers produced more lipid droplets in this early 

differentiation stage (data not obtained via Oil Red O staining), since PLIN1 is involved in the formation 

of lipid droplets (Patel et al. 2022). In contrast, mature adipocytes derived from in vitro differentiated 

SGBS cells with COBLL1 knockdown mediated by shRNAs showed reduced levels of PLIN1 protein, 

which was associated with a reduced capacity for lipolysis (Glunk et al. 2023). Although gene 

expression does not always mean protein expression, since regulation can also take place at the 

protein level, for example through ubiquination, there seems to be serious changes in the 

differentiating pre-adipocytes. Although the overall transcriptional regulation of PLIN1 is still 

incompletely defined, it has already been shown that the transcription factors PPARG, NFkappaB and 

LXRA regulate PLIN1 transcription (Dalen et al. 2004; Laurencikiene et al. 2007; Stenson et al. 2011). 

Since PPARG expression is not affected in adipocytes from rs6712203-C risk allele carriers, one of the 

other two TFs or another epigenetic modification may be responsible for PLIN1 upregulation. 

Epigenetic modifications are all influences on gene expression and chromosome structure that are not 

mediated by changes in the DNA sequence (Li 2002). There was one study that showed that CpG 

methylation of the PLIN1 promoter was higher in adipocytes from obese women than in non-obese 

women (Bialesova et al. 2017). Since higher promoter methylation is associated with low or absent 

transcription (Suzuki & Bird, 2008), PLIN1 promoter methylation resulted in a decrease in PLIN1 
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expression and lipolytic activity (Bialesova et al. 2017). Interestingly, external factors such as diet and 

physical activity have an influence on DNA methylation (Boqué et al. 2013; Rönn et al. 2013; Gillberg 

et al. 2016). 

In a previous study from our group, it could be shown that COBLL1 is co-expressed with ITGAM and 

PIK3CA using genome-wide expression data from primary human AMSCs in a cohort of 12 healthy, 

non-obese individuals (Glunk et al. 2023). In line with this, ITGAM and PIK3CA showed a similar 

expression pattern in adipogenesis. Both genes were upregulated in early adipogenesis and 

downregulated in mature adipocytes (Fig. 14D, F). Surprisingly, both genes were upregulated in early 

adipogenesis in pre-adipocytes from CC risk allele carriers compared to rs6712203-T non-risk allele 

carriers. ITGAM encodes for the integrin CD11b, which forms integrin Mac-1 together with the integrin 

CD18. Since Mac-1 is predominantly expressed on the surface of myeloid cells, not much is known 

about its role or regulation in adipocytes (Fagerholm et al. 2013). PIK3CA encodes the α-isoform of the 

catalytic subunit of PI3K, which catalyses the phosphorylation of PIP2 to PIP3 and is a master regulator 

of cell survival and metabolism. Furthermore, the PI3K/AKT pathway has been shown to regulate both 

the differentiation of adipose progenitor cells and the progression of adipogenesis through the 

translocation of downstream TFs (Jeffery et al. 2015; Nagai et al. 2018). Since PI3K is involved in 

mediating gene regulation through TF translocation, the question may arise whether the upregulation 

of PIK3CA in differentiating preadipocytes together with the upregulation of PI metabolism in early 

adipogenesis, is a mechanism to compensate for missing signals mediated by COBLL1 (Fig. 15C).  

In summary, the expression of PPARG2 and IRS2 was not affected by COBLL1, but COBLL1 ablation had 

an effect on the expression of LEP, PIK3CA, PLIN1 and ITGAM. The question that arises here is whether 

COBLL1 has a direct effect on gene regulation of these genes or whether its absence has an effect on 

metabolism, which in turn affects adipocyte expression. In addition to being localised in the 

cytoplasm, COBLL1 is also found in cell nuclei (Glunk et al. 2023). The presence of actin and actin 

nucleation factors in the nucleus leads to the assumption that they may be involved in the remodelling 

of chromatin and the regulation of gene transcription (Weston et al. 2012). In line with this, the 

monomeric G-actin seems to play a role in adipogenesis. When G-actin is bound to megakaryoblastic 

leukaemia 1 (MLK1), it can not be translocated to the nucleus and thus PPARG expression is increased 

(Nobusue et al. 2014). In addition, the shuttling of proteins between the nucleus and lipid droplets is a 

novel and potentially crucial regulatory level that connects transcriptional control and metabolic 

pathways in white adipocytes (Morigny et al. 2021). 
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4.3 COBLL1 and adipocyte metabolism 

Metabolites are the end products of cellular regulatory systems, thus changes in metabolites reflect 

the response to intrinsic and extrinsic signals (Patti et al. 2012). White adipocytes are specialised in 

metabolism, especially in storing chemical energy in the form of triacylglycerol (TAG) and releasing it 

in the form of FAs (Morigny et al. 2021). Furthermore, they link glucose metabolism pathways to lipid 

metabolism, particularly through the de novo synthesis of FAs and glycerol. White adipocytes, through 

their metabolism, control the secretion of proteins and lipids that have local and systemic effects on 

insulin sensitivity and inflammation (Morigny et al. 2021). Changes in adipocyte metabolism lead to 

dysfunctions that can affect the whole organism. In accordance with that, it has been shown that 

hypertrophic adipocytes have defects in glucose metabolism (Czech 1976). The hypertrophic 

adipocyte phenotype is associated with an adverse cardiometabolic profile (Rutkowski et al. 2015; 

Tandon et al. 2018); Honecker, J, et al, 2022). 

Glycerophospholipids (GPL) and sphingolipids are the two classes of phospholipids (PL), which are 

both important components of all cell membranes (Reddan et al. 2018). GPLs usually consist of a 

glycerol backbone which contains three hydroxyl groups (sn-1, sn-2, and sn-3). The phosphate group is 

esterified at sn-3, whereas the two long-chain FAs are esterfied at sn-1 and sn-2 (Castro-Gómez et al. 

2015). Due to their amphiphilic characteristic, they can form lipid bilayers. The phosphate group 

located at sn-3 forms the hydrophilic head of the GPL molecule, while the FAs attached to sn-1 and sn-

2 form the hydrophobic tail (Castro-Gómez et al. 2015). GPLs also serve as anchors for proteins in cell 

membranes and are involved in cell signalling systems. Known glycerophospholipids are phosphatidic 

acid (PA), phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS) and 

phosphoinositides including phosphatidylinositol (PI), phosphatidylinositol phosphate (PIP), 

phosphatidylinositol bisphosphate (PIP2) and phosphatidylinositol trisphosphate (PIP3). 

Phosphoinositides act as master regulators of cellular signalling involved in cell growth, metabolism 

and cell death (Balla et al. 2013). Prenol lipids (PR) or isoprenoids are synthesised from the five carbon 

precursors isopentenyl diphosphate (IPP) and its isomer dimethylallyldiphosphate (DMAPP), which are 

mainly generated via the mevalonic acid (MVA) pathway and the methylerythritol phosphate (MEP) 

pathway (Zhao et al. 2013). PR and their phosphorylated derivatives play an important role in the 

transport of oligosaccharides through membranes. Polyprenol phosphate sugars and polyprenol 

diphosphate sugars are involved in extracytoplasmic glycosylation reactions and N-glycosylation of 

proteins. Interestingly, the C30 isoprenoid squalene is the starting substrate of the cholesterol 

biosynthesis pathway (Mazein et al. 2013). Squalene epoxidase (SQLE), also called squalene 

monooxygenase is the enzyme that catalyzes the conversion of squalene into squalene-2,3-epoxide 
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and the conversion of squalene-2,3-epoxide (2,3-oxidosqualene) into 2,3:22,23-diepoxysqualene 

(2,3:22,23-dioxidosqualene). Both reactions take place at the membrane of the endoplasmic 

reticulum, and this is thought to be one of the rate-limiting steps in this metabolic pathway (Nagai et 

al. 1997). This indicates that SQLE is the slowest enzyme in the pathway and its regulation alone 

determines how much cholesterol is produced at the end. 

This thesis discovered distinct metabolomic changes in adipogenesis of rs6712203-C risk allele carriers 

(Fig. 15). ORA results revealed a strong increase of steroids and steroid derivates, 

glycerophospholipids and prenol lipids and a decrease of carbohydrates and carbohydrate conjugates 

in early adipogenesis of rs6712203-C risk allele carriers (Fig. 15B). MDEA results point to a higher 

metabolomic activity combined with increased metabolites of GPL synthesis pathways in early 

adipogenesis of rs6712203-C risk allele carriers (Fig. 15C). In late adipogenesis, MDEA revealed an 

enrichment of metabolites of phospholipid and steroid metabolism in rs6712203-C risk allele carriers 

(Fig. 15D). First of all, it is important to mention that for the ORA only the HMDB annotated 

metabolites were used, which account for only 13 % of all detected metabolites. In both analyses, 

metabolites of GPL synthesis pathways were enriched. It also makes sense that organooxygen 

compounds are decreased as they are metabolised by glycolysis and the tricarboxylic acid cycle (TCA). 

In addition, proteins and lipids can also be modified by the addition of sugars, which is referred to as 

glycosylation (Reily et al. 2019). Glycosylated haemoglobin (HbA1c), for instance, is a surrogate for 

average blood glucose levels over the last 3 months and is used to monitor long-term management of 

diabetes (Cerami et al. 1979). Furthermore, pathogenesis of diabetes is associated with abnormal O-

linked N-acetylglucosamine-mediated signalling and increased glycation of several proteins (Reily et al. 

2019). What seems to be contradictory at first sight are the results of ORA and MDEA regarding the 

accumulation of steroid metabolites. ORA showed an enrichment of steroid metabolites, whereas 

these were decreased in MDEA in early adipogenesis. The HMDB annotation file shows for the 

enriched steroids mainly versions of steroid hormones mostly sex hormone derivatives. In contrast, 

the declining steroids are mainly larger conjugates that could also be bile acids (Figure 15D). A uniprot 

analysis of the steroid enzymes whose products go down in early adipogenesis show that they are 

located centrally or at the end of the cholesterol biosynthesis pathway including lathosterol oxidase 

(SC5DL), sterol-4-alpha-carboxylate 3-dehydrogenase, decarboxylating (NSDHL), cholesterol 25-

hydroxylase (CH25H), lanosterol 14-alpha demethylase (CYP51A1), cytochrome P450, family 27, 

subfamily A, polypeptide 1 (CYP27A1), Cytochrome P450, family 7, subfamily A, polypeptide 1 

(CYP7A1), methylsterol monooxygenase 1 (MSMO1) and cytochrome P450 46A1 (CYP46A1). As 

mentioned earlier, SQLE, the first enzyme in this metabolic pathway, is the rate-limiting enzyme (Nagai 

et al. 1997). If in a pathway the enzymes downstream of the rate-limiting enzyme are upregulated, 
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then the reaction products downstream of SQLE are reacted away much faster than SQLE can produce 

squalene-2,3-epoxide and 2,3:22,23-diepoxysqualene. This indicates that all metabolic products that 

are between squalene-2,3-epoxide and 2,3:22,23-diepoxysqualene and cholesterol are almost 

immediately converted into cholesterol. Therefore, they hardly appear at all, because they are 

immediately processed further. In this case, the downregulation of the metabolites implies an 

upregulation of the metabolic pathway. In pathways where the rate limiting enzyme is at the end, and 

not at the beginning like SQLE, the metabolites accumulate before the rate limiting enzyme depending 

on the activity of the enzymes that produce them. In this case, up-regulation of metabolites also 

implies up-regulation of the respective enzymes. This is the case with GPLs, they are more or less the 

end points of the pathways which means GPLs are hardly metabolized further and accumulate. Near 

its role in cell membrane formation, they mediate cellular signalling and cell-cell contacts (Reily et al. 

2019). Thus, changes in GPL metabolism can have a huge impact. As discussed earlier, PIs play a role in 

actin remodelling. PIs interact directly with many actin-binding proteins, control the subcellular 

localization of larger scaffolding proteins, and regulate proteins which control the activity of Rho 

family small GTPases (Saarikangas et al. 2010).  

Another study examined the effects of ablated COBLL1 expression in serum (Al Sadat, unpublished 

data). Metabolomic analysis were performed of serum samples taken 0, 60 and 120 minutes after an 

OGTT of selected patients with rs6712203 risk and non-risk alleles. The results of the metabolomic 

measurements at the three time points, were divided into two effects with effect 1 describing the 

metabolic differences between the starting point (0 min) and 60 min and effect 2 the metabolic 

differences between 60 min and 120 min. Surprisingly, ORA also revealed an upregulation of steroids 

and steroid derivatives and glycerophospholipids in effect 1 in rs6712203-C risk allele carriers. 

Furthermore, steroids and steroid derivatives were also upregulated in effect 2 in rs6712203-C risk 

allele carriers. Interestingly, they performed MDEA mapping the mass differences to a list of eleven 

COBLL1 co-regulated genes and could detect the mass differences related to PPARG, PLIN5 and ILK. 

The same approach was performed with the data of this thesis, but there were no relations to these 

genes. This is not surprising, as adipocyte metabolites were determined in the present study and 

blood plasma from cohort participants in the former study. One major difference is that people 

participating in a cohort eat and drink different things and are exposed to many other influences, 

whereas cell culture allows for the same defined conditions. Furthermore, blood plasma samples 

would more match cell culture medium rather than cells, if at all, so the results are difficult to 

correlate. Nevertheless, phospholipids, sphingomyelins and triglycerides in blood or urine samples 

have been linked to insulin resistance and type 2 diabetes in humans (Wang et al. 2011; Salihovic et al. 

2020). 
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In summary, this work provides exciting insights into the metabolic changes of adipocytes of 

rs6712203-C risk allele carriers and offers a basis for the search for possible therapeutic approaches.  
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5 OUTLOOK 

 

Type 2 diabetes (T2D) is a chronic metabolic disease whose prevalence is steadily increasing at an alarming 

rate. The main priorities in T2D research are to improve risk prediction and identify new molecular 

therapeutic targets. Identification of currently unknown molecular mechanisms of T2D pathogenesis could 

act as novel treatment targets. Adipocyte metabolism offers promising targets for the treatment of T2D 

as well as associated cardiovascular disease and cancer-related disorders.  

This thesis provides unprecedented insight into the metabolic changes of adipocytes from s6712203-C risk 

allele carriers. In early adipogenesis, basic and glycerophospholipid metabolism are upregulated and 

phospholipid and steroid metabolisms are increased in late adipogenesis of rs6712203-C risk allele 

carriers. The metabolic data indicate a link between prenol lipid metabolits and cholesterol biosynthesis, 

which should be further validated. First, expression of cholesterol biosynthesis enzymes with 

downregulated metabolites (CH25H; CYP27A1; YP46A1; CYP51A1; CYP7A1; MSMO1; NSDHL and SC5DL) 

can be validated via qPCR and Western Blot. If the results are in line with the metabolic data, cell culture 

studies with inhibitors of the respective targets could be performed. If the treatment with inhibitors 

produces results in cell culture, a suitable mouse model could be developed for further studies.  

Furthermore, it is essential to investigate COBLL1 expression in individual samples and to increase sample 

size. F-actin staining may shed light on the unresolved question of why lipid droplet production was 

possible even though glucose uptake appeared to be impaired in rs6712203-C risk allele adipocytes. 

Another interesting study would be the Oil Red O staining three days after differentiation, to see if the 

increased lipid metabolites also have an effect on increased fat droplet production. Since white adipocyte 

size and turnover determine systemic insulin sensitivity and cardiometabolic risk in humans, it would be 

interesting to investigate whether there is also a change in size and turnover of rs6712203-C risk allele 

adipocytes. 

To unravel the mysteries of the pathogenesis of various diseases, an approach combining genetics, 

gene expression (transcriptomics), protein analysis (proteomics) and metabolite analysis 

(metabolomics) would be desirable. With the development of high-throughput metabolomics 

technologies over the last decade, this approach may be feasible in the future. Another desirable step 

would be to transfer these analyses from cell culture models to the human organism. While studies in 

cultures are very useful, the cells do not grow in their natural environment, where they are additionally 

surrounded by other cells with which they might interact and be influenced by their metabolites. 
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6 COLLABORATIONS 

PAC Isolation 

Subcutaneous PACs were isolated and cryopreserved in the Department of Nutritional Medicine at 

TUM as described in Chapters 2.3 to 2.8 of this work. 

Genotyping 

Genotyping of the MOBB samples was partly carried out by Samantha Laber at the Broad Institute of 

Harvard Medical School and partly by me at the facilities of the Chair of Nutritional Medicine at the 

TUM using the LightSNIP assay for the analysis of human variation rs6712203. For details see Chapter 

2.3. 

DI-FT-ICR/MS sample measurements and Bioinformatics 

DI-FT-ICR/MS sample measurements and bioinformatic analysis of the DI-FT-ICR/MS data were 

performed with the help of Dr Sara Forcisi from the laboratory of Analytical Biogeochemistry (BGC) at 

the Helmholtz Center Munich as described in Chapter 2.9 of this work. 
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APPENDICES 

Supplementary table 1: Enzymes of up-regulated metabolites in phase 1 and down-regulated metabolites in phase 2 

 

Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

Q9Y216 MTMR7 Myotubularin-related protein 7 (Inositol 1,3-bisphosphate phosphatase) (EC 3.1.3.-) 
(Phosphatidylinositol-3-phosphate phosphatase) (EC 3.1.3.64) 

-13,93 

Q9UNW1 MINPP1 MIPP 
UNQ900/PRO1917 

Multiple inositol polyphosphate phosphatase 1 (EC 3.1.3.62) (2,3-bisphosphoglycerate 3-
phosphatase) (2,3-BPG phosphatase) (EC 3.1.3.80) (Inositol (1,3,4,5)-tetrakisphosphate 3-
phosphatase) (Ins(1,3,4,5)P(4) 3-phosphatase) 

-13,23 

Q9NPB8 GPCPD1 GDE5 KIAA1434 Glycerophosphocholine phosphodiesterase GPCPD1 (EC 3.1.4.2) (Glycerophosphodiester 
phosphodiesterase 5) 

-13,21 

O95336 PGLS 6-phosphogluconolactonase (6PGL) (EC 3.1.1.31) -12,94 

O43598 DNPH1 C6orf108 RCL 2’-deoxynucleoside 5’-phosphate N-hydrolase 1 (EC 3.2.2.-) (c-Myc-responsive protein RCL) -12,83 

Q8WTR4 GDPD5 GDE2 PP6037 
PP9363 
UNQ1850/PRO3580 

Glycerophosphodiester phosphodiesterase domain-containing protein 5 (Glycerophosphocholine 
phosphodiesterase GDPD5) (EC 3.1.4.2) (Glycerophosphodiester phosphodiesterase 2) 
(Phosphoinositide phospholipase C GDPD5) (EC 3.1.4.11) 

-12,83 

Q9BW91 NUDT9 NUDT10 
PSEC0099 
UNQ3012/PRO9771 

ADP-ribose pyrophosphatase, mitochondrial (EC 3.6.1.13) (ADP-ribose diphosphatase) (ADP-
ribose phosphohydrolase) (Adenosine diphosphoribose pyrophosphatase) (ADPR-Ppase) 
(Nucleoside diphosphate-linked moiety X motif 9) (Nudix motif 9) 

-11,43 

P04035 HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reductase) (EC 1.1.1.34) -11,00 

Q13615 MTMR3 KIAA0371 
ZFYVE10 

Myotubularin-related protein 3 (EC 3.1.3.48) (FYVE domain-containing dual specificity protein 
phosphatase 1) (FYVE-DSP1) (Phosphatidylinositol-3,5-bisphosphate 3-phosphatase) (EC 3.1.3.95) 
(Phosphatidylinositol-3-phosphate phosphatase) (EC 3.1.3.64) (Zinc finger FYVE domain-
containing protein 10) 

-10,34 

Q13057 COASY PSEC0106 Bifunctional coenzyme A synthase (CoA synthase) (NBP) (POV-2) [Includes: Phosphopantetheine -10,13 
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Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

adenylyltransferase (EC 2.7.7.3) (Dephospho-CoA pyrophosphorylase) (Pantetheine-phosphate 
adenylyltransferase) (PPAT); Dephospho-CoA kinase (DPCK) (EC 2.7.1.24) (Dephosphocoenzyme A 
kinase) (DPCOAK)] 

Q16222 UAP1 SPAG2 UDP-N-acetylhexosamine pyrophosphorylase (Antigen X) (AGX) (Sperm-associated antigen 2) 
[Includes: UDP-N-acetylgalactosamine pyrophosphorylase (EC 2.7.7.83) (AGX-1); UDP-N-
acetylglucosamine pyrophosphorylase (EC 2.7.7.23) (AGX-2)] 

-10,08 

Q9HCC8 GDPD2 GDE3 OBDPF 
UNQ1935/PRO4418 

Glycerophosphoinositol inositolphosphodiesterase GDPD2 (EC 3.1.4.43) (Glycerophosphodiester 
phosphodiesterase 3) (Glycerophosphodiester phosphodiesterase domain-containing protein 2) 
(Osteoblast differentiation promoting factor) 

-9,96 

P15309 ACP3 ACPP Prostatic acid phosphatase (PAP) (EC 3.1.3.2) (5’-nucleotidase) (5’-NT) (EC 3.1.3.5) (Acid 
phosphatase 3) (Ecto-5’-nucleotidase) (Protein tyrosine phosphatase ACP3) (EC 3.1.3.48) 
(Thiamine monophosphatase) (TMPase) [Cleaved into: PAPf39] 

-9,85 

Q13496 MTM1 CG2 Myotubularin (Phosphatidylinositol-3,5-bisphosphate 3-phosphatase) (EC 3.1.3.95) 
(Phosphatidylinositol-3-phosphate phosphatase) (EC 3.1.3.64) 

-9,79 

Q13574 DGKZ DAGK6 Diacylglycerol kinase zeta (DAG kinase zeta) (EC 2.7.1.107) (Diglyceride kinase zeta) (DGK-zeta) -9,43 

Q8TCT1 PHOSPHO1 Phosphoethanolamine/phosphocholine phosphatase (EC 3.1.3.75) -9,27 

Q9Y617 PSAT1 PSA Phosphoserine aminotransferase (EC 2.6.1.52) (Phosphohydroxythreonine aminotransferase) 
(PSAT) 

-8,70 

O75356 ENTPD5 CD39L4 PCPH Ectonucleoside triphosphate diphosphohydrolase 5 (NTPDase 5) (EC 3.6.1.6) (CD39 antigen-like 4) 
(ER-UDPase) (Guanosine-diphosphatase ENTPD5) (GDPase ENTPD5) (EC 3.6.1.42) (Nucleoside 
diphosphatase) (Uridine-diphosphatase ENTPD5) (UDPase ENTPD5) 

-8,44 

Q9NPH0 ACP6 ACPL1 LPAP 
UNQ205/PRO231 

Lysophosphatidic acid phosphatase type 6 (EC 3.1.3.2) (Acid phosphatase 6, lysophosphatidic) 
(Acid phosphatase-like protein 1) (PACPL1) 

-8,34 

Q9NR45 NANS SAS Sialic acid synthase (N-acetylneuraminate synthase) (EC 2.5.1.56) (N-acetylneuraminate-9-
phosphate synthase) (EC 2.5.1.57) (N-acetylneuraminic acid phosphate synthase) (N-
acetylneuraminic acid synthase) 

-8,32 
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Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

Q4G176 ACSF3 PSEC0197 Malonate—CoA ligase ACSF3, mitochondrial (EC 6.2.1.n3) (Acyl-CoA synthetase family member 3) -7,91 

Q6P988 NOTUM OK/SW-CL.30 Palmitoleoyl-protein carboxylesterase NOTUM (EC 3.1.1.98) (hNOTUM) -7,88 

Q86V21 AACS ACSF1 Acetoacetyl-CoA synthetase (EC 6.2.1.16) (Acyl-CoA synthetase family member 1) (Protein sur-5 
homolog) 

-7,73 

Q8TCT0 CERK KIAA1646 Ceramide kinase (hCERK) (EC 2.7.1.138) (Acylsphingosine kinase) (Lipid kinase 4) (LK4) -7,62 

P52758 RIDA HRSP12 2-iminobutanoate/2-iminopropanoate deaminase (EC 3.5.99.10) (14.5 kDa translational inhibitor 
protein) (hp14.5) (p14.5) (Heat-responsive protein 12) (Reactive intermediate imine deaminase A 
homolog) (Translation inhibitor L-PSP ribonuclease) (UK114 antigen homolog) 

-7,55 

Q96CM8 ACSF2 
UNQ493/PRO1009 

Medium-chain acyl-CoA ligase ACSF2, mitochondrial (EC 6.2.1.2) -7,34 

P54886 ALDH18A1 GSAS P5CS 
PYCS 

Delta-1-pyrroline-5-carboxylate synthase (P5CS) (Aldehyde dehydrogenase family 18 member A1) 
[Includes: Glutamate 5-kinase (GK) (EC 2.7.2.11) (Gamma-glutamyl kinase); Gamma-glutamyl 
phosphate reductase (GPR) (EC 1.2.1.41) (Glutamate-5-semialdehyde dehydrogenase) (Glutamyl-
gamma-semialdehyde dehydrogenase)] 

-7,33 

Q13613 MTMR1 Myotubularin-related protein 1 (Phosphatidylinositol-3,5-bisphosphate 3-phosphatase) (EC 
3.1.3.95) (Phosphatidylinositol-3-phosphate phosphatase) (EC 3.1.3.64) 

-7,09 

P46926 GNPDA1 GNPI HLN 
KIAA0060 

Glucosamine-6-phosphate isomerase 1 (EC 3.5.99.6) (Glucosamine-6-phosphate deaminase 1) 
(GNPDA 1) (GlcN6P deaminase 1) (Oscillin) 

-7,05 

Q8TDQ7 GNPDA2 GNP2 Glucosamine-6-phosphate isomerase 2 (EC 3.5.99.6) (Glucosamine-6-phosphate deaminase 2) 
(GNPDA 2) (GlcN6P deaminase 2) (Glucosamine-6-phosphate isomerase SB52) 

-7,05 

P49189 ALDH9A1 ALDH4 ALDH7 
ALDH9 

4-trimethylaminobutyraldehyde dehydrogenase (TMABA-DH) (TMABALDH) (EC 1.2.1.47) 
(Aldehyde dehydrogenase E3 isozyme) (Aldehyde dehydrogenase family 9 member A1) (EC 
1.2.1.3) (Gamma-aminobutyraldehyde dehydrogenase) (EC 1.2.1.19) (R-aminobutyraldehyde 
dehydrogenase) [Cleaved into: 4-trimethylaminobutyraldehyde dehydrogenase, N-terminally 
processed] 

-6,88 

P78330 PSPH Phosphoserine phosphatase (PSP) (PSPase) (EC 3.1.3.3) (L-3-phosphoserine phosphatase) (O- -6,87 
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Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

phosphoserine phosphohydrolase) 

P35520 CBS Cystathionine beta-synthase (EC 4.2.1.22) (Beta-thionase) (Serine sulfhydrase) -6,75 

P04406 GAPDH GAPD 
CDABP0047 OK/SW-
cl.12 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (EC 1.2.1.12) (Peptidyl-cysteine S-
nitrosylase GAPDH) (EC 2.6.99.-) 

-6,61 

P0C7M7 ACSM4 Acyl-coenzyme A synthetase ACSM4, mitochondrial (EC 6.2.1.2) (Acyl-CoA synthetase medium-
chain family member 4) 

-6,51 

Q96GR2 ACSBG1 BGM KIAA0631 
LPD 

Long-chain-fatty-acid—CoA ligase ACSBG1 (EC 6.2.1.3) (Acyl-CoA synthetase bubblegum family 
member 1) (hBG1) (hsBG) (hsBGM) (Lipidosin) 

-6,44 

O15327 INPP4B Inositol polyphosphate 4-phosphatase type II (Type II inositol 3,4-bisphosphate 4-phosphatase) 
(EC 3.1.3.66) 

-6,42 

Q96PE3 INPP4A Inositol polyphosphate-4-phosphatase type I A (Inositol polyphosphate 4-phosphatase type I) 
(Type I inositol 3,4-bisphosphate 4-phosphatase) (EC 3.1.3.66) 

-6,42 

Q8WUK0 PTPMT1 MOSP PLIP 
PNAS-129 

Phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1 (EC 3.1.3.27) (PTEN-like 
phosphatase) (Phosphoinositide lipid phosphatase) (Protein-tyrosine phosphatase mitochondrial 
1) (EC 3.1.3.16) (EC 3.1.3.48) 

-6,34 

P51688 SGSH HSS N-sulphoglucosamine sulphohydrolase (EC 3.10.1.1) (Sulfoglucosamine sulfamidase) 
(Sulphamidase) 

-6,26 

Q6ZVK8 NUDT18 MTH3 8-oxo-dGDP phosphatase NUDT18 (EC 3.6.1.58) (2-hydroxy-dADP phosphatase) (7,8-dihydro-8-
oxoguanine phosphatase) (MutT homolog 3) (Nucleoside diphosphate-linked moiety X motif 18) 
(Nudix motif 18) 

-6,1 

Q6ZNW5 GDPGP1 C15orf58 GDP-D-glucose phosphorylase 1 (EC 2.7.7.78) -6,07 

P11498 PC Pyruvate carboxylase, mitochondrial (EC 6.4.1.1) (Pyruvic carboxylase) (PCB) -6,04 

P16930 FAH Fumarylacetoacetase (FAA) (EC 3.7.1.2) (Beta-diketonase) (Fumarylacetoacetate hydrolase) -6,04 

Q9BVG9 PTDSS2 PSS2 Phosphatidylserine synthase 2 (PSS-2) (PtdSer synthase 2) (EC 2.7.8.29) (Serine-exchange enzyme -5,92 
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Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

II) 

Q6YP21 KYAT3 CCBL2 KAT3 Kynurenine—oxoglutarate transaminase 3 (EC 2.6.1.7) (Cysteine-S-conjugate beta-lyase 2) (EC 
4.4.1.13) (Kynurenine aminotransferase 3) (Kynurenine aminotransferase III) (KATIII) 
(Kynurenine—glyoxylate transaminase) (EC 2.6.1.63) (Kynurenine—oxoglutarate transaminase III) 

-5,89 

P23743 DGKA DAGK DAGK1 Diacylglycerol kinase alpha (DAG kinase alpha) (EC 2.7.1.107) (80 kDa diacylglycerol kinase) 
(Diglyceride kinase alpha) (DGK-alpha) 

-5,88 

Q92835 INPP5D SHIP SHIP1 Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1 (EC 3.1.3.86) (Inositol polyphosphate-5-
phosphatase D) (EC 3.1.3.56) (Inositol polyphosphate-5-phosphatase of 145 kDa) (SIP-145) 
(Phosphatidylinositol 4,5-bisphosphate 5-phosphatase) (EC 3.1.3.36) (SH2 domain-containing 
inositol 5’-phosphatase 1) (SH2 domain-containing inositol phosphatase 1) (SHIP-1) (p150Ship) 
(hp51CN) 

-5,83 

P15104 GLUL GLNS Glutamine synthetase (GS) (EC 6.3.1.2) (Glutamate—ammonia ligase) (Palmitoyltransferase GLUL) 
(EC 2.3.1.225) 

-5,77 

P00492 HPRT1 HPRT Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) (HGPRTase) (EC 2.4.2.8) -5,65 

Q9Y227 ENTPD4 KIAA0392 
LALP70 LYSAL1 

Ectonucleoside triphosphate diphosphohydrolase 4 (NTPDase 4) (EC 3.6.1.15) (EC 3.6.1.6) (Golgi 
UDPase) (Lysosomal apyrase-like protein of 70 kDa) (Uridine-diphosphatase) (UDPase) (EC 
3.6.1.42) 

-5,63 

Q9UKK9 NUDT5 NUDIX5 
HSPC115 

ADP-sugar pyrophosphatase (EC 3.6.1.13) (8-oxo-dGDP phosphatase) (EC 3.6.1.58) (Nuclear ATP-
synthesis protein NUDIX5) (EC 2.7.7.96) (Nucleoside diphosphate-linked moiety X motif 5) (Nudix 
motif 5) (hNUDT5) (YSA1H) 

-5,50 

Q8NFU5 IPMK IMPK Inositol polyphosphate multikinase (EC 2.7.1.140) (EC 2.7.1.151) (EC 2.7.1.153) (Inositol 1,3,4,6-
tetrakisphosphate 5-kinase) 

-5,46 

Q9UK39 NOCT CCR4 CCRN4L 
NOC 

Nocturnin (EC 3.1.3.108) (Carbon catabolite repression 4-like protein) -5,42 

Q9UKG9 CROT COT Peroxisomal carnitine O-octanoyltransferase (COT) (EC 2.3.1.137) -5,35 

P17050 NAGA Alpha-N-acetylgalactosaminidase (EC 3.2.1.49) (Alpha-galactosidase B) -5,22 
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Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

Q96J66 ABCC11 MRP8 ATP-binding cassette sub-family C member 11 (EC 7.6.2.2) (EC 7.6.2.3) (Multidrug resistance-
associated protein 8) 

-5,10 

Q8IVS8 GLYCTK HBEBP4 LP5910 Glycerate kinase (EC 2.7.1.31) (HbeAg-binding protein 4) -4,99 

P22234 PAICS ADE2 AIRC PAIS Multifunctional protein ADE2 [Includes: Phosphoribosylaminoimidazole-succinocarboxamide 
synthase (EC 6.3.2.6) (SAICAR synthetase); Phosphoribosylaminoimidazole carboxylase (EC 
4.1.1.21) (AIR carboxylase) (AIRC)] 

-4,97 

Q03426 MVK Mevalonate kinase (MK) (EC 2.7.1.36) -4,96 

Q08AH1 ACSM1 BUCS1 LAE 
MACS1 

Acyl-coenzyme A synthetase ACSM1, mitochondrial (EC 6.2.1.2) (Acyl-CoA synthetase medium-
chain family member 1) (Benzoate—CoA ligase) (EC 6.2.1.25) (Butyrate—CoA ligase 1) (Butyryl-
coenzyme A synthetase 1) (Lipoate-activating enzyme) (Middle-chain acyl-CoA synthetase 1) 
(Xenobiotic/medium-chain fatty acid-CoA ligase HXM-B) 

-4,93 

Q9UHJ6 SHPK CARKL Sedoheptulokinase (SHK) (EC 2.7.1.14) (Carbohydrate kinase-like protein) -4,81 

O15438 ABCC3 CMOAT2 MLP2 
MRP3 

ATP-binding cassette sub-family C member 3 (EC 7.6.2.-) (EC 7.6.2.2) (EC 7.6.2.3) (Canalicular 
multispecific organic anion transporter 2) (Multi-specific organic anion transporter D) (MOAT-D) 
(Multidrug resistance-associated protein 3) 

-4,74 

Q8N0W3 FCSK FUK L-fucose kinase (Fucokinase) (EC 2.7.1.52) -4,73 

O14734 ACOT8 ACTEIII PTE1 Acyl-coenzyme A thioesterase 8 (Acyl-CoA thioesterase 8) (EC 3.1.2.1) (EC 3.1.2.11) (EC 3.1.2.2) 
(EC 3.1.2.3) (EC 3.1.2.5) (Choloyl-coenzyme A thioesterase) (EC 3.1.2.27) (HIV-Nef-associated acyl-
CoA thioesterase) (Peroxisomal acyl-CoA thioesterase 2) (PTE-2) (Peroxisomal acyl-coenzyme A 
thioester hydrolase 1) (PTE-1) (Peroxisomal long-chain acyl-CoA thioesterase 1) (Thioesterase II) 
(hACTE-III) (hACTEIII) (I) 

-4,72 

Q9ULI2 RIMKLB FAM80B 
KIAA1238 

Beta-citrylglutamate synthase B (EC 6.3.1.17) (N-acetyl-aspartylglutamate synthetase B) (NAAG 
synthetase B) (NAAGS) (EC 6.3.2.41) (Ribosomal protein S6 modification-like protein B) 

-4,61 

Q13614 MTMR2 KIAA1073 Myotubularin-related protein 2 (Phosphatidylinositol-3,5-bisphosphate 3-phosphatase) (EC 
3.1.3.95) (Phosphatidylinositol-3-phosphate phosphatase) (EC 3.1.3.64) 

-4,57 

Q9Y217 MTMR6 Myotubularin-related protein 6 (Phosphatidylinositol-3,5-bisphosphate 3-phosphatase) (EC -4,57 



 

 
 

Page 98 

Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

3.1.3.95) (Phosphatidylinositol-3-phosphate phosphatase) (EC 3.1.3.64) 

O95477 ABCA1 ABC1 CERP Phospholipid-transporting ATPase ABCA1 (EC 7.6.2.1) (ATP-binding cassette sub-family A member 
1) (ATP-binding cassette transporter 1) (ABC-1) (ATP-binding cassette 1) (Cholesterol efflux 
regulatory protein) 

-4,54 

Q9HBH1 PDF PDF1A Peptide deformylase, mitochondrial (EC 3.5.1.88) (Polypeptide deformylase) -4,53 

P53597 SUCLG1 Succin—e--CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial (EC 6.2.1.4) (EC 6.2.1.5) 
(Succinyl-CoA synthetase subunit alpha) (SCS-alpha) 

-4,52 

Q9NPJ3 ACOT13 THEM2 HT012 
PNAS-27 

Acyl-coenzyme A thioesterase 13 (Acyl-CoA thioesterase 13) (EC 3.1.2.-) (Hotdog-fold thioesterase 
superfamily member 2) (Palmitoyl-CoA hydrolase) (EC 3.1.2.2) (Thioesterase superfamily member 
2) (THEM2) [Cleaved into: Acyl-coenzyme A thioesterase 13, N-terminally processed] 

-4,32 

P49619 DGKG DAGK3 Diacylglycerol kinase gamma (DAG kinase gamma) (EC 2.7.1.107) (Diglyceride kinase gamma) 
(DGK-gamma) 

-4,31 

Q9Y6T7 DGKB DAGK2 KIAA0718 Diacylglycerol kinase beta (DAG kinase beta) (EC 2.7.1.107) (90 kDa diacylglycerol kinase) 
(Diglyceride kinase beta) (DGK-beta) 

-4,31 

Q8N9L9 ACOT4 PTE2B PTEIB Peroxisomal succinyl-coenzyme A thioesterase (EC 3.1.2.3) (Acyl-coenzyme A thioesterase 4) 
(Acyl-CoA thioesterase 4) (EC 3.1.2.2) (PTE-2b) (Peroxisomal acyl coenzyme A thioester hydrolase 
Ib) (Peroxisomal long-chain acyl-CoA thioesterase Ib) (PTE-Ib) 

-4,23 

Q7Z2E3 APTX AXA1 Aprataxin (EC 3.6.1.71) (EC 3.6.1.72) (Forkhead-associated domain histidine triad-like protein) 
(FHA-HIT) 

-4,15 

Q8IY17 PNPLA6 NTE Patatin-like phospholipase domain-containing protein 6 (EC 3.1.1.5) (Neuropathy target esterase) -4,08 

A0A024B7W1 0 Genome polyprotein [Cleaved into: Capsid protein C (Capsid protein) (Core protein); Protein prM 
(Precursor membrane protein); Peptide pr (Peptide precursor); Small envelope protein M (Matrix 
protein); Envelope protein E; Non-structural protein 1 (NS1); Non-structural protein 2A (NS2A); 
Serine protease subunit NS2B (Flavivirin protease NS2B regulatory subunit) (Non-structural 
protein 2B); Serine protease NS3 (EC 3.4.21.91) (EC 3.6.1.15) (EC 3.6.4.13) (Flavivirin protease NS3 
catalytic subunit) (Non-structural protein 3); Non-structural protein 4A (NS4A); Peptide 2k; Non-

-3,97 
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structural protein 4B (NS4B); RNA-directed RNA polymerase NS5 (EC 2.1.1.56) (EC 2.1.1.57) (EC 
2.7.7.48) (NS5)] 

A0A142I5B9 0 Genome polyprotein [Cleaved into: Capsid protein C (Capsid protein) (Core protein); Protein prM 
(Precursor membrane protein); Peptide pr (Peptide precursor); Small envelope protein M (Matrix 
protein); Envelope protein E; Non-structural protein 1 (NS1); Non-structural protein 2A (NS2A); 
Serine protease subunit NS2B (Flavivirin protease NS2B regulatory subunit) (Non-structural 
protein 2B); Serine protease NS3 (EC 3.4.21.91) (EC 3.6.1.15) (EC 3.6.4.13) (Flavivirin protease NS3 
catalytic subunit) (Non-structural protein 3); Non-structural protein 4A (NS4A); Peptide 2k; Non-
structural protein 4B (NS4B); RNA-directed RNA polymerase NS5 (EC 2.1.1.56) (EC 2.1.1.57) (EC 
2.7.7.48) (NS5)] 

-3,97 

Q5T6J7 IDNK C9orf103 Probable gluconokinase (EC 2.7.1.12) (Gluconate kinase) -3,87 

Q16851 UGP2 UGP1 —P--glucose-1-phosphate uridylyltransferase (EC 2.7.7.9) (UDP-glucose pyrophosphorylase) 
(UDPGP) (UGPase) 

-3,82 

Q5T1C6 THEM4 CTMP Acyl-coenzyme A thioesterase THEM4 (Acyl-CoA thioesterase THEM4) (EC 3.1.2.2) (Carboxyl-
terminal modulator protein) (Thioesterase superfamily member 4) 

-3,81 

Q9UNQ0 ABCG2 ABCP BCRP 
BCRP1 MXR 

Broad substrate specificity ATP-binding cassette transporter ABCG2 (EC 7.6.2.2) (ATP-binding 
cassette sub-family G member 2) (Breast cancer resistance protein) (CDw338) (Mitoxantrone 
resistance-associated protein) (Placenta-specific ATP-binding cassette transporter) (Urate 
exporter) (CD antigen CD338) 

-3,78 

P80108 GPLD1 PIGPLD1 Phosphatidylinositol-glycan-specific phospholipase D (PI-G PLD) (EC 3.1.4.50) (Glycoprotein 
phospholipase D) (Glycosyl-phosphatidylinositol-specific phospholipase D) (GPI-PLD) (GPI-specific 
phospholipase D) 

-3,74 

O00757 FBP2 Fructose-1,6-bisphosphatase isozyme 2 (FBPase 2) (EC 3.1.3.11) (D-fructose-1,6-bisphosphate 1-
phosphohydrolase 2) (Muscle FBPase) 

-3,50 

P09467 FBP1 FBP Fructose-1,6-bisphosphatase 1 (FBPase 1) (EC 3.1.3.11) (D-fructose-1,6-bisphosphate 1-
phosphohydrolase 1) (Liver FBPase) 

-3,50 

P49441 INPP1 Inositol polyphosphate 1-phosphatase (IPP) (IPPase) (EC 3.1.3.57) -3,50 
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Q9NQ88 TIGAR C12orf5 Fructose-2,6-bisphosphatase TIGAR (EC 3.1.3.46) (TP53-induced glycolysis and apoptosis 
regulator) (TP53-induced glycolysis regulatory phosphatase) 

-3,50 

A6NDG6 PGP Glycerol-3-phosphate phosphatase (G3PP) (EC 3.1.3.21) (Aspartate-based ubiquitous Mg(2+)-
dependent phosphatase) (AUM) (EC 3.1.3.48) (Phosphoglycolate phosphatase) (PGP) 

-3,49 

P06865 HEXA Beta-hexosaminidase subunit alpha (EC 3.2.1.52) (Beta-N-acetylhexosaminidase subunit alpha) 
(Hexosaminidase subunit A) (N-acetyl-beta-glucosaminidase subunit alpha) 

-3,46 

P07686 HEXB HCC7 Beta-hexosaminidase subunit beta (EC 3.2.1.52) (Beta-N-acetylhexosaminidase subunit beta) 
(Hexosaminidase subunit B) (Cervical cancer proto-oncogene 7 protein) (HCC-7) (N-acetyl-beta-
glucosaminidase subunit beta) [Cleaved into: Beta-hexosaminidase subunit beta chain B; Beta-
hexosaminidase subunit beta chain A] 

-3,46 

P33527 ABCC1 MRP MRP1 Multidrug resistance-associated protein 1 (EC 7.6.2.2) (ATP-binding cassette sub-family C member 
1) (Glutathione-S-conjugate-translocating ATPase ABCC1) (EC 7.6.2.3) (Leukotriene C(4) 
transporter) (LTC4 transporter) 

-3,41 

Q9Y6X5 ENPP4 KIAA0879 NPP4 Bi’(5'-adenosyl)-triphosphatase ENPP4 (EC 3.6.1.29) (AP3A hydrolase) (AP3Aase) (Ectonucleotide 
pyrophosphatase/phosphodiesterase family member 4) (E-NPP 4) (NPP-4) 

-3,38 

Q99497 PARK7 Parkinson disease protein 7 (Maillard deglycase) (Oncogene DJ1) (Parkinsonism-associated 
deglycase) (Protein DJ-1) (DJ-1) (Protein/nucleic acid deglycase DJ-1) (EC 3.1.2.-) (EC 3.5.1.-) (EC 
3.5.1.124) 

-3,18 

P19367 HK1 Hexokinase-1 (EC 2.7.1.1) (Brain form hexokinase) (Hexokinase type I) (HK I) (Hexokinase-A) -3,11 

Q9Y3R4 NEU2 Sialidase-2 (EC 3.2.1.18) (Cytosolic sialidase) (N-acetyl-alpha-neuraminidase 2) -3,11 

Q8NDL9 AGBL5 CCP5 Cytosolic carboxypeptidase-like protein 5 (EC 3.4.17.-) (EC 3.4.17.24) (ATP/GTP-binding protein-
like 5) (Protein deglutamylase CCP5) 

-3,04 

O14772 FPGT GFPP Fucose-1-phosphate guanylyltransferase (EC 2.7.7.30) (GDP-L-fucose diphosphorylase) (GDP-L-
fucose pyrophosphorylase) 

-2,95 

Q9Y5P6 GMPPB Mannose-1-phosphate guanyltransferase beta (EC 2.7.7.13) (GDP-mannose pyrophosphorylase B) 
(GTP-mannose-1-phosphate guanylyltransferase beta) 

-2,95 
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P14618 PKM OIP3 PK2 PK3 
PKM2 

Pyruvate kinase PKM (EC 2.7.1.40) (Cytosolic thyroid hormone-binding protein) (CTHBP) (Opa-
interacting protein 3) (OIP-3) (Pyruvate kinase 2/3) (Pyruvate kinase muscle isozyme) (Thyroid 
hormone-binding protein 1) (THBP1) (Tumor M2-PK) (p58) 

-2,91 

P30613 PKLR PK1 PKL Pyruvate kinase PKLR (EC 2.7.1.40) (Pyruvate kinase 1) (Pyruvate kinase isozymes L/R) (R-type/L-
type pyruvate kinase) (Red cell/liver pyruvate kinase) 

-2,91 

Q9H993 ARMT1 C6orf211 Damage-control phosphatase ARMT1 (EC 3.1.3.-) (Acidic residue methyltransferase 1) (Protein-
glutamate O-methyltransferase) (EC 2.1.1.-) (Sugar phosphate phosphatase ARMT1) 

-2,44 

Q01415 GALK2 GK2 N-acetylgalactosamine kinase (EC 2.7.1.157) (GalNAc kinase) (Galactokinase 2) -1,69 

Q9UJ70 NAGK N-acetyl-D-glucosamine kinase (N-acetylglucosamine kinase) (EC 2.7.1.59) (GlcNAc kinase) -1,69 

Q96C11 FGGY FGGY carbohydrate kinase domain-containing protein (D-ribulokinase FGGY) (EC 2.7.1.47) -1,65 

Q8TE04 PANK1 PANK Pantothenate kinase 1 (hPanK) (hPanK1) (EC 2.7.1.33) (Pantothenic acid kinase 1) -1,57 

Q9BZ23 PANK2 C20orf48 Pantothenate kinase 2, mitochondrial (hPanK2) (EC 2.7.1.33) (Pantothenic acid kinase 2) [Cleaved 
into: Pantothenate kinase 2, mitochondrial intermediate form (iPanK2); Pantothenate kinase 2, 
mitochondrial mature form (mPanK2)] 

-1,57 

Q9H999 PANK3 Pantothenate kinase 3 (hPanK3) (EC 2.7.1.33) (Pantothenic acid kinase 3) -1,57 

O60825 PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2 (6PF-2-K/Fru-2,6-P2ase 2) (PFK/FBPase 
2) (6PF-2-K/Fru-2,6-P2ase heart-type isozyme) [Includes: 6-phosphofructo-2-kinase (EC 
2.7.1.105); Fructose-2,6-bisphosphatase (EC 3.1.3.46)] 

-1,44 

P16118 PFKFB1 F6PK PFRX 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 1 (6PF-2-K/Fru-2,6-P2ase 1) (PFK/FBPase 
1) (6PF-2-K/Fru-2,6-P2ase liver isozyme) [Includes: 6-phosphofructo-2-kinase (EC 2.7.1.105); 
Fructose-2,6-bisphosphatase (EC 3.1.3.46)] 

-1,44 

Q16875 PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (6PF-2-K/Fru-2,6-P2ase 3) (PFK/FBPase 
3) (6PF-2-K/Fru-2,6-P2ase brain/placenta-type isozyme) (Renal carcinoma antigen NY-REN-56) 
(iPFK-2) [Includes: 6-phosphofructo-2-kinase (EC 2.7.1.105); Fructose-2,6-bisphosphatase (EC 
3.1.3.46)] 

-1,44 
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Q16877 PFKFB4 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 (6PF-2-K/Fru-2,6-P2ase 4) (PFK/FBPase 
4) (6PF-2-K/Fru-2,6-P2ase testis-type isozyme) [Includes: 6-phosphofructo-2-kinase (EC 
2.7.1.105); Fructose-2,6-bisphosphatase (EC 3.1.3.46)] 

-1,44 

P05165 PCCA Propionyl-CoA carboxylase alpha chain, mitochondrial (PCCase subunit alpha) (EC 6.4.1.3) 
(Propanoyl-CoA:carbon dioxide ligase subunit alpha) 

-1,43 

P05166 PCCB Propionyl-CoA carboxylase beta chain, mitochondrial (PCCase subunit beta) (EC 6.4.1.3) 
(Propanoyl-CoA:carbon dioxide ligase subunit beta) 

-1,43 

P19174 PLCG1 PLC1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1 (EC 3.1.4.11) (PLC-148) 
(Phosphoinositide phospholipase C-gamma-1) (Phospholipase C-II) (PLC-II) (Phospholipase C-
gamma-1) (PLC-gamma-1) 

-1,34 

P51178 PLCD1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-1 (EC 3.1.4.11) 
(Phosphoinositide phospholipase C-delta-1) (Phospholipase C-III) (PLC-III) (Phospholipase C-delta-
1) (PLC-delta-1) 

-1,34 

Q00722 PLCB2 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-2 (EC 3.1.4.11) 
(Phosphoinositide phospholipase C-beta-2) (Phospholipase C-beta-2) (PLC-beta-2) 

-1,34 

Q01970 PLCB3 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-3 (EC 3.1.4.11) 
(Phosphoinositide phospholipase C-beta-3) (Phospholipase C-beta-3) (PLC-beta-3) 

-1,34 

Q15147 PLCB4 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-4 (EC 3.1.4.11) 
(Phosphoinositide phospholipase C-beta-4) (Phospholipase C-beta-4) (PLC-beta-4) 

-1,34 

Q9BRC7 PLCD4 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-4 (hPLCD4) (EC 3.1.4.11) 
(Phosphoinositide phospholipase C-delta-4) (Phospholipase C-delta-4) (PLC-delta-4) 

-1,34 

Q9NQ66 PLCB1 KIAA0581 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-1 (EC 3.1.4.11) (PLC-154) 
(Phosphoinositide phospholipase C-beta-1) (Phospholipase C-I) (PLC-I) (Phospholipase C-beta-1) 
(PLC-beta-1) 

-1,34 

Q9UQ49 NEU3 Sialidase-3 (EC 3.2.1.18) (Ganglioside sialidasedis) (Membrane sialidase) (N-acetyl-alpha-
neuraminidase 3) 

-1,14 
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O95861 BPNT’ 3’(2'’,5'-bisphosphate nucleotidase 1 (EC 3.1.3.7) (Bisphosphat’ 3'-nucleotidase 1) (PAP-inositol 
1,4-phosphatase) (PIP) 

-1,04 

P49903 SEPHS1 SELD SPS SPS1 Selenide, water dikinase 1 (EC 2.7.9.3) (Selenium donor protein 1) (Selenophosphate synthase 1) -1,04 

Q99611 SEPHS2 SPS2 Selenide, water dikinase 2 (EC 2.7.9.3) (Selenium donor protein 2) (Selenophosphate synthase 2) -1,04 

Q9NX62 BPNT2 IMPA3 IMPAD1 Golgi-resident adenosin’ 3’,5'-bisphosphat’ 3'-phosphatase (Golgi-resident PAP phosphatase) 
(gPAPP) (EC 3.1.3.7)’(3’(2')’ 5'-bisphosphate nucleotidase 2) (Inositol monophosphatase domain-
containing protein 1) (Myo-inositol monophosphatase A3) (Phosphoadenosine phosphat’ 3'-
nucleotidase) 

-1,04 

P32189 GK Glycerol kinase (GK) (Glycerokinase) (EC 2.7.1.30) (ATP:glycerol 3-phosphotransferase) -0,93 

Q14409 GK3P GKP3 GKTB Glycerol kinase 3 (GK 3) (Glycerokinase 3) (EC 2.7.1.30) (ATP:glycerol 3-phosphotransferase 3) 
(Glycerol kinase 3 pseudogene) (Glycerol kinase, testis specific 1) 

-0,93 

Q14410 GK2 GKP2 GKTA Glycerol kinase 2 (GK 2) (Glycerokinase 2) (EC 2.7.1.30) (ATP:glycerol 3-phosphotransferase 2) 
(Glycerol kinase, testis specific 2) 

-0,93 

Q6ZS86 GK5 Putative glycerol kinase 5 (GK 5) (Glycerokinase 5) (EC 2.7.1.30) (ATP:glycerol 3-
phosphotransferase 5) 

-0,93 

Q9BVA6 FICD HIP13 HYPE 
UNQ3041/PRO9857 

Protein adenylyltransferase FICD (EC 2.7.7.n1) (AMPylator FICD) (De-AMPylase FICD) (EC 3.1.4.-) 
(FIC domain-containing protein) (Huntingtin yeast partner E) (Huntingtin-interacting protein 13) 
(HIP-13) (Huntingtin-interacting protein E) 

-0,70 

Q6EMB2 TTLL5 KIAA0998 STAMP Tubulin polyglutamylase TTLL5 (EC 6.3.2.-) (SRC1 and TIF2-associated modulatory protein) (STAMP 
protein) (Tubu—n--tyrosine ligase-like protein 5) 

-0,67 

Q6ZT98 TTLL7 Tubulin polyglutamylase TTLL7 (EC 6.3.2.-) (Testis development protein NYD-SP30) (Tubu—n--
tyrosine ligase-like protein 7) 

-0,67 

Q8N841 TTLL6 TTL.6 Tubulin polyglutamylase TTLL6 (EC 6.3.2.-) (Protein polyglutamylase TTLL6) (Tubu—n--tyrosine 
ligase-like protein 6) 

-0,67 

Q8NHH1 TTLL11 C9orf20 Tubulin polyglutamylase TTLL11 (EC 6.3.2.-) (Tubu—n--tyrosine ligase-like protein 11) -0,67 
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P30215 HE 2b Hemagglutinin-esterase (HE protein) (EC 3.1.1.53) (E3 glycoprotein) -0,60 

Q0ZME8 HE 2 Hemagglutinin-esterase (HE protein) (EC 3.1.1.53) (E3 glycoprotein) -0,60 

Q14EB1 HE 2 Hemagglutinin-esterase (HE protein) (EC 3.1.1.53) (E3 glycoprotein) -0,60 

Q5MQD1 HE 2 Hemagglutinin-esterase (HE protein) (EC 3.1.1.53) (E3 glycoprotein) -0,60 

Q9HAT2 SIAE YSG2 Sialate O-acetylesterase (EC 3.1.1.53) (H-Lse) (Sialic acid-specific 9-O-acetylesterase) -0,60 

Q9Q9G3 HE Hemagglutinin-esterase (HE protein) (EC 3.1.1.53) (E3 glycoprotein) -0,60 

O76074 PDE5A PDE5 cGMP-specifi’ 3’,5'-cyclic phosphodiesterase (EC 3.1.4.35) (cGMP-binding cGMP-specific 
phosphodiesterase) (CGB-PDE) 

-0,49 

O76083 PDE9A High affinity cGMP-specifi’ 3’,5'-cyclic phosphodiesterase 9A (EC 3.1.4.35) -0,49 

P16499 PDE6A PDEA Rod cGMP-specifi’ 3’,5'-cyclic phosphodiesterase subunit alpha (GMP-PDE alpha) (EC 3.1.4.35) 
(PDE V-B1) 

-0,49 

P18545 PDE6G PDEG Retinal rod rhodopsin-sensitive cGM’ 3’,5'-cyclic phosphodiesterase subunit gamma (GMP-PDE 
gamma) (EC 3.1.4.35) 

-0,49 

P35913 PDE6B PDEB Rod cGMP-specifi’ 3’,5'-cyclic phosphodiesterase subunit beta (GMP-PDE beta) (EC 3.1.4.35) -0,49 

P51160 PDE6C PDEA2 Cone cGMP-specifi’ 3’,5'-cyclic phosphodiesterase subunit al’ha' (EC 3.1.4.35) (cGMP 
phosphodiesterase 6C) 

-0,49 

Q13956 PDE6H Retinal cone rhodopsin-sensitive cGM’ 3’,5'-cyclic phosphodiesterase subunit gamma (GMP-PDE 
gamma) (EC 3.1.4.35) 

-0,49 

Q99755 PIP5K1A Phosphatidylinositol 4-phosphate 5-kinase type-1 alpha (PIP5K1-alpha) (PtdIns(4)P-5-kinase 1 
alpha) (EC 2.7.1.68) (68 kDa type I phosphatidylinositol 4-phosphate 5-kinase alpha) 
(Phosphatidylinositol 4-phosphate 5-kinase type I alpha) (PIp5KIalpha) 

-0,33 

P52429 DGKE DAGK5 Diacylglycerol kinase epsilon (DAG kinase epsilon) (EC 2.7.1.107) (Diglyceride kinase epsilon) 
(DGK-epsilon) 

-0,33 

Q9NP58 ABCB6 MTABC3 PRP ATP-binding cassette sub-family B member 6 (ABC-type heme transporter ABCB6) (EC 7.6.2.5) -0,24 
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UMAT (Mitochondrial ABC transporter 3) (Mt-ABC transporter 3) (P-glycoprotein-related protein) 
(Ubiquitously-expressed mammalian ABC half transporter) 

 

 

Supplementary table 2: Enzymes of down-regulated metabolites in phase 1 and  2 

Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

P22310 UGT1A4 GNT1 UGT1 UDP-glucuronosyltransferase 1A4 (UGT1A4) (EC 2.4.1.17) (Bilirubin-specific UDPGT isozyme 2) 
(hUG-BR2) (UDP-glucuronosyltransferase 1-4) (UDPGT 1-4) (UGT1*4) (UGT1-04) (UGT1.4) (UDP-
glucuronosyltransferase 1-D) (UGT-1D) (UGT1D) 

-8,63 

Q9NQR4 NIT2 CUA002 Omega-amidase NIT2 (EC 3.5.1.3) (Nitrilase homolog 2) -7,91 

Q99489 DDO D-aspartate oxidase (DASOX) (DDO) (EC 1.4.3.1) -7,27 

Q8N0X4 CLYBL CLB Citramalyl-CoA lyase, mitochondrial (EC 4.1.3.25) ((3S)-malyl-CoA thioesterase) (EC 3.1.2.30) 
(Beta-methylmalate synthase) (EC 2.3.3.-) (Citrate lyase subunit beta-like protein) (Citrate lyase 
beta-like) (Malate synthase) (EC 2.3.3.9) 

-7,02 

Q6NVY1 HIBCH 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial (EC 3.1.2.4) (3-hydroxyisobutyryl-coenzyme A 
hydrolase) (HIB-CoA hydrolase) (HIBYL-CoA-H) 

-5,60 

O43772 SLC25A20 CAC CACT Mitochondrial carnitine/acylcarnitine carrier protein (Carnitine/acylcarnitine translocase) (CAC) 
(Solute carrier family 25 member 20) 

-5,16 

P54803 GALC Galactocerebrosidase (GALCERase) (EC 3.2.1.46) (Galactocerebroside beta-galactosidase) 
(Galactosylceramidase) (Galactosylceramide beta-galactosidase) 

-4,72 

O00154 ACOT7 BACH Cytosolic acyl coenzyme A thioester hydrolase (EC 3.1.2.2) (Acyl-CoA thioesterase 7) (Brain acyl-
CoA hydrolase) (BACH) (hBACH) (CTE-IIa) (CTE-II) (Long chain acyl-CoA thioester hydrolase) 

-4,47 
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Q86VF5 MOGAT3 DC7 DGAT2L7 
UNQ9383/PRO34208 

2-acylglycerol O-acyltransferase 3 (EC 2.3.1.20) (EC 2.3.1.22) (Acyl-CoA:monoacylglycerol 
acyltransferase 3) (MGAT3) (Diacylglycerol O-acyltransferase candidate 7) (hDC7) (Diacylglycerol 
acyltransferase 2-like protein 7) (Monoacylglycerol O-acyltransferase 3) 

-4,45 

P54317 PNLIPRP2 PLRP2 Pancreatic lipase-related protein 2 (PL-RP2) (Cytotoxic T lymphocyte lipase) (Galactolipase) (EC 
3.1.1.26) (Triacylglycerol lipase) (EC 3.1.1.3) 

-4,28 

P00367 GLUD1 GLUD Glutamate dehydrogenase 1, mitochondrial (GDH 1) (EC 1.4.1.3) -4,21 

P49448 GLUD2 GLUDP1 Glutamate dehydrogenase 2, mitochondrial (GDH 2) (EC 1.4.1.3) -4,21 

P11509 CYP2A6 CYP2A3 Cytochrome P450 2A6 (EC 1.14.14.-) (1,4-cineole 2-exo-monooxygenase) (CYPIIA6) (Coumarin 7-
hydroxylase) (Cytochrome P450 IIA3) (Cytochrome P450(I)) 

-4,15 

P54868 HMGCS2 Hydroxymethylglutaryl-CoA synthase, mitochondrial (HMG-CoA synthase) (EC 2.3.3.10) (3-
hydroxy-3-methylglutaryl coenzyme A synthase) 

-4,00 

Q01581 HMGCS1 HMGCS Hydroxymethylglutaryl-CoA synthase, cytoplasmic (HMG-CoA synthase) (EC 2.3.3.10) (3-hydroxy-
3-methylglutaryl coenzyme A synthase) 

-4,00 

Q15493 RGN SMP30 Regucalcin (RC) (Gluconolactonase) (GNL) (EC 3.1.1.17) (Senescence marker protein 30) (SMP-30) -3,92 

A6ND91 ASPDH Putative L-aspartate dehydrogenase (EC 1.4.1.21) (Aspartate dehydrogenase domain-containing 
protein) 

-3,92 

Q9NVV5 AIG1 CGI-103 Androgen-induced gene 1 protein (AIG-1) (Fatty acid esters of hydroxy fatty acids hydrolase AIG1) 
(FAHFA hydrolase AIG1) (EC 3.1.-.-) 

-3,86 

Q8WXI4 ACOT11 BFIT KIAA0707 
THEA 

Acyl-coenzyme A thioesterase 11 (Acyl-CoA thioesterase 11) (EC 3.1.2.-) (Acyl-CoA thioester 
hydrolase 11) (Adipose-associated thioesterase) (Brown fat-inducible thioesterase) (BFIT) 
(Palmitoyl-coenzyme A thioesterase) (EC 3.1.2.2) 

-3,81 

O75390 CS Citrate synthase, mitochondrial (EC 2.3.3.1) (Citrate (Si)-synthase) -3,75 

Q53FZ2 ACSM3 SAH Acyl-coenzyme A synthetase ACSM3, mitochondrial (EC 6.2.1.2) (Acyl-CoA synthetase medium-
chain family member 3) (Butyrate--CoA ligase 3) (Butyryl-coenzyme A synthetase 3) (Middle-chain 
acyl-CoA synthetase 3) (Propionate--CoA ligase) (EC 6.2.1.17) (Protein SA homolog) 

-3,61 
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Q68D91 MBLAC2 Acyl-coenzyme A thioesterase MBLAC2 (Acyl-CoA thioesterase MBLAC2) (EC 3.1.2.2) (Beta-
lactamase MBLAC2) (EC 3.5.2.6) (Metallo-beta-lactamase domain-containing protein 2) 
(Palmitoyl-coenzyme A thioesterase MBLAC2) 

-3,56 

P08910 ABHD2 LABH2 Monoacylglycerol lipase ABHD2 (EC 3.1.1.23) (2-arachidonoylglycerol hydrolase) (Abhydrolase 
domain-containing protein 2) (Acetylesterase) (EC 3.1.1.6) (Lung alpha/beta hydrolase 2) 
(Progesterone-sensitive lipase) (EC 3.1.1.79) (Protein PHPS1-2) 

-3,53 

Q8WYK0 ACOT12 CACH CACH1 
STARD15 

Acetyl-coenzyme A thioesterase (EC 3.1.2.1) (Acyl-CoA thioester hydrolase 12) (Acyl-coenzyme A 
thioesterase 12) (Acyl-CoA thioesterase 12) (Cytoplasmic acetyl-CoA hydrolase 1) (CACH-1) 
(hCACH-1) (START domain-containing protein 15) (StARD15) 

-3,44 

P42765 ACAA2 3-ketoacyl-CoA thiolase, mitochondrial (EC 2.3.1.16) (Acetyl-CoA acetyltransferase) (EC 2.3.1.9) 
(Acetyl-CoA acyltransferase) (Acyl-CoA hydrolase, mitochondrial) (EC 3.1.2.-) (EC 3.1.2.1) (EC 
3.1.2.2) (Beta-ketothiolase) (Mitochondrial 3-oxoacyl-CoA thiolase) (T1) 

-3,21 

O95237 LRAT Lecithin retinol acyltransferase (EC 2.3.1.135) (Phosphatidylcholine--retinol O-acyltransferase) -2,64 

P21217 FUT3 FT3B LE 3-galactosyl-N-acetylglucosaminide 4-alpha-L-fucosyltransferase FUT3 (EC 2.4.1.65) (Alpha-3-
fucosyltransferase FUT3) (EC 2.4.1.-) (Blood group Lewis alpha-4-fucosyltransferase) (Lewis FT) 
(Fucosyltransferase 3) (Fucosyltransferase III) (FucT-III) 

-1,96 

Q16880 UGT8 CGT UGT4 2-hydroxyacylsphingosine 1-beta-galactosyltransferase (EC 2.4.1.47) (Ceramide UDP-
galactosyltransferase) (Cerebroside synthase) (UDP-galactose-ceramide galactosyltransferase) 

-1,46 

O43175 PHGDH PGDH3 D-3-phosphoglycerate dehydrogenase (3-PGDH) (EC 1.1.1.95) (2-oxoglutarate reductase) (EC 
1.1.1.399) (Malate dehydrogenase) (EC 1.1.1.37) 

3,03 
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Supplementary table 3: Enzymes of up-regulated metabolites in phase 1 and 2 

Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

P35558 PCK1 PEPCK1 Phosphoenolpyruvate carboxykinase, cytosolic [GTP] (PEPCK-C) (EC 4.1.1.32) (Serine-protein 
kinase PCK1) (EC 2.7.11.-) 

-6,16 

P31327 CPS1 Carbamoyl-phosphate synthase [ammonia], mitochondrial (EC 6.3.4.16) (Carbamoyl-phosphate 
synthetase I) (CPSase I) 

-5,29 

Q9BT40 INPP5K PPS SKIP Inositol polyphosphate 5-phosphatase K (EC 3.1.3.56) (Phosphatidylinositol-3,4,5-trisphosphate 5-
phosphatase) (EC 3.1.3.86) (Phosphatidylinositol-4,5-bisphosphate 5-phosphatase) (EC 3.1.3.36) 
(Skeletal muscle and kidney-enriched inositol phosphatase) 

-4,93 

Q15392 DHCR24 KIAA0018 Delta(24)-sterol reductase (EC 1.3.1.72) (24-dehydrocholesterol reductase) (3-beta-hydroxysterol 
Delta-24-reductase) (Diminuto/dwarf1 homolog) (Seladin-1) 

-4,26 

Q9UBM7 DHCR7 D7SR 7-dehydrocholesterol reductase (7-DHC reductase) (EC 1.3.1.21) (Delta7-sterol reductase) (Sterol 
Delta(7)-reductase) (Sterol reductase SR-2) 

-3,34 

O76062 TM7SF2 ANG1 Delta(14)-sterol reductase TM7SF2 (Delta-14-SR) (EC 1.3.1.70) (3-beta-hydroxysterol Delta (14)-
reductase) (Another new gene 1 protein) (C-14 sterol reductase) (C14SR) (Putative sterol 
reductase SR-1) (Sterol C14-reductase) (Transmembrane 7 superfamily member 2) 

-1,94 

Q14739 LBR Delta(14)-sterol reductase LBR (Delta-14-SR) (EC 1.3.1.70) (3-beta-hydroxysterol Delta (14)-
reductase) (C-14 sterol reductase) (C14SR) (Integral nuclear envelope inner membrane protein) 
(LMN2R) (Lamin-B receptor) (Sterol C14-reductase) 

-1,94 

P11908 PRPS2 Ribose-phosphate pyrophosphokinase 2 (EC 2.7.6.1) (PPRibP) (Phosphoribosyl pyrophosphate 
synthase II) (PRS-II) 

-1,12 

P21108 PRPS1L1 PRPS3 PRPSL Ribose-phosphate pyrophosphokinase 3 (EC 2.7.6.1) (Phosphoribosyl pyrophosphate synthase 1-
like 1) (PRPS1-like 1) (Phosphoribosyl pyrophosphate synthase III) (PRS-III) 

-1,12 
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P60891 PRPS1 Ribose-phosphate pyrophosphokinase 1 (EC 2.7.6.1) (PPRibP) (Phosphoribosyl pyrophosphate 
synthase I) (PRS-I) 

-1,12 

A4ZCW6 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

A7J392 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

A7J3A4 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

B1NKR1 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

B1NKR5 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

B1NKS7 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

B1NKT1 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

B1NKT9 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

B1NKU3 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

Q3ZK57 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

Q6WNW3 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

Q6WNW5 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 0,29 
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2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

Q6WVH5 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

Q91HJ9 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

Q9QNB1 - Protein VP3 [Includes: 2',5'-phosphodiesterase (EC 3.1.4.-); mRNA guanylyltransferase (EC 
2.7.7.50); mRNA (guanine-N(7))-methyltransferase (EC 2.1.1.56)] 

0,29 

P22102 GART PGFT PRGS Trifunctional purine biosynthetic protein adenosine-3 [Includes: Phosphoribosylamine--glycine 
ligase (EC 6.3.4.13) (Glycinamide ribonucleotide synthetase) (GARS) (Phosphoribosylglycinamide 
synthetase); Phosphoribosylformylglycinamidine cyclo-ligase (EC 6.3.3.1) (AIR synthase) (AIRS) 
(Phosphoribosyl-aminoimidazole synthetase); Phosphoribosylglycinamide formyltransferase (EC 
2.1.2.2) (5'-phosphoribosylglycinamide transformylase) (GAR transformylase) (GART)] 

3,55 

P08684 CYP3A4 CYP3A3 Cytochrome P450 3A4 (EC 1.14.14.1) (1,4-cineole 2-exo-monooxygenase) (1,8-cineole 2-exo-
monooxygenase) (EC 1.14.14.56) (Albendazole monooxygenase (sulfoxide-forming)) (EC 
1.14.14.73) (Albendazole sulfoxidase) (CYPIIIA3) (CYPIIIA4) (Cholesterol 25-hydroxylase) 
(Cytochrome P450 3A3) (Cytochrome P450 HLp) (Cytochrome P450 NF-25) (Cytochrome P450-
PCN1) (Nifedipine oxidase) (Quinine 3-monooxygenase) (EC 1.14.14.55) 

3,82 

O15528 CYP27B1 CYP1ALPHA 
CYP27B 

25-hydroxyvitamin D-1 alpha hydroxylase, mitochondrial (EC 1.14.15.18) (25-OHD-1 alpha-
hydroxylase) (25-hydroxyvitamin D(3) 1-alpha-hydroxylase) (VD3 1A hydroxylase) (Calcidiol 1-
monooxygenase) (Cytochrome P450 subfamily XXVIIB polypeptide 1) (Cytochrome P450C1 alpha) 
(Cytochrome P450VD1-alpha) (Cytochrome p450 27B1) 

3,97 

P05093 CYP17A1 CYP17 S17AH Steroid 17-alpha-hydroxylase/17,20 lyase (EC 1.14.14.19) (17-alpha-hydroxyprogesterone 
aldolase) (EC 1.14.14.32) (CYPXVII) (Cytochrome P450 17A1) (Cytochrome P450-C17) (Cytochrome 
P450c17) (Steroid 17-alpha-monooxygenase) 

4,01 

Q07973 CYP24A1 CYP24 1,25-dihydroxyvitamin D(3) 24-hydroxylase, mitochondrial (24-OHase) (Vitamin D(3) 24-
hydroxylase) (EC 1.14.15.16) (Cytochrome P450 24A1) (Cytochrome P450-CC24) 

4,34 

P24462 CYP3A7 Cytochrome P450 3A7 (EC 1.14.14.1) (CYPIIIA7) (Cytochrome P450-HFLA) (P450HLp2) 4,38 
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P23141 CES1 CES2 SES1 Liver carboxylesterase 1 (Acyl-coenzyme A:cholesterol acyltransferase) (ACAT) (Brain 
carboxylesterase hBr1) (Carboxylesterase 1) (CE-1) (hCE-1) (EC 3.1.1.1) (Cholesteryl ester 
hydrolase) (CEH) (EC 3.1.1.13) (Cocaine carboxylesterase) (Egasyn) (HMSE) (Methylumbelliferyl-
acetate deacetylase 1) (EC 3.1.1.56) (Monocyte/macrophage serine esterase) (Retinyl ester 
hydrolase) (REH) (Serine esterase 1) (Triacylglycerol hydrolase) (TGH) 

4,48 

P50583 NUDT2 APAH1 Bis(5'-nucleosyl)-tetraphosphatase [asymmetrical] (EC 3.6.1.17) (Diadenosine 5',5'''-P1,P4-
tetraphosphate asymmetrical hydrolase) (Ap4A hydrolase) (Ap4Aase) (Diadenosine 
tetraphosphatase) (Nucleoside diphosphate-linked moiety X motif 2) (Nudix motif 2) 

5,12 

P11086 PNMT PENT Phenylethanolamine N-methyltransferase (PNMTase) (EC 2.1.1.28) (Noradrenaline N-
methyltransferase) 

6,43 

P40261 NNMT Nicotinamide N-methyltransferase (EC 2.1.1.1) 8,59 

 

Supplementary table 4: Enzymes of down-regulated metabolites in phase 1 and up-regulated metabolites in phase 2 

Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

Q15067 ACOX1 ACOX Peroxisomal acyl-coenzyme A oxidase 1 (AOX) (EC 1.3.3.6) (Palmitoyl-CoA oxidase) (Straight-chain 
acyl-CoA oxidase) (SCOX) [Cleaved into: Peroxisomal acyl-CoA oxidase 1, A chain; Peroxisomal 
acyl-CoA oxidase 1, B chain; Peroxisomal acyl-CoA oxidase 1, C chain] 

1,20 

P28300 LOX Protein-lysine 6-oxidase (EC 1.4.3.13) (Lysyl oxidase) [Cleaved into: Protein-lysine 6-oxidase, long 
form; Protein-lysine 6-oxidase, short form] 

1,51 

Q9Y4K0 LOXL2 Lysyl oxidase homolog 2 (EC 1.4.3.13) (Lysyl oxidase-like protein 2) (Lysyl oxidase-related protein 
2) (Lysyl oxidase-related protein WS9-14) 

1,51 

O75106 AOC2 Retina-specific copper amine oxidase (RAO) (EC 1.4.3.21) (Amine oxidase [copper-containing]) 
(Semicarbazide-sensitive amine oxidase) (SSAO) 

1,51 
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P14920 DAO DAMOX D-amino-acid oxidase (DAAO) (DAMOX) (DAO) (EC 1.4.3.3) 1,51 

P21397 MAOA Amine oxidase [flavin-containing] A (EC 1.4.3.4) (Monoamine oxidase type A) (MAO-A) 1,51 

P27338 MAOB Amine oxidase [flavin-containing] B (EC 1.4.3.4) (Monoamine oxidase type B) (MAO-B) 1,51 

Q16853 AOC3 VAP1 Membrane primary amine oxidase (EC 1.4.3.21) (Copper amine oxidase) (HPAO) (Semicarbazide-
sensitive amine oxidase) (SSAO) (Vascular adhesion protein 1) (VAP-1) 

1,51 

Q9H2A2 ALDH8A1 ALDH12 2-aminomuconic semialdehyde dehydrogenase (EC 1.2.1.32) (Aldehyde dehydrogenase 12) 
(Aldehyde dehydrogenase family 8 member A1) 

1,51 

P23109 AMPD1 AMP deaminase 1 (EC 3.5.4.6) (AMP deaminase isoform M) (Myoadenylate deaminase) 1,76 

Q01432 AMPD3 AMP deaminase 3 (EC 3.5.4.6) (AMP deaminase isoform E) (Erythrocyte AMP deaminase) 1,76 

Q01433 AMPD2 AMP deaminase 2 (EC 3.5.4.6) (AMP deaminase isoform L) 1,76 

Q7L8W6 DPH6 ATPBD4 Diphthine--ammonia ligase (EC 6.3.1.14) (ATP-binding domain-containing protein 4) (Diphthamide 
synthase) (Diphthamide synthetase) (Protein DPH6 homolog) 

1,76 

P15291 B4GALT1 GGTB2 Beta-1,4-galactosyltransferase 1 (Beta-1,4-GalTase 1) (Beta4Gal-T1) (b4Gal-T1) (EC 2.4.1.-) (Beta-
N-acetylglucosaminyl-glycolipid beta-1,4-galactosyltransferase) (Beta-N-
acetylglucosaminylglycopeptide beta-1,4-galactosyltransferase) (EC 2.4.1.38) (Lactose synthase A 
protein) (EC 2.4.1.22) (N-acetyllactosamine synthase) (EC 2.4.1.90) (Nal synthase) 
(Neolactotriaosylceramide beta-1,4-galactosyltransferase) (EC 2.4.1.275) (UDP-Gal:beta-GlcNAc 
beta-1,4-galactosyltransferase 1) (UDP-galactose:beta-N-acetylglucosamine beta-1,4-
galactosyltransferase 1) [Cleaved into: Processed beta-1,4-galactosyltransferase 1] 

2,20 

P04181 OAT Ornithine aminotransferase, mitochondrial (EC 2.6.1.13) (Ornithine delta-aminotransferase) 
(Ornithine--oxo-acid aminotransferase) [Cleaved into: Ornithine aminotransferase, hepatic form; 
Ornithine aminotransferase, renal form] 

2,26 

P49588 AARS1 AARS Alanine--tRNA ligase, cytoplasmic (EC 6.1.1.7) (Alanyl-tRNA synthetase) (AlaRS) (Renal carcinoma 
antigen NY-REN-42) 

2,42 

Q5JTZ9 AARS2 AARSL KIAA1270 Alanine--tRNA ligase, mitochondrial (EC 6.1.1.7) (Alanyl-tRNA synthetase) (AlaRS) 2,42 
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O95340 PAPSS2 ATPSK2 Bifunctional 3'-phosphoadenosine 5'-phosphosulfate synthase 2 (PAPS synthase 2) (PAPSS 2) 
(Sulfurylase kinase 2) (SK 2) (SK2) [Includes: Sulfate adenylyltransferase (EC 2.7.7.4) (ATP-
sulfurylase) (Sulfate adenylate transferase) (SAT); Adenylyl-sulfate kinase (EC 2.7.1.25) (3'-
phosphoadenosine-5'-phosphosulfate synthase) (APS kinase) (Adenosine-5'-phosphosulfate 3'-
phosphotransferase) (Adenylylsulfate 3'-phosphotransferase)] 

2,77 

Q00796 SORD Sorbitol dehydrogenase (SDH) (EC 1.1.1.-) ((R,R)-butanediol dehydrogenase) (EC 1.1.1.4) (L-iditol 
2-dehydrogenase) (EC 1.1.1.14) (Polyol dehydrogenase) (Ribitol dehydrogenase) (RDH) (EC 
1.1.1.56) (Xylitol dehydrogenase) (XDH) (EC 1.1.1.9) 

3,02 

Q9H4A9 DPEP2 UNQ284/PRO323 Dipeptidase 2 (EC 3.4.13.19) 3,05 

Q8TDN7 ACER1 ASAH3 Alkaline ceramidase 1 (AlkCDase 1) (Alkaline CDase 1) (EC 3.5.1.-) (EC 3.5.1.23) (Acylsphingosine 
deacylase 3) (N-acylsphingosine amidohydrolase 3) 

3,20 

Q9NWW9 PLAAT2 HRASLS2 Phospholipase A and acyltransferase 2 (EC 2.3.1.-) (EC 3.1.1.32) (EC 3.1.1.4) (HRAS-like suppressor 
2) 

3,23 

P09211 GSTP1 FAEES3 GST3 Glutathione S-transferase P (EC 2.5.1.18) (GST class-pi) (GSTP1-1) 3,29 

Q6PIU2 NCEH1 AADACL1 
KIAA1363 

Neutral cholesterol ester hydrolase 1 (NCEH) (EC 3.1.1.-) (Arylacetamide deacetylase-like 1) 3,30 

P09488 GSTM1 GST1 Glutathione S-transferase Mu 1 (EC 2.5.1.18) (GST HB subunit 4) (GST class-mu 1) (GSTM1-1) 
(GSTM1a-1a) (GSTM1b-1b) (GTH4) 

3,31 

P33897 ABCD1 ALD ATP-binding cassette sub-family D member 1 (EC 3.1.2.-) (EC 7.6.2.-) (Adrenoleukodystrophy 
protein) (ALDP) 

3,31 

P15289 ARSA Arylsulfatase A (ASA) (EC 3.1.6.8) (Cerebroside-sulfatase) [Cleaved into: Arylsulfatase A 
component B; Arylsulfatase A component C] 

3,52 

P36959 GMPR GMPR1 GMP reductase 1 (GMPR 1) (EC 1.7.1.7) (Guanosine 5'-monophosphate oxidoreductase 1) 
(Guanosine monophosphate reductase 1) 

3,54 

Q9P2T1 GMPR2 GMP reductase 2 (GMPR 2) (EC 1.7.1.7) (Guanosine 5'-monophosphate oxidoreductase 2) 
(Guanosine monophosphate reductase 2) 

3,54 
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P48448 ALDH3B2 ALDH8 Aldehyde dehydrogenase family 3 member B2 (EC 1.2.1.3) (Aldehyde dehydrogenase 8) 3,54 

P43353 ALDH3B1 ALDH7 Aldehyde dehydrogenase family 3 member B1 (EC 1.2.1.28) (EC 1.2.1.5) (EC 1.2.1.7) (Aldehyde 
dehydrogenase 7) 

3,86 

Q9HBI6 CYP4F11 Cytochrome P450 4F11 (CYPIVF11) (EC 1.14.14.1) (3-hydroxy fatty acids omega-hydroxylase 
CYP4F11) (Docosahexaenoic acid omega-hydroxylase) (EC 1.14.14.79) (Long-chain fatty acid 
omega-monooxygenase) (EC 1.14.14.80) (Phylloquinone omega-hydroxylase CYP4F11) (EC 
1.14.14.78) 

3,91 

Q9H221 ABCG8 ATP-binding cassette sub-family G member 8 (EC 7.6.2.-) (Sterolin-2) 3,92 

Q9H222 ABCG5 ATP-binding cassette sub-family G member 5 (EC 7.6.2.-) (Sterolin-1) 3,92 

P35354 PTGS2 COX2 Prostaglandin G/H synthase 2 (EC 1.14.99.1) (Cyclooxygenase-2) (COX-2) (PHS II) (Prostaglandin 
H2 synthase 2) (PGH synthase 2) (PGHS-2) (Prostaglandin-endoperoxide synthase 2) 

3,97 

P31153 MAT2A AMS2 MATA2 S-adenosylmethionine synthase isoform type-2 (AdoMet synthase 2) (EC 2.5.1.6) (Methionine 
adenosyltransferase 2) (MAT 2) (Methionine adenosyltransferase II) (MAT-II) 

4,07 

Q00266 MAT1A AMS1 MATA1 S-adenosylmethionine synthase isoform type-1 (AdoMet synthase 1) (EC 2.5.1.6) (Methionine 
adenosyltransferase 1) (MAT 1) (Methionine adenosyltransferase I/III) (MAT-I/III) 

4,07 

P34913 EPHX2 Bifunctional epoxide hydrolase 2 [Includes: Cytosolic epoxide hydrolase 2 (CEH) (EC 3.3.2.10) 
(Epoxide hydratase) (Soluble epoxide hydrolase) (SEH); Lipid-phosphate phosphatase (EC 
3.1.3.76)] 

4,07 

Q08477 CYP4F3 LTB4H Cytochrome P450 4F3 (EC 1.14.14.1) (20-hydroxyeicosatetraenoic acid synthase) (20-HETE 
synthase) (CYPIVF3) (Cytochrome P450-LTB-omega) (Docosahexaenoic acid omega-hydroxylase 
CYP4F3) (EC 1.14.14.79) (Leukotriene-B(4) 20-monooxygenase 2) (Leukotriene-B(4) omega-
hydroxylase 2) (EC 1.14.14.94) 

4,10 

Q96LT4 SAMD8 Sphingomyelin synthase-related protein 1 (SMSr) (EC 2.7.8.-) (Ceramide phosphoethanolamine 
synthase) (CPE synthase) (Sterile alpha motif domain-containing protein 8) (SAM domain-
containing protein 8) 

4,15 

Q9NV35 NUDT15 MTH2 Nucleotide triphosphate diphosphatase NUDT15 (EC 3.6.1.9) (MutT homolog 2) (MTH2) 4,21 
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(Nucleoside diphosphate-linked moiety X motif 15) (Nudix motif 15) (Nucleoside diphosphate-
linked to another moiety X hydrolase 15) (Nudix hydrolase 15) 

Q9Y2S2 CRYL1 CRY Lambda-crystallin homolog (EC 1.1.1.45) (L-gulonate 3-dehydrogenase) (Gul3DH) 4,39 

P52209 PGD PGDH 6-phosphogluconate dehydrogenase, decarboxylating (EC 1.1.1.44) 4,44 

Q9BQG2 NUDT12 NAD-capped RNA hydrolase NUDT12 (DeNADding enzyme NUDT12) (EC 3.6.1.-) (NADH 
pyrophosphatase NUDT12) (EC 3.6.1.22) (Nucleoside diphosphate-linked moiety X motif 12) 
(Nudix motif 12) 

4,44 

Q9Y4D2 DAGLA C11orf11 
KIAA0659 NSDDR 

Diacylglycerol lipase-alpha (DAGL-alpha) (DGL-alpha) (EC 3.1.1.116) (Neural stem cell-derived 
dendrite regulator) (Sn1-specific diacylglycerol lipase alpha) 

4,44 

P19021 PAM Peptidyl-glycine alpha-amidating monooxygenase (PAM) [Includes: Peptidylglycine alpha-
hydroxylating monooxygenase (PHM) (EC 1.14.17.3); Peptidyl-alpha-hydroxyglycine alpha-
amidating lyase (EC 4.3.2.5) (Peptidylamidoglycolate lyase) (PAL)] 

4,47 

P11413 G6PD Glucose-6-phosphate 1-dehydrogenase (G6PD) (EC 1.1.1.49) 4,52 

P50135 HNMT Histamine N-methyltransferase (HMT) (EC 2.1.1.8) 4,63 

Q6P1J6 PLB1 PLB Phospholipase B1, membrane-associated (Phospholipase B) (hPLB) (Lysophospholipase) (EC 
3.1.1.5) (Phospholipase A2) (EC 3.1.1.4) (Phospholipase B/lipase) (PLB/LIP) (Triacylglycerol lipase) 
(EC 3.1.1.3) 

4,63 

Q86X67 NUDT13 NAD(P)H pyrophosphatase NUDT13, mitochondrial (EC 3.6.1.22) (Nucleoside diphosphate-linked 
moiety X motif 13) (Nudix motif 13) (Protein KiSS-16) 

4,66 

O75881 CYP7B1 Cytochrome P450 7B1 (24-hydroxycholesterol 7-alpha-hydroxylase) (EC 1.14.14.26) (25/26-
hydroxycholesterol 7-alpha-hydroxylase) (EC 1.14.14.29) (3-hydroxysteroid 7-alpha hydroxylase) 
(Oxysterol 7-alpha-hydroxylase) 

4,67 

Q969G6 RFK Riboflavin kinase (EC 2.7.1.26) (ATP:riboflavin 5'-phosphotransferase) (Flavokinase) 4,68 

Q02928 CYP4A11 CYP4A2 Cytochrome P450 4A11 (EC 1.14.14.1) (20-hydroxyeicosatetraenoic acid synthase) (20-HETE 
synthase) (CYP4AII) (CYPIVA11) (Cytochrome P-450HK-omega) (Cytochrome P450HL-omega) 

4,71 
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(Fatty acid omega-hydroxylase) (Lauric acid omega-hydroxylase) (Long-chain fatty acid omega-
monooxygenase) (EC 1.14.14.80) 

Q9NUN7 ACER3 APHC PHCA Alkaline ceramidase 3 (AlkCDase 3) (Alkaline CDase 3) (EC 3.5.1.-) (EC 3.5.1.23) (Alkaline 
dihydroceramidase SB89) (Alkaline phytoceramidase) (aPHC) 

4,74 

Q6XZB0 LIPI LPDL PRED5 Lipase member I (LIPI) (EC 3.1.1.-) (Cancer/testis antigen 17) (CT17) (LPD lipase) (Membrane-
associated phosphatidic acid-selective phospholipase A1-beta) (mPA-PLA1 beta) 

4,74 

Q8WWY8 LIPH LPDLR MPAPLA1 
PLA1B 

Lipase member H (LIPH) (EC 3.1.1.-) (LPD lipase-related protein) (Membrane-associated 
phosphatidic acid-selective phospholipase A1-alpha) (mPA-PLA1 alpha) (Phospholipase A1 
member B) 

4,74 

P14555 PLA2G2A PLA2B PLA2L 
RASF-A 

Phospholipase A2, membrane associated (EC 3.1.1.4) (GIIC sPLA2) (Group IIA phospholipase A2) 
(Non-pancreatic secretory phospholipase A2) (NPS-PLA2) (Phosphatidylcholine 2-acylhydrolase 
2A) 

4,79 

O60218 AKR1B10 AKR1B11 Aldo-keto reductase family 1 member B10 (EC 1.1.1.300) (EC 1.1.1.54) (ARL-1) (Aldose reductase-
like) (Aldose reductase-related protein) (ARP) (hARP) (Small intestine reductase) (SI reductase) 

4,80 

P38571 LIPA Lysosomal acid lipase/cholesteryl ester hydrolase (Acid cholesteryl ester hydrolase) (LAL) (EC 
3.1.1.13) (Cholesteryl esterase) (Lipase A) (Sterol esterase) 

4,86 

Q04828 AKR1C1 DDH DDH1 Aldo-keto reductase family 1 member C1 (EC 1.1.1.-) (EC 1.1.1.112) (EC 1.1.1.209) (EC 1.1.1.210) 
(EC 1.1.1.357) (EC 1.1.1.51) (EC 1.1.1.53) (EC 1.1.1.62) (EC 1.3.1.20) (20-alpha-hydroxysteroid 
dehydrogenase) (20-alpha-HSD) (EC 1.1.1.149) (Chlordecone reductase homolog HAKRC) 
(Dihydrodiol dehydrogenase 1) (DD1) (High-affinity hepatic bile acid-binding protein) (HBAB) 

4,94 

P78329 CYP4F2 Cytochrome P450 4F2 (EC 1.14.14.1) (20-hydroxyeicosatetraenoic acid synthase) (20-HETE 
synthase) (Arachidonic acid omega-hydroxylase) (CYPIVF2) (Cytochrome P450-LTB-omega) 
(Docosahexaenoic acid omega-hydroxylase) (EC 1.14.14.79) (Leukotriene-B(4) 20-monooxygenase 
1) (Leukotriene-B(4) omega-hydroxylase 1) (EC 1.14.14.94) (Phylloquinone omega-hydroxylase 
CYP4F2) (EC 1.14.14.78) 

4,94 

P51589 CYP2J2 Cytochrome P450 2J2 (EC 1.14.14.-) (Albendazole monooxygenase (hydroxylating)) (EC 
1.14.14.74) (Albendazole monooxygenase (sulfoxide-forming)) (EC 1.14.14.73) (Arachidonic acid 

5,00 
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epoxygenase) (CYPIIJ2) (Hydroperoxy icosatetraenoate isomerase) (EC 5.4.4.7) 

Q9NYL5 CYP39A1 24-hydroxycholesterol 7-alpha-hydroxylase (EC 1.14.14.26) (Cytochrome P450 39A1) (hCYP39A1) 
(Oxysterol 7-alpha-hydroxylase) 

5,14 

Q96DE0 NUDT16 U8 snoRNA-decapping enzyme (EC 3.6.1.62) (IDP phosphatase) (IDPase) (EC 3.6.1.64) (Inosine 
diphosphate phosphatase) (Nucleoside diphosphate-linked moiety X motif 16) (Nudix motif 16) 
(Nudix hydrolase 16) (U8 snoRNA-binding protein H29K) (m7GpppN-mRNA hydrolase) 

5,17 

P14550 AKR1A1 ALDR1 ALR Aldo-keto reductase family 1 member A1 (EC 1.1.1.2) (EC 1.1.1.372) (EC 1.1.1.54) (Alcohol 
dehydrogenase [NADP(+)]) (Aldehyde reductase) (Glucuronate reductase) (EC 1.1.1.19) 
(Glucuronolactone reductase) (EC 1.1.1.20) 

5,31 

P08319 ADH4 All-trans-retinol dehydrogenase [NAD(+)] ADH4 (EC 1.1.1.105) (Alcohol dehydrogenase 4) (Alcohol 
dehydrogenase class II pi chain) 

5,48 

Q9Y6A2 CYP46A1 CYP46 Cholesterol 24-hydroxylase (CH24H) (EC 1.14.14.25) (Cholesterol 24-monooxygenase) (Cholesterol 
24S-hydroxylase) (Cytochrome P450 46A1) 

5,60 

P28907 CD38 ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 1 (EC 3.2.2.6) (2'-phospho-ADP-ribosyl cyclase) 
(2'-phospho-ADP-ribosyl cyclase/2'-phospho-cyclic-ADP-ribose transferase) (EC 2.4.99.20) (2'-
phospho-cyclic-ADP-ribose transferase) (ADP-ribosyl cyclase 1) (ADPRC 1) (Cyclic ADP-ribose 
hydrolase 1) (cADPr hydrolase 1) (T10) (CD antigen CD38) 

5,64 

P13995 MTHFD2 NMDMC Bifunctional methylenetetrahydrofolate dehydrogenase/cyclohydrolase, mitochondrial [Includes: 
NAD-dependent methylenetetrahydrofolate dehydrogenase (EC 1.5.1.15); 
Methenyltetrahydrofolate cyclohydrolase (EC 3.5.4.9)] 

5,64 

Q9H903 MTHFD2L Probable bifunctional methylenetetrahydrofolate dehydrogenase/cyclohydrolase 2 (NADP-
dependent methylenetetrahydrofolate dehydrogenase 2-like protein) (MTHFD2-like) [Includes: 
NAD-dependent methylenetetrahydrofolate dehydrogenase (EC 1.5.1.15); 
Methenyltetrahydrofolate cyclohydrolase (EC 3.5.4.9)] 

5,64 

Q6VVX0 CYP2R1 Vitamin D 25-hydroxylase (EC 1.14.14.24) (Cytochrome P450 2R1) 5,66 

Q53H76 PLA1A NMD PSPLA1 Phospholipase A1 member A (EC 3.1.1.111) (Phosphatidylserine-specific phospholipase A1) (PS- 5,67 



 

 
 

Page 118 

Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

PLA1) 

Q9UNK4 PLA2G2D SPLASH Group IID secretory phospholipase A2 (GIID sPLA2) (sPLA2-IID) (EC 3.1.1.4) (PLA2IID) 
(Phosphatidylcholine 2-acylhydrolase 2D) (Secretory-type PLA, stroma-associated homolog) 

5,70 

Q8TBG4 ETNPPL AGXT2L1 Ethanolamine-phosphate phospho-lyase (EC 4.2.3.2) (Alanine--glyoxylate aminotransferase 2-like 
1) 

5,76 

Q9NP80 PNPLA8 IPLA22 IPLA2G 
BM-043 

Calcium-independent phospholipase A2-gamma (EC 3.1.1.-) (EC 3.1.1.5) (Intracellular membrane-
associated calcium-independent phospholipase A2 gamma) (iPLA2-gamma) (PNPLA-gamma) 
(Patatin-like phospholipase domain-containing protein 8) (iPLA2-2) 

5,80 

Q96NR8 RDH12 SDR7C2 Retinol dehydrogenase 12 (EC 1.1.1.300) (All-trans and 9-cis retinol dehydrogenase) (Short chain 
dehydrogenase/reductase family 7C member 2) 

5,83 

Q6SZW1 SARM1 KIAA0524 
SAMD2 SARM 

NAD(+) hydrolase SARM1 (NADase SARM1) (hSARM1) (EC 3.2.2.6) (NADP(+) hydrolase SARM1) 
(EC 3.2.2.-) (Sterile alpha and Armadillo repeat protein) (Sterile alpha and TIR motif-containing 
protein 1) (Sterile alpha motif domain-containing protein 2) (MyD88-5) (SAM domain-containing 
protein 2) (Tir-1 homolog) (HsTIR) 

5,85 

O15067 PFAS KIAA0361 Phosphoribosylformylglycinamidine synthase (FGAM synthase) (FGAMS) (EC 6.3.5.3) 
(Formylglycinamide ribonucleotide amidotransferase) (FGAR amidotransferase) (FGAR-AT) 
(Formylglycinamide ribotide amidotransferase) 

5,88 

Q6NUM6 TYW1B RSAFD2 S-adenosyl-L-methionine-dependent tRNA 4-demethylwyosine synthase TYW1B (EC 4.1.3.44) 
(Radical S-adenosyl methionine and flavodoxin domain-containing protein 2) (tRNA wybutosine-
synthesizing protein 1 homolog B) 

5,90 

Q9NV66 TYW1 RSAFD1 S-adenosyl-L-methionine-dependent tRNA 4-demethylwyosine synthase TYW1 (EC 4.1.3.44) 
(Radical S-adenosyl methionine and flavodoxin domain-containing protein 1) (tRNA wybutosine-
synthesizing protein 1 homolog) (tRNA-yW-synthesizing protein) 

5,90 

Q9UL19 PLAAT4 RARRES3 RIG1 
TIG3 

Phospholipase A and acyltransferase 4 (EC 2.3.1.-) (EC 3.1.1.32) (EC 3.1.1.4) (HRAS-like suppressor 
4) (HRSL4) (RAR-responsive protein TIG3) (Retinoic acid receptor responder protein 3) (Retinoid-
inducible gene 1 protein) (Tazarotene-induced gene 3 protein) 

5,96 
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P11586 MTHFD1 MTHFC MTHFD C-1-tetrahydrofolate synthase, cytoplasmic (C1-THF synthase) (Epididymis secretory sperm 
binding protein) [Cleaved into: C-1-tetrahydrofolate synthase, cytoplasmic, N-terminally 
processed] [Includes: Methylenetetrahydrofolate dehydrogenase (EC 1.5.1.5); 
Methenyltetrahydrofolate cyclohydrolase (EC 3.5.4.9); Formyltetrahydrofolate synthetase (EC 
6.3.4.3)] 

6,00 

P15121 AKR1B1 ALDR1 ALR2 Aldo-keto reductase family 1 member B1 (EC 1.1.1.300) (EC 1.1.1.372) (EC 1.1.1.54) (Aldehyde 
reductase) (Aldose reductase) (AR) (EC 1.1.1.21) 

6,02 

Q8IWX5 SGPP2 Sphingosine-1-phosphate phosphatase 2 (SPPase2) (Spp2) (hSPP2) (EC 3.1.3.-) (Sphingosine-1-
phosphatase 2) 

6,06 

Q8WU67 ABHD3 Phospholipase ABHD3 (EC 3.1.1.32) (EC 3.1.1.4) (Abhydrolase domain-containing protein 3) 6,10 

P07902 GALT Galactose-1-phosphate uridylyltransferase (Gal-1-P uridylyltransferase) (EC 2.7.7.12) (UDP-
glucose--hexose-1-phosphate uridylyltransferase) 

6,12 

Q9H773 DCTPP1 XTP3TPA CDA03 dCTP pyrophosphatase 1 (EC 3.6.1.12) (Deoxycytidine-triphosphatase 1) (dCTPase 1) (RS21C6) 
(XTP3-transactivated gene A protein) 

6,22 

Q9NZK7 PLA2G2E Group IIE secretory phospholipase A2 (GIIE sPLA2) (sPLA2-IIE) (EC 3.1.1.4) (Phosphatidylcholine 2-
acylhydrolase 2E) 

6,25 

P80365 HSD11B2 HSD11K 
SDR9C3 

Corticosteroid 11-beta-dehydrogenase isozyme 2 (EC 1.1.1.-) (11-beta-hydroxysteroid 
dehydrogenase type 2) (11-DH2) (11-beta-HSD2) (11-beta-hydroxysteroid dehydrogenase type II) 
(11-HSD type II) (11-beta-HSD type II) (NAD-dependent 11-beta-hydroxysteroid dehydrogenase) 
(11-beta-HSD) (Short chain dehydrogenase/reductase family 9C member 3) 

6,30 

Q9UBK8 MTRR Methionine synthase reductase (MSR) (EC 1.16.1.8) (Aquacobalamin reductase) (AqCbl reductase) 6,46 

O60733 PLA2G6 PLPLA9 85/88 kDa calcium-independent phospholipase A2 (CaI-PLA2) (EC 3.1.1.4) (2-
lysophosphatidylcholine acylhydrolase) (EC 3.1.1.5) (Group VI phospholipase A2) (GVI PLA2) 
(Intracellular membrane-associated calcium-independent phospholipase A2 beta) (iPLA2-beta) 
(Palmitoyl-CoA hydrolase) (EC 3.1.2.2) (Patatin-like phospholipase domain-containing protein 9) 
(PNPLA9) 

6,50 
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Q06278 AOX1 AO Aldehyde oxidase (EC 1.2.3.1) (Aldehyde oxidase 1) (Azaheterocycle hydroxylase) (EC 1.17.3.-) 6,52 

Q9BX95 SGPP1 SPP1 Sphingosine-1-phosphate phosphatase 1 (SPPase1) (Spp1) (hSPP1) (hSPPase1) (EC 3.1.3.-) 
(Sphingosine-1-phosphatase 1) (Sphingosine-1-phosphate phosphohydrolase 1) (SPP-1) 

6,57 

Q16773 KYAT1 CCBL1 Kynurenine--oxoglutarate transaminase 1 (EC 2.6.1.7) (Cysteine-S-conjugate beta-lyase) (EC 
4.4.1.13) (Glutamine transaminase K) (GTK) (Glutamine--phenylpyruvate transaminase) (EC 
2.6.1.64) (Kynurenine aminotransferase 1) (Kynurenine aminotransferase I) (KATI) (Kynurenine--
oxoglutarate transaminase I) 

6,64 

P28845 HSD11B1 HSD11 
HSD11L SDR26C1 

Corticosteroid 11-beta-dehydrogenase isozyme 1 (EC 1.1.1.146) (11-beta-hydroxysteroid 
dehydrogenase 1) (11-DH) (11-beta-HSD1) (Short chain dehydrogenase/reductase family 26C 
member 1) 

6,66 

Q13822 ENPP2 ATX PDNP2 Ectonucleotide pyrophosphatase/phosphodiesterase family member 2 (E-NPP 2) (EC 3.1.4.39) 
(Autotaxin) (Extracellular lysophospholipase D) (LysoPLD) 

6,72 

Q15800 MSMO1 DESP4 ERG25 
SC4MOL 

Methylsterol monooxygenase 1 (EC 1.14.18.9) (C-4 methylsterol oxidase) (Sterol-C4-methyl 
oxidase) 

6,74 

P49326 FMO5 Flavin-containing monooxygenase 5 (FMO 5) (Baeyer-Villiger monooxygenase 1) (hBVMO1) (EC 
1.14.13.-) (Dimethylaniline monooxygenase [N-oxide-forming] 5) (EC 1.14.13.8) (Dimethylaniline 
oxidase 5) (NAPDH oxidase) (EC 1.6.3.1) 

6,78 

Q9HDD0 PLAAT1 HRASLS Phospholipase A and acyltransferase 1 (EC 2.3.1.-) (EC 3.1.1.32) (EC 3.1.1.4) (HRAS-like suppressor 
1) (HRSL1) (Phospholipid-metabolizing enzyme A-C1) 

6,81 

Q6DHV7 ADAL ADAL1 Adenosine deaminase-like protein (EC 3.5.4.-) (Adenosine deaminase-like protein isoform 1) (N6-
mAMP deaminase) (HsMAPDA) (N6-methyl-AMP aminohydrolase) 

6,84 

O95870 ABHD16A BAT5 G5 
NG26 PP199 

Phosphatidylserine lipase ABHD16A (EC 3.1.-.-) (Alpha/beta hydrolase domain-containing protein 
16A) (Abhydrolase domain-containing protein 16A) (HLA-B-associated transcript 5) (hBAT5) 
(Monoacylglycerol lipase ABHD16A) (EC 3.1.1.23) (Protein G5) 

6,85 

P43251 BTD Biotinidase (Biotinase) (EC 3.5.1.12) 6,95 

Q9Y4U1 MMACHC Cyanocobalamin reductase / alkylcobalamin dealkylase (Alkylcobalamin:glutathione S- 6,97 
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alkyltransferase) (EC 2.5.1.151) (CblC) (Cyanocobalamin reductase (cyanide-eliminating)) (EC 
1.16.1.6) (Methylmalonic aciduria and homocystinuria type C protein) (MMACHC) 

P22680 CYP7A1 CYP7 Cytochrome P450 7A1 (24-hydroxycholesterol 7-alpha-hydroxylase) (EC 1.14.14.26) (CYPVII) 
(Cholesterol 7-alpha-hydroxylase) (Cholesterol 7-alpha-monooxygenase) (EC 1.14.14.23) 

7,05 

P05108 CYP11A1 CYP11A Cholesterol side-chain cleavage enzyme, mitochondrial (EC 1.14.15.6) (CYPXIA1) (Cholesterol 
desmolase) (Cytochrome P450 11A1) (Cytochrome P450(scc)) 

7,06 

O95671 ASMTL Probable bifunctional dTTP/UTP pyrophosphatase/methyltransferase protein [Includes: dTTP/UTP 
pyrophosphatase (dTTPase/UTPase) (EC 3.6.1.9) (Nucleoside triphosphate pyrophosphatase) 
(Nucleotide pyrophosphatase) (Nucleotide PPase); N-acetylserotonin O-methyltransferase-like 
protein (ASMTL) (EC 2.1.1.-)] 

7,07 

Q16878 CDO1 Cysteine dioxygenase type 1 (EC 1.13.11.20) (Cysteine dioxygenase type I) (CDO) (CDO-I) 7,10 

Q9UBM1 PEMT PEMPT PNMT Phosphatidylethanolamine N-methyltransferase (PEAMT) (PEMT) (EC 2.1.1.17) (EC 2.1.1.71) 
(PEMT2) (Phospholipid methyltransferase) (PLMT) 

7,14 

Q02318 CYP27A1 CYP27 Sterol 26-hydroxylase, mitochondrial (EC 1.14.15.15) (5-beta-cholestane-3-alpha,7-alpha,12-
alpha-triol 26-hydroxylase) (Cytochrome P-450C27/25) (Cytochrome P450 27) (Sterol 27-
hydroxylase) (Vitamin D(3) 25-hydroxylase) 

7,16 

Q5VYX0 RNLS C10orf59 Renalase (EC 1.6.3.5) (Monoamine oxidase-C) (MAO-C) 7,19 

Q9Y6N5 SQOR SQRDL CGI-44 Sulfide:quinone oxidoreductase, mitochondrial (SQOR) (EC 1.8.5.8) (Sulfide dehydrogenase-like) 
(Sulfide quinone oxidoreductase) 

7,34 

P33261 CYP2C19 Cytochrome P450 2C19 (EC 1.14.14.1) ((R)-limonene 6-monooxygenase) (EC 1.14.14.53) ((S)-
limonene 6-monooxygenase) (EC 1.14.14.51) ((S)-limonene 7-monooxygenase) (EC 1.14.14.52) 
(CYPIIC17) (CYPIIC19) (Cytochrome P450-11A) (Cytochrome P450-254C) (Fenbendazole 
monooxygenase (4'-hydroxylating)) (EC 1.14.14.75) (Mephenytoin 4-hydroxylase) 

7,47 

Q6ZWL3 CYP4V2 Cytochrome P450 4V2 (Docosahexaenoic acid omega-hydroxylase CYP4V2) (EC 1.14.14.79) (Long-
chain fatty acid omega-monooxygenase) (EC 1.14.14.80) 

7,47 

Q8NBK3 SUMF1 PSEC0152 Formylglycine-generating enzyme (FGE) (EC 1.8.3.7) (C-alpha-formylglycine-generating enzyme 1) 7,85 
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UNQ3037/PRO9852 (Sulfatase-modifying factor 1) 

Q13228 SELENBP1 SBP Methanethiol oxidase (MTO) (EC 1.8.3.4) (56 kDa selenium-binding protein) (SBP56) (SP56) 
(Selenium-binding protein 1) 

7,95 

P30043 BLVRB FLR Flavin reductase (NADPH) (FR) (EC 1.5.1.30) (Biliverdin reductase B) (BVR-B) (EC 1.3.1.24) 
(Biliverdin-IX beta-reductase) (Green heme-binding protein) (GHBP) (NADPH-dependent 
diaphorase) (NADPH-flavin reductase) (FLR) 

7,97 

P47712 PLA2G4A CPLA2 PLA2G4 Cytosolic phospholipase A2 (cPLA2) (Phospholipase A2 group IVA) [Includes: Phospholipase A2 (EC 
3.1.1.4) (Phosphatidylcholine 2-acylhydrolase); Lysophospholipase (EC 3.1.1.5)] 

7,98 

P26439 HSD3B2 HSDB3B 3 beta-hydroxysteroid dehydrogenase/Delta 5-->4-isomerase type 2 (3 beta-hydroxysteroid 
dehydrogenase/Delta 5-->4-isomerase type II) (3-beta-HSD II) (3-beta-HSD adrenal and gonadal 
type) [Includes: 3-beta-hydroxy-Delta(5)-steroid dehydrogenase (EC 1.1.1.145) (3-beta-hydroxy-5-
ene steroid dehydrogenase) (Progesterone reductase); Steroid Delta-isomerase (EC 5.3.3.1) 
(Delta-5-3-ketosteroid isomerase)] 

7,99 

P07099 EPHX1 EPHX EPOX Epoxide hydrolase 1 (EC 3.3.2.9) (Epoxide hydratase) (Microsomal epoxide hydrolase) (mEH) 8,21 

P10635 CYP2D6 CYP2DL1 Cytochrome P450 2D6 (EC 1.14.14.-) (CYPIID6) (Cholesterol 25-hydroxylase) (Cytochrome P450-
DB1) (Debrisoquine 4-hydroxylase) 

8,37 

Q5T2R2 PDSS1 DPS1 TPRT All trans-polyprenyl-diphosphate synthase PDSS1 (All-trans-decaprenyl-diphosphate synthase 
subunit 1) (EC 2.5.1.91) (Decaprenyl pyrophosphate synthase subunit 1) (Decaprenyl-diphosphate 
synthase subunit 1) (Solanesyl-diphosphate synthase subunit 1) (Trans-prenyltransferase 1) (TPT 
1) 

8,44 

Q86YH6 PDSS2 C6orf210 DLP1 All trans-polyprenyl-diphosphate synthase PDSS2 (All-trans-decaprenyl-diphosphate synthase 
subunit 2) (EC 2.5.1.91) (Candidate tumor suppressor protein) (Decaprenyl pyrophosphate 
synthase subunit 2) (Decaprenyl-diphosphate synthase subunit 2) (Solanesyl-diphosphate 
synthase subunit 2) 

8,44 

Q9HAB8 PPCS COAB Phosphopantothenate--cysteine ligase (EC 6.3.2.51) (Phosphopantothenoylcysteine synthetase) 
(PPC synthetase) 

8,45 
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Q9BV57 ADI1 MTCBP1 
HMFT1638 

1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase (EC 1.13.11.54) (Acireductone 
dioxygenase (Fe(2+)-requiring)) (ARD) (Fe-ARD) (Membrane-type 1 matrix metalloproteinase 
cytoplasmic tail-binding protein 1) (MTCBP-1) (Submergence-induced protein-like factor) (Sip-L) 

8,48 

Q9UHG3 PCYOX1 KIAA0908 PCL1 
UNQ597/PRO1183 

Prenylcysteine oxidase 1 (EC 1.8.3.5) (Prenylcysteine lyase) 8,54 

Q8N9F7 GDPD1 GDE4 Lysophospholipase D GDPD1 (EC 3.1.4.-) (Glycerophosphodiester phosphodiesterase 4) 
(Glycerophosphodiester phosphodiesterase domain-containing protein 1) 

8,59 

P15085 CPA1 CPA Carboxypeptidase A1 (EC 3.4.17.1) 8,60 

P31513 FMO3 Dimethylaniline monooxygenase [N-oxide-forming] 3 (EC 1.14.13.8) (EC 1.14.14.73) 
(Dimethylaniline oxidase 3) (FMO II) (FMO form 2) (Hepatic flavin-containing monooxygenase 3) 
(FMO 3) (Trimethylamine monooxygenase) (EC 1.14.13.148) 

8,69 

P15428 HPGD PGDH1 SDR36C1 15-hydroxyprostaglandin dehydrogenase [NAD(+)] (15-PGDH) (EC 1.1.1.141) (Prostaglandin 
dehydrogenase 1) (Short chain dehydrogenase/reductase family 36C member 1) 

8,72 

O94830 DDHD2 KIAA0725 
SAMWD1 

Phospholipase DDHD2 (EC 3.1.1.-) (DDHD domain-containing protein 2) (KIAA0725p) (SAM, WWE 
and DDHD domain-containing protein 1) 

8,74 

Q93088 BHMT Betaine--homocysteine S-methyltransferase 1 (EC 2.1.1.5) 8,77 

Q13093 PLA2G7 PAFAH Platelet-activating factor acetylhydrolase (PAF acetylhydrolase) (EC 3.1.1.47) (1-alkyl-2-
acetylglycerophosphocholine esterase) (2-acetyl-1-alkylglycerophosphocholine esterase) (Group-
VIIA phospholipase A2) (gVIIA-PLA2) (LDL-associated phospholipase A2) (LDL-PLA(2)) (PAF 2-
acylhydrolase) 

8,91 

O95992 CH25H Cholesterol 25-hydroxylase (EC 1.14.99.38) (Cholesterol 25-monooxygenase) (h25OH) 8,98 

Q7L5A8 FA2H FAAH FAXDC1 Fatty acid 2-hydroxylase (EC 1.14.18.-) (Fatty acid alpha-hydroxylase) (Fatty acid hydroxylase 
domain-containing protein 1) 

9,03 

Q9UNU6 CYP8B1 CYP12 7-alpha-hydroxycholest-4-en-3-one 12-alpha-hydroxylase (EC 1.14.14.139) (7-alpha-hydroxy-4-
cholesten-3-one 12-alpha-hydroxylase) (CYPVIIIB1) (Cytochrome P450 8B1) (Sterol 12-alpha-
hydroxylase) 

9,11 
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P52895 AKR1C2 DDH2 Aldo-keto reductase family 1 member C2 (EC 1.-.-.-) (EC 1.1.1.112) (EC 1.1.1.209) (EC 1.1.1.53) (EC 
1.1.1.62) (EC 1.3.1.20) (3-alpha-HSD3) (Chlordecone reductase homolog HAKRD) (Dihydrodiol 
dehydrogenase 2) (DD-2) (DD2) (Dihydrodiol dehydrogenase/bile acid-binding protein) (DD/BABP) 
(Type III 3-alpha-hydroxysteroid dehydrogenase) (EC 1.1.1.357) 

9,46 

C9JRZ8 AKR1B15 Aldo-keto reductase family 1 member B15 (EC 1.1.1.-) (EC 1.1.1.300) (EC 1.1.1.54) (Estradiol 17-
beta-dehydrogenase AKR1B15) (Farnesol dehydrogenase) (EC 1.1.1.216) (Testosterone 17beta-
dehydrogenase) (EC 1.1.1.64) 

9,48 

P51659 HSD17B4 EDH17B4 
SDR8C1 

Peroxisomal multifunctional enzyme type 2 (MFE-2) (17-beta-hydroxysteroid dehydrogenase 4) 
(17-beta-HSD 4) (D-bifunctional protein) (DBP) (Multifunctional protein 2) (MFP-2) (Short chain 
dehydrogenase/reductase family 8C member 1) [Cleaved into: (3R)-hydroxyacyl-CoA 
dehydrogenase (EC 1.1.1.n12); Enoyl-CoA hydratase 2 (EC 4.2.1.107) (EC 4.2.1.119) (3-alpha,7-
alpha,12-alpha-trihydroxy-5-beta-cholest-24-enoyl-CoA hydratase)] 

9,62 

Q9H227 GBA3 CBG CBGL1 Cytosolic beta-glucosidase (EC 3.2.1.21) (Cytosolic beta-glucosidase-like protein 1) (Cytosolic 
glycosylceramidase) (Cytosolic GCase) (Glucosidase beta acid 3) (Glucosylceramidase beta 3) 
(Klotho-related protein) (KLrP) 

9,67 

Q7L5L3 GDPD3 GDE7 Lysophospholipase D GDPD3 (EC 3.1.4.-) (Glycerophosphodiester phosphodiesterase 7) 
(Glycerophosphodiester phosphodiesterase domain-containing protein 3) 

9,73 

Q08426 EHHADH ECHD Peroxisomal bifunctional enzyme (PBE) (PBFE) (L-bifunctional protein) (LBP) (Multifunctional 
enzyme 1) (MFE1) [Includes: Enoyl-CoA hydratase/3,2-trans-enoyl-CoA isomerase (EC 4.2.1.17) 
(EC 5.3.3.8); 3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35)] 

9,77 

P40394 ADH7 All-trans-retinol dehydrogenase [NAD(+)] ADH7 (EC 1.1.1.105) (Alcohol dehydrogenase class 4 
mu/sigma chain) (EC 1.1.1.1) (Alcohol dehydrogenase class IV mu/sigma chain) (Gastric alcohol 
dehydrogenase) (Omega-hydroxydecanoate dehydrogenase ADH7) (EC 1.1.1.66) (Retinol 
dehydrogenase) 

9,79 

Q15102 PAFAH1B3 PAFAHG Platelet-activating factor acetylhydrolase IB subunit alpha1 (EC 3.1.1.47) (PAF acetylhydrolase 29 
kDa subunit) (PAF-AH 29 kDa subunit) (PAF-AH subunit gamma) (PAFAH subunit gamma) 

9,82 

P53816 PLAAT3 HRASLS3 Phospholipase A and acyltransferase 3 (EC 2.3.1.-) (EC 3.1.1.32) (EC 3.1.1.4) (Adipose-specific 9,86 



 

 
 

Page 125 

Uniprot ID Gene name(s) Protein name(s) Re-weighted M 
Scores 

HREV107 PLA2G16 phospholipase A2) (AdPLA) (Group XVI phospholipase A1/A2) (H-rev 107 protein homolog) (H-
REV107) (HREV107-1) (HRAS-like suppressor 1) (HRAS-like suppressor 3) (HRSL3) (HREV107-3) 
(Renal carcinoma antigen NY-REN-65) 

Q8TB40 ABHD4 (Lyso)-N-acylphosphatidylethanolamine lipase (EC 3.1.1.-) (Alpha/beta hydrolase domain-
containing protein 4) (Abhydrolase domain-containing protein 4) (Alpha/beta-hydrolase 4) 

9,91 

Q96SZ5 ADO C10orf22 2-aminoethanethiol dioxygenase (EC 1.13.11.19) (Cysteamine dioxygenase) 9,93 

O15496 PLA2G10 Group 10 secretory phospholipase A2 (EC 3.1.1.4) (Group X secretory phospholipase A2) (GX 
sPLA2) (sPLA2-X) (Phosphatidylcholine 2-acylhydrolase 10) 

10,03 

P51687 SUOX Sulfite oxidase, mitochondrial (EC 1.8.3.1) 10,06 

P42330 AKR1C3 DDH1 HSD17B5 
KIAA0119 PGFS 

Aldo-keto reductase family 1 member C3 (EC 1.1.1.-) (EC 1.1.1.210) (EC 1.1.1.53) (EC 1.1.1.62) (17-
beta-hydroxysteroid dehydrogenase type 5) (17-beta-HSD 5) (3-alpha-HSD type II, brain) (3-alpha-
hydroxysteroid dehydrogenase type 2) (3-alpha-HSD type 2) (EC 1.1.1.357) (Chlordecone 
reductase homolog HAKRb) (Dihydrodiol dehydrogenase 3) (DD-3) (DD3) (Dihydrodiol 
dehydrogenase type I) (HA1753) (Prostaglandin F synthase) (PGFS) (EC 1.1.1.188) (Testosterone 
17-beta-dehydrogenase 5) (EC 1.1.1.239) (EC 1.1.1.64) 

10,07 

Q8NEL9 DDHD1 KIAA1705 Phospholipase DDHD1 (EC 3.1.1.-) (DDHD domain-containing protein 1) (Phosphatidic acid-
preferring phospholipase A1 homolog) (PA-PLA1) 

10,16 

P17516 AKR1C4 CHDR Aldo-keto reductase family 1 member C4 (EC 1.1.1.-) (EC 1.1.1.209) (EC 1.1.1.210) (EC 1.1.1.51) 
(EC 1.1.1.53) (EC 1.1.1.62) (3-alpha-hydroxysteroid dehydrogenase type I) (3-alpha-HSD1) (EC 
1.1.1.357) (3alpha-hydroxysteroid 3-dehydrogenase) (Chlordecone reductase) (CDR) (EC 
1.1.1.225) (Dihydrodiol dehydrogenase 4) (DD-4) (DD4) (HAKRA) 

10,47 

Q9BZM2 PLA2G2F Group IIF secretory phospholipase A2 (GIIF sPLA2) (sPLA2-IIF) (EC 3.1.1.4) (Phosphatidylcholine 2-
acylhydrolase 2F) 

10,50 

Q14914 PTGR1 LTB4DH Prostaglandin reductase 1 (PRG-1) (15-oxoprostaglandin 13-reductase) (EC 1.3.1.48) 
(Dithiolethione-inducible gene 1 protein) (D3T-inducible gene 1 protein) (DIG-1) (Leukotriene B4 
12-hydroxydehydrogenase) (NAD(P)H-dependent alkenal/one oxidoreductase) (EC 1.3.1.74) 

10,59 
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Q14749 GNMT Glycine N-methyltransferase (EC 2.1.1.20) 10,82 

Q7Z449 CYP2U1 Cytochrome P450 2U1 (Long-chain fatty acid omega-monooxygenase) (EC 1.14.14.80) 10,88 

Q16850 CYP51A1 CYP51 Lanosterol 14-alpha demethylase (LDM) (EC 1.14.14.154) (CYPLI) (Cytochrome P450 51A1) 
(Cytochrome P450-14DM) (Cytochrome P45014DM) (Cytochrome P450LI) (Sterol 14-alpha 
demethylase) 

10,88 

P37059 HSD17B2 EDH17B2 
SDR9C2 

17-beta-hydroxysteroid dehydrogenase type 2 (17-beta-HSD 2) (20 alpha-hydroxysteroid 
dehydrogenase) (20-alpha-HSD) (E2DH) (Estradiol 17-beta-dehydrogenase 2) (EC 1.1.1.62) 
(Microsomal 17-beta-hydroxysteroid dehydrogenase) (Short chain dehydrogenase/reductase 
family 9C member 2) (Testosterone 17-beta-dehydrogenase) (EC 1.1.1.239) 

10,98 

P14060 HSD3B1 3BH HSDB3A 3 beta-hydroxysteroid dehydrogenase/Delta 5-->4-isomerase type 1 (3 beta-hydroxysteroid 
dehydrogenase/Delta 5-->4-isomerase type I) (3-beta-HSD I) (3-beta-hydroxy-5-ene steroid 
dehydrogenase) (3-beta-hydroxy-Delta(5)-steroid dehydrogenase) (EC 1.1.1.145) (3-beta-
hydroxysteroid 3-dehydrogenase) (EC 1.1.1.270) (Delta-5-3-ketosteroid isomerase) 
(Dihydrotestosterone oxidoreductase) (EC 1.1.1.210) (Steroid Delta-isomerase) (EC 5.3.3.1) 
(Trophoblast antigen FDO161G) 

11,03 

P16152 CBR1 CBR CRN SDR21C1 Carbonyl reductase [NADPH] 1 (EC 1.1.1.184) (15-hydroxyprostaglandin dehydrogenase 
[NADP(+)]) (EC 1.1.1.196) (EC 1.1.1.197) (20-beta-hydroxysteroid dehydrogenase) (NADPH-
dependent carbonyl reductase 1) (Prostaglandin 9-ketoreductase) (PG-9-KR) (Prostaglandin-E(2) 
9-reductase) (EC 1.1.1.189) (Short chain dehydrogenase/reductase family 21C member 1) 

11,18 

Q86W10 CYP4Z1 
UNQ3060/PRO9882 

Cytochrome P450 4Z1 (EC 1.14.14.1) (CYPIVZ1) (Laurate 7-monooxygenase) (EC 1.14.14.130) 11,20 

Q15738 NSDHL H105E3 Sterol-4-alpha-carboxylate 3-dehydrogenase, decarboxylating (EC 1.1.1.170) (Protein H105e3) 11,33 

O75845 SC5D SC5DL Lathosterol oxidase (EC 1.14.19.20) (C-5 sterol desaturase) (Delta(7)-sterol 5-desaturase) 
(Delta(7)-sterol C5(6)-desaturase) (Lathosterol 5-desaturase) (Sterol-C5-desaturase) 

11,39 

P17405 SMPD1 ASM Sphingomyelin phosphodiesterase (EC 3.1.4.12) (Acid sphingomyelinase) (aSMase) 11,46 

P40925 MDH1 MDHA Malate dehydrogenase, cytoplasmic (EC 1.1.1.37) (Cytosolic malate dehydrogenase) 11,56 
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(Diiodophenylpyruvate reductase) (EC 1.1.1.96) 

O14756 HSD17B6 RODH SDR9C6 17-beta-hydroxysteroid dehydrogenase type 6 (17-beta-HSD 6) (17-beta-HSD6) (EC 1.1.1.105) (EC 
1.1.1.209) (EC 1.1.1.239) (EC 1.1.1.53) (EC 1.1.1.62) (3-alpha->beta-hydroxysteroid epimerase) (3-
alpha->beta-HSE) (Oxidative 3-alpha hydroxysteroid dehydrogenase) (Short chain 
dehydrogenase/reductase family 9C member 6) 

11,63 

P0C869 PLA2G4B Cytosolic phospholipase A2 beta (cPLA2-beta) (EC 3.1.1.4) (Lysophospholipase A1 group IVB) (EC 
3.1.1.5) (Phospholipase A2 group IVB) 

11,80 

Q99424 ACOX2 Peroxisomal acyl-coenzyme A oxidase 2 (EC 1.17.99.3) (3-alpha,7-alpha,12-alpha-trihydroxy-5-
beta-cholestanoyl-CoA 24-hydroxylase) (3-alpha,7-alpha,12-alpha-trihydroxy-5-beta-cholestanoyl-
CoA oxidase) (Trihydroxycoprostanoyl-CoA oxidase) (THCA-CoA oxidase) (THCCox) 

12,03 

Q9NY59 SMPD3 Sphingomyelin phosphodiesterase 3 (EC 3.1.4.12) (Neutral sphingomyelinase 2) (nSMase-2) 
(nSMase2) (Neutral sphingomyelinase II) 

12,11 

Q99487 PAFAH2 Platelet-activating factor acetylhydrolase 2, cytoplasmic (EC 3.1.1.47) (PAF:lysophospholipid 
transacetylase) (PAF:sphingosine transacetylase) (Platelet-activating factor acetyltransferase 
PAFAH2) (EC 2.3.1.149) (Serine-dependent phospholipase A2) (SD-PLA2) (hSD-PLA2) 

12,11 

P68402 PAFAH1B2 PAFAHB Platelet-activating factor acetylhydrolase IB subunit alpha2 (EC 3.1.1.47) (PAF acetylhydrolase 30 
kDa subunit) (PAF-AH 30 kDa subunit) (PAF-AH subunit beta) (PAFAH subunit beta) 

12,13 

Q9NZ20 PLA2G3 Group 3 secretory phospholipase A2 (EC 3.1.1.4) (Group III secretory phospholipase A2) (GIII 
sPLA2) (sPLA2-III) (Phosphatidylcholine 2-acylhydrolase 3) 

12,22 

Q86XP0 PLA2G4D Cytosolic phospholipase A2 delta (cPLA2-delta) (EC 3.1.1.4) (Phospholipase A2 group IVD) 12,33 

P11766 ADH5 ADHX FDH Alcohol dehydrogenase class-3 (EC 1.1.1.1) (Alcohol dehydrogenase 5) (Alcohol dehydrogenase 
class chi chain) (Alcohol dehydrogenase class-III) (Glutathione-dependent formaldehyde 
dehydrogenase) (FALDH) (FDH) (GSH-FDH) (EC 1.1.1.-) (S-(hydroxymethyl)glutathione 
dehydrogenase) (EC 1.1.1.284) 

12,46 

Q96F10 SAT2 SSAT2 Thialysine N-epsilon-acetyltransferase (EC 2.3.1.-) (Diamine acetyltransferase 2) (EC 2.3.1.57) 
(Spermidine/spermine N(1)-acetyltransferase 2) (SSAT-2) 

13,55 
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Q68DD2 PLA2G4F Cytosolic phospholipase A2 zeta (cPLA2-zeta) (EC 3.1.1.4) (Phospholipase A2 group IVF) 14,56 

Q8TAV3 CYP2W1 Cytochrome P450 2W1 (EC 1.14.14.-) (CYPIIW1) 17,14 
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