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Abstract 

Timely detection of complex chronic diseases like cancer or obesity, emerging in 

consequence of the interplay between genetic and environmental factors, is of great 

importance in patient therapy, since late diagnosis still correlates with aggravated 

prognosis. Therefore, technologies offering early detection, monitoring of disease 

progression or response to treatment are urgently required. Among all, the “omics” 

technology metabolomics provides a new perspective in the field of complex diseases 

due to its sensitivity in depicting responses of living systems to the environmental or 

pathophysiological stimuli. However, the metabolic profile of whole organisms, tissues or 

body fluids can be often influenced by several factors e. g. health conditions, aging, or 

life habits, and therefore metabolic studies in cell culture model could be a beneficial 

alternative to complement human studies.  

In this work, novel applications of existing analytical methods were introduced in 

metabolomics to study apoptosis and adipogenesis, extending present knowledge in the 

field of cancer and obesity. 

Apoptosis, one of the frequent targets in cancer therapies, was examined in 

several cancer cell lines to facilitate drug development for potential treatment. Three 

different pro-apoptotic agents were applied. Apoptosis was validated with detection of 

Caspase 3/7, known hallmark of apoptosis. The newborn screening (NBS) assay, 

originally used in the clinics to screen infants for inherited disorders, was adapted in this 

study for metabolite measurements in cell culture. Among all 42 measured metabolites, 

only alanine and glutamate were regulated independent of the pro-apoptotic agent used 

and in this study are introduced as potential novel biomarkers of apoptosis. Furthermore, 

changes in these metabolites may be biologically relevant because they can be 

connected to taurine metabolism, known to be strongly affected in apoptosis. In 

conclusion, novel implementation of the NBS assay for metabolomics studies in cells 

may provide promising strategies to improve drug screening and development, 

especially regarding its robustness and simplicity facilitating further application beside 

studies in human biofluids.  

Differentiation from preadipocytes to fat cells known as adipogenesis, was 

analyzed in the mouse 3T3-L1 cell culture model, using transcriptomics and 



 

  Abstract 
 _____________________________________________________________________   

 

 

2  

metabolomics, to learn about the fundamental mechanisms of adipogenesis 

development and to determine potential biomarkers for obesity risk. In the study, 

accumulation of lipid droplets as well as a strong regulation of the transcription factors 

promoting adipogenesis (C/EBPα, C/EBPβ and PPARγ) was observed and proofed the 

adipogenic differentiation process. In the course of adipogenesis, several metabolites 

affiliated to different metabolic classes were found to be significantly regulated. 

Moreover, significantly regulated metabolites correlated with significantly regulated 

genes, and exhibited characteristic patterns for different stages of adipogenesis. 

Features with highest score were further analyzed and were linked to glycolysis, citrate 

cycle, steroid biosynthesis as well as the metabolism of branched chain amino acids 

(BCAAs), fatty acids and glycerophospholipids. Decrease of BCAAs was connected to 

increased expression of genes involved in the BCAA catabolic pathway. Valine and 

isoleucine degradation products were linked to the citrate cycle and the products of 

leucine catabolism to cholesterol synthesis. Among examined total fatty acids, a majority 

of odd chain fatty acids were found and it was hypothesized to be due to an excess of 

propionyl-CoA or enhanced alpha-oxidation. Fatty acid chains are further incorporated 

into phosphatidylcholines (PCs). Data suggested an incorporation of fatty acids chains 

into PCs characterized by increasing saturation levels in case of acyl-acyl side chains or 

by increased chain length in case of acyl-ether side chains. Decrease in 

phosphatidylcholines and lysophosphatidylcholines containing very long unsaturated 

fatty acids were connected with mead, arachidonic, and eicosapentaenoic acid, which 

are known as precursors of fatty acids that mediate inflammatory responses. In 

conclusion, metabolic pathways and molecules highlighted in this thesis, as 

characteristic for adipogenesis, might be potential biomarkers for obesity development 

and drug targets for its prevention. Moreover, identification of obesity risk in early stages 

of human life and it effective treatment may reduce subsequent health complications
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Zusammenfassung 

Die frühzeitige Erkennung komplexer chronischer Krankheiten, wie Krebs oder 

Fettleibigkeit, die aus dem Zusammenspiel genetischer Faktoren und Umweltfaktoren 

hervorgehen, ist für die Therapie von Patienten von großem Interesse. Nicht zuletzt da 

eine späte Diagnose immer noch mit einer schlechten Prognose einhergeht. Deswegen 

sind Technologien, die eine Früherkennung zulassen oder eine Kontrolle des 

Krankheits- oder des Behandlungsverlauf beobachten lassen, dringend notwendig. 

Dabei stellen die “omic”-Technologien einen neuen Ansatz im Bereich chronischer 

Erkrankungen dar und dabei insbesondere die Metabolomik aufgrund ihrer Sensitivität 

bezüglich Umwelt- oder pathophysiologischen Stimuli in lebenden Organismen. 

Allerdings kann das metabolische Profil eines gesamten Organismus durch 

verschiedenste Faktoren  verfälscht werden, wie beispielsweise durch den 

Gesundheitszustand, das Altern oder die Lebensgewohnheiten, weswegen die Studie 

des Metabolismus in einem Zellkulturmodell eine nützliche Alternative zu 

komplementären Studien im Menschen bietet.   

In dieser Arbeit wurden neuartige Anwendungen existierender Analysemethoden in der 

Metabolomik eingeführt, um Apoptose und Adipogenese zu untersuchen. Auf diese 

Weise wird der derzeitige Kenntnisstand in den Bereichen Krebs und Fettleibigkeit 

erweitert. 

 Um beispielsweise die Entwicklung eines Medikaments für eine potentielle 

Krebstherapie zu ermöglichen, wurde die Apoptose, eine inzwischen häufige 

Therapieform, in mehreren Krebszelllinien untersucht. Drei verschiedene pro-

apoptotische Agenzien wurden eingesetzt. Apoptose wurde mit dem Caspase 3/7-

Assay, einem anerkannten Test auf Apotose, bestimmt. Das “newborn screening” 

(NBS), das in der Klinik zum Screening für Erbkrankheiten bei Kindern genutzt wird, 

wurde in dieser Studie dafür verwendet, um Metabolitenmessungen in der Zellkultur 

durchzuführen. Unter allen 42 gemessenen Metaboliten, waren nur Alanin und 

Glutaminsäure unabhängig vom pro-apoptotischen Agenz reguliert. Veränderungen in 

diesen Metaboliten könnten biologisch relevant sein, da sie mit dem Taurinstoffwechsel 

verbunden werden können, welcher in der Apoptose beeinträchtigt wird. Alanin und 

Glutaminsäure, könten somit als potentielle Kandidaten für metabolische Biomarker in 
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der Apoptoseerkennung dienen.  

Die neuartige Anwendung des NBS-Tests für metabolische Studien in Zellen, zeigt 

vielversprechende Strategien auf, um ein Medikamentenscreening und die Entwicklung 

eines Medikamentes zu verbessern, insbesondere im Bezug auf die leichte, spätere 

Anwendung in menschlichen biologischen Flüssigkeiten.  

  

 Die Differenzierung von Präadipozyten zu Fettzellen, die sogenannte 

Adipogenese, wurde in der Mauszellinienmodell 3T3-L1 analysiert. Um fundamentale 

Mechanismen der Adipogenese zu erforschen und potentielle Biomarker für 

Fettleibigkeit zu identifizieren wurden transkriptomische und metabolische Technologien 

verwendet, Durch Nachweis der Anreicherung von Fetttröpfchen sowie eine starke 

Regulation der Transkriptionsfaktoren C/EBPα, C/EBPβ und PPARγ, wurde die 

Adipogenese verifiziert. Während der Adipogenese wurden signifikant regulierte 

Metabolite identifiziert, die zu unterschiedlichen metabolischen Klassen gehören. 

Darüberhinaus konnten diese Metabolite mit signifikant regulierten Genen korreliert 

werden. und wiesen charakteristische Muster für unterschiedliche Stadien der 

Lipogenese auf. Befunde mit höchster Signifikanz wurden nähergehend analysiert und 

mit der Glykolyse, dem Zitronensäurezyklus, der Steroidbiosynthese oder dem 

Metabolismus verzweigtkettiger Aminosäuren (BCAA), gesättigter Fettsäuren und 

Glykophospolipiden in Zusammenhang gebracht. Die Abnahme verzweigtkettiger 

Aminosäuren korrelierte mit ansteigender Expression von Genen, die in den BCAA-

Katabolismus eingebunden sind. Des Weiteren konnten die Abbauprodukte von Valin 

und Isoleucin mit dem Zitronensäurezyklus, und das Produkt des Leucinabbaus mit der 

Cholesterinsynthese in Verbindung gebracht werden. Unter den gesättigten Fettsäuren 

wurde ein Großteil ungerader Fettsäuren gefunden und es wird angenommen, dass 

diese durch einen Überschuss an Propionyl-CoA oder durch Alpha-Oxidation 

resultieren. Fettsäureketten werden darüber hinaus in Phosphatidycholinen (PCs) 

eingebaut. Die Daten ließen vermuten, dass sich im Laufe der Adipogenese PCs mit 

niedrig gesättigten Acyl-acyl-Seitenketten und PCs mit Acylether-Seitenketten höherer 

Kettenlänge anreichern. Eine Abnahme von Phophatidylcholinen und 

Lysophosphatidylcholinen, die sehr lange ungesättigte Fettsäure enthalten, wurden mit 
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Mead-, Arachidon- und Eicosapentaensäure in Verbindung gebracht, die als Vorstufen 

solcher Fettsäuren gelten, die  den Entzündungsprozess vermitteln.  Zusammenfassend 

lässt sich sagen, dass die metabolischen Signalwege und Moleküle, die in dieser Arbeit 

als Charkteristika für die Adipogenese erarbeitet wurden, als potentielle Biomarker bei 

der Entstehung von Fettleibigkeit gesehen werden können, ebenso wie sie als 

Medikamentenzielscheiben genommen werden können, um vor Fettleibigkeit  zu 

schützen. Die Feststellung des Risikos von Fettleibigkeit in frühen Stadien und deren 

effektive Behandlung könnte helfen, Folgeschäden zu reduzieren. 
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1 INTRODUCTION 

1.1 Complex diseases: obesity and cancer – twenty-first 

century issue 

Condition of human health is a consequence of several factors including not only 

discrete genetic and environmental effects but also the interplay between them. The 

multifactorial etiology of diseases like cancer (Knox 2010), Alzheimer (Williamson, 

Goldman et al. 2009), obesity or type 2 diabetes (Bell, Finer et al. 2010), mostly caused 

by interactions between genes and factors, e.g. poor diet, lack of exercise, smoking or 

hazardous chemicals (Schork 1997), allows to define them as complex diseases (Schork 

1997).   

1.1.1  Obesity 

Obesity, defined by the World Health Organization (WHO) as abnormal or excessive fat 

accumulation that represents a risk of health (Consultation 2000), recently reached an 

epidemic level by affecting nearly half a billion of the world’s population (Rossner 2002), 

and becomes a challenge of the twenty-first century. The body mass index (BMI) is the 

most widely used weight-for-height measure (function of body mass and body height) 

(Calle and Thun 2004) for classifying and reporting human fatness (fat mass). Standard 

values described by the WHO, defining underweight, normal weight range, overweight, 

and obesity are presented in Table 1. Generally, overweight, obesity, and morbid 

obesity, characterized by the BMI ranges 25-29.9, 30.0-39.9, and ≥ 40, respectively, are 

consequences of chronic imbalance between energy (calories) intake and 

expenditure/consumption leading to increased fat mass. The fat mass is regulated by 

the change of fat cell (adipocyte) size (hypertrophy) and/or number (hyperplasia). In the 

past, obesity was ignored as a medical issue and minimalized to aesthetic and cosmetic 

difficulties.  
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Table 1 Human fatness specified in BMI described by WHO. 

 

However, recent studies uncover obesity as a major risk factor of chronic diseases like 

cardiovascular disease, hypertension, dyslipidemia, hyperglycemia, (Lavie, Milani et al. 

2009) type 2 diabetes, insulin resistance (Flier 2004), (Guilherme, Virbasius et al. 2008), 

some cancers (Calle and Thun 2004) (colon cancer (Ma, Yang et al. 2013), breast 

cancer (Ligibel 2011), prostate cancer (Amling 2005)) as well as increased risk of early 

death (Calle, Thun et al. 1999). The epidemic of obesity was frequently connected with 

an “obesogenic lifestyle” based on high-energy diet and reduced physical activity. 

However, Stunkard et al. demonstrated already in 1986 in an adoption study that obesity 

can be also determined by genetics (Stunkard, Sorensen et al. 1986). Their study was 

based on 540 Danish adopted children, which were divided into four weight classes: 

thin, median weight, overweight and obese. The authors found strong correlation 

between the body-mass index of the biological parents and the children in contrast to 

their adoptive parents, where body-mass index relation was not observed (Stunkard, 

Sorensen et al. 1986). Those studies demonstrated significant contribution of genetics 

and marginal impact of environment to human fatness in adults. Moreover, those 

findings were supported by a twin study on human obesity which also showed 

correlation between human fatness and genetics (Stunkard, Foch et al. 1986). To 

summarize, obesity is caused by a disrupted energy balance determined by both genetic 

predisposition and environmental factors like nutrition, life style or social factors which 

place it into the complex diseases family (Yang, Kelly et al. 2007). 
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1.1.1.1 Regulation of adipogenesis – a step toward obesity 

comprehension 

Since the explosion of global epidemic of obesity, specified by excess accumulation of 

white adipose tissue (WAT), has become a fact, studies on adipocyte biology began and 

initiated an emerging field of research (de Ferranti and Mozaffarian 2008). The number 

of fat cells present in an organism is mostly determined by adipogenesis (Camp, Ren et 

al. 2002), (Hirsch and Batchelor 1976) – a process of cell transformation from 

preadipocytes to fat cells. Adipogenic cell differentiation was frequently studied ex vivo 

in murine cell culture models ((Green and Meuth 1974), (Casimir, Miller et al. 1996), 

(Ntambi and Young-Cheul 2000)) (3T3-L1 or 3T3-F442 A) where pro-adipogenic and 

anti-adipogenic molecules were determined (Rosen and MacDougald 2006). Figure 1 

presents the transformation of fibroblast-like cells (preadipocytes) to mature adipocytes 

containing large lipid droplets and underlying transcriptional cascade, consisting of 

genes categorized into early, intermediate and late markers of adipogenesis. Generally 

a hormonal mixture serves as a stimuli for adipogenic cell differentiation, starting with an 

increased expression of pro-adipogenic genes including C/EBPß, C/EBPδ, and Krüppel-

like factors (KLF) which further induce the expression of PPARγ and C/EBPα present in 

the intermediate and late phase of cell differentiation (MacDougald and Lane 1995, 

Rosen and MacDougald 2006), (White and Stephens 2010). WAT primarily consisting of 

mature adipocytes, plays a crucial role in systemic glucose and lipid homeostasis 

(Rosen and Spiegelman 2006). Moreover, WAT secretes several molecules including 

cytokines (leptin, TNFα, and IL-6), enzymes involved in steroid metabolism (e.g. 

hydroxysteroid dehydrogenases like 17HSDs and 11HSD1), molecules for lipid 

metabolism or transport (e.g. lipoprotein lipase (LPL)), and cholesterol ester transfer 

protein (CETP) regulating metabolism in other tissues (Kershaw and Flier 2004). Thus, 

fat tissue is recently considered as endocrine organ involved in inflammation or immune 

response (Saltiel 2001, Desai, Beall et al. 2013). Besides, resistin, a protein secreted by 

adipose tissue, was pointed out as crosslink between obesity and diabetes (Steppan, 

Bailey et al. 2001). Therefore, studies on adipogenesis and fat cells itself could be 

beneficial for patients, considering development of methods for early detection of risk 
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and novel therapies for obesity.   

 

Figure 1 Fat cell development - from preadipocytes to mature adipocytes. Stimulation of 
preadipocytes with a hormonal mixture containing glucocorticoids and insulin (induction of 
apoptosis) activates transcriptional cascade promoting adipogenesis. The transcription factors 
including KLF’ (4 and 5) and C/EBP’s (β and δ) are up-regulated at the early stage of 
adipogenesis to activate other pro-apoptotic molecules. In turn, KLF15, PPARγ and C/EBPα 
once activated (at intermediate and late phase) remain expressed.  

1.1.2  Cancer  

Cancer is referred to as uncontrolled cell hyperproliferation with simultaneous resistance 

to apoptosis, can appear in any part of the body and was denoted by the WHO as a 

major cause of death in Europe after cardiovascular diseases 

(http://www.euro.who.int/en/what-we-do/health-topics/noncommunicable-

diseases/cancer). Trends in cancer mortality estimated for 2012 are presented in Figure 

2. Lung, intestine, and prostate cancer in men and breast, lung, and intestine cancer in 

women are expected to cause almost half of the total cancer deaths. Cancer 

development and progression occurs in dysfunctional system corrupted through 

interactions with environmental, immunologic, genetic, viral, or behavioral factors (Knox 

2010). The complexity of cancer can be demonstrated by the example of lung cancer 

because the risk factors are well known. In this case tobacco smoking is the 

http://www.euro.who.int/en/what-we-do/health-topics/noncommunicable-diseases/cancer
http://www.euro.who.int/en/what-we-do/health-topics/noncommunicable-diseases/cancer
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documented factor for 90% of lung cancer incidences. However, only 10 – 15% of 

current or former smokers develop lung cancer (Alberg and Samet 2003).  

 

Figure 2 Number of predicted deaths caused by leading cancer types in the European 
Union for the year 2012 (Malvezzi, Bertuccio et al. 2012). 

Paradoxically, never-smokers of all lung cancer patients, about 15% of the male and 

53% of the female patients, can be also affected and develop this disease. Hence, lung 

cancer could be induced by other factors including “at risk” genotypes, low 

socioeconomic status, poor diet, arsenic exposure, or other chemical carcinogens (Knox 

2010).  

The hallmarks of cancer including sustained proliferative signaling, evaded growth 

suppressors, activated invasion and metastasis, enabled replicative immortality, induced 

angiogenesis, resisted cell death, avoided immune destruction, and deregulated cellular 

energetics, were recently reviewed by Hanahan and Weinberg (Hanahan and Weinberg 

2011). Considering cancer complexity and the fact that it is a “part of the body”, it is not 

surprising that drug development still remains a challenge. The anticancer drug should 

ideally target between essential and non-essential cellular functions (Kamb, Wee et al. 

2006) to be effective but not destructive. Compounds affecting essential functions, like 

traditional cytotoxic agents, result in high efficiency but simultaneously can damage 

healthy cells (Kamb, Wee et al. 2006).  In contrast, drugs like the estrogen-receptor 

modulator tamoxifen, are better tolerated, however, limited in their efficiency (Knox 

2010). Recent strategies toward novel drug development attempt to target several 

cellular processes including primarily apoptosis, angiogenesis, stress response or 

metabolism (Kamb, Wee et al. 2006).  
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1.1.3  Apoptosis - way to cancer treatment 

Apoptosis also known as programmed cell death (PCD) or cell suicide can be induced 

by several exogenous or endogenous stimuli including radiation, oxidative stress, 

replication or recombination errors as well as environmental or therapeutic genotoxins 

(Rastogi and Sinha 2010). The apoptotic process is required in life cycle of healthy 

organisms eliminate damaged cells and to ensure diversity and unequivocal lineage 

development in embryogenesis (Alberts 2008). For example, in humans in average 50 – 

70 billion cells undergo apoptosis daily (Li and Martin 2009). Because failure in PCD 

was pointed out as one of the hallmarks of cancer, apoptosis serves as a natural barrier 

for cancer development (Hanahan and Weinberg 2011). Hence, targeted induction of 

apoptosis in cancer cells, according to the phrase “the only good cancer cell is a dead 

cancer cell” (Gerl and Vaux 2005), is a perspective for successful therapy. Recently, 

molecules inducing apoptosis by inhibiting B-cell lymphoma-2 (Bcl-2) family member 

proteins, whose expression protects cancer cells from apoptosis (Gerl and Vaux 2005, 

Kang and Reynolds 2009) were applied for cancer therapies (Kang and Reynolds 2009). 

However, apoptosis-inducing drugs may simultaneously provoke hyperactive mitogenic 

signaling (critical for cell proliferation) and thereby prevent apoptosis (Hanahan and 

Weinberg 2011).  

1.2  Omics technologies toward rapid detection and   

successful prevention of complex diseases  

Despite increased knowledge in complex disease etiologies, early detection and 

effective treatment of these diseases remain 21st-century issues. Cancer pharmacology 

get weakest records for investigational drugs in clinic development (Kamb, Wee et al. 

2006). Moreover, obesity and its co-morbidities burden the health care budgets with 2 – 

8 % of the costs, which could be avoided by early detection (Zimmet, Alberti et al. 2001). 

Thus prospective strategies should involve technologies which could focus not only on 

the single gene or pathway but on the global context. Recent significant increase in 

development of omics technologies, referred to as large scale screening for molecules 

including genes (genomics), proteins (proteomics) and metabolites (metabolomics), 
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serves to facilitate medical science and clinical pharmacology in understanding of 

disease complexity, its early detection and proper treatment. A schematic general 

overview on omics coverage is presented in Figure 3.  

 

Figure 3 Coverage of omics technologies. Influence of environment on different molecule 
classes (DNA, RNA, protein and metabolite) is proportional to the green arrow intensity. 
Methods of detection required for each of the molecules are presented in the big boxes and the 
technologies enabling detection of a large number of these molecules are depicted above. The 
relation of “omics” levels is represented by colors. For example genomics is stronger related to 
genotype (depicted in orange) and metabolomics to phenotype (depicted in yellow).   

Genomics, a systemic study of the genome (total DNA of a given species), addresses 

analyzes of gene functions, relationships and their combined influence on the 

organism’s growth and development (Griffiths 2000). DNA sequencing, a technology 

used by genomics, enables the identification of gene sequences but can be used also to 

find genetic variations between people (copy number variation (CNV), deletions and 

insertions (indels) and single nucleotide polymorphisms (SNP’s) (Adamski 2012)), 

associated with diversity in population and different predisposition to diseases. The 

SNP’s are most frequently implemented for homogeneity testing, pharmacogenetic 

studies, or detection of diseases (Shastry 2002, Altshuler, Daly et al. 2008). However, 

genomics is mostly limited by a fixed genome (except mutations) and identical genetic 

information presented by each cell composing an organism independent of physiological 

and developmental conditions (static nature of the genome). In turn transcriptomics, the 

study on the transcriptome (complete set of RNA transcripts in the organism), enables 

monitoring of actively expressed genes (gene expression patterns) under given 
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conditions. Transcriptomics, until lately preliminary based on microarray technology, is 

broadly implemented to study gene functions, regulatory pathways and disease 

mechanisms crucial for the determination and validation of novel drug targets (Schena, 

Shalon et al. 1995, Asyali, Colak et al. 2006). Nevertheless, the mRNA is not the final 

product and it’s further translated into proteins. Furthermore, each transcript can be 

differently spliced and lead to various proteins. Hence, the proteins, key structural and 

functional compounds of each living system, can provide additional information on the 

state of an organism. Comprehensive analyzes of proteins concerning their chemical 

modifications (phosphorylation, acylation or methylation) after synthesis, can be 

achieved with proteomics, the study on the proteome (complete set of proteins in the 

examined system) (Yanagida 2002). Proteomics facilitated by X-ray crystallography, 

nuclear magnetic resonance (NMR), mass spectrometry or two-dimensional gel 

electrophoresis can determine proteins structure, networks and functions (Liebler 2002). 

Small molecule composition (metabolites below 1500 Da) of biological system is 

determined by the sum of its genetic features, regulation of gene expression, protein 

abundance and environmental influence (Artati, Prehn et al. 2012). Therefore, 

metabolomics (global study on metabolites) has its value in the proximity to the 

molecular phenotype of a biological sample (Fiehn, Kopka et al. 2000). Metabolomics 

enables metabolic characterization of an organism due to the monitoring of variable 

biochemical pathways under specific conditions (Roux, Lison et al. 2011, Imaizumi 

February 10, 2012). Its implementation in clinical setups for the identification of disease 

states or for monitoring of therapy efficiency was found to be beneficial (Hunter 2009, 

Spratlin, Serkova et al. 2009).  

Nucleic acids as well as proteins and metabolites could be used to determine conditions 

of an organism and therefore can serve as biomarkers indicating disease progression or 

response to the treatment (Goodacre 2005). Implementation of omics technologies has 

so far beneficial impact on the understanding and monitoring of complex diseases. 

Genome wide association studies (GWAS), profitably contributing in the complex 

diseases field since 8 years (Ku, Loy et al. 2010), enables determination of hundreds of 

disease risk loci (Hindorff, Sethupathy et al. 2009). However, gene-environment 

interactions are poorly detected by GWAS and in consequence result in a gap between 
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a genotype and a phenotype (Gieger, Geistlinger et al. 2008). Recently, Adamski 

(Adamski 2012) suggested to overcome the limitations of GWAS by adding 

metabolomics information to the studies (mGWAS). Genomics, proteomics and 

metabolomics were implemented in medical practice regarding diagnosis, prevention 

and perspectives. For example, proteomics was successfully implicated in 

neurodegenerative diseases like Alzheimer (Rodolfo, Ciccosanti et al. 2010) or breast 

cancer (Misek and Kim 2011). In the recent years, metabolomics alone reached a strong 

position in diagnosis and prevention through its involvement in infants screening for 

inborn errors with more than 3 million infants screened worldwide and 500 confirmed 

disorders (Chace, Kalas et al. 2003). Moreover, recent studies suggest distinct 

relevance of metabolomics in type 2 diabetes (Ferrannini, Natali et al. 2012) and obesity 

(Wahl, Yu et al. 2012) research. 

1.3 Metabolomics – an overview  

The term metabolome (Oliver, Winson et al. 1998) covers all low molecular mass 

compounds (metabolites) in a biological system (cell, tissue, and organism). The 

dynamic changes in metabolome composition, a result of environmental stimuli or 

pharmaceutical treatment, are studied by metabolomics. For metabolite detection and 

quantification several technologies were applied. In the early stages, metabolite 

measurements were performed without previous fractionation (direct analysis) with 

nuclear magnetic resonance (NMR), Fourier transform infrared (FT-IR) spectroscopy, 

Raman spectroscopy or mass spectrometry (MS) (Artati, Prehn et al. 2012). However, 

direct analysis provide low resolution and was later improved by implementation of 

separation steps including gas chromatography (GC), multidimensional gas 

chromatography (GC x GC), liquid chromatography (LC), high performance liquid 

chromatography (HPLC) or ultra-high performance liquid chromatography (UPLC).  

Metabolomics can be variously applied to target the aim of the studies. Metabolic 

profiling provides insight into metabolite composition with simultaneous identification of 

novel compounds. This approach, based mostly on GC-MS, NMR, LC-FT-ICR or UPLC-

MS techniques, results in a very high mass resolution but low sample throughput 

(Griffiths, Karu et al. 2007). The non-targeted metabolomics, frequently based on both 
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GC-MS and LC-MS, provides information on the global metabolic composition. High 

sample throughput with relative large number of quantified metabolites can be achieved 

(Artati, Prehn et al. 2012). In turn, targeted-metabolomics, reaching very high sample 

throughput, is applied to determine and quantify changes in pre-selected metabolites 

(Griffiths, Koal et al. 2010). Targeted-metabolomics can be specified toward the study of 

particular component classes like lipids (lipidomics) (Wenk 2005, Griffiths and Wang 

2009), glycome (carbohydrates in cells) (glycomics) (Ajit, Richard et al. 2009, Service 

2012, Fujitani, Furukawa et al. 2013) or steroids (steromics) (Ceglarek, Shackleton et al. 

2010). This approach is used preliminary in diagnostics and is based on LC-MS, GC-MS 

or flow injection analysis (FIA)-MS (Weljie, Newton et al. 2006). 

1.3.1  Significance of ex vivo metabolic studies  

Despite successful implementation of metabolomics in human population studies 

(Beckonert, Keun et al. 2007), (Wang-Sattler, Yu et al. 2008), (Suhre, Meisinger et al. 

2010) resulting in the discovery of novel biomarkers for numerous diseases (Sreekumar, 

Poisson et al. 2009), (Tukiainen, Tynkkynen et al. 2008), several questions regarding 

properties and functions of different cell types under different conditions, remain open. 

This issue cannot be solved solely by metabolic analysis of human bio fluids (urine, 

plasma or serum) due to their complexity and therefore ex vivo experiments are required 

(Cuperlovic-Culf, Barnett et al. 2010). Metabolomics of cultured cells is essential for 

comprehensive understanding of cellular processes. For example metabolite monitoring 

of adipogenesis can be beneficial for understanding development of obesity, or 

analyzing apoptotic and necrotic cells can be valuable for anti-cancer drug development. 

Moreover, cellular metabolomics complement human studies in term of understanding 

the mechanism of many diseases and enables appropriate pharmacology for their 

treatment (Khoo and Al-Rubeai 2007). The advantages of the implementation of cultured 

cells as models for metabolic studies are presented Figure 4 (Cuperlovic-Culf, Barnett 

et al. 2010)).  
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Figure 4 Advantages of implementation of cell culture as model for metabolomics 
studies. 

1.3.2  Challenges of metabolomics in cell culture model  

Metabolomics of human bodily fluids have to deal with determination of indicative 

metabolites (biomarkers) for given process, analysis and prediction of metabolic 

pathways and cross-talks between them as well as determination of drug action and 

mechanisms of diseases (Artati, Prehn et al. 2012). Studies on cell culture metabolism 

should additionally reflect cell quenching (Sellick, Hansen et al. 2009), (Teng, Huang et 

al. 2009), harvesting (Danielsson, Moritz et al. 2010), extraction (Ritter, Genzel et al. 

2008), variability of growth medium and differential rates of cell proliferation (Cuperlovic-

Culf, Barnett et al. 2010). Cell quenching (arresting of cellular metabolic activity) is 

essential for both evaluation of cellular background and distinguishing between samples. 

Hence, optimal quenching methods should rapidly stop the cellular process without 

affecting of cellular metabolites at the same time. Cell harvesting is more complex in 

case of adherent growing cells, where cell detachment is a challenging issue. 
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Application of trypsin as a standard method results in cell membrane damage and 

leakage of metabolites (Danielsson, Moritz et al. 2010). Furthermore, the appropriate 

selection of extraction solvents creates difficulties concerning their selectivity towards 

certain molecule classes like, e.g. polar solvents badly extract lipids. Thus, all of those 

factors have influence on the variance in the parameters of interest and therefore are 

fundamental considerations for each experimental design using cell culture for 

metabolomics study (Cuperlovic-Culf, Barnett et al. 2010). 

1.4 Aim of the thesis 

The overarching aim of this thesis was to extend the knowledge in the research area of 

complex diseases like cancer and obesity by studying metabolic pathways affected 

during apoptosis and adipogenesis, which are crucial cellular processes in the 

pathogenesis of referred diseases. To reach the aim, a specific assay for studying 

metabolomics in cell culture should be developed in the first step. Subsequently, the 

assay should be used to analyze the metabolic patterns of apoptotic cancer cell lines to 

determine novel biomarkers of apoptosis. In another aim, the process of adipogenic cell 

differentiation should be examined by combining metabolomic and transcriptomic 

techniques to find characteristically regulated metabolic pathways, which may lead to 

understanding of an interplay between adipogenesis, obesity and its co-mortalities and 

facilitate their prevention. A more detailed description of the single aims is given in the 

following text. 

1.4.1 Development of protocols for metabolite measurements in 

adherently growing cells 

Although sample preparation is crucial for metabolomics, little is known about the 

processing of adherently growing cells for the study of small molecules composition with 

LC/MS techniques. The main objective of this part of the work was therefore to develop 

and standardize an affordable system for studying metabolomics in adherently growing 

cells. The harvesting and extraction protocols should be developed and optimized to be 

compatible with two different targeted metabolomics assays, the newborn screen (NBS) 
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assay of Chromsystems and the Absolute IDQ kit assays of Biocrates. Both, the NBS 

assay, originally used in diagnostics for metabolite measurements in blood spots 

samples (Rashed, Bucknall et al. 1997, Baumgartner, Bohm et al. 2004), as well as the 

Absolute IDQ p180 kit, up to now used for metabolites measurement in human bodily 

fluids and tissues (Gieger, Geistlinger et al. 2008, Römisch-Margl, Prehn et al. 2012), 

should be applied on cell culture samples. 

1.4.2  Metabolic biomarkers of apoptotic cancer cell lines  

Considering the mortality rate caused by cancer and the poor records of drugs in clinical 

development (Kamb, Wee et al. 2006), the evaluation of novel diagnostic tools for drug 

screening in cell culture, based on metabolomics, should be investigated. Because 

programed cell death is one of the frequent targets in cancer therapies, the main goal of 

this project was to determine novel biomarkers of apoptosis using robust analytical 

assays to facilitate cancer diagnostic and drug treatment monitoring. To find metabolic 

alterations indicative for apoptosis, known pro-apoptotic drugs (staurosporine, etoposide 

and 5-fluorouracil), commonly used in cancer therapies, should be applied to induce 

apoptosis in different cell lines. Changes in small molecules levels should be monitored 

with the NBS assay. 

1.4.3 Adipogenesis “pathfinding” - first step toward novel 

biomarkers in development of obesity 

Up to now, obesity is diagnosed post factum, when the patient’s body mass index is 

already higher than 30 kg/m2. Development and adipogenesis progression cannot be 

monitored with present technologies. Therefore, to prevent overweight, biomarkers 

indicating obesity risk already at an early stage are desired. This part of the study aimed 

to examine adipogenesis processes in a cell culture model by applying metabolomics 

and transcriptomics as analysis tools. Combining the data of both omics   technologies 

in the data evaluation should lead to new findings on adipogenesis pathways              

and   finally to identification of biomarker candidates for patients with obesity risk.
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2 MATERIALS AND METHODS 

2.1 Chemicals and reagents 

Substance Manufacturer 

0.5% Trypsin EDTA GIBCO Invitrogen 

3-Isobutyl-1methylxanthine (IBMX) Sigma 

5-Fluorouracil Sigma 

Agarose Biozym Scientific 

DAPI Sigma 

Dexamethasone Sigma 

DMEM High Glucose (4.5 g/L) PAA 

Ethanol Merck 

Ethylenediaminetetraacetic acid (EDTA) Promega 

Etoposide Sigma 

Fetal Bovine Serum (FBS) PAA 

Formaldehyde 37% Sigma 

Glycerol Applichem 

Insulin Sigma 

Isopropanol Merck 

Methanol Merck 

MgCl2 Roth 

Milchpulver Roth 

MilliQ H2O Millipore 

Oil Red O Sigma 

Penicillin/Streptomycin GibcoBRL 

Power SYBR Green PCR Mastermix Applied Biosystems 

RPMI PAA 

SDS Serva 
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Substance Manufacturer 

Staurosporine Sigma 

TEMED Sigma 

Thiazolylblau (MTT) Roth 

Tris AppliChem 

 

2.2 Kits 

Kits Manufacturer 

5500 MassChro® (NBS assay) Chromsystems 

Absolute IDQ P150 & P180 Biocrates Life Science AG 

Caspase 3/7 Promega 

Expression BeadChip MouseRef-8 v2.0 Illumina 

First strand cDNA synthesis Fermentas 

RNeasy Mini kit Qiagen 

 

2.3 Equipment 

Hardware/Material Manufacturer 

API 4000 Qtrap AB Sciex 

 Filter paper Whatman 

10% TGX Precast gel Bio-Rad 

BioVision gel documentation system PeqLab 

Cell scraper Sarstedt 

Centrifuge Rotolavit 

CO2 incubator  SANYO  

Cryolys, cooling system PeqLab 

DGU-20A3 degasser Shimadzu 

DGU-20A5 degasser Shimadzu 

FCV-12AH switching valve Shimadzu 

Fusion FX7 VilberLourmat 

GENiosPro plate reader  Tecan 
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Hardware/Material Manufacturer 

Hamilton ML Star robotics system  Hamilton Bonaduz AG 

HiScan reader  Illumina 

Horizontal electrophoresis system Bio-Rad 

Laminar flow safety cabinet  Microflow 

Microscope Axiovert 40 CFL Zeiss 

Mini PROTEAN III electrophoresis cell Bio-Rad 

NanoDrop ND-1000 spectrophotometer PeqLab 

Plate reader SAFIRE II  Tecan 

Plate Rotors Centrifuge Rotana 46 RSC Hettich 

Precell lysing kit glass  VK01 PeqLab 

Precell lysing kit glass/ceramic SK38 PeqLab 

Precellys24 homogenizer PeqLab 

SIL-20AC autosampler Shimadzu 

TaqMan 7900HT cycler Applied Biosystems 

Trans-Blot SD - Semi Dry Transfer Cell Bio-Rad 

Ultravap nitrogen evaporator Porvair Sciences 

Uniequip speed-vac Laborgerätebau Martinsried 

UV/Vis spectrophotometer DU530 Beckman Coulter 

 

2.4 Cell culture 

All cultured cells were grown at 37ºC and 5% CO2 in a humidified atmosphere in 

SANYO Electric Biomedical incubators. All laboratory works involving cell cultures was 

performed in a laminar flow safety cabinet. HEK 293 (human embryonic kidney) and 

HepG2 (human hepatocellular carcinoma) cells purchased from the German collection of 

microorganisms and cell culture (DSMZ), and 3T3-L1 (murine preadipocytes) from the 

American Type Culture Collection (ATCC) were grown in DMEM medium supplemented 

with 10% fetal bovine serum (FBS), 100 IU / mL penicillin and 100 µg / mL streptomycin. 

Human prostate adenocarcinoma PC3 (DSMZ) and human breast adenocarcinoma 

MCF7 cells (kindly provided by Dr. T. Penning, Department of Pharmacology, University 

of Pennsylvania, Philadelphia, USA) were cultivated in growth medium RPMI 1640 

supplemented with 10% fetal bovine serum (FBS), 100 IU / mL penicillin and              
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100 µg / mL streptomycin. Cells sub-cultured not higher than passage 12 were used for 

all experiments. 

 

2.5 Preparation of cell culture samples for mass 

spectrometry (MS) 

2.5.1  Cell preparation for new born screening assay 

HEK 293, HepG2, PC3 and MCF7 cells were seeded at a density of 2x105 cells/ well in 

12-well plates. Adherent cells were washed twice with phosphate-buffered saline (PBS) 

and scraped off the plate wells (floating cells were collected from medium by 

centrifugation and washed as well twice with PBS. For quenching and metabolite 

extraction combined cells were mixed with 300 µL of 20% MetOH at -20 °C, pipetted into 

4 °C precooled vials containing glass beads (Precellys) and homogenized three times 

for 20 s at 5500rpm with the homogenizer Precellys24 (PeqLab) at 4 °C. Procedures for 

metabolite extraction from tissue samples were previously described (Römisch-Margl, 

Prehn et al. 2012). Homogenized samples were further centrifuged for 10 min at 10 ºC 

at 18,000 x g and the supernatants were used for determination of metabolite 

composition with the Newborn Screen (NBS) assay (see subsection 2.6.1) 

2.5.2  Cell preparation for Absolute IDQ assay 

The Absolute IDQ assay (Biocrates AG) was used for both: optimization of protocols for 

metabolite measurements in cultured cells (p150) and metabolomics studies of 

adipogenesis (p180). The optimization of protocols was carried out after cells were 

seeded at a density of 1x106 cells/ well in 6-well plates, grown for indicated periods and 

harvested by trypsinization or scraping off the plate wells.  

Trypsinized cells: after growth medium was removed from the well, cells were washed 

twice with PBS and incubated for 1 min with 0.5 mL trypsin / well at 37 °C. Detached 
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cells were resuspended in 1.5 mL of growth medium and centrifuged. The supernatant 

was removed and cell pellet was washed twice with 2 mL PBS. After PBS was aspirated, 

the cell pellet was mixed with 350 µL of ice-cold extraction solvents (water or 40% 

MeOH or 80% MeOH). Extraction and homogenization procedures were carry out in 

homogenizer Precellys24 (PeqLab) at 4 °C (cells homogenized three times for 20 s at 

5500 rpm) after cells were placed into precooled vials containing glass - ceramic beads 

(Precellys). Homogenized samples were further centrifuged for 10 min at 10 ºC at 

18,000 x g and the supernatant was used for determination of metabolite composition 

with Absolute IDQ assay (see subsection 2.6.2). 

Scraped cells: after growth medium was removed from the well, cells were washed twice 

with PBS. The PBS was aspirated and cells were scraped of the well with 350 µL of ice 

cold extraction solvent (water or 40% MeOH or 80% MeOH) and transferred into 

precooled vials containing glass - ceramic beads (Peqlab). Extraction and 

homogenization procedure was performed like in case of trypsinized cells.  

Metabolomics studies of adipogenesis were performed after cells were seeded at a 

density of 0.8x105 cells/ well in 6-well plates in 2 mL medium and grown for indicated 

periods. Cell quenching and extraction was performed subsequently by cell scrapping 

with 350 µL of 80% MeOH  (at -20 °C) after conditioned medium was removed and cells 

were washed twice with PBS buffer (37 °C). The suspension was transferred into 

precooled vials containing glass - ceramic beads (Peqlab) and were subsequently 

extracted and homogenized in homogenizer Precellys24 (PeqLab) at 4 °C (cells 

homogenized three times for 20 s at 5500 rpm). After homogenization samples were 

centrifuged for 10 min at 10 ºC at 18,000 x g and the supernatant was used for 

determination of metabolite composition with Absolute IDQ assay (see subsection 

2.6.2). 
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2.6 Implementation of mass spectrometry-based methods 

for cell culture 

2.6.1  Adaptation of newborn screening assay for cell culture  

The Newborn screening (NBS) assay kit from Chromsystems, developed for the 

quantification of 42 metabolites (amino acids and acylcarnitines) from blood samples 

was adapted for cell culture approaches. The optimization procedures were performed 

using cell culture growth medium DMEM, for which amino acid concentrations were 

declared by manufacturer. In the first experiment, according to the standard NBS assay 

procedure, 1 mL of DMEM was spotted onto filter paper (Whatman 10538018) and left 

until dry. Disks with diameter of 3 mm (corresponds to about 3.5 µL of sample) were cut 

out of the spot center and placed into 96 well plate cavities. In simultaneous experiment, 

blank filter paper disks (with diameter of 3 mm) were placed into the 96 well plates. 3.5 

µL of DMEM samples were applied directly onto the blank filter papers and left until dry. 

Monitoring of metabolite composition in cell extracts was performed with the NBS assay 

after 3.5 µL of the extracts (prepared as described in subsection 2.5.1) were applied 

onto blank filter paper spots in 96 well plates as previously described. This procedure is 

already published (Halama, Moller et al. 2011).  

Metabolite detection was performed according to the 5500 MassChro® (NBS assay) 

instructions. Briefly, the dried filter paper spots were extracted for 20 minutes with 200 

µL MeOH containing isotopically labeled amino acids and acylcarnitines as internal 

standards. The extraction solvent was evaporated at 60 °C and samples were 

derivatized for 18 minutes at 72 °C with 60 µL of derivatization reagent. The 

reconstitution solvent (100 µL) was added, after evaporation of derivatization reagent, 

and mixed with samples for 10 minutes at room temperature (RT). The concentration of 

amino acids and acylcarnitines was measured using FIA - MS/MS on a 4000 QTRAP, 

(AB Sciex). The reconstituted samples were directly injected (10 µL) using flow injection 

analysis (FIA) into the mass spectrometer and 42 metabolites were assayed in total 

analysis time of 1.7 min per sample. Derivatized amino acids were assayed by neutral 
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loss scan. Other amino acids include glycine, ornithine, arginine and citrulline were 

detected by multiple reaction monitoring (MRM) and the carnitines by precursor ion (m/z 

= 85+) scan. All metabolites were analyzed in positive ion mode. Data evaluation was 

performed with ChemoView software (AB Sciex). Concentration of metabolites in cell 

extracts is given in µM. 

2.6.2  Absolute IDQ assay for metabolite measurements in cells 

Adaptation of the Absolute IDQ assay, originally developed for metabolite 

measurements in human plasma (Griffin and Kauppinen 2007, Altmaier, Ramsay et al. 

2008, Bogumil, Koal et al. 2008), for metabolite measurements in cells was performed 

by applying different volumes (20 µL, 40 µL and 60 µL) of 3T3-L1 cell extracts (prepared 

as described in subsection 2.5.2) into a Absolute IDQ p150 kit plate.  

Metabolite alteration during adipogenesis was monitored with Absolute IDQ p180 after 

application of 20 µL of cell extracts (obtained after 80% MeOH extraction) or 10 µL of 

conditioned medium onto the kit plate. Sample preparation and metabolite detection was 

performed according to the Absolute IDQ assay kit instructions (Biocrates AG) as 

previously described (Römisch-Margl, Prehn et al. 2012). Briefly, samples (cellular 

extracts and conditioned medium) were manually pipetted onto the kit plate and the all 

further steps including: a) sample drying under a nitrogen stream, b) amino acid 

derivatization with derivatization reagent contain 5% phenylisothiocyanate (PITC), c) 

second sample drying under a nitrogen stream, d) metabolite and internal standards 

extraction using 5mM ammonium acetate in methanol, e) filtration by centrifugation, and 

f) dilution with running solvent were performed on a Hamilton ML Star robotics system 

(Hamilton Bonaduz AG). Metabolite detection was performed by FIA – MS/MS (for 

carnitines and lipids) and LC – MS/MS (for amino acid and biogenic amines) on an API 

4000 (AB Sciex). Data evaluation was performed with MetIDQ software package 

(integral part of the Absolute IDQ assay). The intracellular and conditioned medium 

metabolite concentrations are given in µM. The Absolute IDQ p180 assay enables the 

detection of 186 metabolites including: 40 acylcarnitines (free carnitine – C0 and 

acylcarnitines – Cx:y), 21 amino acids, 19 biogenic amines, 90 glycerophospholipids 
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including lysophosphatidylcholines (LysoPC a Cx:y) and phosphatidylcholines with acyl 

(PC aa Cx:y) or ether (PC.ae.Cx:y) side chain, 1 hexose (sum of hexoses – H1) and 15 

sphingolipids (SM.Cx:y). As previously described (Römisch-Margl, Prehn et al. 2012), 

the nomenclature used for lipid metabolites refers to the Lipid Maps comprehensive 

classification system (Fahy, Sud et al. 2007). This method enables only the detection of 

the total carbon number of the fatty acid chains in case of LysoPCs and PCs without the 

information regarding the exact side chain composition, chain saturation, substitutions, 

or region- and stereochemistry. The nomenclature for lipids is as follows: Cx:y, where “x” 

denotes the number of carbons (C) and “y” represents the number of double bonds 

(Römisch-Margl, Prehn et al. 2012).  

2.7 Studies on apoptosis 

2.7.1  Stimulation of apoptosis or necrosis 

HEK293, HepG2, MCF7 and PC3 cells were seeded at a density of 2x105 cells / well in 

12-well plate in 1mL medium for examinations of apoptosis on the metabolite level (see 

2.7.4) and at 0.2x105 cell / well in 96 well plate in 100 µL medium for MTT assays (see 

2.7.2) and Caspase 3/7 assays (see 2.7.3). Apoptosis or necrosis was induced 24 hours 

after cells were seeded at a confluence of the cells of ~80 %. Apoptosis was induced by 

replacement of growth medium for fresh one containing pro-apoptotic agent:  

staurosporine (4 or 2 µM) in all used cell lines and etoposide or 5-fluorouracil “5-Fu 

experiment” (100 and 500 µM) in HEK293 and HepG2. The whole experimental setups 

(containing control, vehicle treated, apoptotic and necrotic cells) were nominated 

according to pro-apoptotic agents: staurosporine - “stauro experiment”, etoposide - “eto 

experiment” and 5-fluorouracil - “5-Fu experiment”. In the stauro experiment necrosis 

was induced by cell heating on a hot plate for 20 min at 57 °C after medium replacement 

for fresh growth medium. The necrosis in the eto and 5-Fu experiments was induced by 

cell heating on a hot plate for 20 min at 57 °C after medium replacement for fresh growth 

medium containing DMSO (vehicle). The control group for apoptotic cells was treated 

with fresh growth medium containing DMSO (vehicle) in all experimental setups. All cells 
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belonging to the stauro experiment were incubated for 4, 12 and 24 hours after each 

treatment. Cell belongs to the eto or 5-Fu experiments were incubated for 18, 24, 48 and 

72h after treatment in all cases. After incubation times cells were harvested and stored 

at -80 °C until use or further processed according the subsequent analyzes.     

2.7.2  Determination of cell viability my MTT assay 

Cell viability was monitored by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay based on the absorbance measurements after reduction of MTT (yellow 

tetrazole) into purple formazan in the living cells (Mosmann 1983, Liu, Peterson et al. 

1997). The MTT assay was performed in 96 well plates format on treated cells 

(apoptotic, necrotic and control). Cells were incubated with 10 µL of MTT dissolved in 

PBS buffer (5 mg /mL) for 2 h at 37 °C. After the incubation time medium was 

completely removed and samples were frozen at - 80 °C for at least 1h. Plates were 

removed from the freezer, thawed and to each well 100 µL of DMSO was added. 

Samples were incubated for another 40 min at RT under constant shaking to dissolve 

the formazan crystals. Optical absorbance was measured at 590 nm (reference 

wavelength 630) using a GENiosPro plate reader (Tecan). Cell viability was expressed 

relative to the MTT value for untreated cells (in stauro experiment) or DMSO (vehicle) 

treated cells (in eto and 5-Fu experiments) which were taken as 100% viability.  

2.7.3  Apoptosis detection by Caspase 3/7 assay 

Apoptosis was determined by the measurement of caspase 3 and 7 activity, enzymes 

primarily involved in apoptosis, using Caspase-Glo 3/7 assay (Promega). The activity of 

caspase 3/7 was detected in cells grown in 96 well plates after complex treatment 

described in chapter 2.7.1. To each well 100 µL of Caspase-Glo reagent was added 

(according to manufacturer’s instruction) and samples were incubated for 30 minutes at 

RT under constant shaking. Luminescence, being directly proportional to the caspase 

activity, was measured using a GENiosPro plate reader (Tecan). Data were normalized 

to the caspase 3/7 activity of non-treated (in case of stauro experiments) or DMSO 
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treated (in case of eto or 5-Fu experiments) cells taken as controls. 

2.7.4  Metabolite detection  

Amino acid and acylcarnitine concentrations of intracellular extracts from apoptotic, 

necrotic and control (untreated or DMSO treated) cells were performed with the NBS 

assay (see 2.6.1). Cells were grown in 12 well plates and after complex treatment cells 

were harvested according to procedure described in chapter 2.5.1. Briefly, cells were 

washed with PBS, scraped off the plate, mixed with 350 µL of 20% MeOH and 

homogenized with Precellys24 homogenizator. After centrifugation cell extracts were 

applied onto blank filter paper placed in 96 well plates and the procedure according to 

the NBS assay (Chromsystems) was performed (for detailed description see 2.6.1 

section). For direct comparison metabolite concentrations were normalized to the cell 

number (4x105) (in case of stauro experiment) or total protein concentration (in case of 

eto or 5-Fu experiments) which were determined in a parallel assay. To determine the 

cell number, cells were cultivated and treated as for the metabolite analysis experiment 

but harvested by trypsinization and counted with a counting chamber under the 

microscope. To determine total protein concentration cells were scraped off the wells 

with 300 µL of lysis buffer (Cell Signaling) contain protease and phosphatase inhibitor. 

Total protein concentration was assayed by the Pierce BCA protein assay kit (Thermo 

Scientific) according to the manufacturer’s protocol using bovine serum albumin as 

standard. Briefly, 50 µL of cell lysate or 50 µL of standard solution (BSA - bovine serum 

albumin) was transferred into a 96-well and incubated for 30 min at 37 °C with kit 

working solution containing bicinchoninic acid. Optical absorbance was determined at 

562 nm (reference wavelength 590) using SAFIRE II plate reader (Tecan).  

2.8 Studies on adipogenesis  

2.8.1  Stimulation of adipogenesis 

Stimulation of adipogenesis was performed with the mouse cell line 3T3-L1 in three 
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independent experiments. Adipogenesis was monitored at 8 different time points by 

several tools including Oil Red O assay, DAPI staining, microarray based gene 

expression analysis, qPCR, metabolite measurements and Western blot. The numbers 

in Figure 5 reflect the 22 days of the experimental procedure. 

 

 

Figure 5 Stimulation of adipogenesis in the cell line, 3T3-L1. Cells were seeded 4 days 
before the first harvesting. Numbers indicate the day of cell differentiation. Black numbers 
indicate days at which cells were collected. White numbers indicate days on which no cells were 
harvested. Colors of numbered boxes represent stages of adipogenesis: dark blue – 
preadipocytes, light blue – post-confluent preadipocytes, yellow – differentiation and orange - 
maturation. Medium was changed every second day (indicated by stars): blue star - regular 
growth medium (DMEM); yellow star - differentiation medium; orange star - maturation medium  

Black numbers indicate days at which harvesting was performed. Colored background of 

the numbers reflect different stages of adipogenic cell differentiation: dark blue – 

preadipocytes (day -4 to -2) seeded four days before first harvesting; light blue – cells in 

post-confluence phase (day 0); yellow – cells in differentiation stage (day two to four); 

orange – maturation stage (days from 6 to 18). Stars above numbers represent points at 

which medium was changed (every 48h (2 days)) and the different medium composition 

are indicated in colors: blue – standard growth medium (DMEM), yellow - differentiation 

medium: DMEM containing dexamethasone (1 µM), 3-Isobutyl-1-methylxanthine (IBMX; 

0.5 mM) and insulin (10 mg/mL) added at day zero, and orange – maturation medium: 

DMEM containing 10 mg/mL of insulin added at day four. For each experiment and 

harvesting time point four 6-well plates were prepared and cells were seeded in 2 mL of 

DMEM growth medium at a density of 0.8 x 105 cells /well (at day -4). Metabolomics 

studies (2.6.2) and DAPI staining (2.8.3) were performed out of three single wells, and 

Oil Red O assay out of two single wells. Cells for protein analysis (total protein; for 

-4 -2 0 2 4 6 8 10 12 14 16 18

Cells were seeded

Time [days]
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Western blotting) and RNA analysis (quantitative PCR) were collected from two double 

wells and three double wells respectively. Gene expression profiling assays (2.8.6) were 

performed with RNA isolated from the whole plate (6 wells). All assays were performed 

in three independent experiments. 

2.8.2  Oil Red O assay - examination of lipid droplet accumulation  

The cytoplasmic accumulation of lipid droplets was determined in 3T3-L1 cells, 

cultivated as describe above, at each harvesting day (day 0, 2 4, 6, 8, 10, 14 and18) 

with Oil Red O dye. The Oil Red O working solution was prepared directly before 

staining by mixing 6 parts of Oil Red O stock solution (8.58 mM in isopropanol) with 4 

parts of water. Before staining, medium was completely removed and cells were 

incubated with 3 mL of 10% formaldehyde in PBS for 5 min at RT. The formaldehyde 

was then replaced by 3 mL of fresh 10% formaldehyde and cells were incubated at least 

1 h (covered with parafilm and aluminum foil cells can even be incubated for a couple of 

days). Formalin was completely removed and cells were washed with 3 mL of 60% 

isopropanol. Oil Red O working solution (1 mL) was added to the dried wells (after 

isopropanol was removed and evaporate) and cells were incubated for 10 min at RT. 

The Oil Red O solution was removed and wells were washed 4 times with ddH2O, to 

eliminate traces of staining solution. Lipid droplet accumulation was assessed by 

microscopic inspection (Axiovert, Zeiss) and each well was photographed 3 times. For 

quantification, water was completely removed and the Oil Red O was extracted by 

addition of 3.5 mL of 100% isopropanol. Samples were incubated for 10 min at RT by 

constant shaking and 1 mL of samples were transferred into a cuvette. Optical density 

was determined at 520 nm using the spectrophotometer DU 530 (Beckman, Coulter). 

100% isopropanol was used as blank. 

2.8.3  DAPI staining – determination of cell proliferation during 

adipogenesis 

The number of cells at different stages of adipogenesis was monitored by cell imaging 
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after the nuclei were stained with DAPI. At each day of harvesting, after medium was 

completely removed, cells were washed with 2 mL of PBS and incubated with 1 mL of 

ice-cold methanol for 10 min at RT. After removal of methanol cells were washed twice 

with 2 mL of PBS and incubated in darkness for 5 minutes at RT with 0.5 mL of DAPI 

(5.7 µM) dissolved in methanol. DAPI was removed and samples were washed three 

times with ddH2O to eliminate staining traces. Stained cellular nuclei were viewed in a 

microscope and four photos of different well areas were taken (tiff. format). Cells were 

counted using ImageJ, a free public domain Java program for image processing and 

analysis.  

 Transcriptional analysis of adipogenesis 

2.8.3.1 Cell preparation and RNA isolation 

Cell harvesting for gene expression profiling and qPCR was performed according to the 

following steps: conditioned medium was removed and cells were washed twice with 

PBS, to each well Trizol (0.5 mL/well) was added and cells were scraped off the well. 

Samples were placed into the Eppendorf tubes and stored at – 80 °C until further 

processing. For gene expression analysis cells were collected out of 6 wells and for 

qPCR out of two wells pro sample. The RNA isolation was performed with RNeasy Midi 

Kit (Qiagen) following the manufacturer’s protocol. Briefly, samples were thawed, 

vortexed for 15 sec and to each tube 0.2 mL of chloroform per 1 mL of Trizol were 

added. The chloroform/Trizol samples were mixed for 15 sec and incubated for 3 min at 

RT. The colorless upper aqueous phase, obtain after 15 min centrifugation at 4 °C, 4500 

rpm, was transferred into a new tube and mixed with the same volume of 100% ethanol. 

Samples were applied onto an RNeasy midi column and centrifuged 5 min at RT. Upon 

flow-throw removal 2 mL of RW1 buffer was added, centrifuged and digestion of DNA 

(on column) was carry out by incubation with 160 µL of DNase for 10 min at RT. After 

DNA digestion samples were incubated with 2 mL of RW1 buffer at RT for 5 minutes. 

After centrifugation flow-throw was removed and RPI buffer (2.5 mL) was placed on the 

column and samples were centrifuged. The column was transferred onto a new 

collection tube and RNA was collected after elution with 150 µL of RNase-free water 
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from the column. Concentration and quality of RNA was determined by using NanoDrop 

ND-1000 spectrometer (PeqLab) after pipetting 1.6 μL of RNA (in RNase-free water) into 

the spectrometer. The spectrophotometer was blanked using RNase-free water and the 

concentration was determined at 260 nm wavelength (1 OD at 260 nm is equal to 40 µg 

RNA /mL). The quality and purity was determined by A260/280 ratio analysis. Absorption at 

280 indicates protein contamination and a ratio 260/280 of ~2 indicates pure RNA.  

2.8.3.2 Gel electrophoresis – RNA quality and purity 

The quality and purity of RNA samples prepared for gene expression analysis were 

additionally examined on denaturing agarose gels and ethidium bromide staining. Gel 

preparation: 55 mg of agarose was dissolved in a mixture of DEPC-H2O (50 ml) and 10x 

MESA-Buffer (5.5 ml), boiled until clear solution was obtained. Formaldehyde (1 mL) 

and 0.2 μL of ethidium bromide were added (after cooling to ~60°C) and mixture was 

poured into a gel slide. The solidified gel was placed into the electrophoresis chamber 

and samples prepared by mixing of 1 μL of isolated RNA with 2.5 μL of loading buffer 

(RNA Sample Loading Buffer, without ethidium bromide, Sigma) were loaded. RNA was 

separated by electrophoresis at constant electric field at 100 V for 30 min and 

documentation was performed with Vilber Lourmat Bio-Vision apparatus. 

2.8.3.3 cDNA synthesis and Quantitative Real-Time PCR  

Synthesis of cDNA, required as template for DNA polymerase, was performed from all 

samples by using the First Strand cDNA Synthesis Kit (Thermo Scientific) following the 

manufacturer’s protocol. Briefly, total RNA was reverse transcribed from 1µg of RNA in a 

final reaction volume of 20 µL using oligo( dT)18 primer (included in kit). With the cDNA 

templates qPCR was performed in 384-well plate format. The qPCR reaction in 20 µL 

volume / well includes: 10 µL of SYBER green PCR master MIX (Applied Biosystems), 6 

µL of water, 2 µL of primers pair of gene of interest or housekeeping gene (forward (1 

µL) and reverse (1 µL) primer) and 2 µL of cDNA (1/10 diluted). In case of control wells 

2 µL of water were added instead cDNA. Amplification and quantification of PPARγ was 
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performed using primers previously described (Fu, Luo et al. 2005). All                      

other primers were designed by using free software Primer3 

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) according to parameters 

presented in Table 2. Primers used in this study were purchased from Metabion and are 

listed in Table 3. Real-time polymerase chain amplification was performed in triplicates 

in two independent experiments with a standard protocol presented in  

Table 4, the target and housekeeping genes were always placed onto the same plate. 

qPCR reaction was conducted by using a TaqMan 7900HT cycler equipped with SDS2.3 

software (Applied Biosystems).  

 

Table 2 Parameters provided for primer pars design with Primer3 software * “X” denotes 
exon-intron boundary; number after comma (20) indicate region of 10 bp forward and 10 bp 
rearward the boundary which are included into amplification product.  

Parameters Variety area 

Mispriming library Rodent 

Targets X,20* 

Product size 120 - 220 

Max 3' stability 7 

Max mispriming 10 

Pair max mispriming 20 

Primer size [bp] 18 - 20 

Primer melting temperature [Tm] [°C] 58 - 61  

Max Tm difference 1.5 

Primer GC content [%] 45 - 55  

Max self complementarity 6 

Max 3' self complementarity 2 
 

 

 

http://biotools.umassmed.edu/bioapps/primer3_www.cgi
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Table 3 Primers for qPCR. Listed genes were amplified and quantified from 3T3-L1 cells at 
different days of adipogenesis. 

Gene Name/Direction Sequence (5' --> 3') Tm (°C) 

AUH 
mAUH_215_for GGTGCTCGGGATTAACAGAG 60 

mAUH_423_rev TGGAGACAAAGGGACCAACT 58 

C/EBPβ 
mC/EBPβ_762_for GACAAGCTGAGCGACGAGTA 60 

mC/EBPβ _919_rev AGCTGCTCCACCTTCTTCTG 60 

C/EBPα 
mC/EBPα _962_for TGGACAAGAACAGCAACGAGTA 60 

mC/EBPα _1082_rev GTCAACTCCAGCACCTTCTGT 61 

CHPT1 
mCHPT1_ 510_for TTTATGTGCCCTGGGACTCT 58 

mCHPT1_ 726_rev CATGAACATCCCAACGAAAG 56 

ELOVL1 
mELOVL1_139_for TGGAGGCTGTTGTGAACTTG 58 

mELOVL1_300_rev GCTTCCGATTAGCCATGATT 56 

ELOVL3 
mELOVL3_133_for CCCTACCCCAAGCTCTGTAA 60 

mELOVL3_349_rev CGCGTTCTCATGTAGGTCTG 60 

ELOVL4 
mELOVL4_309_for GATGTCCACGGCATTCAAC 57 

mELOVL4_452_rev AGCCACACGAACAGGAGATAG 61 

ELOVL5 
mELOVL5_175_for GAACATTTCGATGCGTCACT 56 

mELOVL5_363_rev GATGCCTCGGCAAGAGAA 56 

HMGCR 
mHMGCR_426_for GGTATTGCTGGCCTCTTCAC 60 

mHMGCR_562_rev CTCGCTCTAGAAAGGTCAATCA 60 

IPO8 
mIPO8_2267_for CAGCAGGATTGCTTCGAGTA 58 

mIPO8_2434_rev AGCATAGCACTCGGCATCTT 58 

MCEE 
mMCEE_457_for CATCCACTGGGGAGTGATAGT 61 

mMCEE_648_rev GGGATGGAGGAAAATCACAG 58 

MUT 
mMUT_377_for ATTCACACGGGGACCATATC 58 

mMUT_570_rev CACGAACTCTGGGGTTGTCT 60 
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MVD 
mMVD_37_for GGGACTCCAGCATCTCAGTTA 61 

mMVD_253_rev ATGCGGTCCTCTGTGAAGTC 60 

PCCb 
mPCCb_284_for CATGGAGAGCGACATGTTTG 60 

mPCCb_ 492_rev TGGCCTGGTCCATGATTT 60 

PPARγ 
mPPARγ_for TTTTCAAGGGTGCCAGTTT 53 

mPPARγ_rev AATCCTTGGCCCTCTGAGAT 58 

 

 

Table 4 The amplification protocol schema 

Parameters Temperature [ºC] Time [min] Cycle 

Denaturation 90 10 1 

Annealing 60 1 1 

Amplification 95 0:15 39 

Melting curve program 95 0:15 1 

 60 0:15  

 95 0:15  

 

Quantification of mRNA expression was performed with a sequence - detection system 

of the SDS2.3 software (Applied Biosystems). Relative gene expression was calculated 

using the comparative 2 – (ΔΔCT) method (Livak and Schmittgen 2001) normalized to the 

IPO8 (importin 8) housekeeping gene and the gene expression of samples at day zero 

of adipogenic cell differentiation. 

2.8.4  Analysis of adipogenesis by Western Blot 

2.8.4.1 Total protein extraction from 3T3-L1 cell line 
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Growth medium was removed, cells were washed with ice-cold PBS buffer (2 mL) and 

scraped off the well with 300 µL of lysis buffer (Cell signaling) supplemented with 

protease and phosphatase inhibitors (Roche) as well as phenylmethanesulfonylfluoride 

(PMSF), a serine protease inhibitor. Samples were transferred into 1.5 mL Eppendorf 

tubes and immediately frozen in liquid nitrogen. Freeze-thaw cycles were repeated 3 

times. The samples were always thawed on ice and frozen in liquid nitrogen. Afterwards, 

samples were incubated with nuclease (Benzonase, Sigma) for 30 min at RT to reduce 

sample viscosity. Protein denaturation was performed by incubation with 4x Laemmli 

buffer at 95 °C for 10 min.  

2.8.4.2 SDS-PAGE and protein transfer 

Denatured proteins (20 µL) and a protein marker sample (Thermo Scientific) were 

loaded onto a SDS-PAGE (sodium dodecylsulfate poly acrylamide gel electrophoresis) 

ready gel (Bio-Rad) and separated in a constant electric field (50 mA) in a Miniprotean III 

apparatus (Bio-Rad). After separation gel was equilibrated for 10 min at RT in blotting 

buffer (containing 48 mM Tris, 33mM Tricin, 1.3 mM SDS (10%) and 20% MeOH). A 

polyvinylidene difluoride (PVDF) membrane (Millipore) was activated by incubation with 

100% MeOH for 30 sec. The PVDF membrane and Whatman-filter papers were further 

soaked in blotting buffer. Protein transfer was performed in a Trans-Blot SD-Transfer 

Cell (Bio-Rad) after a “blot sandwich” was built in the following order: anode  2 pieces 

of filter paper, PVDF membrane, gel, 2 pieces of filter paper  cathode. Proteins from 

gel were electrophoretically transferred to the PVDF membrane by the application of 85 

mA for 1 h. The membrane was blocked in 5 % milk solution (dissolved in T-PBS: PBS 

buffer containing 0.5 % of polysorbate 20 (Tween 20)) for 1 h, washed three times with 

T-PBS and incubated with the first antibody (diluted in 0.5 % milk solution) overnight at 4 

°C. The membrane was washed three times for 10 min with T-PBS and incubated for 1h 

at RT with the secondary antibody (horseradish peroxidase coupled, diluted in 0.5% milk 

solution). All primary and secondary antibodies are listed in Table 5. Protein band 

detection was performed by enhanced chemiluminescence (ECL) method using the 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific), which is a 
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substrate for the horseradish peroxidase (coupled to the second antibody). The 

membrane was washed three times with T-PBS and incubated with 2 mL of solution 

containing the chemiluminescent substrate for 5 min at RT. Excessive substrate was 

removed and membranes were exposed to X-ray films (Kodak) or images were captured 

using the Fusion FX7 apparatus (Vilber Lourmat).  

Table 5 Antibodies used in this study. 

Antibodies Dilution Provider (order nr) 

P
ri

m
a

ry
 

C/EBP α rabbit polyclonal IgG 1:500 Santa Cruz (Sc-61)  

C/EBP ß rabbit polyclonal IgG 1:500 Santa Cruz (Sc-150)  

PPAR γ mouse monoclonal IgG1 1:500 Santa Cruz (Sc-7273) 

ß-Actin rabbit polyclonal IgG 1:500 Sigma (A2066) 

S
e

c
o

n
d

a
ry

 HPR-conjugated goat anti rabbit  1:10000 Dianova (115035-068) 

HPR-conjugated goat anti rabbit  1:10000 Dianova (115035-068) 

HRP-conjugated goat anti mice  1:5000 Sigma (A-6154) 

HPR-conjugated goat anti rabbit  1:10000 Dianova (115035-068) 

 

2.8.5  Characterization of adipogenesis by metabolomics 

Metabolic alterations occurring during adipogenesis were characterized by using three 

different assays from the company Biocrates: the Absolute IDQ p180 kit assay which 

was performed in-house in the Helmholtz Zentrum München (see chapter 2.6.2) and two 

assays for fatty acids and prostaglandins which were measured by the company 

Biocrates in Innsbruck. Cells were prepared according to the description in subsection 

2.5.2. Metabolite concentrations were measured in both conditioned medium and cell 

homogenates. For normalization cell number was determined in a parallel assay using 

ImageJ software after DAPI staining (see 2.8.1). Statistical data analysis was performed 

with the metaP server at the Helmholtz Zentrum München 

(http;//metabolomics.helmholtz-muenchen.de/metap2/) providing automated and 

standardized data analysis for metabolomics data (Kastenmüller, Römisch-Margl et al. 
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2010) under the supervision of Dr. Gabriele Kastenmüller from the Institute of 

Bioinformatics and Systems Biology (IBIS). 

2.8.6  Characterization of adipogenesis by transcriptomics  

Gene expression profiling experiments were performed under the supervision of Dr. 

Marion Horsch from the Institute of Experimental Genetics in the Helmholtz Zentrum 

München. Experiments were carried out in three biologically independent replicates 

using the Illumina Bead Array Technology with the Illumina Mouse Ref-8 v2.0 

Expression BeadChip (Illumina, San Diego, CA, USA). Samples from one experiment 

(covering eight different days of adipogenesis) were evaluated on one BeadChip, 

targeting approximately 25,600 well-annotated RefSeq transcripts for over 19,100 

unique genes and enabling performance of eight samples in parallel. The total RNA 

hybridized to the chips was isolation in a procedure described in section 2.8.3.1. Sample 

preparation including staining, hybridization and scanning were done according to the 

Illumina expression protocol. Briefly, total RNA was reverse transcribed from 500 ng of 

RNA (in 11 µL of RNase-free water) into double-strand cDNA using oligo (dT) primer 

bearing a T7 promoter. In vitro transcription, performed to synthetize biotin-labeled 

cRNA was carried out on purified cDNA. Purified cRNA samples (750 ng in 5 µL of 

RNase-free water) were incubated with 10 µL of HYB buffer for 5 min at 65 °C and after 

chilling to RT placed onto BeadChip slides. Microarray hybridization was performed in 

disposable adhesive hybridization chambers at 58 °C for 16h. After hybridization arrays 

were stained with Streptavidin-Cy3 in darkness for 10 minutes on a shaker at medium 

speed. Washed and dried slides were scanned on a HiScan reader (Illumina). Data 

normalization (quantile algorithm) and background corrections were done with the 

Illumina Genomestudio 2011.1. Statistical analysis for the identification of differentially 

expressed genes was performed using SAM (Significant Analysis of Microarrays), a tool 

included in the TM4 software package (Tusher, Tibshirani et al. 2001, Saeed, Sharov et 

al. 2003, Horsch, Schadler et al. 2008). The selection of regulated genes with 

reproducible up- or down-regulation includes 0% false positives rate (FDR) in 

combination with mean fold changes > 2. Expression data were submitted to the GEO 
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database (GSE34150), a public repository that archives and freely distributes high-

throughput gene expression data submitted by the scientific community (Edgar, 

Domrachev et al. 2002). 

2.9 Pathway analysis 

After having met the requirements of the selection criteria differentially expressed genes 

were analyzed for their global function as well as their network and canonical pathway 

membership with the Ingenuity Pathway Analysis System (IPA, 

http://www.ingenuity.com/products/ipa). For the analysis 1000 significantly regulated 

genes were imported into IPA and 932 of them were mapped to the IPA database. 

Although analysis was performed in mouse cell line, gene descriptions are designated 

for human model. Additionally, regulated metabolites were combined with transcription 

data for integrated pathway analyzes. The achieved networks are based on Ingenuity 

Knowledge Base a repository of expertly curated biological interactions and functional 

annotations.
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3 RESULTS 

3.1 Metabolite measurement in cells – protocols 

development 

To monitor biochemical changes in cells the metabolomics approach was chosen due to 

its proximity to phenotype. This research area can provide information about nutrition 

effect, mechanism of diseases, new diagnostic markers or response to treatment. The 

high-throughput targeted metabolomics AbsoluteIDQ p150 assay was successfully 

applied for metabolite measurements in human bio fluids (Gieger, Geistlinger et al. 

2008) as well as in mice tissue (Römisch-Margl, Prehn et al. 2012). Moreover, the 

newborn screening (NBS) assay, based on a LC/MS method is routinely used for 

screening infants to manage treatable genetic and endocrine diseases (Chace, Kalas et 

al. 2003). However, the metabolite profile of a whole organism or a tissue does not 

provide relevant information about a specific cell type under different conditions which 

though would be important for understanding cellular processes or to find characteristic 

metabolic biomarkers. For this reason, to approach process on the cellular level 

development of a simple and robust method suitable for high-throughput analysis and 

applicable for cell culture was performed.  

3.1.1  Optimization of new born screening assay for cell culture 

The NBS assay covers 42 metabolites including amino acids and acylcarnitines and has 

ability to screen for about 30 metabolic disorders in a single analysis from one single 

disk of dried blood (Chace, Kalas et al. 2003). Due to advantages of the assay like 

robustness and metabolite panel it was considered to adapt it for monitoring of cellular 

processes. Adaptation of the NBS assay for cell culture approach was started with an 

optimization experiment: DMEM growth medium with declared concentration of amino 

acids was differently applied to filter paper, extracted and measured by FIA-MS/MS. The 

results are presented in Figure 6. 
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Figure 6 Optimization of NBS for cell culture approaches. A) Concentration of selected 
amino acids after sample preparation according to the standard procedure: spotting of DMEM 
onto filter paper and metabolite extraction out of a 3mm disk punched from the spot. B) 
Concentration of amino acids after application of 3.5 µL DMEM directly onto a 3 mm blank filter 
paper disk. Black bars represent metabolite concentrations declared by manufacturer and 
orange bars reflect metabolite concentrations after samples preparation according to NBS assay 
and measurements with FIA-MS/MS. Values represent the mean (±SD) of triplicates 

 

In this experiment, the routine procedure, based on application of the DMEM sample 

onto filter paper and metabolite measurements from 3 mm disks cut out centrally of the 

application area (Figure 6 A), was compared with a modified method, where metabolites 

were measured after 3.5 µL of DMEM was placed direct onto 3 mm blank filter paper 

disks (Figure 6 B). Measured amino acid concentrations were compared with those 

declared by the manufacturer. Generally, sample preparation according to the standard 

procedure resulted in concentration much lower than declared for all examined 

metabolites. In contrast, the modified method enabled more accurate monitoring of the 

real metabolite concentrations (see Figure 6). In this case, concentrations of glycine, 

phenylalanine and tyrosine were very similar to those declared by the manufacturer. In 

turn valine, and leucine were only marginally lower. These results demonstrated that 
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NBS assay could be easily adapted for the cell culture approach. Moreover, the modified 

method was more sensitive and could be further implemented for metabolite 

measurements of cell extracts. In the following chapter (see 3.2) the adapted NBS assay 

was applied for metabolite measurements in cancer cell lines.  

3.1.2 Optimization of Absolute IDQ assay for cell culture 

approaches 

Since metabolomics refers to the identification and quantification of ideally all small 

molecules in a living system (Beckonert, Keun et al. 2007), an assay like the NBS 

covering only 42 metabolites is limited regarding some biological questions. Thus, the 

targeted metabolomics assay, originally developed for plasma samples and covering 

163 molecules including acylcarnitines, amino acids, glycerophospholipids, hexoses and 

sphingomyelins (Absolute IDQ p150 kit), was applied for metabolite measurement in cell 

culture. In a standard procedure the usage of 10 µL of plasma resulted in relative low 

matrix effects (Römisch-Margl, Prehn et al. 2012). However, metabolite concentrations 

and ion suppression of plasma samples are different from those of cell extracts. The 

intensity of internal standard (IS) is essential for data quantification and calculation of 

the ion suppression affected by different matrix. To elucidate the influence of cell 

extracts on IS signals, three different loading volumes (20, 40 and 60 µL) of 

supernatants from differently extracted cells (with water, 40% methanol (MeOH), or 

87.5% MeOH) were analyzed. The ion suppression values shown in Figure 7 were 

calculated by dividing the intensity of IS signals from cell extracts through IS signal 

intensity of the pure respective extraction solvent (water, 40% MeOH or 87.5% MeOH) 

called zero samples. The IS signals from the matrix free samples (zero samples) were 

set to 100%. Generally, ion suppressions of all applied cell extracts volumes were 

dependent on metabolite classes and were lower than those found for plasma samples. 

Nevertheless, both the extraction solvent and the applied volume affected the intensities 

of IS. The lowest matrix effect was observed for cells extracted with 87.5% MeOH. 

Moreover, cells extracted with 40% MeOH or even with water resulted in lower matrix 

effects, in almost all (except hexoses) metabolite classes, if compared to plasma 
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samples.  

 

 

Figure 7 Matrix effects of cellular extracts characterized by ion suppression. Ion 
suppressions caused by plasma samples or 3T3-L1 cells extracted with: water, 40% MeOH, or 
87.5% MeOH. The bar colors indicate different volumes applied onto a kit plate (dark blue - 20 
µL, light blue - 40 µL and white - 60 µL). Yellow bars indicate 10 µL of plasma samples applied 
onto a kit plate. The influence of cell extracts on internal standard (IS) intensity was examined in 
the following compound groups: carnitines (Car), amino acids (AA), phosphatidylcholines (PC) 
with acyl (aa) or ether (ae) side chains, lysophosphatidylcholines (LysoPC), sphingomyelins 
(SM) and hexoses (H1). The IS signals from matrix free samples, i.e. extraction solvents (zero 
samples) were set for calculation to 100%.   

In case of the cells extracted with solvents containing methanol increased ion 

suppression (~120) was observed. Also in plasma samples increased ion suppression of 

amino acids has been detected. This effect indicates potential interferences of unknown 

compounds in the methanol containing extracts. Among all examined extraction 

volumes, 20 µL of cellular extract showed the lowest matrix effects, i.e. the highest IS 

signals and were used for further experiments.  

The cell culture protocols for metabolite measurements were optimized to be compatible 

with the high-throughput targeted metabolomics Absolute IDQ p150 assay. 
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Nevertheless, at that time point the novel Absolute IDQ p180 assay, expanded by 

biogenic amines and some amino acids, covering a panel of 186 metabolites was 

developed and commercialized. Therefore, protocols established for the p150 assay 

were adapted for Absolute IDQ p180 assay. Figure 8 shows the comparison in ion 

suppression values of the p150 and p180 assays, caused by 20 µL of cell culture 

extracts from different stages of adipogenesis.  

 

Figure 8 Comparison of p150 and p180 Absolute IDQ assays. Ion suppression caused by 
3T3-L1 cells extracted with 80% MeOH at different stages of adipogenesis (preadipocytes – Day 
0, differentiated adipocytes Day 4 and mature adipocytes Day 14) in metabolite groups: 
carnitines (Car), amino acids (AA), phosphatidylcholine (PC) with acyl (aa) or ether (ae) side 
chain, lysophosphatidylocholine (LysoPC), sphingomyeline (SM) and hexoses (H1). The blue 
bars indicate the ion suppression after measurements with absolute IDQ p 150 assay and 
crossbred bars indicate ion suppressions after measurements with IDQ p 180 assay. The ion 
suppressions were calculated by dividing the intensity of IS signal from cell extracts through IS 
signal intensity of the respective extraction solvent applied as zero sample. The IS signals from 
matrix free samples like extraction solvents (zero sample) are set for calculation to 100%.   

The ion suppression of amino acids could not be directly compared due to different 

detection methods in assays (FIA-MS/MS in p150 and LC-MS/MS in p180 assay). The 

IS intensity of all metabolite classes given by the p180 assay resulted in similar or higher 

values if compared to the p150 assay. Importantly, in contrast to the p150 assay, ion 

suppressions of the p180 assay were not affected by the stage of adipogenesis. 

3.1.3  Evaluation of harvesting and extraction procedures for 

metabolite measurements in adherent growing cells lines 

The main goal of cell metabolomics is to analyze as many metabolites as possible in a 

defined cell status (conditions in which all enzymatic and chemical processes are 
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stopped by quenching procedures) as quickly as possible. Those requirements create 

difficulties in development of metabolite extraction procedures because every extraction 

method is limited by some molecule characteristics (lipophilic or hydrophilic). Moreover, 

quenching - necessary for the establishment of a representative cellular background 

(Cuperlovic-Culf, Barnett et al.), is frequently causing leakage of some intracellular 

metabolites (Winder, Dunn et al. 2008). The conventional method for harvesting of 

adherently growing cells is trypsinization to detach the cells from their growth area. 

Since metabolite concentrations are sensitive to any variation in the cell environment 

(Villas-Boas, Hojer-Pedersen et al. 2005), trypsin can completely change the cellular 

metabolism due to interaction with membrane proteins (Batista, Garvas et al. 2010). To 

determine the most efficient protocol for metabolite measurements in adherently growing 

cells, which are also compatible with the Absolute IDQ assay, two different harvesting 

methods, including trypsinization and cell scraping, combined with three extraction 

solvents (water, 40% MeOH, or 80% MeOH) were applied to 3T3-L1 cells. The 

trypsinized cell pellets were washed twice with phosphate buffer saline (PBS) to avoid 

contamination with external metabolites (from growth medium). The pellets were mixed 

with different extraction solvents and homogenized. In the second experimental setup 

the cells were washed twice with PBS, scrapped off the wells with different extraction 

solvents and homogenized. In all samples extracted with solutions containing methanol 

the quenching occurred simultaneously with extraction to prevent uncontrolled 

metabolite loss. The first objective was to determine the number of metabolites, from 

different metabolite classes, which can be detected in cell homogenates by the Absolute 

IDQ assay. The influence of different extraction solvents on metabolite quantities 

(detection level above LOD) in scrapped and trypsinized cells is presented in Figure 9.  
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Figure 9 Effect of different harvesting method on metabolite extraction efficiency. The 
number of molecules with signals above LOD detected after 3T3-L1 cells harvesting by 
scratching (represented by solid bars) or trypsinization (represented by crossbred bars) and 
extracted with different solvents: blue - water, green - 40% methanol, yellow - 80% methanol. 
The black bars indicate total number of molecules detectable with Absolute IDQ assay for each 
metabolite class including carnitines (car), amino acids (AA), biogenic amines (BA), 
phosphatidylcholines (PC) with acyl (aa) and ether (ae) side chains, lysophosphatidylcholines 
(LysoPC), sphingomyelins (SM) and hexoses (H).  

On the overall, independent of the used extraction solvent, the cell culture 

extraction/quenching assay is compatible with the Absolute IDQ p180 kit. Moreover, the 

number of detectable metabolites (giving signals above LOD) is neither dependent on 

the harvesting protocol nor on the extraction solvent. Importantly, the low number of 

carnitines with signals above LOD could correlate with assay sensitivity adjusted for 

plasma concentration of patients with metabolic disease.  

A second goal of this study was to examine the influence of harvesting methods 

combined with different extraction solvents on the quantification of metabolites of the 

different metabolite classes (see Figure 10). As can be seen in Figure 9 remarkable 

differences in concentrations of carnitines, amino acids and biogenic amines were 

detected between harvesting procedures however, independent of the extraction 

solvent. In most cases the trypsinization resulted in lower metabolite concentrations 

except of lipids, which exhibited a marginal increase in concentration. Notably, this effect 

confirms the information on trypsin that might change metabolic profile of cells (Teng, 

Huang et al. 2009). If extraction solvents were compared, 80% MeOH resulted in the 

highest efficiency for lipid and biogenic amines extraction. Moreover, concentrations of 

acylcarnitines and amino acids of cells extracted with 80% MeOH were only slightly 

lower when compared to water extraction.  
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Figure 10 Effect of different harvesting method on metabolite extraction efficiency. 
Concentrations of molecules from different metabolic classes detected after cell scratching (solid 
bars) or trypsinization (crossbred bars). Different extraction solvents are depicted in: blue - 
water, green - 40% MeOH, yellow - 80% MeOH. Abbreviations: C2, acetylcarnitine; C3, 
propionylcarnitine; C4, butyrylcarnitine, Lys, lysine; Phe, phenylalanine; Val, valine. In case of 
lipids, only the total compositions of the lipid species are determined. The side chain, 
substitution region and stereochemistry are unknown. For example PC.aa.C34:1 indicate 
phosphatidylcholines (PC) with acyl (aa) side chain with 34 number of carbons and single double 
bond in both side chains. 

 

Taken together, the optimized protocols for metabolite measurements in cells presented 

in this section (3.1) were implemented to facilitate explanation of some biological 

phenomena like apoptosis or adipogenesis on the metabolic level. In all of those 

experiments cells were harvested by scrapping and extracted only with solvents 

containing methanol (20% MeOH for apoptosis experiments and 80% MeOH for 

adipogenesis). 
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3.2 Metabolic signatures of apoptotic human cancer      

cell lines 

Since agents promoting apoptosis in tumors are considered as powerful tools for cancer 

therapeutics (Call, Eckhardt et al. 2008), the efficient monitoring of this biological 

phenomenon is urgently required. The present study aimed to identify apoptosis in 

cancer cell lines on the targeted metabolic level to find novel biomarkers for this cellular 

process. Amino acids and carnitines were quantified by the NBS assay, which was 

adapted for metabolite measurements in cells (see Chapter 3.1.1). Following different 

treatment schedules, including cell viability, caspase 3/7 expression together with 

metabolic studies, were evaluated in HepG2 (human hepatocellular carcinoma), HEK 

293 (human embryonic kidney), PC3 (human prostate adenocarcinoma) and human 

breast adenocarcinoma – MCF7 cells.  

3.2.1  Staurosporine as apoptotic agent 

Triggering of apoptosis by staurosporine has been reported to be effective in HEK 293, 

HepG2 and MCF7 cells ((Miyamoto, Takikawa et al. 2004), (Nagata, Luo et al. 2005), 

(Xue, Chiu et al. 2003)). The unique property of staurosporine is its ability to rapidly and 

completely drive virtually all mammalian cells into apoptosis (Bertrand, Solary et al. 

1994); (Stepczynska, Lauber et al. 2001). Furthermore, the staurosporine induced 

apoptosis involves mitochondrial caspase activation (Caballero-Benitez and Moran 

2003), which can be easily detected by caspase 3/7 assay. Moreover, staurosporine and 

its derivatives have been used in clinical trials for cancer therapies (Edelman, Bauer et 

al. 2007); (Perez, Lewis et al. 2006). 

3.2.1.1 Cell viability after staurosporine treatment or heating 

Prior to metabolite analyzes the sensitivity of four cell lines (HEK 293, HepG2, PC3, and 

MCF7) to staurosporine (inducer of apoptosis (Alberici, Moratto et al. 1999)) or heating 

(induction of necrosis (Proskuryakov, Konoplyannikov et al. 2003)) by MTT assay was 
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examined. Necrotic cells were analyzed in parallel as alternative way of cell death (for a 

control). Figure 11 shows the influence of vehicle (DMSO), staurosporine (2 and 4 µM in 

DMSO), and the heating on cell viability. Values were normalized to the viability of 

untreated cells. Generally, vehicle (DMSO) had no influence on cell viability.  

 

 

Figure 11 Cell viability after staurosporine treatment or heating. Viability of HEK 293, 
HepG2, PC3 and MCF7 cells was determined with the MTT assay after cells treatment with 
vehicle DMSO (grey line), 2µM or 4 µM of staurosporine in DMSO (yellow and orange line 
respectively), or by heating (blue line) followed over time (4, 12 and 24 hours). Values were 
normalized to the viability of untreated cells (taken as 100%) and represent the mean (±SD) of 
triplicates from three independent experiments.  

Staurosporine treatment caused a time and dose dependent decrease in cell viability in 

all examined cell lines with the strongest effect after 24h at 4 µM concentration. In     

MCF7 cells a marked decrease in the number of viable cells was apparent already after 

4h of treatment with 4 µM of staurosporine. A higher sensitivity to this pro-apoptotic 

agent was also found in HEK 293 and PC3 cells, where after 12h of treatment viability 

decreased dramatically to 20% and 40%, respectively. Viability of HepG2 cells treated 

with 4µM staurosporine decreased up to 60%, compared to the control group (untreated 
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cells) after 12h. Furthermore, the viability of all heated (necrotic) cells decreased already 

after 4h of incubation and went down to 0 – 10% after 24h. Notably, this effect was more 

pronounced for HEK 293 and HepG2 cells resulting in a dramatic decrease in cell 

viability already early after treatment (below 20% compared to the control group). In 

contrast, necrotic PC3 and MCF7 cells showed a decrease in cell viability of around 80% 

and 40%, 4 h after induction and the stronger effects only later after thermal treatment.  

3.2.1.2 Apoptosis validation 

To estimate the extent of apoptosis induced by different treatment schedules in the four 

cell lines, the activity of caspase 3 and 7 was analyzed. Figure 12 shows the time 

course of caspase 3/7 activity after treatment of cells with staurosporine (2 and 4 µM) or 

heating at 57 °C for 20 min. Cells incubated with DMSO were followed over time as 

control and values were normalized to the caspase 3/7 activity of non-treated ones. The 

four cell lines showed different response to staurosporine, however this was dependent 

on agent concentration and incubation time. Treatment of PC3 cells with 4 µM 

staurosporine resulted in a time dependent, step by step elevated caspase 3/7 activity 

visible already 4h after treatment. The caspase 3/7 activity of pro-apoptotic treated HEK 

293 and HepG2 cells reached a maximum after 12h and decreased after that. Distinct 

changes were observed for the MCF7 cells. In this cell line the activity of caspase 3 and 

7 reached its maximum already after 4h and dramatically decreased afterwards (these 

effects were most pronounced at 4 µM staurosporine concentration). In none of the cell 

lines when treated only with vehicle an activation of caspase 3 and 7 has been 

observed. Heated cells showed decrease of caspase 3/7 activity when compared to 

non-treated cells. Such a decrease can be connected to the necrotic processes 

occurring in the heated cells. 
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Figure 12 Apoptosis validation in HEK293, HepG2, PC3 and MCF7 cells. The effect of 
staurosporine or heating on the caspase 3/7 activity was measured by using the Caspase-Glo 
3/7 kit after cell treatment with DMSO [gray bars], 2µM [orange crossbred bars] or 4 µM [orange 
bars] staurosporine, or by heating [blue bars] at indicated time points. The data were normalized 
to the caspase 3/7 activity of untreated cells and are expressed as mean values (±SD) out of 
three independent experiments each performed in triplicates. 

3.2.1.3 Distinct metabolic signatures of non-treated cancer cell lines 

To investigate differences in the metabolite profile between cancer cell lines, metabolite 

concentration of HEK 293, HepG2, PC3 and MCF7 cells were examined at zero time 

point (24h after cells were seeded) with the NBS assay and were normalized to cell 

number (4 x 105). Statistical evaluation of the results was performed using           

Kruskal-Wallis analysis and Table 6 summarizes metabolites that were found to be 

significantly different between those cells lines. Distinctions in the concentrations of 

alanine (Ala), glutamic acid (Glu), phenylalanine (Phe), methionine (Met), glycine (Gly), 

free carnitine (C0-carnitine), acetylcarnitine (C2-carnitine) and propionylcarnitine (C3-

carnitine) were observed. 
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Table 6 Metabolic diversity of untreated cancer cell lines HEK293, HepG2, PC3 and MCF7. 
The concentrations of metabolites were normalized to the number of 4x105 cells and expressed 
as mean values out of two independent experiments each performed in triplicates (±SD). The 
statistical data evaluation of the four control groups (untreated HEK293, HepG2, PC3 and MCF7 
cells) was performed with metaP server. Significant differences between cell lines were found in 
alanine (Ala), glutamate (Glu), phenylalanine (Phe), glycine (Gly), propionylcarnitine (C3-
carnitine), acetylcarnitine (C2-carnitine) and isovalerylcarnitine (C5-carnitine) concentrations. 
The p-values were calculated according to Kruskal-Wallis: (*) denotes a significance level of 5% 
and (**) a significance level of 1% after Bonferroni correction. 

 

 

To better illustrate these differences, the concentrations of Glu and C3-carnitine are 

presented in form of box-plots (Figure 13).  

 

 

Figure 13 Differencse in glutamate and propionylcarnitine (C3-carnitine) concentrations 
of untreated HEK 293, HepG2, PC3 and MCF7 cell lines. Box-plots, obtained after statistical 
data analysis with the metaP server demonstrate the medians out of two independent 
experiments carried out in triplicates. The p-values calculated by using Kruskal-Wallis, “**” 
denotes a significance level of 1% after Bonferroni correction. Metabolite concentration values 
were normalized to the number of 4x105 cells. 

 

Metabolites HEK 293 HepG2 PC3 MCF7 p-value

Ala 27.74 24.57 4.11 8.49 (*)  3.6*10 
-4

Glu 29.27 65.86 14.07 22.96 (**) 7.9*10 
-5

Phe 3.24 5.59 1.58 1.90 (*)  8.0*10 
-4

Met 1.87 2.53 1.13 1.07 (*)  7.5*10 
-4

Gly 42.88 76.60 17.36 20.63 (*)  2.9*10 
-4

C3-carnitine 0.17 0.03 0.06 0.09 (**) 1.6*10 
-4

C2-carnitine 0.34 1.14 0.26 0.56 (*)  2.8*10 
-4

C5-carnitine 0.01 0.04 0.03 0.2 (*)  6.9*10 
-4

Cells

Metabolite concentrations [µM]
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The highest concentrations of Glu, Phe, Met, Gly and C2-carnitine of all four analyzed 

cell lines have been found in HepG2. Furthermore, Ala and C3-carnitine reached the 

highest level in HEK 293 cells. The PC3 cells distinguished from the other cells by 

having the lowest concentration of Ala, Glu, Phe, Gly and C2-carnitine. The lowest 

concentration of Met was specific for MCF7 cells. 

3.2.1.4 Staurosporine or heating resulted in characteristic metabolic 

patterns 

A major potential of metabolomics involves either definition of pathways that contribute 

to a biological process or identification of characteristic metabolic signatures, which 

could be used for a novel drug testing. Apoptosis is an important phenomenon in cancer 

therapy and represents a common mechanism of drug activity (Salomons, Smets et al. 

1999). Therefore, introduction of early apoptosis biomarkers in theranostics (Picard and 

Bergeron 2002) of cancer therapies is required. For that reason, in HEK 293 and in 

three different cancer cell lines HepG2, PC 3 and MCF7 apoptosis was induced with 

4µM staurosporine (this concentration resulted in highest sensitivity in all examined cell 

lines in MTT and Caspase 3/7 assays), and metabolite concentrations were measured 

using the NBS assay. Time and dose dependent influence of staurosporine on apoptosis 

progression in those cell lines was already described in Chapter 3.2.1.2. In the 

experiment setup metabolite levels of apoptotic cells were compared with those of 

control (non-treated) and necrotic (heated) cells. Consequently, any changes that 

occurred in apoptotic, but not in both necrotic and control cells, should be specifically 

related to apoptosis and could be considered as biomarkers. For the identification of 

early biomarkers of apoptosis, metabolite concentrations of four groups including 

staurosporine treated (apoptosis induced), heat-treated (necrosis induced), vehicle 

treated (control), and non-treated cells were normalized to the number of cells (4 x 105). 

Statistical data evaluation was performed using Kruskal-Wallis analyzes. Metabolic 

patterns are summarized in Table 7. 
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Table 7 Metabolic changes of HEK 293, HepG2, PC3 and MCF7 cells undergoing 
apoptosis or necrosis – time course. The changes in metabolite concentrations after cell 
treatment with staurosporine (for apoptosis) or by heating (for necrosis) were measured by using 
NBS assay based FIA/MS-MS method. The statistical analysis of data including 4 groups 
(controls, vehicle treated, apoptotic “A_” and necrotic “N_” cells, was performed with the metaP 
server. Increase in metabolite concentration is labeled red, decrease and no change are shown 
as green and gray, respectively. 

 

 

Treatment resulted in all cell lines in significant changes in seven (5 amino acids and 2 

acylcarnitines) of the 42 analyzed metabolites including Asp, Glu, Met, Ala and Gly as 

well as C3-carnitine and malonylcarnitine (C3DC-carnitine). However, each cell line 

showed different, characteristic pattern of metabolic changes according to treatment and 

exposure time. Concentrations of aspartate, glutamate, methionine, and C3DC carnitine 

increased in apoptotic HEK 293 cells (A_HEK293) already after 4h of treatment. 

Furthermore, alanine and glycine concentrations increased first after 24h of treatment. In 

contrary, the metabolic pattern of the necrotic HEK 293 (N_HEK 293) cells showed a 

decrease in aspartate, glutamate, methionine glycine and C3DC carnitine 

concentrations already after 4h incubation. The HepG2 cells compared with HEK 293 

exhibited similar metabolic patterns after induction of apoptosis or necrosis. Elevated 

already 4h after treatment the high levels of aspartate, glutamate, methionine and 

glycine concentrations seems to remain up during the 24 h of the experiment in HepG2. 

Notably, a similar effect with increased aspartate concentration in A_HEK 293 cells has 

been observed. The C3-carnitine was the only metabolite that was significantly down 

regulated in both HEK293 and HepG2, independent of the kind of treatment. PC3 and 

MCF7 revealed different signatures to that of HEK 293 and HepG2 cells as well as 

among each other. In both cell lines, many from those seven metabolites were either up 

Aspartate Glutamate Methionine Glycine Alanine C3-carnitine C3D3-carnitine

Time [h] 4 12 24 4 12 24 4 12 24 4 12 24 4 12 24 4 12 24 4 12 24

A_HEK293

N_HEK293

A_HepG2

N_HepG2

A_PC3

N_PC3

A_MCF7

N_MCF7
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or down regulated regardless of the different treatments. In the PC3 cells all seven 

metabolites were up-regulated after 4 h. However apoptosis could be distinguished from 

necrosis only with Asp and C3-carnitine. At later time points this effect was no longer 

observed. In case of Asp the difference between apoptotic and necrotic PC3 cells was 

still visible 12 h after treatment, but not detected later on. Met and Ala varied between 

apoptotic and necrotic PC3 cells only at the later time points (12 and 24 h). In MCF7 

cells unique metabolic signatures were observed. The majority of regulated metabolites 

was either down- or up-regulated in comparison to controls but independent of 

treatment. Only Met and C3DC-carnitine showed a difference according to the nature of 

treatment, but at diverse time points, after 12 h and 24 h, respectively. To determine 

candidates for early apoptotic biomarkers metabolic alterations occurring after 4 h of 

treatment were further analyzed and visualized in form of box-plots. Figure 14 shows the 

concentration patterns of aspartate, glutamate, methionine, glycine, alanine, C3-

carnitine and C3DC-carnitine found in all four examined cell lines. Indeed, distinct values 

become already apparent at this time and are depicted for the most significant 

metabolites. Generally, both examined mechanisms regulating cell death (apoptosis and 

necrosis) resulted in diverse concentrations of Asp, Glu, Met, Gly, Ala, C3-carnitine, and 

C3DC-carnitine Figure 14 in three (HEK 293, HepG2, and PC3) from four examined cell 

lines. In contrast, no significant changes differentiating apoptosis from necrosis in MCF7 

cells in the analyzed time window has been observed.  

Moreover, apoptotic HEK 293, HepG2 and PC3 cells differed from necrotic and control 

groups in some metabolite concentrations. An increased concentration of alanine and 

C3-carnitine has been observed only in HepG2 and PC3 cell, respectively. Elevated 

glycine and C3DC-carnitine levels were detected in both HepG2 and PC3 apoptotic 

cells. Furthermore, aspartate and methionine has been found as hallmark of apoptosis 

in all of those three cell lines. 
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Figure 14 Metabolomics of the cellular response to staurosporine treatment or heating 4 h 
after incubation. Differences in metabolite concentrations of treated with DMSO (V), 4 µM 
staurosporine (A) and heated (N) HEK293, HepG2, PC3, and MCF7 cells when compared with 
control cells (C). The box-plots demonstrate the medians out of two independent experiments 
carried out in triplicates. The p-value calculated by using Kruskal-Wallis are given in each diagram, “*” 
denotes a significance level of 5% and “**” a significance level of 1% after Bonferroni correction. 
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3.2.2 Etoposide and 5-Fluorouracil as proapoptotic agents 

Since metabolic alteration observed in staurosporine treated cells may reflect a 

characteristic of the pro-apoptotic agent (staurosporine) but not of the biological process 

(apoptosis), complementary experiments were required. Hence, apoptosis was further 

characterized after implementation of two others pro-apoptotic agents etoposide and 5-

fluorouracil (5-Fu) in HEK293 and HepG2 cell lines. Etoposide is a commonly used drug 

in therapy of small lung cancer or lymphomas (de Jong, Mulder et al. 1995) and has 

been described as a pro-apoptotic agent (Okamoto-Kubo, Nishio et al. 1994). 5-Fu is 

like etoposide an inducer of apoptosis in cancer cell lines (Osaki, Tatebe et al. 1997) 

and is widely used (since 20 years) in colorectal and breast cancer therapy (Longley, 

Harkin et al. 2003).  

3.2.2.1 Cell viability and apoptosis validation after etoposide or 5-Fu 

treatment 

Prior to metabolite analyzes the sensitivity of two cell lines (HEK 293 and HepG2) to 

etoposide and 5-fluorouracil (5-Fu) was tested to find the optimal dosage and incubation 

time to effectively induce apoptosis. Viability of HEK 293 and HepG2 cells exposed to 

two different concentrations (100 µM and 500 µM) of etoposide or 5-Fu in the time 

course of 18, 24, 48 and 72 hours is shown in Figure 15 A. Values were corrected to 

the viability of vehicle (DMSO) treated cells (taken as 100%). Generally, etoposide and 

5-Fu treatment affected cell viability in time- and dose-dependent manner. Higher 

sensitivity to etoposide has been observed in both cell lines. Etoposide treated HEK 293 

and HepG2 resulted in a stepwise decrease of viability after 18 h and 24 h which was 

continued within the following hours. Cells treated with 5-Fu resulted in a decrease of 

viability to up to 60% after 48 h and 72 h in HepG2 and HEK293 cells, respectively. 

Figure 15 B presents apoptosis progression evaluated with the Caspase3/7. Generally, 

in both examined cell lines, etoposide had the strongest impact on caspase 3/7 activity. 

However, the cell lines showed a time- and dose- dependent response pattern. Caspase 

3/7 activity of HepG2 cells reached a maximum after 24 h exposure to 500 µM 
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etoposide. In contrast, HEK293 cells resulted in highest caspase activity after 72h 

incubation with 100 µM of etoposide. Furthermore, for 5-Fu-treated HepG2 cells a 

noteworthy caspase 3/7 activity was detected first after 48h and only with higher 

concentration (500 µM) of 5-Fu. For following metabolic analysis only treatments which 

effectively induces apoptosis were applied.   

 

 

Figure 15 Cell viability and apoptosis validation after etoposide or 5-Fu treatment. A) 
Viability of HEK 293 and HepG2 cells after treatment with etoposide (100µM (pink) or 500µM 
(violet)), or 5-Fu (100µM (light green) or 500µM (dark green)) at different time points (18, 24, 48 
and 72h) was determine by using MTT assay. Values were normalized to the viability of vehicle 
(DMSO) treated cells (taken as 100%) and represent the mean (±SD) of triplicates from three 
independent experiments. B) Effect of etoposide or 5-Fu on the caspase 3/7 activity in HEK 293 
and HepG2 cell measured after incubation with 100µM [violet crossbred bars] or 500µM [violet 
bars] etoposide, or 100µM [green crossbred bars] or 500µM [green bars] at indicated time 
points. The data were normalized to the caspase 3/7 activity of vehicle treated cells and are 
expressed as mean values (±SD) out of three independent experiments each performed in 
triplicates. 
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3.2.2.2 Metabolic signatures of etoposide or 5-Fu treated cells 

Characteristic patterns of elevated levels of amino acids and acylcarnitines in 

staurosporine induced apoptosis in cells were already described in chapter 3.2.1 as well 

as already published (Halama, Moller et al. 2011). However, those changes could be 

characteristic for staurosporine but not for apoptosis itself. For that reason further 

examination of apoptotic biomarkers was performed after HEK 293 and HepG2 cell lines 

were treated with further pro-apoptotic agents including etoposide or 5-Fu. Notably, both 

etoposide and 5-Fu were shown to affect cell viability and induced apoptosis in those 

cell lines (see 3.2.2.1 and 3.2.2.2). Amino acid and acylcarnitines quantification was 

performed with the adapted NBS assay on the three groups of cells: control – cells 

incubated with vehicle (DMSO), apoptotic cells (HEK 293 cells incubated with 100 µM 

etoposide or 100 µM 5-Fu for 72 h; HepG2 cells incubated with 100 µM etoposide for 24 

h or 500 µM 5-Fu for 48 h) and necrotic cells (cells cultivated in medium containing and 

vehicle heated at 57°C for 20 min). Metabolite concentrations were normalized to total 

protein level examined in the parallel experiment. In the experimental setup the 

metabolite levels of apoptotic cells were compared with those of control and necrotic 

cells. Consequently, any changes that occurred in apoptotic, but not in necrotic and 

control cells, were specifically related to apoptosis. Data evaluation was performed with 

the metaP server using Kruskal-Wallis analyzes. Table 8 summarizes the changes 

observed after HEK 293 and HepG2 treatment. Among 11 metabolites only alanine 

(Ala), arginine (Arg), aspartate (Asp), glutamate (Glu) and acetylcarnitine (C2) were 

particular for apoptotic HEK 293 and HepG2 independent of the apoptotic-agent. 

Moreover, both cell lines also showed cell specific responses to treatment.  For example 

increase in propionylcarnitine (C3) and isovalerylcarnitine (C5) was observed only in 

HEK 293 cells treated with 5-Fu and up-regulation in methionine leucine and 

phenylalanine was characteristic for apoptotic HepG2 cells. In case of the HEK 293 cell 

line clear differences between apoptotic and necrotic cells were observed. In contrast 

apoptotic and necrotic HepG2 cells exhibited similar metabolic patterns. 
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Table 8 Metabolic signatures of HEK293 and HepG2 cells treated with etoposide, 5-Fu or 
heat. Changes in metabolite concentrations of cells after heating (“N_”) or incubation with 
etoposide (Eto) or 5-fluorouracil (5-Fu) (“A_”) for indicated periods (HEK 293 cells were 
incubated with 100 µM etoposide or 100 µM 5-Fu and HepG2 cells were incubated with 100 µM 
etoposide or 500 µM 5-Fu). The statistical data analysis of 3 groups, includes vehicle treated, 
apoptotic and necrotic cells, was performed with the metaP server. Red indicates increase, 
green decrease and gray no changes in metabolite concentrations in comparison to vehicle 
treated cells. Name of abbreviated metabolites are given in the body text. 

 

 

The metabolites showing the same trend in both cell lines regardless of the used 

apoptotic agent were broader analyzed. Changes occurred in concentrations of alanine, 

arginine, glutamate and acetylcarnitine are presented in Figure 16. The differences in 

metabolite concentrations in control, apoptotic and necrotic cells were tested for 

significance by Kruskal-Wallis analysis on the metaP server and the p-value (*) denote 

significance levels of 5% after Bonferroni correction. Apoptotic HEK 293 exhibited a 

trend clearly distinguishing them from necrotic and control cells in all four metabolites. In 

contrast, characteristic patterns of apoptotic HepG2 cells were found only after 5-Fu 

treatment in the alanine and glutamate concentrations. The etoposide treated HepG2 

cells can be discriminated from the necrotic only by metabolite concentrations but not by 

patterns.  

 

Ala Arg Asp Glu Gly Leu Met Phe C2 C3 C5

72h_Eto
A_HEK

N_HEK

72h_5-Fu
A_HEK

N_HEK

24h_Eto
A_HepG2

N_HepG2

48h_5-Fu
A_HepG2

N_HepG2
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Figure 16 Metabolite concentrations of HEK 293 and HepG2 cells after heating or 
treatment with etoposide or 5-Fu. Metabolite concentrations of HEK293 and HepG2 cells: 
heated (N), treated with DMSO (C) or pro-apoptotic agents (etoposide – Eto or 5-Fluorouracil – 
5-Fu) were compared. HEK 293 cells were incubated for 72 h independent on pro-apoptotic 
agent and etoposide or 5-Fu treated HepG2 cells for 24 h and 48 h, respectively. The box-plots, 
obtained after statistical data analysis with the metaP server demonstrate the medians out of two 
independent experiments carried out in triplicates. The p-value calculated by using Kruskal-
Wallis are given in each diagram, “*” denotes a significance level of 5% after Bonferroni 
correction. 

3.2.3  Alanine and glutamate distinguish apoptotic cells 

regardless of treatment 

To find biomarkers of apoptosis independently of the treatment, the metabolic patterns 

occurring in HEK 293 and HepG2 cell lines after treatment with staurosporine were 

compared to those obtain after etoposide or 5-Fu treatment. Only alanine and glutamate 

out of measured 42 metabolites could be considered as metabolic biomarkers of 

apoptosis. The alanine, a non-essential amino acid which can be produced by reductive 

amination of pyruvate, was detected as significantly up-regulated in apoptotic HEK293 

and HepG2 cells after cells were incubated either with staurosporine or etoposide or 5-
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Fu. Furthermore, in both cell lines regardless of the used apoptotic agent a significant 

increase in glutamate, a key component in cellular metabolism, has been observed.  

 

3.3 Adipogenesis “pathfinding” - first step toward novel 

biomarkers in development of obesity 

The ongoing explosion in the incidence of obesity (Rosen, Walkey et al. 2000), has 

focused attention on adipose tissue - emerging in the last two decades as key endocrine 

and regulatory organ of integrated fuel homeostasis (Herman, She et al. 2010). 

However, the mechanisms and involved metabolic pathways regulating adipogenesis – 

development of a fat cell from preadipocytes - still remain elusive. The murine 

preadipocyte cell line 3T3-L1, originally generated in the 1970’s by Green and 

colleagues (Green and Meuth 1974), has been used in studies of adipogenesis, obesity 

and insulin resistance (Williams and Mitchell 2012); (Sakoda, Ogihara et al. 2000) over 

the last 35 years. The 3T3-L1 can be easily differentiated into adipocyte after treatment 

with hormonal mixture. (Green and Kehinde 1975) and have all three attributes of in vivo 

adipocytes including lipid storage, insulin sensitivity and endocrine properties (White and 

Stephens 2010). For that reason the 3T3-L1 cell line was used to uncover the 

biochemical processes of adipogenic cell differentiation and to find novel relevant 

biomarkers. Figure 17 illustrates the experimental design and all sampling procedures 

applied at different days of adipogenic 3T3-L1 differentiation. Cells were cultivated from 

preadipocytes to adipocytes during 18 days and samples were collected at different 

stages of adipogenesis. Post-confluence, labeled 0 (depicted in white) indicates post-

confluent adipocytes cultivated in unmodified DMEM medium for 96 hours (with medium 

exchange every 48 hours) – this stage is called day zero. Differentiation, labeled 2 and 4 

(depicted in light yellow) indicates cells treated with a hormonal mixture (insulin, 

dexamethasone (DEX) and 3-isobutyl-1 methyl xanthine (IBMX)) inducing adipogenic 

cell differentiation (treatment inducing differentiation started at day zero). Maturation, 

labeled 6, 8, 10, 14 and 18 (depicted in dark yellow) indicates cells stimulated only by 

insulin (treatment for maturation started at day 4).  
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Figure 17 Illustration of the experimental work flow to monitor adipogenesis. The 3T3-L1 
cell line preadipocytes were differentiated into adipocytes during 18 days. The cell differentiation, 
induced by insulin (10 µg/ml), dexamethasone (1 µM) and IBMX (0.5 mM), started at day 0, 
corresponding to the preadipocytes in post-confluent phase, and was ongoing until day 4. The 
maturation started at day 4 by cell treatment with insulin (10 µg/ml) only. At each given day 
progression in cell differentiation was documented by Oil Red O assay and cells were collected 
for Western blot analysis, qPCR, transcriptomics and metabolomics study. DAPI staining was 
implemented to monitor cell proliferation. Metabolites measurements were performed with the 
Absolute IDQ assay and transcriptomics with the Illumina BeadChip technology. The conditioned 
medium was changed every 48 h. 

3T3-L1 adipogenesis was verified by Oil Red O assay, directly monitoring lipid 

accumulation, as well as by expression analysis of known regulated during adipogenesis 

molecules (White and Stephens 2010), on transcriptional (quantitative PCR) and 

translational (Western blot) level. To understand adipogenesis on the metabolite level, 

high-throughput targeted metabolomics was used to analyze acylcarnitines, amino 

acids, biogenic amines, hexoses, sphingomyelins, glycerophospholipids, fatty acids and 

prostaglandines in conditioned medium and cells. Cell homogenates were prepared for 
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metabolite measurement according to the novel protocol described in chapter 3.1.3. 

DAPI staining was carried out in parallel experiments to determine cell proliferation 

during adipogenesis and for normalization purposes. Gene expression profiling, based 

on Illumina Bead Array Technology, was carried out after total RNA extraction. This 

Bead Chip allows for parallel examination of over 19,100 unique genes. Transcriptomics 

and metabolomics data sets were combined to study crucial pathways and to find novel 

metabolic biomarkers of adipogenesis. The data sets were analyzed using Ingenuity 

Systems IPA software for pathway analysis. Detailed results are presented in the 

following chapters. 

3.3.1  Monitoring of adipogenesis by Oil Red O assay 

Adipogenesis progression, represented by increasing fat accumulation in cell liposomes, 

was monitored in the 3T3-L1 cell line by Oil Red O staining. Figure 18 A demonstrate 

the changes in cell morphology from preadipocytes, having fibroblast characteristics with 

branched cytoplasm surrounding and elliptical blotchy nucleus, into mature adipocytes, 

spherical cells containing lipid droplets. In the post-confluence phase described as day 0 

the cellular growth is repressed, cells formed a monolayer but accumulation of fat 

droplets was not detected. Cells incubated for 48 hours with differentiation mixture 

exhibited a different morphology from post-confluent cells. Nevertheless, cells at day 2 

were similar to fibroblasts but fat accumulation could not yet be observed. In contrast, at 

day four cells acquired the morphological characteristics of adipocytes, by showing up 

with an enlarged, rounded cell shape with accumulation of small lipid droplet. Those 

early steps are usually followed by the appearance of PPARγ, C/EBPα and C/EBPβ 

activating de novo or enhanced expression of genes that are characteristic for the 

adipocyte phenotype (MacDougald and Lane 1995), (Linhart, Ishimura-Oka et al. 2001) 

(also observed in this study see chapter 3.3.2). The stepwise increase of lipid 

accumulation detected first at day 4 was continued within the following days. 

Noteworthy, between day 6 and day 10 cells contained many small lipid droplets, which 

reconfigured to one or two big ones at day 14 and day 18. Quantification of Oil Red O 

staining was examined by absorbance measurements after the dye was dissolved in 



 

  Results 
 _____________________________________________________________________   

 

 

66  

isopropanol. Figure 18 B shows a step by step increase of the Oil Red O accumulation, 

starting after day 4 and reaching a maximum at day 18.  

 

 

Figure 18 Monitoring of adipogenesis with Oil Red O assay. A) Cells were fixed and stained 
with Oil Red O at different days of 3T3-L1 differentiation. Photos were taken at initial 
magnifications ×200. The red spots indicate triglyceride droplets. B) Quantification of 
accumulated lipids based on absorbance measurements (O.D. values at 520 nm) after Oil Red 
O was eluted from cells by isopropanol. Data are expressed as mean values (±SD) out of three 
independent experiments performed in triplicates. 
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3.3.2  Verification of adipogenesis by monitoring of crucial 

transcription factors promoting adipogenesis  

Morphological transformation of fibroblasts to spherical, lipid droplets containing cells is 

caused by molecular changes during adipogenesis. Crucial transcription factors, which 

promote adipogenic differentiation are well characterized (Rosen and MacDougald 

2006) and were used here for the verification of adipogenesis on the gene and protein 

level. The amounts of C/EBPα, C/EBPß and PPARγ were determined by real-time 

quantitative PCR with SYBER Green detection and relative amounts of those genes 

were calculated using the 2-ΔΔCT equations. C/EBPß, C/EBPα and PPARγ (1 and 2) 

protein concentrations in cell homogenates were measured by Western blot analysis. 

Figure 19 shows changes in gene expression and protein level of peroxisome 

proliferator-activated receptor γ (PPARγ) and the CCAAT/enhancer binding proteins 

(C/EBP) ß and α during 3T3-L1 cell differentiation.  

 

 

 

Figure 19 Adipogenesis verification: regulation of C/EBPβ, PPARγ and C/EBPα 
expression. A) qPCR was performed on cDNA generated by using RNA isolated from cell 
pellets. The relative gene expression was calculated by using the 2 –ΔΔCT method. B) Western 

Blots were performed after protein isolation from cell pellets at different days of adipogenesis.  
β-actin was used as a loading control (data not shown). 
 

As expected, after exposure of confluent preadipocytes to the “hormonal cocktail”, 

regulation of C/EBPß, C/EBPα and PPARγ on transcriptional and translational level was 
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observed. The C/EBPß, primarily responding to DEX (Ntambi and Young-Cheul 2000), 

reached maximum at day two of differentiation and decreased after removal of 

differentiation mixture to less than two of 2-ΔΔCT. The expression of PPARγ thought to be 

mediated by C/EBPß (Clarke, Robinson et al. 1997), was found to be transcriptionally 

induced after D2 post treatment, reached a maximum at day 8 and stayed highly up-

regulated until D18 of adipogenesis. Furthermore, C/EBPα increased from undetectable 

levels in preadipocytes to detectable at D2 and reached full expression at D4 post-

stimulation. Expression on the protein level followed the same pattern as the on the 

transcript level.  

3.3.3  Monitoring of adipogenesis by metabolomics 

Characterization of adipogenesis in 3T3-L1 cell line on the metabolite level was 

performed using the high-throughput targeted metabolomics Absolute IDQ p180 kit in 

conditioned medium and cells from three independent experiments carried out in 

triplicates. Statistical calculations of normalized data were performed using the metaP 

server. At first, a Kendall analysis, tests the correlation between two quantities 

(Kastenmüller, Römisch-Margl et al. 2010), visualized in heat maps, was used to 

examine the relationship between changes in metabolite concentrations and the time 

course of adipogenesis or experimental procedure (sample replication) in both medium 

Figure 20 A and cells Figure 20 B. Correlations between variables are represented by 

gradient of color intensities. A positive relation in the plots, indicating increase, is shown 

in green, a negative relation (decrease) is depicted in red and not related variables are 

represented by black. Generally, changes in metabolite concentrations were mostly 

dependent on the adipogenic cell differentiation and not on the experimental procedure. 

Adipogenesis strongly affected metabolite concentrations in conditioned medium as well 

as in cell lysates resulting in characteristic patterns, however with some similarities. For 

example, some glycerophospholipids, like phosphatidylcholines, PC ae C34 with several 

saturation variants, and lysophosphatidylcholines in particular those containing palmitic 

acid (C16:0), palmitoleic acid (C16:1) or heptadecanoic acid (C17:0) as well as amino 

acids like serine and branched chain amino acids, exhibited similar trends in conditioned 
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medium and in cell lysates. In contrast, opposite patterns of alanine, acetylcarnitine 

(C2), butyrylcarnitine (C4) or alpha-aminoadipic acid (alpha-AAA) between conditioned 

medium and cell lysate have been observed. Correlation between adipogenesis and 

arachidonic acid, mead acid and lysophosphatidylcholines in particular containing 

eighteen-carbon fatty acid chain with two different saturation variants (C18:1 and C18:2) 

were found only in cells. In turn, strong correlation of hexoses and aspartate with 

adipogenesis was observed only in case of medium samples.  

 

Figure 20 Correlation between metabolite concentration and adipogenesis progression 
(time course) or correlation between changes in metabolite concentration and 
experimental procedure. The Kendall correlation between each metabolite concentration and 
adipogenic cell differentiation or experimental procedure in medium and cells was determined by 
the metaP server. The Kendall’s tau values are were visualized in the heat maps. The colors and 
their intensities are linked to the correlation: green indicate positive, red negative and black no 
correlation. 

However, Kendall correlation assay showed only a trend but did not provide information 

about the differences in metabolite composition at different stages of adipogenesis. For 
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that reason, principle component analysis (PCA) has been applied. Figure 21 shows 

medium and cell samples at different days of adipogenesis (colored dots) after PCA 

analysis represented by scatterplots of principal compound (PC) 1 vs. 3. Separation 

among days of adipogenesis with tight clustering of biological replicates could be 

observed, which is in good agreement to the Kendall correlation results. Thus, 

metabolites can clearly reflect adipogenesis development with firmly separated stages: 

not differentiated, adipogenic differentiated and maturated adipocytes. The PCA 

represents combinations of the original dimensions (metabolites), whose contributions to 

the component can give hints which metabolites separate the intrinsic groups 

(Kastenmuller, Romisch-Margl et al. 2011). Figure 22 presents metabolites, after PCA 

analysis of PC1, with the highest contribution to adipogenesis in form of box-plots. 

 

Figure 21 Different stages of adipogenesis distinguished by metabolite patterns. The PCA 
score plots determined by the metaP server showed distinct clustering between stages of 
adipogenesis in conditioned medium and cells. Colored dots in the PCA plots representing 
metabolite profiles observed at different days of differentiation: red – day 0, orange – day 2, light 
green – day 4, dark green day 6, light blue - day 8, dark blue – day 10, violet – day 14 and pink 
– day 18.  

Generally, significantly regulated metabolites which were found in condition medium and 

cells represented different metabolic classes. The strongest changes in metabolite 
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concentrations were observed in cells switching from differentiation to maturation 

(between day 4 and 6) stage. Adipogenesis progression resulted in increased 

concentration of asparagine, glutamine, lysophosphatidylcholine (LysoPC a C16:0) and 

phosphatidylcholine (PC aa C32:1) in medium and aspartate and phosphatidylcholine 

(PC aa C32:2 and PC aa C34:2) in cells.  

 

 

Figure 22 Metabolites regulated during adipogenesis highlighted by PCA analysis. The 
specific metabolites for adipogenesis progression in conditioned medium and cells determine by 
PCA assay include asparagine (Asn), glutamine (Gln), leucine (Leu), putrescine, decadienyl-L-
carnitine (C10-carnitine), glycerophospholipids like LysoPC a C16:0 or PC aa C32:1 and 
hexoses in medium and aspartate (Asp), leucine (Leu), proline (Pro), spermidine, 
hexadecanoylcarnitine (C16-carnitine) and glycerophospholipids include LysoPC a C20:3,       
PC aa C32:2 and PC ae C34:2 in cells. The box-plots, obtained after statistical data analysis 
with the metaP server demonstrate the medians out of two independent experiments carried out 
in triplicates. The p-value calculated by using Kruskal-Wallis are given in each diagram, “*” 
denotes a significance level of 5% and “**” a significance level of 1% after Bonferroni correction. 

Moreover, in conditioned medium significant decreases of putrescine, leucine, 

decanoylcarnitine (C10) and hexoses (H1) were detected. Furthermore, in intracellular 
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extracts significant decreases of proline, palmitoylcarnitine (C16) and 

lysophosphatidylcholines (LysoPC a 20:4) were found. The patterns displayed by 

leucine during adipogenesis were remarkable. The cells entering the differentiation 

phase (at day 2) exhibited significant decrease in leucine (only in cells).  

Further differentiation (at day 4) in turn, resulted in leucine increase in cells (to control 

level) but a significant decrease in conditioned medium. In the maturation phase both 

cells and conditioned medium showed a significant decrease in the leucine level. Those 

observations suggest efforts of the cell to preserve a constant leucine concentration. 

3.3.4  Monitoring of adipogenesis by transcriptomics 

3.3.4.1 RNA concentration and integrity 

To analyze expression profiling of the 3T3-L1 cell line during adipogenesis, samples 

were collected in three biologically independent replicates and total RNA of all samples 

were isolated using RNeasy Kit. Prior to expression profiling the concentrations of total 

RNA from all samples were measured with NanoDrop spectrometer (Table 9) and 

integrity was assayed by denaturing gel electrophoresis and ethidium bromide staining 

(Figure 23). The RNA obtained in the concentration range of 260 to 1300 ng/µL was 

diluted for further experiments.  

Table 9 RNA concentration and absorption ratios OD260/OD280 of 3T3-L1 cells during 
adipogenesis. Total RNA concentration expressed in ng/mL was determined by 
spectrophotometric absorbance measurements at 260 nm and the ratio of absorbance at 260 
nm and 280 nm (OD 260/280) was used to assay the RNA purity. 

 

Experiments

1 2 3

Time [days]
RNA concentration 

[ng/µL]
OD 260/280

RNA concentration 

[ng/µL]
OD 260/280

RNA concentration 

[ng/µL]
OD 260/280

0 260 2.14 288 2.13 319 2.12

2 680 2.11 531 2.12 678 2.14

4 1116 2.13 1008 2.13 1304 2.14

6 1004 2.13 994 2.13 1077 2.12

8 972 2.14 1018 2.14 961,2 2.14

10 808 2.14 762 2.13 908,9 2.13

14 638 2.13 626 2.13 660 2.12

18 754 2.12 719 2.12 676,9 2.12
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The ratios of absorbance (260 and 280) used to assess the RNA purity, were 

comparable with 2.1, the OD 260/280 ratio of pure RNA. Furthermore, the RNA integrity 

assay showed sharp, distinct bands corresponding to 28S and 18S ribosomal RNA and 

little smear indicating an intact RNA. As desired, the 28S band was approximately twice 

as intense as that of 18S RNA. Gene expression profiling was performed by using the 

Illumina Bead Array Technology. The resulting subset consisted of 1000 significantly 

regulated genes. Before further analysis, the data set was screened for previously 

described transcription factors promoting adipogenesis, to verify transcriptomics results 

(Rosen and MacDougald 2006). 

 

 

Figure 23 Electrophoresis of total RNA from 3T3-L1 cells during adipogenesis. The RNA 
integrity was confirmed by running the RNA on a denaturing gel and staining by ethidium bromid. 
Each number indicates the respective day of adipogenesis. The bands as indicated show 28S 
and 18S RNA. The band intensity of the 28S is twice that of 18S suggesting good quality and 
integrity of RNA. 
 

A complex transcriptional cascade is shown in Figure 24 A, representing gene products 

and their known interactions (Rosen and MacDougald 2006), during adipogenesis and 

includes C/EBPα, C/EBPß and PPARγ, Kruppel-like factors (KLF5 and KLF15), insulin- 

sensitive glucose transporter (GLUT4), GATA binding protein 2 (GATA2) and 

transcription factor homologous to CCAAT – enhancer binding protein (CHOP). Indeed, 

six of these eight transcription factors, namly PPARγ, KLF5, KLF15, GATA2, CHOP and 

GLUT4, were found in the set of 1000 significantly regulated genes. The main direction 

of regulation is shown in Figure 24 A:  the red color indicates up-regulation and the 

green down-regulation of these genes. When looking closer at the regulation during the 

time course of adipogenesis (Figure 24 B), KLF5, stimulated by C/EBPß (Oishi, Manabe 

et al. 2005), was as expected strongly expressed in the first days of adipogenic cell 
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differentiation. Moreover, KLF15, involved in stimulation of lipid accumulation (Mori, 

Sakaue et al. 2005), (Banerjee, Feinberg et al. 2003) due to PPARγ induction and 

regulation of GLUT4 (Gray, Feinberg et al. 2002) was up-regulated at day 4 and 

continuously within the following days. PPARγ, plays an important role in converting 

preadipocytes into adipocytes (Rosen, Walkey et al. 2000), as well as GLUT4 having 

energetic/metabolic functions in adipocytes by allowing glucose transportation into the 

cell (Shepherd and Kahn 1999). These genes were highly expressed from day 2 and 4 

on, respectively. The anti-adipogenic factors like GATA2 or CHOP, able to inhibit cell 

differentiation by binding to C/EBPα or PPARγ (Tong, Tsai et al. 2005), (Ron and 

Habener 1992), were down-regulated.  

 

 

Figure 24 Identification and monitoring of genes known to be involved in adipogenesis – 
verification of transcriptomics data. A)  
Genes and their interactions during cell differentiation from preadipocytes into adipocytes are 
shown and stimulatory (red) as well as inhibitory (green) interactions are indicated. The green 
colored genes GATA2 and CHOP refer to decrease and the red colored genes KLF5, KLF15, 
PPARγ and insulin- sensitive glucose transporter (GLUT4) indicate increase in expression 
during the adipogenesis in my experimental setup. B) Gene expression values of KLF 5 (light 
blue), KLF 15 (dark blue), PPARγ (violet), GATA2 (orange) and CHOP (yellow) presented as 
fold changes relative to the gene expression of untreated cells (preadipocytes in postconfluent 
phase). Pro-adipogenic genes are represented by colored circles and anti-adipogenic by colored 
squares. Data are expressed as mean values of three independent experiments (± SD). 
 
In the next steep clustering of the ~1000 significantly regulated genes was performed 

according to functional genomics: genes which shows similar expression profiles (co-

expressed genes) are mostly regulated by the same mechanism (co-regulated genes) 
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(Eisen, Spellman et al. 1998, Lubovac and Olsson 2003). The associated gene 

transcripts were organized in 6 clusters including 3 with differentially up-regulated and 3 

with down-regulated genes (Figure 25).  

  

 

Figure 25 Expression patterns of differently regulated genes. Significantly regulated genes 
(1012) were clustered into 6 groups. Green color depicted down-regulation, red up-regulation 
and black no regulation. The magenta colored lines denote regulation trend. 

Separately assigned clusters were classified into functional categories with Ingenuity 

Pathways Analysis (IPA) (Figure 26). Cluster 1 contains genes down-regulated mostly 

at day 2 and day 4 of differentiation and referred to molecules observed in several 

cancer categories, like adenocarcinoma, head and neck cancer or nervous system 

tumor. Genes falling into the cluster 2 and 3 were found to be down-regulated at day 2 

and increased then until day 14 or were slowly down-regulated until day 6 and remained 

down until day 18, respectively. Those transcripts are mostly related to decreased 

proliferation (caused by cell to cell contact effects (MacDougald and Lane 1995) or 

decreased organization of cytoplasm and cytoskeleton (Smas and Sul 1995), (Kubo, 

Kaidzu et al. 2000). Analysis of clusters 4 and 5, include mostly up-regulated genes with 
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several important biological functions involved in adipogenic cells differentiation. 

 

 

Figure 26 Functional classifications of gene clusters. Classification of genes was performed 
by using Ingenuity Pathways Analysis (IPA). Left panel: partial hierarchical clustering of gene 
expression profiles of differentiated 3T3-L1 cells. Numbers in squares denote days of 
adipogenesis. Right panel: The blue bars above differentiation days illustrate level of gene 
regulation at the different days of adipogenesis. For example: Cluster 1 contains genes mostly 
regulated at day 2 and 4 involved in different cancer types. 

 
Cluster 5 contains crucial transcription factors and genes participating in early 

adipogenesis like PPARγ, or stearoyl-CoA 9-desaturase (SCD) (Casimir and Ntambi 

1996) in contrast to cluster 4 in which the up-regulated genes mostly participate in cell 

maturation, like glycogen phosphorylase kinase (PHK) (Ross, Erickson et al. 2002) or 

ATP binding cassette subfamily G (ABCD2) (Liu, Sabeva et al. 2010). Furthermore, both 

clusters show the abundance of genes involved in basic metabolic pathways: especially 

genes linked to fatty acid and cholesterol metabolism were found in cluster 4 and genes 

involved in lipid synthesis (acylglycerol and triacylglycerol) as well as carbohydrate 
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uptake, transport and metabolism in cluster 5. Moreover, genes linked to insulin 

resistance, non-insulin dependent diabetes, atherosclerosis and obesity were detected 

in cluster 5. However, regulation of these latter genes was remarkable, according to 

contrary expression patterns observed in type 2 diabetes patients and obese individuals 

(Shepherd, Gnudi et al. 1993, Fasshauer, Klein et al. 2002).  

 
Table 10 Shift of functional networks during adipogenesis. Impact of adipogenesis on the 
functional networks, created with regard to all significantly regulated genes, was analyzed      
with IPA. The height of the blue bar at the bottom of the table reflects which of the             
referred pathways are effected to which extend on the different days of adipogenesis.

 
 

Genes from cluster 6, after IPA analysis, could not be assigned to any functional 

category or canonical pathway. Additionally to cluster analysis, the complete data 

(including all clusters) were analyzed in context of transcriptomics changes associated 

with functional networks occurring at different stages of adipogenesis. The top hit 

networks (5 networks for each day of adipogenesis) are shown in  
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Table 10 and indicate the importance of cellular signaling and development in the first 

day of differentiation (day 2 and 4). Nevertheless, molecules linked to energy production 

and lipid metabolism networks were also present at those days. Noticeable, a major shift 

in functional networks started at day 6, with the highest impact of carbohydrate 

metabolism, molecular transport and small molecule biochemistry. In mature adipocytes 

(day 10 to day 18) mostly lipid metabolism related networks were observed. 

3.3.5 Pathway interferences: where metabolomics meet 

transcriptomics 

Combining gene expression microarray and high-throughput targeted metabolomics 

technologies allows for comparison of the transcriptional and metabolic profiles, which 

can lead to the discovery of new pathways and key molecules of the cellular processes. 

For that reason, metabolomics and transcriptomics data sets were connected in that 

changes during adipogenesis on the metabolic level were reassessed by transcriptomics 

data. The first objective was to uncover global changes including alteration of essential 

pathways regulated during adipogenesis. Here, overlapping regulated molecules 

(metabolites and genes) were mostly linked to glycolysis, citrate cycle (TCA) or fat 

metabolism. A scheme presented in Figure 18 was prepared according to IPA 

knowledge base, showing the relations between molecules and affected pathways. A 

dramatic decrease of hexoses in conditioned medium was detected at day 4 and could 

be associated with the simultaneous up-regulation of insulin-regulated glucose 

transporter type 4 (GLUT4) and glucokinase (GCK), which plays an important role in the 

carbohydrate metabolism by catalyzing the conversion of glucose into glucose 6-

phosphate. The glycolytic pathway can supply the citrate cycle and lipid metabolism with 

acetyl-CoA, a product of acetate-CoA synthase short chain family member 2 (ACSS2). 

This enzyme was up-regulated at the second day of adipogenic cell differentiation. The 

concentrations of amino acids like aspartate, glutamate, proline or branched chain 

amino acids (BCAA) decreased in conditioned medium and were associated with 

regulation of enzymes catalyzing the formation of citrate cycle intermediates. Glutamate 
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can be converted by aldehyde dehydrogenase (ALDH5A1) to succinate and aspartate 

by D-aspartate oxidase (DDO) to oxaloacetate. 

 

 

 

 

 
Figure 27 Schematic representation of global changes occurring during adipogenesis. 

Transcriptomic and metabolomic data were together evaluated. All molecules (genes and 
metabolites) inside the orange circle refer to processes observed inside the cell. The molecules 
outside indicate metabolites observed in conditioned medium. Green and red colored molecules 
refer to concentration or gene expression decrease and increase, respectively. All enzymes are 
represented by pentagons, metabolites by rectangle, transporters by two half-moons and all 
molecules without frames have not been observed in measured data sets. All colored molecules 
are significantly regulated during adipogenesis. Affected by adipogenesis pathways includes: 
glycolysis, citrate cycle and glycerophospholipids metabolism. Abbreviations: H1, hexoses; 
GLUT4, insulin- sensitive glucose transporter 4; ACSS2, acetate-CoA synthase short chain 
family member 2; SLC25A1, citrate transporter; GPT1, glutamic pyruvic transaminase; BCAA, 
branched chain amino acids (isoleucine, leucine, valine); ALDH5A1, aldehyde dehydrogenase 
5A1; DDO, D-aspartate oxidase; ACSL3, acetyl-CoA synthase long-chain family member and 
PRODH, proline dehydrogenase.  
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Both of the enzymes were found to be up-regulated during adipogenesis. A slight 

increase in the level of glutamate in cells could be explained by increased expression of 

glutamic pyruvic transaminase (GPT1) catalyzing the synthesis of glutamate and 

pyruvate from 2-oxoglutarate and alanine, which strongly decreased in cell 

homogenates. A significant decrease of proline concentration in cell lysates and 

conditioned medium, detected already at the second day of differentiation with a 

constant trend until day 18, was related to increased proline dehydrogenase expression 

(PRODH) which ensures the conversion of proline to proline-5-carboxylase, involved in 

glutamate and urea cycle metabolism. Furthermore, the TCA cycle intermediate citrate is 

transported across the mitochondrial inner membrane by SLC25A1 (a citrate 

transporter). This enzyme, essential for supplying the cytoplasm with a carbon source 

for the fatty acid metabolism, showed increased expression at day 4 with constant trend 

up until day 18, is.  Moreover, other essential compounds for the fatty acid metabolism, 

like short-chain carnitines (carnitine (C0), acylcarnitines (C2) or butyrylcarnitine (C4), 

were up-regulated during adipogenesis. The fatty acids, basically increased over 

adipogenesis development, are easily metabolized into glycerophospholipids 

(phospahtidylcholines or lysophosphatidylcholines) or sphingomyelins through acetyl-

CoA synthase long-chain family member (ACSL3), which was up-regulated from day six. 

A detailed analysis of the metabolism of BCAAs, biogenic amines and 

glycerophospholipids is presented in following subsections. 

3.3.5.1 Characterization of branched chain amino acid metabolism during 

adipogenesis 

A significant decrease of all three branched chain amino acids (isoleucine, leucine and 

valine) in both cell lysates and conditioned medium Figure 28 was observed. These 

alterations were associated with up-regulated expression of enzymes involved in BCAA 

degradation, namely mitochondrial BCAA transaminase (BCAT1), dihydrolipoamid 

branched chain transacylase (DBT), acyl-CoA dehydrogenase (ACADS), acetyl-CoA 

acyltransferase 2 (ACAA2) and propionyl-CoA carboxylase (PCCB) (Figure 29). 
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Although the pathway build from transcriptomics and metabolomics data already 

elucidated the first steps of BCAA breakdown (Figure 29), the involvement of BCAAs in 

adipogenesis still remains elusive. To gain additional insight into the BCAA metabolism 

combined with transcriptomics and metabolomics data sets, BCAA degradation 

pathways were further verified by qPCR.  

 

 

Figure 28 Changes in branched chain amino acid concentrations during adipogenesis. 
Changes in isoleucine, leucine and valine concentrations in conditioned medium and cells were 
monitored by the high-throughput targeted metabolomics Absolute IDQ p180 assay. The p-
values were calculated according to Kruskal-Wallis: (**) denotes a significance level of 1% after 
Bonferroni correction. Data are expressed as mean value out of three independent experiments 
each performed in triplicates.  
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Figure 29 Schematic illustration of BCAA catabolism during adipogenesis. Significant 
decrease in BCAA concentrations (metabolites colored green) was linked to increased 
expression of genes involved in BCAA catabolism (colored red), molecules without frames have 
not been observed in the measured data sets. Molecules above the orange lines, representing 
the cellular membrane (leucine, valine and isoleucine), were detected in conditioned medium. 
Abbreviations: SLC1A5, amino acid transporter; BCAT1/2, BCAA transaminase 
(cytosol/mitochondria); DBT, dihydrolipoyl transacetylase BC transacylase; ACADS, acyl-CoA 
dehydrogenase; ACAA2, acetyl-CoA acyltransferase; PCCB, propionyl CoA carboxylase; C3-
car, propionyl carnitine; C5(OH)-car, methylmalonylcarnitine and HMGCS, 3-hydroxy-3-
methylglutaryl-CoA synthase. 

3.3.5.2 Leucine degradation 

Presented in Figure 30 the illustration suggests the participation of leucine in cholesterol 

synthesis as precursor of cholesterol, a molecule involved in the constitution of 

membranes, steroid synthesis, and signaling processes. As shown in Figure 29 leucine 

is known to be degraded in several steps to 3-hydroxy-3-methylglutaryl-CoA, the starting 

of cholesterol synthesis. Indeed, Leucine was found to be down-regulated during 
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adipogenesis and. enoyl-CoA-hydratase (AUH) catalyzing the synthesis of 3-hydroxy-3-

methylglutaryl-CoA was up-regulated from day 6 on.  

 

 

 

Figure 30 Leucine may serve as precursor of cholesterol biosynthesis. The leucine 
degradation/cholesterol synthesis pathway was examined with combined qPCR and microarray 
tools. The qPCR was performed on cDNA generated using RNA isolated from cell pelets at 
different days of adipogenic cell differentiations. The relative gene expression of AUH (enoyl-
CoA-hydratase) and MVD (mevalonate diphosphate decarboxylase) was calculate by using the 
2 –ΔΔCT method. Data are representative of two experiments performed in triplicates (± SD). The 
PMVK (phosphomevalonate kinase), FDPS (farnesyl diphosphate synthase), SQLE (squalene 
epoxidase) and DHCR7 7-dehydrocholesterol reductase were found in transcriptomics data set 
and are expressed as fold changes relative to the gene expression of untreated cells 
(preadipocytes in post-confluent phase). Data represent a mean (± SD) from three independent 
experiments. 

The phosphomevalonate kinase (PMVK) catalyzing the fifth reaction of the cholesterol 

biosynthetic pathway (conversion of mevalonate-5-phosphate into mevalonate-5-

diphosphate) was up-regulated from day 4 on. Furthermore, increased expression of 
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MVD (mevalonate diphosphate decarboxylase) and FDPS (farnesyl diphosphate 

synthase), catalyzing the formation of key intermediate in cholesterol and sterol 

biosynthesis (Hinson, Chambliss et al. 1997), was observed from day 4 on. Elevated 

levels of squalene epoxidase (SQLE), catalyzing the first oxygenation step in the sterol 

biosynthesis (Sakakibara, Watanabe et al. 1995), was detected from day four of 

adipogenesis on followed by further increase until day eighteen. The same expression 

pattern was observed for 7-dehydrocholesterol reductase (DHCR7) which through 

elimination of the double C(7-8) bond in the B ring of sterols is catalyzing the final 

conversion of 7-dehydrocholesterol to (Honda, Tint et al. 1995, Tint, Seller et al. 1995). 

3.3.5.3 Isoleucine and Valine degradation 

Isoleucine and valine were strongly down-regulated in conditioned medium and cells 

during adipogenesis (Figure 28) and degradation products as well as involved enzymes 

found in the metabolomics and transcriptomics data (Figure 29). The degradation 

pathway was further analyzed by qPCR. Figure 31 shows the possible further 

degradation pathways of isoleucine and valine, suggesting an involvement of these 

metabolites in citrate cycle. Propionyl-CoA, the product of isoleucine degradation 

(Figure 29), can be transformed into (S)-methylmalonyl-CoA by propionyl-CoA 

carboxylase (PCCB), highly expressed from day 4 of adipogenic differentiation on. (S)-

methylmalonyl-CoA is interconverted to (R)-methylmalonyl-CoA form by methylmalonyl-

CoA epimerase (MCEE) up-regulated from day 4 on. Further methylmalonylCoA mutase 

(increase starting at day six) can catalyze the synthesis of succinyl-CoA, an intermediate 

of the TCA cycle, from (R)-methylmalonyl-CoA. Moreover, metabolites of valine 

degradation could be incorporated into mentioned pathway due to aldehyde 

dehydrogenase (Aldh1A7), converting (S)-methylmalonat semialdehyde into 

methylmalonate, which can be further converted into (R)-methylmalonyl-CoA by 

spontaneous insertion of coenzyme A.  
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Figure 31 Incorporation of isoleucine and valine degradation products and involved 
enzymes in the citrate cycle. The catabolism of isoleucine and valine was examined by qPCR. 
Metabolites were linked to the citrate cycle due to PCCB (propionyl-CoA carboxylase), MCEE 
(methylmalonyl-CoA epimerase) and MUT (methylmalonylCoA mutase). Relative gene 
expression was calculated by using the 2 –ΔΔCT method. Data represent the mean (± SD) from 
three independent experiments. 

3.3.5.4 Polyamine metabolism in adipogenesis  

The polyamines like putrescine (diamine), spermidine (triamine) and spermine 

(tetraamine), involved in several cellular processes including cell growth and proliferation 

(Agostinelli, Marques et al. 2010), were altered in the cells during adipogenesis  (Figure 

32). The metabolic pattern shows that putrescine reached a maximum concentration at 

the second day of differentiation to then decrease, probably due to further conversion to 

spermidine, which indeed was strongly up-regulated at day 4. In addition, spermine, 

which can be synthesized from spermidine remained unchanged until it decreased at 

day eight with the constant trend until day 18. However, the decrease in putrescine 

concentration could be also associated with elevated expression of amine oxidase 

(AOC3), up-regulated at day six, and aldehyde dehydrogenase (ALDH1A7), up-

regulated already at the second day of adipogenic cell differentiation.  
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Figure 32 Metabolism of biogenic amines. Changes in putrescine, spermidine and spermine 
concentrations were visualized in form of box-plots, showing the medians from three 
independent experiments carried out in triplicates, after metabolic data analysis with the metaP 
server. The p-values calculated by using Kruskal-Wallis are given in each diagram, “**” denotes 
a significance level of 1% after Bonferroni correction. The AOC3 (amine oxidase) and Aldh1A7 
(aldehyde dehydrogenase) gene expression values are expressed as fold changes relative to 
the gene expression of untreated cells (preadipocytes in post-confluent phase). Data are 
representative of three independent experiments (± SD). Gray colored pentagons SRM 
(spermidine synthase) and SRS (spermine synthase) indicate genes participating in the 
putrescine metabolism which had not been observed in 1000 significantly regulated genes from 
the transcriptomics data set. 

Both enzymes are involved in formation of 4-aminobutanal and 4-aminobutanoate, 

which were previously described as up-regulated during adipogenesis (Roberts, Virtue 
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et al. 2009). The 4-aminobutanoate could be incorporated into citrate cycle or glutamate 

metabolism (Bessman, Rossen et al. 1953, Roberts and Bregoff 1953). Nevertheless, 

genes catalyzing conversion of 4-aminobutanoate either into succinate semialdehyd or 

glutamate have not been detected. Moreover, genes involved in putrescine 

transformation into spermidine or spermine had not been detected in top 1000 

significantly regulated genes. Although alteration in the polyamine patterns still remain 

unclear, characteristic patterns were detected for each stage of adipogenesis, which 

makes polyamines potential candidates for novel biomarkers of adipogenesis 

development.  

3.3.6 Changes in glycerophospholipids metabolism as 

consequence of adipogenesis  

3.3.6.1 Up-regulation in the Kennedy pathway 

The phosphatidylcholines, the most abundant phospholipid species in eukaryotic cells 

(Gibellini and Smith 2010), were the strongest regulated group of metabolites during 

adipogenesis. A significant increase of 21 and decrease of 12 from 76 measured 

phosphatidylcholines was detected and therefore the transcriptomics data set was 

screen with respect to regulated genes involved in glycerophospholipids metabolism. 

The elevated phosphatidylcholines levels were directly related to the Kennedy pathway, 

the de novo synthesis of phosphatidylcholine (PC) and phosphatidylethanolamine (PE). 

Figure 33 schematically shows the biosynthesis of those glycerolipids, originally 

described in 1956 by Kennedy (Kennedy and Weiss 1956). In the transcriptomics data 

sets, gene expression associated with PC and PE synthesis consists of three enzymatic 

steps. Colored symbols indicate up- (red) or down- (green) regulated molecules: 

pentagram - enzymes and rectangle - metabolites. Ethanolamine kinase (EK) and 

choline kinase (CK) catalyzing the formation of ethanolamine-phosphate (Etn-P) and 

cholinephosphate (Cho-P), respectively did not occur in the top 1000 significantly 

regulated genes and are colorless. In the second, rate-limiting step 

phosphoethanolamine cytidyltransferase (PCYT2), catalyzing the formation of the high-
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energy donor cytidinediphosphate-ethanolamine (CDP-Etn) was up-regulated from day 

4. The expression of choline-phosphate cytidylyltransferase (PCYT1), catalyzing the 

formation of cytidinediphosphate-choline has not been observed in the top 1000 

significantly regulated genes. Finally, stepwise increase in expression of 

cholinefosphotranspherase (CHPT1), catalyzing the last phase of the PC biosynthesis 

from CDP-choline and 1,2-diacylglycerol (1,2-DG), was observed from day 4 of 

adipogenesis on.  

 

 

Figure 33 Kennedy pathway up-regulated during adipogenesis of 3T3-L1 cells. Significant 
increase in phosphatidylcholines and lysophosphatidylcholines was connected to the Kennedy 
pathway de novo synthesis of phosphatidylethanolamine and phosphatidylcholine. Significantly 
up-regulated molecules are colored red, down regulated green, and molecules without frames 
and colored gray have not been observed in the measured data sets. Abbreviations: GPD1, 

(glycerol-3-phosphate dehydrogenase); PPAP2, phosphatidate phosphatase; E/C K, 

ethanolamine/choline kinase; PCYT1, choline-phosphate cytidylyltransferase; PCYT2, 
phosphoethanolamine cytidyltransferase; EPT1/CHPT, ethanolaminephosphotransferase/ 
cholinephosphotransferase; PLA2, phospholipase A2.  
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Furthermore, adipogenic cell differentiation resulting in significant decrease of hexoses 

in conditioned medium at day 4 was connected with increased, expression of GLUT4 

from day 4 on. Notably, glycerol-3-phosphate dehydrogenase (GPD1), strongly 

expressed already at day 2 with a continuous upward trend within the following days of 

adipogenesis, serves as a major link between carbohydrate and lipid metabolism 

through converting of glycerone phosphate (GP) to glycerone 3 phosphate (G3-P) 

(Mayes and Botham 1993), a substrate for 1,2-DG. 

3.3.6.2 Lipid accumulation 

An increase observed in phosphatidylcholine concentrations reflects particular patterns 

for different stages of adipogenesis. Accumulation of phosphatidylcholines containing 

fatty acids with distinct chain lengths or saturation levels suggests their remodelling 

during adipogenic cell differentiation. Potential composition of phosphatidylcholine 

chains and schematic reactions occurring on the fatty acid chains, like elongation and 

desaturation is presented in Figure 34 and  

Figure 35, respectively. Metabolic patterns of acyl-acyl phosphatidylcholines could be 

linked to desaturation of fatty acid (hydrogen removal resulting in double bonds), and the 

preferable incorporations of those into acyl-acyl PCs. Oxidative desaturation of saturated 

fatty acids is predominantly catalyzed by Δ 9 desaturase (SCD1) (Cook and McMaster 

2002) in Δ 9 position (Cook and McMaster 2002). This enzyme was strongly expressed 

in the second day of cell differentiation followed by further increase up to day 18. Thus, 

a dramatic decrease of PC aa C32:0 at day 4 could be linked to the strong increase of 

PC aa C32:1 at day 4 with the constant trend up to day eighteen. An increase in PC aa 

C32:2 concentration, observed at day 4 was associated with further desaturation of 

monounsaturated fatty acids, catalyzed by fatty acid desaturase 2 (FADS2) up regulated 

at day 6. On the other hand, phosphatidylcholines with an ether side chain exhibited a 

simultaneous decrease in molecules consisting of short chain fatty acids and increase in 

molecules with longer fatty acid chains (see  

Figure 35). Elongation of the fatty acid chain could be associated with increased gene 

expression of elongase family members.  
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Figure 34 Adipogenesis resulted in increased accumulation of unsaturated fatty acid 
chain in acyl-acyl PCs. The PC aa concentrations (PC aa C32:0; PC aa C32:1 and PC aa 
C32:2) were determined with targeted metabolomics using the Absolute IDQ p180 kit. The p-
values were calculated according to Kruskal-Wallis: (**) denotes a significance level of 1% after 
Bonferroni correction. Data is expressed as mean value out of three independent experiments 
each performed in triplicates. Illustration shows potential fatty acid chain compositions and their 
desaturation from saturated - stearic, monounsaturated - oleic and to polyunsaturated - linoleic 
acid. Molecules involved in fatty acid desaturation including SCD1 (Δ 9 desaturase) and FADS2 
(fatty acid desaturase 2) are presented in fold changes (from transcriptomics experiments) 
relative to the gene expression of untreated cells (preadipocytes in post-confluent phase). Data 
are representative of three independent experiments (± SD). 

Results from transcriptomics study, indicating up-regulated expression of fatty acid 

elongase 3 (ELOVL3), were complemented with quantitative PCR data, which confirmed 

the increase in ELOVL3 and additionally showed increased expression of ELOVL1 or 

ELOVL4 at day 4 and ELOVL5 at day 8. 

The increase in concentration of PC ae C34.1 could be explained by elongation of 

palmitoleic acid (structural part of product molecule of decreased PC ae C30.1 at day 

six) to oleic acid (component of PC ae C32.1 reaching a maximum at day eight) and 

further to eicosenoic acid ( 

Figure 35). It can be catalyzed by ELOVL3 which has a putative role in elongation of 
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saturated and monounsaturated fatty acids with up to 24 carbons in length (Tvrdik, 

Westerberg et al. 2000).  

 

 

 

Figure 35 Adipogenesis resulted in increased accumulation of long chain fatty acid in 
ether said chain PCs. The PC aeconcentrations (PC ae C30:1; PC ae C32:1 and PC ae C34.1) 
were determined with the targeted metabolomics Absolute IDQ p180 kit. The p-values were 
calculated according to Kruskal-Wallis: (**) denotes a significance level of 1% after Bonferroni 
correction. Data is expressed as mean value out of three independent experiments each 
performed in triplicates. Illustration shows potential fatty acid chain compositions and their 
elongation. Elongation could be catalyzed by ELOVL3 denoted by fold changes (from 
transcriptomics experiments) relative to the gene expression of untreated cells (preadipocytes in 
post-confluent phase). Data are representative of three independent experiments (± SD). 
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Figure 36 Gene expression patterns of elongase family members determined by qPCR. 
The relative gene expression of the elongase familly members ELOVL1, ELOVL3, ELOVL4, and 
ELOVL5 was calculated by using the 2–ΔΔCT method. Data are representative of two experiments 
performed in triplicates (± SD). 

3.3.6.3 Changes in fatty acid metabolism during adipogenesis 

The information provided by the Absolute IDQ p180 assay regarding PC is limited to the 

total number of carbons of the two fatty acid side chains and chain compositions cannot 

be determined. However, to get this desired information, changes in total fatty acids 

concentrations occurring during adipogenesis were quantified out of tree independent 

experiments using the external services of the Biocrates Life Science AG. Among all 62 

examined fatty acids only 5 in medium and 6 in cells exhibited clear regulation patterns 

during adipogenesis (see Figure 37). Furthermore, four of them including myristic, 

myristoleic, palmitoleic, and oleic acid belong to the even chain fatty family. All others, 

like tridecanoic, pentadecanoic, or heptadecanoic acid containing uneven number of 

carbons in chain belonged to the odd chain fatty acid family. Hence, the in Figure 34 

and  

Figure 35 presented hypothetical composition of fatty acid chains in 

phosphatidylcholines and their desaturations and elongations could be changed to those 

shown in Figure 38, though the tendency to accumulate PC aa with increased number 
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of double bonds and PC ae with increased number of carbons in their fatty acid chains 

holds still true and is strongly suggested due to the patterns exhibited by the 

phosphatidylcholines. The involvement of SCD1 in odd chain fatty acid desaturation was 

recently reported (Su, Han et al. 2004).   

 

 

Figure 37 Changes in total fatty acid concentrations during adipogenesis. Significant 
alteration in the concentrations of 5 fatty acids in medium and 6 inside cells were observed 
(p<0.05). The p-values were calculated according to Kruskal-Wallis. Data is expressed as mean 
value out of three independent experiments. 
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Figure 38 Changes in phosphatidylcholine composition may occur during adipogenesis. 
Patterns of phosphatidylcholines concentration changes suggest that during adipogenesis PC 
aa fatty acid chains with increasing number of double bonds (increase of desaturation) and PC 
ae containing fatty acids with increasing chain length are accumulating. Putative composition of 
depicted PCs is based on results of odd chain fatty acid accumulation (Figure 37) during 
adipogenesis 

3.3.6.4 Lipid degradation 

Unexpectedly, a dramatic decrease in the concentrations of some phosphatidylcholines 

and lysophosphatidylcholines (specified in Table 11), occurring throughout adipogenic 

differentiation was observed already at day four. Since the regulated LysoPCs contain 

only one fatty acid chain, an assignment of those side chains in the down-regulated 

LysoPCs was easily possible: the 20-carbon fatty acids with different number of double 

bonds (3, 4 and 5) could be linked to mead acid, arachidonic acid and eicosapentaenoic 

acid, respectively. As LysoPCs and PCs are inter-converted they might contain the 

same side chain fatty acids. Figure 39 visualizes the decrease in concentration of 
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representative phosphatidylcholines (PC aa) and lysophosphatidylcholines (LysoPC a) 

with acyl side chains (Figure 39 A) and the fatty acids probably present in the depicted 

phospholipids (Figure 39 B). To find genes involved in glycerophospholipid degradation 

and long chain fatty acid metabolism, transcriptomics data were screened.  

 

Table 11 Significantly down-regulated phospholipids during adipogenesis. Phospholipid 
concentrations at different days of adipogenesis were determined with the targeted 
metabolomics Absolute IDQ p180 kit. The p-values were calculated according to Kruskal-Wallis: 
(**) denotes a significance level of 1% after Bonferroni correction. 

Metabolites p - value 

PC aa C38:3 2.4 e 
- 07**

 

PC aa C38:4 2.7 e 
- 08**

 

PC aa C38:5 8.0 e 
- 09**

 

PC aa C40:4 8.7 e 
- 06**

 

PC ae C40:3 3.2 e 
- 09**

 

LysoPC a C20:3 3.2 e 
- 09**

 

LysoPC a C20:4 6.7 e 
- 11**
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Figure 39 Down-regulated glycerophospholipids. A) Alteration patterns exhibited by 
exemplary down-regulated phospholipids. Molecule concentrations were visualized in form of 
box-plots. The p-values were calculated according to Kruskal-Wallis: (**) denotes a significance 
level of 1% after Bonferroni correction.  B) Schematic structure of differently un-saturated 20-
carbon fatty acids which can be connected to the down-regulated phospholipids.   

Figure 40 shows possible mechanism of lysophosphatidylcholines (LysoPC a C20:4) 

degradation, catalyzed by monoglyceride lipase (MGLL), hydrolyzing monoacylglycerols 

into fatty acids and glycerol (Taschler, Radner et al. 2011), which indeed is 3-fold 

increased at day 4 and continuously up-regulated in following days of adipogenesis. 

Thus, the LysoPCs a C20:3 and a C20:4 could be metabolized to glycero-3-

phosphocholine with the release of mead acid or arachidonic acid, respectively. 
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Figure 40 Possible mechanisms of LysoPC degradation to arachidonic acid and its 
catabolism. Strongly up-regulated MGLL may be involved in the degradation of phospholipids 
containing arachidonate molecules. The arachidonate degradation started at day 4 and 6 of 
adipogenesis and can be catalyzed by leukotriene C4 synthase (LTC4S), microsomal 
monooxygenase Cyp2c70 and carbonyl reductase 2 (CBR2).  

Besides, genes involve in the metabolism of arachidonic acid like LTC4S, CYP2c70 and 

CBR2 were found to be strongly up-regulated from day 4 and 6 on. The LTC4S is 

involved in the synthesis of leukotriene C4 (LTC4) and CYP2c70 can catalyze the 

conversion of arachidonate into epoxyeicosatrienoic acids (EETs), 

hydroxyeicosatetraenoic acids (HETEs) or trihydroxyeicosatrienoic acids (THETAs). The 

CBR2 is involved in the synthesis of prostaglandin-2F alpha (PGF2α) (Samuelsson 

1991).   
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Figure 41 Changes in eicosanoid concentrations in conditioned medium during 
adipogenesis. Alteration in concentrations of 4 eicosanoids including arachidonate, 
docosahexaenoic acid, 12-S-HETE and PGF2alpha was detected. The p-values were calculated 
according to Kruskal-Wallis. Data is expressed as mean value out of three independent 
experiments. 

To verify the results presented in Figure 40 and examine the possible connection 

between adipocytes and inflammation in obesity the eicosanoids concentration in 

medium and cells was determined using the external services of the Biocrates Life 

Science AG. Interestingly, alterations in prostaglandin concentrations were observed 

only in conditioned medium in 4 out of 17 examined prostaglandins (Figure 41). Strong 

decrease of arachidonic, docosahexaenoic and 12S-HETE, and an increase in PGF2α 

has been detected. Down-regulation of arachidonic acid in parallel to up-regulation of 

PGF2α concentrations is in good accordance to the simultaneous up-regulated genes 

involved simultaneously in arachidonate catabolism and prostaglandins synthesis 

presented in Figure 40.  Furthermore, increased   concentration of PGF2α in 

conditioned medium suggests its excretion by adipocytes.
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4 DISCUSSION 

4.1 Metabolomics for cell culture approach – assay 

development and optimization  

Implementation of metabolomics in human studies enabled the detection of several 

biomarkers for various diseases (Tukiainen, Tynkkynen et al. 2008, Sreekumar, Poisson 

et al. 2009, Misek and Kim 2011, Ferrannini, Natali et al. 2012, Wang-Sattler, Yu et al. 

2012). This omics can be used in early diagnosis or in monitoring responses after 

treatment (Spratlin, Serkova et al. 2009, Hyotylainen 2012). The metabolic profiles of 

whole organisms is highly complex and their molecule compositions are strongly 

affected by several factors including gender, age (Yu, Zhai et al. 2012), daily habits 

(diet, nicotine (Wang-Sattler, Yu et al. 2008), coffee consumption (Altmaier, 

Kastenmüller et al. 2009)) or environment (Rezzi, Martin et al. 2009). Metabolic profiles 

of biofluids and tissues reflect those factors, nevertheless, they cannot provide relevant 

information regarding cellular processes of their biological properties and functions 

which are fundamental for drug and markers development for specific cellular phenotype 

(Cuperlovic-Culf, Barnett et al. 2010). Therefore, in this work, metabolomics in cell 

cultures was applied to complement human studies of complex diseases including 

cancer and obesity.  

4.1.1 Adaptation of human targeted metabolomics assays for cell 

culture approaches 

There is no single analytical technique that completely meets metabolomics guidelines 

(Griffiths and Wang 2009) to depict the whole metabolome (Adamski and Suhre 2013). 

In this study, two targeted metabolomics assays, the newborn screening modification of 
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(NBS) and the Absolute IDQ assay were optimized and applied for metabolite 

measurements in cells. Selection of these high throughput technologies (NBS assay and 

Absolute IDQ) was not incidental. Since both are frequently used in human studies, their 

application for the cell culture approach may be beneficial regarding early phase of drug 

development or complementation of those studies. By that, cellular metabolomics can 

provide more detailed data otherwise not discernible in human studies. 

4.1.1.1 New born screening assay suitable for metabolomics in cell culture 

The NBS assay is a LC-MS/MS based targeted metabolomics approach. This method is 

originally applied for dry blood spots screening of infants to monitor and to diagnose 

treatable inborn errors, e.g. phenylketonuria (PKU), propionic acidemia (PROP), or 

carnitine uptake defect (CUD) (Couce, Castineiras et al. 2011). More than 30 multiple 

metabolite disorders can be detected in a single analysis out of dried blood spot (Chace, 

Kalas et al. 2003, Baumgartner, Bohm et al. 2004). Because all disorders detectable by 

NBS are associated with amino acids, carnitines and fatty acid metabolism, molecules 

crucial for cellular functions, this tool was newly adapted for cell culture approaches, a 

work already published recently (Halama, Moller et al. 2011). In the first step growth 

medium DMEM, routinely used for cell cultivation, with declared amino acids 

concentrations was used as a control to examine two different preparation procedures. 

Decrease in concentration of DMEM samples, prepared according to the original 

method, obviously demonstrated some limitations of the procedure. It is likely that this 

effect can be explained by the sample composition and ingredient concentrations may 

lead to strong diffusion and irregular migration of molecules through the filter paper. In 

consequence, metabolite composition of the disks punched from spotted DMEM did not 

represent the whole sample on the filter paper (see 3.1.1). In contrast, the modified 

application procedure resulted in DMEM concentration compatible with that declared by 

the manufacturer (see 3.1.1). In this case, the whole applied sample volume (3.5 µl) was 

further processed for analysis and therefore obtained metabolite concentration is 

representative for the source material. 
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4.1.1.2 Absolute IDQ p150 and p180 Biocrates assays are suitable for 

metabolomics in cell culture 

Although the NBS assay enables the monitoring of disorders in amino acid and fatty acid 

metabolism as a result of disrupted carnitine pathways (Chace, Kalas et al. 2003), some 

metabolic processes, e.g. fat metabolism, remain out of the analysis. However, 

monitoring of the lipid metabolism is fundamental to gain a broader picture of the cellular 

processes. Therefore, assays with a widespread metabolite spectrum, i.e. the Absolute 

IDQ p150 and p180 kits, were implemented for cell culture approaches. The assays 

cover 163 and 186 metabolites for the p150 and p180 kit, respectively, including acyl 

carnitines, amino acids, biogenic amines, lipids (phosphatidylcholines, 

lysophosphatidylcholines, and sphingomyelins) and hexoses, and were earlier used in 

analyses of human biofluids (Gieger, Geistlinger et al. 2008, Illig, Gieger et al. 2010) and 

tissue samples (Römisch-Margl, Prehn et al. 2012). Considering different metabolite 

concentrations and matrix effects, application of this analytical tool for cell culture 

required some optimization tests. Labeled internal standards (IS) (integrated in the kit) 

are essential for metabolite quantification. By assessing the recovery of the ISs, the 

influence of different methanol/water ratios as extraction solvents was examined to 

achieve an optimum analysis. The optimum method should exhibit minimum ion 

suppression of IS signals. Ion suppression was not higher than reported for plasma, the 

matrix for which the Absolute IDQ kits were developed. Thus, the kit assays were shown 

to be suitable for analyzes of cell culture samples. Since application of 20 µL resulted in 

the highest response of ISs, this volume was used in further experiments. Interestingly, 

cellular extracts with high methanol concentrations resulted in higher intensities of amino 

acid ISs in comparison with zero samples (samples with ISs in different ratios of 

methanol/water without biological matrices). This effect was previously observed for free 

carnitine and amino acids in tissue extracts (liver, muscle, adipose tissue) and was 

connected to interferences of unknown compounds in this samples (Römisch-Margl, 

Prehn et al. 2012). 
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4.1.2 Harvesting and extraction protocols for adherently growing 

cells – in search for golden standard  

Recently, some investigators attempted to develop harvesting and extraction protocols 

for metabolomics in cell culture (Teng, Huang et al. 2009, Danielsson, Moritz et al. 2010, 

Dietmair, Timmins et al. 2010, Dettmer, Nurnberger et al. 2011, Van Gulik, Canelas et 

al. 2012). A number of factors including cell type, growth conditions (adherent, 

suspension) as well as the applied analytical methods have to be considered for that 

attempt. Sample harvesting and extraction protocols have to be developed to be 

particularly suitable for adherently growing cells and for applicable analytical tools. In 

this study two harvesting protocols, i.e. scrapping and trypsinization combined with three 

extraction solvents (water and direct quenching with 40% MeOH and 80% MeOH) were 

examined in adherently growing 3T3-L1 cells (see 3.1.3). Overall, the developed 

procedure independent of the harvesting process and extraction solvents matched well 

with the Absolute IDQ assays. Nevertheless, among all metabolite classes, acyl 

carnitines (5 out of 40), biogenic amines (5 out of 20) and hexoses (0 out 1) were poorly 

detected. Because the number of extracted molecules of those metabolite classes 

remained the same regardless of the application of different extraction solvents, the low 

number of metabolites detected can be explained by assay sensitivity: Ion suppression 

was not higher than reported for plasma, the matrix for which the Absolute IDQ kits were 

developed. Thus, the kit assays were shown to be suitable for analyzes of cell culture 

samples. Furthermore, metabolite concentrations were strongly affected by harvesting 

and extraction procedures. Cells harvested by trypsinization exhibited lower metabolite 

concentration in almost all metabolic classes except lipids, which is in good agreement 

to previous studies on adherently growing cells analyzed with NMR and GC-MS (Teng, 

Huang et al. 2009, Dettmer, Nurnberger et al. 2011). Trypsinization may contribute to 

cell membrane damage (Batista, Garvas et al. 2010) and metabolite leakage. Moreover, 

considering the number of wash/centrifugation steps, small molecules can diffuse 

outside the cells even though trypsin had no influence on the cellular membrane (Teng, 

Huang et al. 2009). Since changes in metabolite concentrations can represent a 

systemic response on environmental stimuli (Fiehn 2002), trypsin by modifying the 
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physiological state of cells (Teng, Huang et al. 2009), may also be responsible for 

marginal alteration in lipids. To avoid the above mentioned disadvantage of 

trypsinization scrapping as harvesting method was chosen for all further experiments in 

this study. Various ratios of methanol/water as extraction solvents were investigated to 

determine the optimum conditions, which would give the highest metabolite 

concentrations among all metabolite classes. As expected, cells extracted with water 

showed highest concentrations for amino acids but not the optimum for other metabolic 

classes, whereas cell samples directly quenched and extracted with 80% MeOH 

achieved highest concentrations for lipids and was still in good agreement to solvent 

selectivity toward other classes of metabolites. The cells extracted with 80% methanol 

exhibited only 10% loss in amino acid concentrations compared to those extracted with 

water. In contrast, lipid concentrations of water-extracted cells were about 87% lower 

than those extracted with 80% methanol. Consequently, extraction solvents, limited 

toward molecular characteristic, have significant influence on metabolite profile and 

therefore should be carefully selected (Cuperlovic-Culf, Barnett et al. 2010). Among all 

examined extraction solvents, 80% methanol resulted in relatively good extraction 

efficiency which correlate to metabolic studies in human fibroblasts (Bennett, Yuan et al. 

2008) and adherently growing human colon adenocarcinoma (SW480) cells (Dettmer, 

Nurnberger et al. 2011). Besides, solvents containing 80% methanol are recommended 

for cell quenching due to enzyme denaturation and precipitation of proteins and lipids 

(Williams 2011) and preferred to other solvents. Hence, combined cell scrapping with 

direct quenching/extraction with 80% methanol method is far better than the other 

protocols as this combined method enables a snapshot taking of the intracellular 

metabolites status.  

4.2 Novel biomarkers of apoptosis depicted by 

metabolomics – a step towards personalized medicine 

Since novel drug development for clinical trials in oncology reached slow success rate, 

programs aiming to optimize drug discovery based on integration research become an 

emerging subject (Kamb, Wee et al. 2006). Recently, targeted induction of apoptosis in 

cancer cells appeared to be a successful strategy in cancer treatment (Gerl and Vaux 
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2005, Cai, Sun et al. 2011). Hence, a robust detection of apoptosis is urgently required 

in drug development toward personalized medicine to monitor responses on treatment. 

Recently, oncology research is strongly facilitated by all omics technologies (genomics, 

transcriptomics, proteomics and metabolomics) that enabled the detection of 

characteristic patterns for several cancer types (Spratlin, Serkova et al. 2009). The 

analytical system suitable for metabolomics in drug development should be robust, 

highly sensitive, and rapid to enable identification of therapeutic agents and targets, 

determination of drug mechanism and actions, and monitoring of treatment efficiency 

(Park, Kerbel et al. 2004). Metabolomics is reflecting the sum of genetic features, 

regulation of gene expression, protein abundance and environmental influence (Artati, 

Prehn et al. 2012). Therefore, it is closer to phenotype functions than other omics. 

Recently, metabolomics was implemented in oncology to characterize cancer 

metabolome (Mazurek and Eigenbrodt 2003, Falus 2005, Bathen, Jensen et al. 2007) 

and to determine biomarkers that enable diagnosis (Cheng, Wu et al. 2001, Glunde, Jie 

et al. 2004) and increase treatment efficiency (El-Deredy, Ashmore et al. 1997, Griffin, 

Pole et al. 2003, Serkova and Boros 2005). The aim of this part of the thesis was to 

determine novel biomarkers of apoptosis in cancer cell lines by using metabolomics to 

facilitate screening and development of anti-cancer drugs. 

4.2.1 Staurosporine, 5-Fluorouracil and Etoposide – 

representatives for pro-apoptotic agents in cancer treatment 

In order to obtain biomarkers of apoptosis, three different substances, previously 

reported as pro-apoptotic agents, were tested in this thesis: staurosporine (Bertrand, 

Solary et al. 1994); (Stepczynska, Lauber et al. 2001), 5-Fluorouracil (5-Fu) (Osaki, 

Tatebe et al. 1997) and etoposide (Okamoto-Kubo, Nishio et al. 1994). Those drugs 

were implemented in clinical trials already. For example, etoposide was used for small 

cell lung cancer or lymphomas (de Jong, Mulder et al. 1995) treatment, staurosporine for 

solid tumor therapy (Edelman, Bauer et al. 2007) and 5-Fu is applied since at least 20 

years in colorectal and breast cancer therapies (Longley, Harkin et al. 2003). Since 

various stimuli can cause both apoptosis and necrosis in the same cell population, and 
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the transformation between them can occur (Proskuryakov, Konoplyannikov et al. 2003), 

the necrosis was inserted into the experimental design. In this course of this experiment, 

necrosis was induced by thermal treatment according to previously published study by 

(Proskuryakov, Konoplyannikov et al. 2003, Rainaldi, Romano et al. 2008). Hence, 

metabolic alternation occurring only in apoptotic (but not in necrotic and control) cells, 

regardless of the pro-apoptotic agents applied, are considered as apoptotic biomarkers.  

4.2.2 Staurosporine, 5-Fluorouracil and Etoposide affect cell 

viability by apoptosis induction 

Apoptosis was verified by using cell viability assay (MTT) and caspase 3/7 assay. In the 

first experimental trial, 4 different cell lines, i.e. PC3, MCF7, HepG2 and HEK293 were 

examined. Although the strength of the response to the treatment was dependent on the 

cell line, all cell lines exhibited a decrease in cell viability and an increase in caspase 3/7 

activity after treatment with 4 µM staurosporine. Since the PC3 cell line was reported to 

be a staurosporine-insensitive (Marcelli, Marani et al. 2000), detected caspase 3/7 

activities were unexpected and considered as a consequence of a mutation, which 

however was not further investigated in this study. In this first trial, only HEK293 and 

HepG2 exhibited similarities of cell viability, caspase 3/7 activity and metabolomics 

changes. Therefore, in the second trial, only those cell lines were further examined with 

2 other pro-apoptotic drugs, i.e. 5-Fu and etoposide. Such experimental design 

eliminates factors like false response on treatment (like in case of PC3) or improper 

adjustment of incubation time (like in case of MCF7 cells) which may overshadow the 

metabolic results. HepG2 and HEK293 cell lines in second experimental trial exhibited 

different cell viability and caspase 3/7 activity patterns. Therefore, the metabolic 

changes of those cell lines treated only with optimum etoposide and 5-Fu concentrations 

and with optimum incubation time were examined. Decrease in viability of thermally 

treated cells was not a result of apoptosis. This was clearly demonstrated by caspase 

3/7 assay that showed no increase in enzyme activities.    
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4.2.3 Newborn screening assay promising tool for metabolomics 

study in cancer cell line 

Recently, several groups reported the implementation of the 1H-NMR technique for 

metabolic studies in cancer cell lines (El-Deredy, Ashmore et al. 1997, Griffin, Pole et al. 

2003, Rainaldi, Romano et al. 2008, Zhou, Xu et al. 2009, Bayet-Robert, Loiseau et al. 

2010). However, the sensitivity of this technique is considerably low, in comparison with 

MS based approaches such as FIA-MS or LC-MS (Pan and Raftery 2007). The MS- 

methods enable the detection of metabolites in concentrations two orders of magnitude 

below that of NMR (Griffin and Shockcor 2004). Hence, low metabolite concentrations in 

cells convinced to the implementation of MS based analyzes. In this apoptosis study, the 

NBS assay was implemented. Although only limited 42 targeted metabolites can be 

quantified, this assay covers amino acids and carnitines which were previously reported 

as important metabolite groups in cancer biology. Several decades ago, some amino 

acids including valine, isoleucine and glutamine were reported as preferentially 

metabolized by tumor cells (Wagle, Morris et al. 1963, Kovacevic and Morris 1972). 

Moreover, carnitines have been shown to reveal a protective effect on cisplatin-

mediated toxicity (Altun, Gunes et al. 2009) as well as to be involved in intracellular 

transport during apoptosis (Mazzarelli, Pucci et al. 2007). Other advantages of this 

assay are the low sample amount requirement and its previous achievement in the clinic 

routine (Stadler, Polanetz et al. 2006, Spiekerkoetter, Haussmann et al. 2010, Weisfeld-

Adams, Morrissey et al. 2010), what demonstrates that it is highly suitable for cell culture 

study and can be easy adapted for validation in bio fluids of patients in context of early 

diagnostic markers.  

4.2.3.1 Metabolic diversity in cancer cell lines 

Characterization of the metabolite profiles of different cancer cells is required for a 

proper diagnosis, the development of novel therapeutics (for targeting metabolic 

pathways to undermine the bioenergetic status of the tumor) and monitoring functions of 

gene products (Griffin and Shockcor 2004). As an example, for the diagnosis of brain 
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tumor lineage, metabolomics based on the 1H-NMR technique has already been 

successfully applied to distinguish three different human brain tumors (Usenius, 

Tuohimetsa et al. 1996). Moreover, the metabolic profiles of cell and tumors were 

collected to design pattern-recognition software beneficial for the diagnosis (Usenius, 

Tuohimetsa et al. 1996, Hagberg 1998, Griffin and Shockcor 2004). In the present study 

metabolic diversity between four cell lines was observed. Increased concentration of 

glutamate in HepG2 cells could be connected with increased proliferation of this cell line. 

It is in good agreement to previous studies which demonstrated that glutamate and 

glutathione, products of the glutamine metabolism, are molecules which play a crucial 

role in tumor proliferation, invasiveness and resistance to therapy (Szeliga and Obara-

Michlewska 2009). A low concentration of methionine detected in breast cancer cell line 

(MCF7) may be another important factor playing a role in breast tumor, beside the 

previously reported low glucose and choline concentrations detected by NMR 

(Gribbestad, Sitter et al. 1999). 

4.2.3.2 Metabolomics can distinguish apoptotic from necrotic cells 

Metabolomics studies based on the 1H-NMR technique were implemented for monitoring 

of alteration in cell metabolic profiles after pro-apoptotic treatment to determine 

biomarkers of apoptosis (Williams, Anthony et al. 1998, Griffin, Lehtimaki et al. 2003, 

Rainaldi, Romano et al. 2008, Mirbahai, Wilson et al. 2010). In the mentioned reports 

apoptosis was mostly characterized by alteration in the lipid metabolism which is 

inconsistent with cancer biology studies the reported the importance of amino acid and 

carnitine in cancer metabolism (Wagle, Morris et al. 1963, Kovacevic and Morris 1972, 

Altun, Gunes et al. 2009). It is likely that this effect can be explained by cell line 

specificity or improper sensitivity of 1H-NMR for the quantification of amino acid and 

carnitines changes in cells. In contrast, the present study uncovers strong diversity in the 

concentration of amino acid and carnitines among apoptotic and necrotic cells in all 

examined cell line. However, in case of the MCF7 cell line a variance between apoptotic 

and necrotic cell was limited only to methionine and malonylcarnitine (C3D3 carnitine). It 

may correlate to the recently reported ability of staurosporine to induce necroptotic cell 
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death (Dunai, Imre et al. 2012) or possiblity to switch between both cell death pathways 

(Proskuryakov, Konoplyannikov et al. 2003). In contrast the necrotic cells, of all other 

examined cell lines (HEK293, HepG2, PC3), exhibited a decrease in aspartate, 

glutamate, methionine, glycine and propionylcarnitine levels. This is in good accordance 

to the results reported by Mirbahai et al. who observed a decrease in glycine and 

glutamate levels in cells which were triggered to necrosis by starvation (Mirbahai, Wilson 

et al. 2010). Moreover, the “metabolic loss” in necrotic cells could be connected to low 

structural integrity resulting in metabolite dissipation. All these facts indicate that the 

NBS assay is highly suitable for monitoring and distinguishing of cellular process. 

4.2.3.3 Pro-apoptotic agents display characteristic metabolic patterns 

Considering the number and the variety of therapeutic agents currently present in the 

early clinical development, robust assay to determine their mechanism of action or 

therapeutic targets is urgently required (Spratlin, Serkova et al. 2009). Clinical studies on 

pro-apoptotic drugs are facilitated by the detection of molecules specific for apoptosis 

(biomarkers) including e.g. caspase (2, 3, 7, 8, 9), cytochrome c, bcl-2, by using ELISA, 

DNA array or PCR analysis (Ward, Cummings et al. 2008). However, assays detecting 

single biomarkers, are often to inaccurate to predict proof of concept or monitor 

responses to therapeutics (Ward, Cummings et al. 2008). Hence, in the present studies, 

aimed to determine novel biomarkers of programmed cell death, 42 molecules were 

monitored in a single screen after apoptosis validation with a standard caspase 3/7 

assay. The metabolite alterations found in the first experimental trial, applying 

staurosporine as apoptosis inducer, were cell line specific. Similar metabolic patterns 

were observed only in case of HEK293 and HepG2 cells, which is in good agreement 

with results of caspase 3/7 assay. This effect may be explained by possible different 

mechanism induced by staurosporine in MCF7 and PC3 cell lines. In case of PC3 cells 

staurosporine-induce apoptosis was unexpected (Marcelli, Marani et al. 2000) and can 

be a consequence of mutations, which however was not further analyzed. Similar 

metabolic patterns of apoptotic and necrotic MCF7 cells can be a result of improper 

adjustment of the staurosporine treatment, which was not further investigated. 
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Implementation of additional pro-apoptotic agents resulted in the detection of metabolic 

patterns specific for the different drugs (staurosporine or 5-Fu) as well as identical 

patterns, independent of treatment. The metabolites including aspartate, methionine, 

and glycine and malonylcarnitine may be potential biomarkers of staurosporine 

treatment. Moreover the alteration in aspartate levels can be explained by the discorded 

energy metabolism (Rainaldi, Romano et al. 2008). In turn, changes in carnitine 

concentrations (C3 (propionylcarnitine) and (C5 (isovalerylcarnitine)) specific for 5-Fu 

may be linked to the intracellular transport occurring during apoptosis (Mazzarelli, Pucci 

et al. 2007). It could be suspected that the lack in characteristic metabolic patterns, as 

found in case of etoposide, can be a result of the limitation in the number of metabolites 

measured by the NBS assay. Only alanine and glutamate, among all 42 monitored 

metabolites, increased in apoptotic cells independently of the kind of pro-apoptotic 

agent. Nevertheless, presented results are inconsistent with those reported by Rainaldi 

et al. (Rainaldi, Romano et al. 2008). HL60 cells triggered to apoptosis by ionizing 

radiation or doxorubicin exhibited, in a metabolic study based on 1H-NMR, a decrease in 

glutamate levels (Rainaldi, Romano et al. 2008). In contrast, a recent metabolic study, 

based on LC-MS, on gastric cancer patients treated with 5-Fu, known to induce 

apoptosis in gastric cancer cells (Osaki, Tatebe et al. 1997), demonstrated a significant 

increase in glutamate after treatment (Sasada, Miyata et al. 2013) which is in good 

agreement with the results presented in the current thesis. Moreover, among examined 

patients with or without a drug (5-Fu) resistance only those patients had an increased 

glutamate level which were not resistant (Sasada, Miyata et al. 2013). The contradictory 

reports can be explained by the use of different analytical methods and cell types in the 

studies.  

4.2.3.4 Alanine and glutamate are potential novel biomarkers of apoptosis 

Validation of a biomarker into a clinical trial is a long process in which reliable 

connection of biomarkers to disorders or biological processes as well as 

pharmacodynamics or clinical end points should be determined (Wagner 2002, Ward, 

Cummings et al. 2008). Moreover, each biomarker validation procedure requires 
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retrospective and prospective clinical trials as well as large population screening (Ward, 

Cummings et al. 2008). However, the requirements for the early-phase drug discovery 

are not that restricted (Lee, Weiner et al. 2005). As described by Lee et al. an ideal 

biomarker supporting drug development would be biologically and clinically relevant, 

analytically and operatically practical, timely, interpretable and cost effective (Lee, 

Weiner et al. 2005). Currently, reported alanine and glutamate, depicted from 42 

metabolites and measured with a robust assay in less than 3 minutes, achieved almost 

all features of ideal biomarker for pro-apoptotic drug development. Nevertheless, the 

biological relevance remains unclear and was further elucidated. It is hypothesized that 

the simultaneous increase of alanine, a non-essential amino acid produced by reductive 

amination of pyruvate, and glutamate, the key component in the cellular metabolism, is 

connected with taurine metabolism. Taurine can be metabolized to alanine and 

glutamate due to taurine pyruvate aminotransferase (EC.2.6.1.77) and taurine 2-

oxoglutarate transaminase (EC.2.6.1.55), respectively (see Figure 42). During apoptosis 

the conversion of taurine is probably strongly up-regulated, but unfortunately, taurine 

could not be assessed directly in this study as it is not in the panel of the NBS assay. 

The importance of taurine in apoptotic processes is however supported by two recent 

publications. In the taurine receptor knockout mouse model a strong correlation between 

low taurine concentrations and an increased number of apoptotic cells was clearly 

demonstrated (Warskulat, Borsch et al. 2007). In an earlier report the authors showed 

that taurine treatment suppressed apoptosis in cardiomyocytes by targeting the 

apoptotic protease activity factor-1 (Apaf-1)/ caspase 9 apoptosome – complex 

(Takatani, Takahashi et al. 2004). In conclusion it can be assumed that the adaptation of 

the NBS assay for metabolomics studies in cells may provide promising strategies to 

improve drug screening and development, especially regarding its easy further 

application in human biofluids. Alanine and glutamate, detected by NBS assay to be up-

regulated specifically in apoptotic cells independent of the pro-apoptotic agent, meet all 

requirements pointed out by Lee et al., to support early-phase drug development in cell 

culture (Lee, Weiner et al. 2005) 
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Figure 42 Connection between alanine, glutamate, and taurine metabolism. The 
metabolism of the two metabolites alanine and glutamate (presented in grey) which were found 
to be up-regulated in apoptotic cells can be connected to taurine. Both, alanine and glutamate 
might be synthetized from taurine via reactions catalyzed by taurine pyruvate aminotransferase 
(EC. 2.6.1.77) and taurine 2-oxoglutarate transaminase (EC. 2.6.1.55), respectively.  
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4.3 Facing adipogenesis – a step forward in obesity 

prevention. (Adipogenesis blamed for obesity – would 

metabolomics be a judge?) 

Obesity, characterized as an excess of adipose tissue (Yang, Kelly et al. 2007), is a 

major risk factor of several diseases e.g. cardiovascular disease, insulin resistance, type 

2 diabetes, hypertension or metabolic syndrome. Recently, these complex diseases 

arising from the interaction of multiple genes with environmental and behavioral factors, 

reach worldwide epidemic level (Rossner 2002, Flier 2004). Considering the 

multifactorial etiology of obesity its prevention and management is especially 

challenging (Yang, Kelly et al. 2007). Recently, new emerging high throughput 

technologies like e.g. metabolomics, based on the metabolic profiling of human 

individuals in large population studies, enables the prediction of metabolic diseases 

before become clinically apparent (Wang, Larson et al. 2011, Ferrannini, Natali et al. 

2012, Wang-Sattler, Yu et al. 2012, Floegel, Stefan et al. 2013). Although metabolic 

studies regarding human obesity have been performed in obese individuals (in children 

(Wahl, Yu et al. 2012) or adults (Newgard, An et al. 2009)), metabolomics of obesity 

development remains open. The aim of this part of the thesis was thus to characterize 

adipogenesis by transcriptomics and metabolomics to uncover biologically relevant 

metabolic pathways and molecules which are related to obesity development 

(biomarkers) and do detect putative biomarkers for early detection of obesity risk.  

4.3.1  3T3-L1 cell culture model for the study of obesity 

development on the metabolic level  

White adipose tissue serves as energy reservoir (Rosen and Spiegelman 2006) as well 

as an endocrine organ (Kershaw and Flier 2004). In conditions of disrupted energy 

balance (energy overload), excess energy is stored in adipocyte tissue, which as a result 

increases in cell size or/ and number. In consequence, the number of adipokines, free 

fatty acids and inflammatory mediators, produced by adipocytes, increase and affect 
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other tissue, e.g. liver, muscle, or neural connections, which leads to obesity and its co-

mortalities (de Ferranti and Mozaffarian 2008, Guilherme, Virbasius et al. 2008). To 

determine the metabolic profile of patients with risk of obesity, lengthy processes 

requiring large population screenings are needed. Besides, with evaluation of large 

human population studies, several influencing factors have to be taken into account, 

including overall health, gender, environmental exposure, age (Cuperlovic-Culf, Barnett 

et al. 2010) which may overshadow the metabolic profile underlying to obesity 

development. Since the metabolic profile of whole organisms may not provide relevant 

information about the subjects (molecular mechanisms in adipogenesis), studies were 

performed in a suited cell culture model. The murine preadipocyte cell line 3T3-L1, 

originally generated in 1970’s by Green and colleagues (Green and Meuth 1974), have 

all three attributes of in vivo adipocytes including lipid storage, insulin sensitivity and 

endocrine properties (White and Stephens 2010). Furthermore, electron micrographic 

analysis demonstrated that 3T3-L1 cells are identical to in vivo adipocytes (Novikoff, 

Novikoff et al. 1980, MacDougald and Lane 1995). In contrast to human cell culture 

model 3T3-L1 cells are easily differentiated into adipocytes after treatment with a 

hormonal mixture (Green and Kehinde 1975). Over the last 35 years, 3T3-L1 has been 

used for studies on adipogenesis, obesity and insulin resistance (Williams and Mitchell 

2012); (Sakoda, Ogihara et al. 2000), and therefore was applied in current pioneer 

analysis. Cells were cultivated and differentiated with a hormonal mixture containing 

insulin, IBMX and dexamethasone in accordance to previously described protocols 

(Green and Kehinde 1975, Student, Hsu et al. 1980). The experimental setup of this 

study enabled monitoring of different stages of adipogenesis and due to a fixed time 

frame for exchanging conditioned medium (every 48 h), prevented accidental metabolite 

alteration (Figure 16). Adipogenesis progression was verified in respect of 

morphological modifications, resulting in lipid accumulation in form of liposomes (Oil Red 

O assay), and changes of gene expression and protein levels of molecules fundamental 

for adipogenesis (Rosen and Spiegelman 2000), including C/EBPβ (Cao, Umek et al. 

1991), PPARγ (Tontonoz, Hu et al. 1994), C/EBPα (Lin and Lane 1994). Cell numbers 

were monitored and used for normalization to exclude false metabolite alteration which 

may have occurred due to changes in cell number. For metabolomics studies, targeted 



 

 Discussion 
 _____________________________________________________________________   

 

 

117  

high-throughput Absolute IDQ assays, optimized for cell culture approaches, were 

applied because they enable for monitoring of different metabolite classes including 

amino acids, biogenic amines, carnitines, hexoses and lipids (Floegel, Stefan et al. 

2013). Metabolomics studies were supported by transcriptomics experiments to puzzle 

out the metabolic pathways relevant for adipogenesis. Similar strategies were recently 

applied in human population studies in which metabolomics was complementing the 

limitations of genome wide association studies  (GWAS) (Gieger, Geistlinger et al. 2008, 

Illig, Gieger et al. 2010, Suhre, Shin et al. 2011, Adamski 2012, Adamski and Suhre 

2013). For the first time combined GWAS and targeted metabolomics, performed in 

small scale pilot project, clearly demonstrated a correlation between four genetic 

variants in genes coding for enzymes (FADS1, LIPC, SCAD, MCAD) and the metabolic 

phenotype, which clearly matched the biochemical pathways in which these enzymes 

are active (Gieger, Geistlinger et al. 2008). Pathway analysis of combined metabolomics 

and transcriptomics data sets was performed by using the Ingenuity Pathway Analysis 

(IPA) tool which was previously reported as powerful tool for identification of biological 

pathways that influence disease outcomes (Ngwa, Manning et al. 2011).  

4.3.2  Adipogenesis validation 

Cell differentiation was verified in the first place by monitoring lipid accumulation in 

liposomes which is directly proportional to the development of adipogenesis (Kuri-

Harcuch and Green 1978, Kuri-Harcuch, Wise et al. 1978). A suitable and fast method 

for lipid visualization and quantification is the Oil Red O assay (Ramirez-Zacarias, 

Castro-Munozledo et al. 1992) which uses a colored substance that is soluble in lipids 

(Kasturi and Joshi 1982, Kruth 1984). Adipogenic cell differentiation resulted in loss of 

fibroblastic cell morphology toward round containing lipid droplet adipocytes started at 

day 4 which is in good accordance to previous reports, applied same differentiation 

protocols (Student, Hsu et al. 1980). The morphological changes may occur due to 

alterations in the expression of cytoskeletal and extracellular molecules which strongly 

decrease, like β and γ- actin or α- and β tubulin, or increase, like different types of 

collagen (Spiegelman and Farmer 1982, MacDougald and Lane 1995). Nevertheless, it 
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has to be taken into account and clarified that changes in cell phenotype, occurring 

during adipogenesis, are a consequence of a transcriptional cascade, as previously 

described (Bernlohr, Bolanowski et al. 1985, Cook, Hunt et al. 1985, Christy, Yang et al. 

1989). Therefore, patterns presented during adipogenesis by key molecules (C/EBPβ, 

PPARγ, C/EBPα) involved in the transcriptional cascade were examined by qPCR and 

Western blot. In the current study gene expression profiles correlated with protein level 

in all examined molecules. The C/EBPβ was strongly up-regulated from day 2 of cell 

differentiation on and decreased afterwards which is in good accordance to results 

reported by other groups where studies showed sensitivity of C/EBPβ to 

dexamethasone treatment, reaching a maximum in the first 2 days and decreased 

before C/EBPα occurred (Cao, Umek et al. 1991, Ntambi and Young-Cheul 2000). The 

C/EBPβ is a known activator of PPARγ (Wu, Bucher et al. 1996) which reached its 

maximum at day 8 of the differentiation. The Western blot results presented for PPARγ, 

exhibit two bands which may reflect its two isoforms (γ1 and γ2) (Tontonoz, Hu et al. 

1994, Vidal-Puig, Jimenez-Linan et al. 1996) occurring in adipocytes. Furthermore the 

activity of PPARγ thought to mediate the expression of C/EBPα (Rosen and Spiegelman 

2000) reached its maximum at day 4, which is similar with previous studies (Christy, 

Kaestner et al. 1991, Lin and Lane 1994). This indicates that obviously a well-regulated 

adipogenesis had been induced in 3T3-L1 by giving a hormonal cocktail, which was 

desirable for the further study on the metabolomics and transcriptomics level. 

4.3.3  Metabolomics reflect different stages of adipogenesis 

In contrast to obesity or type 2 diabetes, frequently studied by metabolomics, changes in 

small molecule composition of cells undergoing adipogenesis were only once reported 

(Roberts, Virtue et al. 2009). Noteworthy, in this study only intracellular metabolites were 

monitored and trypsin, reported to change the metabolite profile (Teng, Huang et al. 

2009, Batista, Garvas et al. 2010, Dettmer, Nurnberger et al. 2011), was applied for cell 

harvesting. The current study applied targeted metabolomics to examine metabolite 

alteration in both cell extracts and conditioned medium to get a global view on pathways 

underlying adipogenesis. Statistical data analysis was performed by using the metaP 
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server providing automated and standardized data analysis for quantitative 

metabolomics data (Kastenmuller, Romisch-Margl et al. 2011). Besides, for quality 

checks and estimation of reproducibility the metaP server enables the calculation of 

correlations of the metabolite concentration with given phenotypes (Kendall correlation 

test), the visualization of similarities or differences among generated intrinsic groups in 

the data (PCA) or testing the association of metabolites concentrations with categorical 

phenotypes (hypothesis test). In the current case, the metabolite alterations correlated 

well with adipocyte differentiation progress but not with the experimental procedure (no 

systemic mistake throughout sample replication) (Figure 20). Furthermore, different 

groups observed in cells and in conditioned medium, as highlighted by PCA, correspond 

to particular stages as well as days of ongoing adipogenesis, what clearly demonstrates 

that metabolomics is a suitable tool to study this process. Metabolites depicted by PCA 

as the mostly contributing to adipogenesis (Figure 22) belonged to different metabolite 

classes and exhibited variable patterns in the course of adipogenesis. Considering the 

fat cells function regarding the energy reservoir (Rosen and Spiegelman 2006), the 

increased level of phosphatidylcholines in the medium and the cells was connected to 

lipid metabolism. It is in good accordance to the results presented by Roberts et al. a 

study on metabolic phenotyping of adipogenesis (Roberts, Virtue et al. 2009). 

Furthermore, elevated levels of glutamine and asparagine in conditioned medium can be 

in direct correlation to the metabolic patterns of obese individuals reported to have 

increased serum level of those metabolites (Newgard, An et al. 2009). However, when 

leucine patterns from the current study were compared with those of a metabolic study 

in obese humans, contradictory results were found (decrease in adipogenesis and 

increase in human study) (Newgard, An et al. 2009). Hence, it has to be taken into 

account and clarified that profiles presented by metabolites in cells may not be always in 

direct correlation to the those presented by systemic body fluids, as previously described 

(Cuperlovic-Culf, Barnett et al. 2010). The metabolic patterns observed in case of 

spermidine and putrescine may support results presented by Ishii et al. who 

demonstrated the involvement of polyamines in adipogenesis (Ishii, Ikeguchi et al. 

2012). Furthermore, the decrease in palmitoylcarnitine (C16) concentrations in cells is in 

good accordance to the previous study that reported a decrease in carnitine 
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concentrations (nonesterified carnitine, acid-soluble acylcarnitines and acid-insoluble 

acylcarnitines) during adipogenesis (Cha, Eun et al. 2003). Although metabolic 

alterations are target-oriented and reflect biological processes the origins and 

mechanisms causing the changes are often non-specific. Hence, to elucidate the gene 

expression profiling was implemented in the next step.  

4.3.4  Transcriptomics reflect adipogenesis progression 

In contrast to the poorly explored metabolomics of adipogenesis, gene expression 

profiling was more often investigated (Guo and Liao 2000, Ross, Erickson et al. 2002, 

Cheng, Lee et al. 2008, Billon, Kolde et al. 2010). The here performed transcriptomics 

study revealed 1000 significantly regulated genes among which GLUT4, KLF5, KLF15, 

PPARγ, CHOP and GATA2 (known genes involved in adipogenesis) exhibit expression 

patterns which correlated with those previously reported (Rosen and MacDougald 2006) 

and served as positive control. Further analysis was performed by the clustering the 

genes because those genes, which exhibit similar expression patterns, may be 

regulated by the same mechanisms (Eisen, Spellman et al. 1998, Lubovac and Olsson 

2003). The IPA analysis of cluster 1 highlighted genes involved in cancer biology which 

can be related to the previous finding suggesting relation between obesity and cancer 

(Spiegelman, Choy et al. 1993), an issue that was however not further investigated. The 

morphological transformation of examined cells, besides using cell imaging, can be also 

monitored through the expression patterns of genes responsible for morphology of 

filaments and fibrils affecting the cytoskeleton. For example, genes presented in cluster 

2 including among others γ-actin and β-tubulin, known as concomitants of loss of the 

preadipocyte phenotype (Spiegelman and Farmer 1982), or decorin, recently reported 

as key molecule in the formation of collagen fibers (Danielson, Baribault et al. 1997) 

reflected morphological changes during adipogenesis. In turn, patterns exhibited by 

genes from cluster 3 were correlated with growth-arrest and a decrease in cell 

proliferation, which is a known event of adipogenesis (Ross, Erickson et al. 2002). 

Finally, genes which are known attributes of the adipocyte phenotype including among 

others lipid-droplet associated protein CIDEC (Puri, Konda et al. 2007), adipogenin, 
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adipocyte-specific membrane protein (Hong, Hishikawa et al. 2005), adiponectin, 

expressed exclusively in adipocytes (Scherer, Williams et al. 1995, Haluzik, Parizkova et 

al. 2004), PPARγ, and stearoyl-CoA 9-desaturase (SCD) (Casimir and Ntambi 1996) 

occurred in cluster 4 and 5. Moreover, those clusters are highly interesting since they 

contain genes involved in lipid synthesis like PCYT2, a key player in phospholipid 

synthesis (Bladergroen and van Golde 1997, Nakashima, Hosaka et al. 1997), FDPS, 

involved in cholesterol biosynthesis (Spear, Kutsunai et al. 1992), or BCAT2, 

participating in the branched chain amino acid (BCAA) catabolism (Torres, Vargas et al. 

2001). Nevertheless, genes grouped in cluster 5, related to several diseases, exhibited 

remarkable patterns which are not always similar to those described for human obesity 

or diabetes. For example, adiponectin, up-regulated during adipogenesis and in mature 

adipocytes in the current study, has been previously described as being down-regulated 

in obese individuals and strongly express by leanness (Fasshauer, Klein et al. 2002, 

Makimura, Mizuno et al. 2002, Haluzik, Parizkova et al. 2004). Furthermore, the glucose 

transporter GLUT4 was, like adiponectin, up-regulated in adipocytes and adipogenesis 

in the current study but down-regulated in adipose tissue of obese individuals suffering 

from type 2 diabetes (Shepherd, Gnudi et al. 1993). Similar effects, referring to opposite 

expression patterns, in adipocytes and obese type 2 diabetes patients, has been 

previously described for SREBP1 (sterol regulatory element binding transcription factor 

1) involved in sterol biosynthesis (Nadler, Stoehr et al. 2000). In turn, gene expression 

profiles of CIDEC, exhibited during adipogenesis and in mature adipocytes, are in good 

accordance to strongly up-regulated CIDEC patterns in omental and subcutaneous 

adipose tissue in obese individuals (Puri, Ranjit et al. 2008). Although the knowledge on 

adipogenesis related molecules has recently strongly increased and can be even 

connected to several metabolic pathways (see  

 

Table 10), their real connection to obesity and type 2 diabetes remain unclear. This 

issue was broadly discussed by Flier et al. in his review (Flier 2004). Hence, 

determination of the role played by adipogenesis and mature adipocytes in the 

mechanisms underlying the development of those complex diseases is the great interest 

of the current study referring to early diagnosis of obesity development.   
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4.3.5  Global metabolic pathways are regulated during 

adipogenesis – highlighted after merging metabolomics and 

transcriptomics data.  

Integrated metabolomics and transcriptomics studies were recently applied in a mouse 

model to discover novel biomarkers of diabetes (Connor, Hansen et al. 2010). In the 

current analysis of integrated data the first objective was to uncover global metabolic 

differences between adipocytes and preadipocytes. The molecules found to be 

regulated during adipogenesis were preliminary linked to increase rates of glycolysis, 

citrate cycle, amino acid catabolism (BCAAs, proline, aspartate, glutamate and alanine) 

and lipid metabolism (see  

Figure 27). The changes in the glycolytic pathway, characterized by a decrease of 

hexoses in conditioned medium and an increase of several genes involved in 

carbohydrate metabolism including e.g. glucokinase (GCK), increasing the glycolysis 

rate (Aiston, Peak et al. 2000) or MLX interacting protein-like(MLXIPL), reported as 

mediator of glycolysis (Begriche, Igoudjil et al. 2006), was connected to the citrate cycle 

through acetyl-CoA (product of e.g. glycolysis). This findings supplement studies on the 

metabolic phenotyping of adipogenesis in which a rise of glucose utilization was 

connected with fatty acid synthesis through the TCA cycle, a process monitored with13C-

labeled glucose tracing (Roberts, Virtue et al. 2009). Furthermore, findings related to up-

regulation in the citrate cycle, through the intermediates like citrate, succinate, fumarate, 

malate and oxaloacetate were not measurable due to the targeted metabolomics assay 

applied in this study. However, the proof of TCA up-regulation is indirectly supported by 

the increased glycolysis, supplying the TCA with acetyl-CoA, an increased expression of 

the citrate transporter SLC25A1 and a decrease in the concentrations of aspartate, 

glutamate (decreased only in medium), proline and BCAAs which can be incorporated 

into the TCA by appropriate enzymes (also detected in the course of this study). 

Notably, the BCAA patterns were not consistent with previous reports and therefore the 

analysis was extended and will be further discussed in the next subset (see Figure 28). 

Moreover, a previous report regarding a metabolomics study in a mouse model with 

chronic obesity, insulin resistance, and hyperglycemia showed an increase in TCA cycle 
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components in obese animals (Connor, Hansen et al. 2010). The glutamate level in 

cells, which slightly increased during adipogenesis, can be connected to proline and 

alanine, which may be metabolized to glutamate. This effect is in good accordance to 

the increased glutamate concentrations reported by Roberts et al. (Roberts, Virtue et al. 

2009). Moreover, highlighted by Newgard et al. increased pyruvate levels in plasma of 

obese individuals (Newgard, An et al. 2009), facilitates the in the current study 

presented hypothesis, suggesting the synthesis of glutamate and pyruvate from 2-

oxoglutarate and alanine. However, the alanine level, strongly decreased in the current 

study, was up-regulated in above referred plasma samples which may be related to 

other metabolic events occurring in a complex system like the human body. 

Furthermore, carnitines playing a crucial role in fatty acid transport (Xie, Waters et al. 

2012), were connected to obesity in several reports, however with contradictory results 

(Newgard, An et al. 2009, Kim, Park et al. 2010, Wahl, Yu et al. 2012). On the one hand, 

elevated carnitine levels were connected to increased free fatty acid (FFA) metabolism 

requiring carnitines for β-oxidation, or to the BCAA catabolic pathway in which carnitines 

may occur as products (Newgard, An et al. 2009, Xie, Waters et al. 2012). On the other 

hand, decreased carnitine levels in obese individuals may be reasonable due to the 

previous study reporting supplementation of carnitine being beneficial for weight loos 

supplementation of carnitine (Mun, Soh et al. 2007). In the current thesis, variable 

carnitines patterns were observed: short chain carnitines were up-regulated, which is in 

good accordance to the Newgard et al. study; in contrast, long chain carnitines, like C16, 

were strongly down-regulated which can be supported by the previous study monitoring 

carnitine levels during adipogenesis (Cha, Eun et al. 2003).  

Hence, metabolic patterns exhibited by carnitines during adipogenesis are strongly 

dependent on their chain length.   

4.3.6  BCAA degradation is crucial for adipogenesis progression – 

in searching for a link to obesity 

Recent studies (Newgard, An et al. 2009) revealed the BCAA metabolism as important 

subject in obesity due to the strong increase of BCAAs in the plasma of obese 
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individuals. Nevertheless, in the current study BCAA concentrations strongly decreased 

during adipogenesis and remained down-regulated in mature adipocytes (see Figure 

28). The metabolomics results were supported by transcriptomics data exhibiting 

increased expression patterns of genes involved in the catabolism of those metabolites 

(see Figure 29). Furthermore, the current results are in good accordance to previous 

reports which showed correlation between decreased BCAA and obese children (Wahl, 

Yu et al. 2012) or obese adolescent and adolescent with type 2 diabetes (Mihalik, 

Michaliszyn et al. 2012). Remarkably, even in the past, BCAA metabolism in adipocytes 

was a controversial subject. Already in the 1974 Rosenthal et al. reported that leucine 

can serve as a precursor for the sterol biosynthesis and showed its increased 

conversion rate into the lipids and sterols in adipose tissue (Rosenthal, Angel et al. 

1974). This effect was supported by Tischler et al. demonstrating rapid degradation of 

leucine as well as isoleucine and valine in adipocytes from fat rats which was stimulated 

by glucose and insulin (Tischler and Goldberg 1980). However, other study revealed low 

activity of enzymes involved in the BCAA catabolism in adipose tissue (Suryawan, 

Hawes et al. 1998). Hence, the mechanism of BCAA metabolism in adipocytes and its 

role in the whole metabolic system has to be clarified. The metabolomics and 

transcriptomics study were supplemented with qPCR experiments essential to close 

gaps for pathways reconstruction. The leucine catabolic pathway was connected to 

cholesterol synthesis, due to 3-hydroxy-3-methylglutaryl-CoA, which is known molecule 

in cholesterol biosynthesis and a product of leucine degradation (Thomas, Shentu et 

al.). Although cholesterol is not measurable by the here applied targeted metabolomics, 

it can be monitored indirectly by the Oil Red O assay (Ramirez-Zacarias, Castro-

Munozledo et al. 1992) which in this studies showed a high increase in lipid 

accumulation (Figure 18). Moreover, enzymes involved in cholesterol synthesis were 

up-regulated. Hence, it is considered that during adipogenesis cholesterol synthesis 

require leucine as a substrate. This findings is supported by a previous report 

(Rosenthal, Angel et al. 1974). Furthermore, a “leucine deficiency” study on fat pads 

found decreased glutamine and alanine concentrations in medium which may suggest 

that these molecules are metabolized subsidiary (Tischler and Goldberg 1980). In turn, 

leucine and valine were connected to increased citrate cycle metabolism and may serve 



 

 Discussion 
 _____________________________________________________________________   

 

 

125  

as substrates for fatty acid metabolism. However, only experiments applying labeled 

BCAAs may provide evidence, which can facilitate or dismiss the proposed hypothesis, 

however it was not further investigated. Noteworthy, the currently presented BCAA 

patterns are in good agreement only to those presented for obese children or adolescent 

which may be related to the dynamics of fat cell turnover during human life. Although the 

major factor determining fat mass in human adults is the adipocyte number, the quantity 

of fat cells remains constant in adults (Spalding, Arner et al. 2008) and is established 

during childhood and adolescent. Hence, decreased BCAA concentrations should be 

further investigated toward their potential as novel biomarkers determining human 

obesity development already in children. 

4.3.7  Biogenic amines as potential biomarkers of different stages 

of adipogenesis 

The alteration in polyamines, key players in adipogenesis (Bethell and Pegg 1981, Ishii, 

Ikeguchi et al. 2012), in the current study reflect different stages of adipogenesis. 

Patterns exhibited by putrescine which increased in the early phase of differentiation 

and shortly after decreased is in good accordance to the previous study on adipogenic 

cell differentiation (Roberts, Virtue et al. 2009). The metabolic patterns in cells as well as 

in conditioned medium showing only a decrease in putrescine and spermine may 

suggest that putrescine and spermine are metabolized to spermidine. However, 

transcriptomics data do not support this finding and suggest that putrescine is 

metabolized into 4-aminobutanoate which is good correlation to a previous study 

(Roberts, Virtue et al. 2009). Although the regulation of spermine and spermidine was 

not further investigated, the metabolic signatures presented by polyamines in the course 

of adipogenesis may be applied for standardized monitoring of adipogenic cell 

differentiation.  

4.3.8  Lipid metabolism and adipogenesis 

Previously, the role of lipids in organisms was thought to be limited only to the structural. 
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However, recent studies clearly demonstrate that lipids are second messengers in 

signaling pathways stimulating cell survival or proliferation and are involved in 

pathophysiological disease states including inflammation, obesity (Shimizu 2009), 

coronary heart disease (Khaw, Friesen et al. 2012), diabetes (Jones and Varela-Nieto 

1999) and cancer (Mills and Moolenaar 2003). Thereby, monitoring the lipid metabolism 

during adipogenesis can be applied to determine lipid involvement in obesity 

development and characterization at an early stage enabling the detection of patients 

with obesity risk as well as connections to other complex diseases like diabetes or 

cancer.   

4.3.8.1 Phosphatidylcholine synthesis, remodelling and accumulation of 

odd chain fatty acid are consequences of adipogenesis  

A direct correlation between the increased concentration of phosphatidylcholines and an 

up-regulation of the Kennedy pathway, the de novo biosynthesis of PCs, can obviously 

be drawn (Chapter 3.3.6.1). However, the regulation patterns of PCs are strongly 

dependent on the type of their fatty acid side chains e.g. position (acyl, acyl or acyl, 

ether), length or saturation level. Since the metabolic approach used in the current study 

is incapable to provide information about chain composition, possible reactions on fatty 

acid chain hypothesized as presented in Figure 34 and  

Figure 35. Patterns exhibited by PCs aa and PCs ae during adipogenesis suggest 

incorporation of fatty acids chain with increasing saturation levels or increasing length, 

respectively. Moreover, genes involved in fatty acid desaturation (SCD1, FADS 2) and 

elongation (ELOVL 3) were found to be up-regulated which is in good accordance to 

previous studies (Christy, Yang et al. 1989) (Kobayashi and Fujimori 2012). SCD1, 

catalyzing the biosynthesis of Δ9 monounsaturated fatty acid oleate, from the saturated 

fatty acid stearate, has been highlighted as target molecule to prevent or treat obesity 

(Warensjo, Ingelsson et al. 2007). Furthermore, FADS2 involved in second desaturation 

of oleate to octadecadienate, is known to play role in inflammatory diseases 

(Obukowicz, Raz et al. 1998). The reorganization of phosphatidylcholine composition 

may be connected to modifications in cellular membranes necessary to meet 
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requirements for specific signals transduction. As it was already reported, the fatty acid 

chain composition has physiological consequences regarding membrane fluidity, 

permeability and stability (Vance and Vance 2002). Hence, the properties of the cellular 

membrane in young and mature adipocytes can be characterized by increased fluidity 

and decreased rigidity and solubility as consequence of increased desaturation and 

elongation (Vance and Vance 2008). An indirect determination of the composition of 

chains incorporated into PCs has been performed in this study by the measurement of 

fatty acid concentrations with a different metabolic approach. The altered patterns of 

only three molecules with even numbers of carbons and of the majority of uneven (odd) 

fatty acid chains were unexpected.   Whereas elevated levels of myristic, myristoleic, 

and palmitoleic as well as stearic, oleic, linoleic, and arachidonic acids were previously 

observed in obese individuals (Newgard, An et al. 2009), changes in odd chain fatty acid 

concentrations have not been reported. In turn, the odd chain fatty acids have been 

previously determined as biomarkers of dairy consumption, as measured in 

subcutaneous adipose tissue and in serum of male individuals (Wolk, Furuheim et al. 

2001). Moreover, the authors suggest that odd chain fatty acids cannot be metabolized 

in the human body and are delivered with diet (Wolk, Furuheim et al. 2001). 

Nevertheless, in the current study the odd chain fatty acid accumulation correlated with 

adipogenesis progression in both cells and conditioned medium. Remarkable, in this 

case condition medium is not the source of odd chain fatty acids for cells. Moreover, 

current studies are in good accordance to previous reports showing an increased odd 

chain fatty acid level during adipogenesis (Su, Han et al. 2004, Roberts, Virtue et al. 

2009). Furthermore, enhanced synthesis of odd-number long chain fatty acids, 

stimulated by an excess of propionyl-CoA, has been reported in red cell membrane 

lipids of patients with propionic acidemia and methylmalonic aciduria, disorders of the 

propionate catabolism (Wendel 1989). Noteworthy, in the current thesis an increased 

catabolism of BCAA, resulting in propionyl-CoA excess was demonstrated. It can thus 

be suggested that the excessive BCAA catabolism stimulated odd chain fatty acid 

synthesis. However, some reports suggest α-oxidation of even chain fatty acids as 

possible pathway for odd chain fatty synthesis (Su, Han et al. 2004). Hence, the 

ancestry of odd chain fatty acids in mammals is unclear and reports are inconsistent. On 
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the one hand it was reported that only branched chain fatty acids (like phytanoyl-CoA) 

can undergo α-oxidation (Wanders, Jansen et al. 2003), on the other hand it has been 

shown that purified peroxisomal phytanoyl-CoA alpha hydroxylase can use un-branched 

long chain fatty acids as substrate (Mukherji, Kershaw et al. 2002). Recently, 

accumulation of odd chain fatty acids was reported in human with coronary heart 

diseases (Khaw, Friesen et al. 2012), one of the major risk factors of obesity. However, 

in this case the milk consumption can probably not been used as explanation since the 

dairy products are known to correlate to lower risk of heart diseases (Elwood, Pickering 

et al. 2004) and hypertension (Wang, Manson et al. 2008). However, the BMI between 

cases and controls was significantly different what suggests involvement of fat cells in 

the odd chain fatty acid synthesis. Furthermore, as presented by Wolk et al. a correlation 

between dairy intake and odd chain fatty acid increase in male serum does not provide 

information on the BMI of proband (Wolk, Gridley et al. 2001). Moreover, since in the 

current study, adipocytes were involved in synthesis and secretion of odd chain fatty 

acids, which is in good line to previous reports (Pike, Han et al. 2002, Roberts, Virtue et 

al. 2009), determination of odd chain fatty acids as biomarkers of dairy consumption 

should be reconsidered.    

4.3.8.2 Phosphatidylcholine degradation can have impact on low-grade 

chronic inflammatory state in obesity  

Recently, obesity and metabolic dysfunctions were associated with a low-grade chronic 

inflammatory state (Das 2001, Shimizu 2009) and frequently linked to adipose tissue 

and fatty acid composition (Garaulet, Perez-Llamas et al. 2001, Wahl, Yu et al. 2012). 

Therefore, the unexpected decrease in phosphatidylcholines and 

lysophosphatidylcholines containing very long unsaturated fatty acids can be connected 

to the formation of subunits like mead, arachidonic, and eicosapentaenoic acid, which 

are known as precursors of fatty acids that mediate inflammatory response (Iyer, Fairlie 

et al. 2010). Besides, arachidonate is strongly up-regulated in human obesity (Williams, 

Baylin et al. 2007, Newgard, An et al. 2009). Hence, it was thought that released 

arachidonate would be increased in conditioned medium or in cells. In contrast, after 
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implementation of different targeted metabolomics approaches, a strong decrease of 

arachidonic acid and docosahexaenoic acid in conditioned medium and no changes in 

cells were detected which is in opposition to previously reported human study in obese 

individuals (Williams, Baylin et al. 2007, Newgard, An et al. 2009). However, the effect 

can be supported by the recently presented survey in which lysophosphatidylcholines 

(LysoPC a C20:4) were shown to be decreased in plasma samples of obese children 

(Wahl, Yu et al. 2012). Hence, the release of arachidonate from the cellular membrane 

and its increased absorption from conditioned medium suggests that arachidonic acid 

and other very long chain un-saturated fatty acids are highly required for adipogenesis. 

These findings could be facilitated by the transcriptomics data uncovering a strong 

increase in genes involved in arachidonic acid catabolism towards prostaglandins 

synthesis. Nevertheless, the expression pattern of phospholipase A2, preliminary 

involved in the release of arachidonate from the cellular membrane (actually from 

phosphatidylcholines) (Jaworski, Ahmadian et al. 2009) was up-regulated first at day 

eight, although the decrease of phospholipids visible already at day 4 of differentiation. 

For this reason, monoglycerol lipase (MGLL) strongly, up-regulated already from day 4 

on, was proposed as candidate responsible for arachidonate release (see Figure 40). 

Monoglycerol lipase is known to play a role in the degradation of monoacylglycerols like 

2-arachidonyl into arachidonate and glycerol, which is a part of the endocannabinoid 

signaling involved in several neuronal process including the regulation of food intake 

and lipid metabolism (Dinh, Carpenter et al. 2002, Chon, Zhou et al. 2007). On the one 

hand, MGLL is involved in triacylglycerol degradation (in brain), on the other hand its 

overexpression in the small intestine of mutant mice resulted in significant body mass 

gain and body fat accumulation (Chon, Douglass et al. 2012). Moreover MGLL-KO mice 

receiving a high fat diet exhibited significantly improved glucose tolerance and insulin 

sensitivity, and lower weight than controls (Taschler, Radner et al. 2011). Furthermore, it 

has been reported that human adipose and liver tissue are structurally comparable and 

in close proximity to the composition of immune-regulatory cells, like Kupffer cells, 

macrophages, and T cells and therefore are involved in dynamic interactions between 

immune and metabolic processes crucial to regulate signaling networks (Hotamisligil 

2006, Iyer, Fairlie et al. 2010). Moreover, the increased level of PGF2α in conditioned 
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medium of young and mature adipocytes suggest that adipocytes are capable of 

exporting prostaglandins into the system which is in good accordance to a previous 

study where increased PGF2α levels were detected in plasma of obese children 

(Giannini, de Giorgis et al. 2008).  Hence, referring to the increased arachidonate and 

prostaglandin metabolism in fat cells, it can be concluded that adipocytes may be 

responsible for the low-grade chronic inflammatory state in individuals with obesity which 

presumably have impact on the development of other chronic diseases like cancer or 

type 2diabetes.   

 

Taken together, presented results showing down-regulation in the BCCAs level and up-

regulation of PGF2α correlate with the studies on children obesity (Mihalik, Michaliszyn 

et al. 2012, Wahl, Yu et al. 2012). This phenotype can be explained by findings 

suggesting that adipogenic cell differentiation occurs only in children and adolescents 

(Spalding, Arner et al. 2008). In conclusion, metabolic pathways and molecules 

highlighted in this thesis, as characteristic for adipogenesis, are potential biomarkers for 

obesity development and drug targets for its prevention. Moreover, identification of 

obesity risk in early stages of human life and its effective treatment may reduce related 

health complications. 
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5 APPENDIX 

5.1 Abbreviations 

SD standard deviation 

1,2-DG 1,2-Diacylglycerol  

5-Fu 5-Fluoruracil  

ABCD2 ATP binding cassette subfamily G  

ACAA2 acetyl-CoA acyltransferase 

ACADS acyl-CoA dehydrogenase 

ACSL3 acetyl-CoA synthase long-chain family member  

ACSS2 acetate-CoA synthase short chain family member 

Ala alanine 

ALDH aldehyde dehydrogenase  

alpha-AAA alpha-aminoadipic acid  

AOC3 amine oxidase  

Arg arginine 

Asp aspartate 

AUH enoyl-CoA-hydratase 

BCA  bovine serum albumin 

BCAA branched chain amino acids 

BCAT branched chain amino acids transaminase 

Bcl-2 b-cell lymphoma 2 

BMI body mass index 

BSA bovine serum albumin 

C/EBP CCAAT-enhancer-binding proteins 

C0 free carnitine  

C16 palmitoyl carnitine 

C2 acetylcarnitine 

C3 propionylcarnitine 

C3DC malonylcarnitine 

C5 isovaleryl carnitine 

CBR carbonyl reductase  

cDNA complementary DNA 

CETP cholesterol ester transfer protein  

CHOP CCAAT – enhancer binding protein  

Cho-P cholinephosphate 

CHPT cholinephosphotransferase 

CK choline kinase  

cps counts per second 

CUD carnitine uptake defect  



 

  Appendix 
 _____________________________________________________________________  

 

 

133  

CYP cytochrome 

DAPI 4',6-diamidino-2-phenylindole 

DBT  dihydrolipoamid branched chain transacylase 

DDO D-aspartate oxidase  

DEPC diethyl pyrocarbonate 

Dex dexamethasone 

DHCR dehydrocholesterol reductase  

DMEM dulbecco’s modified eagle medium 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

ECL enzymatic chemiluminescence 

EETs epoxyeicosatrienoic acids  

EK ethanolamine kinase 

ELOVL fatty acid elongase  

EPT ethanolaminephosphotransferase 

Etn-P ethanolamine-phosphate  

Eto etoposide 

FADS fatty acid desaturase  

FBS fetal bovine serum 

FDPS farnesyl diphosphate synthase 

FIA flow injection analysis  

FT-IR Fourier transform infrared  

GATA2 GATA binding protein 2  

GC gas chromatography  

GCK glucokinase 

Glu glutamate 

GLUT4 insulin- sensitive glucose transporter type 4 

Gly glycine 

GP glycerone phosphate 

GPD1 glycerol-3-phosphate dehydrogenase 1 

GPT1 glutamic pyruvic transaminase 1 

GWAS genome wide association studies 

H1 hexosose 

HETEs hydroxyeicosatetraenoic acids  

HMGCL 3-hydroxymethyl-3-methylglutaryl-CoA lyase 

HMGCS 3-hydroxy-3-methylglutaryl-CoA synthase 

HPLC high performance liquid chromatography 

HSD hydroxysteroid dehydrogenase 

IBMX 1-Methyl-3-isobutylxanthine 

IL-6 interleukin-6 

IPA Ingenuity Pathway Analysis System  

IS internal standard  

KLF Kruppel-like factor 
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LC liquid chromatography  

Leu leucine 

LOD limit of detection 

LPL lipoprotein lipase  

LTC leukotriene  

MCEE methylmalonyl-CoA epimerase  

MeOH methanol 

MESA buffer 

Met methionine 

MGLL monogliceride lipase  

MRM multiple reaction monitoring 

mRNA messenger RNA 

MTT dimethyl thiazolyl diphenyl tetrazolium salt 

MUT methylmalonylCoA mutase 

MVD mevalonate diphosphate decarboxylase  

NBS newborn screening  

NMR nuclear magnetic resonance 

O.D optical density 

PBS phosphate buffered saline 

PC phosphatidylcholine or principal component 

PC aa phosphatidylcholine with acyl-acyl side chain 

PC ae phosphatidylcholine with acyl-ether side chain 

PCA principle component analysis  

PCCB propionyl-CoA carboxylase 

PCD programmed cell death  

PCYT choline-phosphate cytidylyltransferase 

PE phosphatidylethanolamine 

PGF2α prostaglandin-2F alpha  

Phe phenylalanine 

PHK glycogen phosphorylase kinase  

PITC phenylisothiocyanate 

PKU phenylketonuria 

PLA2 Phospholipase A2 

PMSF phenylmethylsulfonyl fluoride  

PMVK phosphomevalonate kinase 

PPARγ peroxisome proliferator-activated receptor γ  

PRODH proline dehydrogenase.  

PROP propionic acidemia  

PVDF polyvinylidene fluoride 

qPCR quantitative real-time polymerase chain reaction 

RNA ribonucleic acid 

rpm rotations per minute 

RPMI Roswell Park Memorial Institute Medium  
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RT room temperature  

SCD stearoyl-CoA 9-desaturase  

SDS-page sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SLC1A5 amino acid transporter 

SLC25A1 citrate transporter  

SM sphingolipids 

SNP’s single nucleotide polymorphisms 

SQLE squalene epoxidase 

SREBP1 sterol regulatory element binding transcription factor 1 

SRM spermidine synthase 

SRS spermine synthase 

Stauro staurosporine 

TCA citrate cycle  

TEMED tetramethylethylenediamine 

THETAs trihydroxyeicosatrienoic acids  

TNFα tumor necrosis factor 

UPLC ultra-high performance liquid chromatography  

WHO world health organization  
 

5.2 Publications and presentations 

5.2.1 Original papers 

Halama A., Riesen N., Moller G., Adamski  J. : " Identification of biomarkers for 
apoptosis in cancer cell lines using metabolomics: tools for individualized medicine." J 
Intern Med. in second revision 
 
Peter C., Waibel M., Keppeler H., Lehmann R., Xu G., Halama A., Adamski J., Schulze-
Osthoff K., Wesselborg S., Lauber K. : "Release of lysophospholipid 'find-me' signals 
during apoptosis requires the ATP-binding cassette transporter A1.”, 2012,  
Autoimmunity 45(8): 568-573. 
 
Halama A., Moller G., Adamski J. : "Metabolic signatures in apoptotic human cancer cell 
lines.”, 2011, OMICS 15(5): 325-335. 

Russ V, Fröhlich T, Li Y, Halama A, Ogris M, Wagner E. „Improved in vivo gene transfer 
into tumor tissue by stabilization of pseudodendritic oligoethylenimine-based 
polyplexes.” , 2010, J Gene Med. 12(2):180-93. 

Russ V, Günther M, Halama A, Ogris M, Wagner E. “Oligoethylenimine-grafted 
polypropylenimine dendrimers as degradable and biocompatible synthetic vectors for 

http://www.ncbi.nlm.nih.gov/pubmed/20052741
http://www.ncbi.nlm.nih.gov/pubmed/20052741
http://www.ncbi.nlm.nih.gov/pubmed/20052741
http://www.ncbi.nlm.nih.gov/pubmed/18812195
http://www.ncbi.nlm.nih.gov/pubmed/18812195
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gene delivery.”, 2008, J Control Release. 132(2):131-40.  

5.2.2  Manuscripts in preparation  

Halama A., Horsch M, Kastenmüller G., Artati A., Möller G., Beckers J., Suhre K., 
Adamski J.: Facing adipogenesis – step forward in obesity prevention. - Adipogenesis 
blamed for obesity – would metabolomics be a judge? – in preparation 

Boehm A., Halama A., Meile T., Zdichavsky M., Lehmann R., Weigert C., Fritsche A., 
Stefan N., Haering H, Hrabe de Angelis M., Adamski J., Staiger H.: “Metabolic profiling 
of cultured human adipocytes from metabolically melign versus benign obese 
individuals” – in preparation 

5.2.3  Reviews 

Halama A., Kuliński M., Librowski T., Lochyński S.: "Polymer based non-viral gene 
delivery - concept for a cancer treatment.”, 2009, Pharmacol Rep. 61(6):993-9. 

5.2.4  Poster presentations 

Halama A., Horsch M., Kastenmüller G., Möller G., Hrabe de Angelis M., Beckers J., 
Adamski J.: Leucine Degradation Correlates with Cholesterol Biosynthesis During 
Adipogenic Differentiation In 3T3-L1 Cells – Potential early biomarkers for obesity 
development, Congress on Steroid Research, 2013, Chicago, USA  
 
Halama A., Horsch M, Kastenmüller G, Möller G., Hrabe de Angelis M, Beckers J, 
Adamski J.: Metabolic pathways regulated during adipogenesis - potential novel 
biomarkers for obesity, European Association for the Study of Diabetes, 2012, Berlin, 
Germany  
 
 
Halama A., Horsch M., Artati A., Möller G., Hrabe de Angelis M., Beckers J., Adamski 
J.: Metabolomics of Adipogenesis - in Search for Obesity and Diabetes Biomarkers, 
American Diabetes Association, 2012, Philadelphia, USA  
 
Halama A., Zieglmeier G., Möller G., Adamski J.: Metabolite Signatures of Apoptotic 
Human Cancer Cell Lines, Congress on Steroid Research, 2011, Chicago, USA  
 
Halama A., Prehn C., Möller G., Adamski J.: Metabolomics of apoptotic cancer cell lines 
analyzed by newborn screen, Congress on ….2010, Erice, Italy  
 
Halama A., Prehn C., Möller G., Adamski J.: Changes in metabolite profile during cell 

http://www.ncbi.nlm.nih.gov/pubmed/18812195
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differentiation measured with the newborn screening assay adapted for cell culture, 
Metabolomics & More, 2010, Freising, Germany 

5.2.5  Oral presentations 

Halama A., Horsch M., Kastenmüller G., Möller G., Hrabe de Angelis M., Beckers J., 
Adamski J.: Leucine Degradation Correlates with Cholesterol Biosynthesis During 
Adipogenic Differentiation In 3T3-L1 Cells – Potential early biomarkers for obesity 
development. Congress on Steroid Research, 2013, Chicago, USA  
 
Halama A., Prehn C., Möller G., Adamski J.: Metabolomics of apoptotic cancer cell lines 
analyzed by newborn screen. Advanced Meeting on Cancer omics, 2010, Erice, Italy 
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