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Abstract 

The gastrointestinal tract harbors a complex microbial ecosystem which is strongly 

influenced by extrinsic factors such as nutrition and drug-intake. Different 

comprehensive metabolomics tools can be used to better understand the 

underlying functional processes of host and microbial metabolism. 

In the first part of the thesis, an absolute quantification method of bile acids in 

cecum was setup by using ultra-high pressure liquid chromatography (UHPLC) 

coupled to ion trap mass spectrometry (MS). Bile acids are key components of co-

microbial metabolism and are present in high concentrations in the gastrointestinal 

tract of mammals. In total, 45 bile acids were profiled and the method was validated 

including limit of detection and quantification, accuracy, precision, matrix effect and 

recovery rate. The targeted metabolomics method was applied in order to explore 

the impact of the anti-diabetic drug metformin on bile acid metabolism in a diabetic 

mouse model. 

In the second part of the thesis, three hydrophilic interaction liquid chromatography 

(HILIC) stationary phases were studied systematically with varying pH and salt 

gradients. The goal was to elaborate optimal conditions to perform a non-targeted 

metabolomics analysis of fecal samples by means of HILIC UHPLC-MS. A set of  

150 metabolite standards and a pooled feces sample was analyzed at 18 different 

conditions and the number of detected features, the ability to separate isomers, 

precision of the analysis and retention time distribution of metabolite features 

across all chromatographic runs was evaluated. 

Finally, the most appropriate HILIC method was applied for a non-targeted 

metabolomics approach to screen for differences in the fecal metabolite profiles of 

formula- and breastfed infants. The subsequent combination of targeted 

metabolomics including UHPLC, high resolution MS (including QTOF and FT-ICR-

MS) and NMR spectroscopy enabled the discovery and identification of novel 

Amadori products in feces of formula-fed infants. These nutrition markers were 

directly associated to infant formula milk. Additionally, the fecal excretion of 

Amadori products was profiled and quantified at several time points over the first 2 

years of life. 

In this thesis, the necessity of method development and optimization for targeted 

and non-targeted metabolomics was demonstrated. The application of these 
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methods emphasized that MS based metabolomics is a powerful tool to discover 

the impact of exposomal factors like drugs and diet on the metabolome of the 

gastrointestinal tract.  
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Zusammenfassung 

Der Magen-Darm-Trakt besitzt ein komplexes, mikrobielles Ökosystem, welches 

stark von extrinsischen Faktoren, wie der Ernährung und Medikamenten, 

beeinflusst wird. Der Einsatz von verschiedenen Techniken der Metabolomik trägt 

dazu bei, ein besseres Verständnis von den zugrundeliegenden, funktionellen 

Prozessen des Wirts- und mikrobiellen Stoffwechsels zu erlangen. 

Im ersten Teil der Doktorarbeit wurde eine Methode zur absoluten Quantifizierung 

von Gallensäuren im Blinddarm mittels UHPLC, gekoppelt an ein Ionenfallen-

Massenspektrometer, entwickelt. Gallensäuren sind Schlüsselkomponenten des 

mikrobiellen Stoffwechsels und kommen in hohen Konzentrationen im Magen-

Darm-Trakt von Säugetieren vor. Insgesamt wurden 45 Gallensäuren analysiert 

und die Methode wurde anhand von Nachweis- und Bestimmungsgrenze, 

Genauigkeit, Präzision, Matrixeffekt und Wiederfindungsrate validiert. Diese 

zielgerichtete Metabolomik Methode wurde anschließend angewendet, um die 

Auswirkungen des Antidiabetikums Metformin auf den Gallensäurestoffwechsel in 

einem diabetischen Mausmodell zu untersuchen. 

Im zweiten Teil der Arbeit wurden drei stationäre Phasen der hydrophilen 

Interaktions-Flüssigchromatographie (HILIC) systematisch mit unterschiedlichen 

pH-Werten und Salzgradienten untersucht. Ziel war es, optimale Bedingungen für 

eine nicht-zielgerichtete Metabolom-Analyse von Stuhlproben mittels HILIC 

UHPLC-MS zu erarbeiten. Insgesamt wurden 150 verschiedene Metabolite 

(Standards) und eine gepoolte Stuhlprobe unter 18 verschiedenen 

chromatographischen Bedingungen analysiert und die Anzahl der detektiereten 

Substanzen, die Fähigkeit zur Trennung von Isomeren, die Präzision der Analyse 

und die Verteilung der Retentionszeit der Metabolite über alle 

chromatographischen Läufe bewertet. 

Schließlich wurde die am besten geeignete HILIC-Methode für eine nicht-

zielgerichtete Metabolom-Analyse angewendet, um nach Unterschieden im 

Metabolitenprofil im Stuhl von Säuglingsnahrung gefütterten und gestillten 

Säuglingen zu suchen. Die anschließende Kombination verschiedener 

analytischer Techniken, einschließlich UHPLC, hochauflösender MS (QTOF und 

FT-ICR-MS) und NMR Spektroskopie, ermöglichte die Entdeckung und 

Identifizierung neuer Amadori-Produkte im Stuhl von Säuglingsnahrung 

gefütterten Kleinkindern. Diese Ernährungsmarker konnten direkt mit den 
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Proteinen der Säuglingsnahrung assoziiert werden. Darüber hinaus wurde die 

Ausscheidung von Amadori-Produkten im Stuhl zu mehreren Zeitpunkten in den 

ersten zwei Lebensjahren analysiert und quantifiziert. 

In dieser Arbeit wurde die Notwendigkeit der Methodenentwicklung und -

optimierung für die zielgerichtete und nicht-zielgerichtete Metabolomik aufgezeigt.  

Die Anwendung dieser Methoden hat gezeigt, dass die MS-basierte Metabolomik 

ein wirksames Instrument ist, um den Einfluss exposomaler Faktoren wie 

Medikamente und Ernährung auf das Metabolom des Magen-Darm-Trakts zu 

untersuchen. 
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1. General Introduction and Methods 

1.1 Metabolomics 

The scientific discipline “Metabolomics” and “Metabonomics” were defined by 

Fiehn and Nicholson (1-3). Metabolomics aims the comprehensive identification 

and quantification of all metabolites in a biological system (3). The term 

metabonomics, however, is defined as the quantitative measurement of the 

metabolic responses of multicellular systems to pathophysiological stimuli or 

genetic modifications (1, 2). 

The metabolome is defined as the sum of all metabolites given in a biological 

system under particular physiological conditions either secreted by cells or tissues 

(exometabolome) or within (endometabolome) the cells tissue (2). 

At the beginning of every metabolic process genes are transcribed into RNA and 

translated into proteins and enzymes. The end products or intermediates of 

enzymatic reactions are defined as metabolites. Therefore, metabolites are the end 

point of the systems biology cascade and metabolomics is closest of all levels to 

an observed phenotype (3, 4). 

The metabolome is the terminal downstream product of the genome and its 

composition is the result of complex interactions between the genome, 

transcriptome, proteome and the environment. Therefore it is a key point in the 

interpretation of a biological system (5). 

Furthermore, metabolites represent the most informative snapshot of the 

biochemical activity of an organism (6). They have a broad range of biological 

activities responsible for many cellular functions and regulatory processes, e.g. 

energy production and storage or signal transfer (7). Metabolomics approaches 

can be used to study the intrinsic functions of metabolites and how they influence 

particular phenotypes. 

The metabolome of an organism not only consists of endogenous compounds 

determined by the genome. It is a complex mixture of metabolites from commensal 

microorganisms, diet and other life-style and environmental factors like drug-intake 

(Figure 1-1) and reflects the functional output of an organism due to these different 

stimuli (2). 
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Figure 1-1. Factors shaping the metabolome of an organism or biological sample. 

 

 

Metabolomics is a fast developing research area in the field of life sciences and 

complements other -omics techniques such genomics, transcriptomics and 

proteomics (8). To date, metabolomics is used to address challenging research 

objectives including nutrition and food (9-13), microbiome research (14-18), cancer 

(19) and metabolic diseases (20, 21) and drug discovery (22). Metabolomics is 

also widely used in plant research (23). In fact, plants have very complex metabolic 

pathways and produce an enormous number of metabolites. The relative 

proportions in terms of numbers of publications in the year 2018 including 

metabolomics and the corresponding research field in the title, keywords, or 

abstract was determined with the PubMed Central (PMC) database (Figure 1-2). 
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Figure 1-2. Distribution of metabolomics publications in different research areas in 2018. 
Number of publications were obtained by searching the corresponding keywords (e.g. 
metabolom* & nutrition) in the PubMed Central (PMC) database for the year 2018. The 
fractions were calculated by dividing the number obtained from each area by the total 
number of publications found with the keyword metabolom* (5,430). 

 

 

The use of metabolomics also has to potential to develop new biomarkers in the 

medical field (24). For this reason, metabolomics is able to open new research 

perspectives and will continue to be an evolving discipline in the future. 

Metabolomics approaches can be applied to a wide variety of biological samples,  

e.g. different body fluids (plasma, urine), feces, breath, cells or tissues. The current 

technologies in metabolomics, especially in the field of high resolution mass 

spectrometry, are able to detect thousands of metabolites in one sample (25). 

However, this aspect gives rise to many challenges in terms of technology, 

experimental design, data analysis, and data integration (26). By definition, all 

metabolites in a biological sample are measured within a metabolomics 

experiment. However, the chemical complexity of metabolites is determined by 

different polarities and functional groups. For example, sugars are very polar 

metabolites, whereas fatty acids and lipids are non-polar. Furthermore, the 

concentration ranges between different metabolite classes or even within specific 

metabolite classes can be from mg/mL to pg/mL. Therefore, it is almost impossible 

to study the whole metabolome simultaneously within one experiment (7). In most 

cases the identity of several metabolites remains unknown. Despite all 

heterogeneity and diversity in the metabolome, new discoveries can reveal cellular 

pathways and enhance our understanding of cell metabolism and physiology  

(6, 27). 
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1.1.1 Metabolomics in gut microbiota research 

The human gastrointestinal tract consists of the oral cavity, esophagus, stomach, 

small and large intestine (including cecum). These organs are responsible for the 

digestion of food including carbohydrates, proteins and fats. The colon harbors 

around 1011 bacterial cells/ mL content (28), including around 2,000 different 

bacterial species (29). The intestinal microbiota is also sometimes described as an 

additional organ (30). Specific bacteria support our bodies with essential nutrients, 

such as vitamin B12, through homeostatic symbiosis (31). 

The term human microbiome refers to the sum of genomes from living 

microorganisms in the human being, including bacteria, viruses, archaea and fungi 

(32, 33). The gut microbiota refers to the microbial community. In mammals, the 

dominating bacterial phyla in the gut are Bacteroidetes, Firmicutes, Actinobacteria 

and Proteobacteria (34). The intestinal microbiota strongly influences the digestion 

of food and provides compounds serving as an additional energy source (35). It 

also plays a role in the development and regulation of the host immune system 

(36), but it can be also related to specific diseases (37). 

Different gastrointestinal disorders, such as inflammatory bowel diseases have 

been shown to be associated with imbalances in the bacterial communities (38). 

But also, metabolic disorders like diabetes and obesity, and even 

neurodegenerative disorders such as Parkinson’s disease were found to be 

influenced by the gut microbiota (39-41). Such imbalances can be influenced by 

lifestyle factors such as nutrition. For example, the so called Western diet is 

associated to a less diverse microbiota (39). Conversely, it has been proposed that 

a healthy condition is associated with a high diversity within the microbial 

ecosystem. Therefore, the diversity of the microbiota is often in relation with its 

stability and robustness (42). 

Commensals in the gastrointestinal tract produce a variety of different metabolites 

(43). One of the most investigated compound class are the short chain fatty acids 

(SCFAs), which are generated by the fermentation of carbohydrates, amino acids 

and lactic acid in the gut (44). SCFAs have several health-promoting effects. 

Butyrate is known as major energy source for several colonocytes (45), improves 

insulin sensitivity (46) and influences the immune system. Physiological intestinal 

concentrations of SCFAs within the millimolar range are diminishing inflammation-

mediated processes. However, depending on its concentration butyrate can also 

have harmful effects on the mucosal immune system (47). Several studies were 
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conducted to investigate the impact of different carbohydrates on the SCFA profiles 

in the gut (48, 49). According to the human fecal metabolome database (HFMDB) 

(50), the most abundant small molecules in human feces are the SCFAs acetic 

acid (36 ± 17 mmol/g wet feces), propionic acid (11 ± 5 mmol/g wet feces), and 

butyric acid (6 ± 3 mmol/g wet feces) (51). Although SCFAs are highly abundant in 

feces, they actually represent only approximately 5% of the total SCFAs produced 

by gut bacteria. The majority of SCFAs are absorbed into the intestinal lumen and 

utilized for energy production (50). 

Another very well-known metabolite class which is influenced by the gut microbiota 

are bile acids. Bile acids have a steroid structure with several hydroxyl groups and 

a carboxylic acid side-chain. They can be classified into primary (cholic acid and 

chenodeoxycholic acid) and secondary bile acids (e.g. deoxycholic acid and 

lithocholic acid). In the liver, cholesterol is converted by classical, acidic or 

alternative pathways into the primary bile acids followed by conjugation with taurine 

or glycine and storage in the gall bladder (52). Fat from diet triggers the release of 

bile acids from the gall bladder into the small intestine where they promote the 

absorption of lipophilic dietary (53). Indeed, bile acids play an important role in the 

modulation of lipid, glucose and energy metabolism and cell signaling (54). Bile 

acids are reabsorbed by enterohepatic circulation in the small intestine. Only a 

small percentage of 5% escapes into the colon. Here, bacteria convert primary bile 

acids into secondary bile acids by deconjugation, dehydroxylation or epimerization 

enzymatic reactions. Bacteria convert primary bile acids into secondary bile acids. 

By this, the gut microbiota influences the levels and types of bile acids produced 

and excreted in feces (55, 56). The daily synthesis of bile acids in the liver is about 

200 – 600 mg, of which almost the same amount is excreted in feces, i.e. 5% of 

the total bile acid pool (~ 3 g) (54). 

Species mainly involved in the generation of secondary bile acids are Bacteroides, 

Eubacterium, Clostridium and Escherichia coli (57, 58). Also Bifidobacterium, 

Ruminococcus and Lactobacillus are known to be involved in the bile acid 

metabolism (56). Some secondary bile acids are considered toxic and influence 

the microbial communities (50, 59). The hydrolysis of the C24 N-acyl amide bond 

of conjugated bile acids is catalyzed by bile salt hydrolases. Bile salt hydrolase 

genes have been detected for example in Bacteroides fragilis, Bacteroides 

vulgatus, Clostridium perfringens, Listeria monocytogenes, and several species of 

Lactobacillus and Bifidobacterium. Deconjugation improves the bacterial 
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colonization of the gastrointestinal tract. After deconjugation, 7α-dehydroxylation 

of the primary bile acids is performed mostly by Clostridium and Eubacterium 

species (Firmicutes phylum), resulting in deoxycholic acid and lithocholic acid. 

Furthermore, oxidation and epimerization reactions of 3-, 7- and 12-hydroxy 

groups to -oxo groups are catalyzed by bacterial bile acid hydroxysteroid 

dehydrogenases. Most members of Firmicutes possess 3-, and 12-hydroxysteroid 

dehydrogenases. Whereas, 7α-hydroxysteroid dehydrogenases are widespread 

among members of the genera Clostridium, Eubacterium, Bacteroides and 

Escherichia, and 7β-HSDHs have been detected only in Firmicutes (60). 

Also phenolic compounds like phenylacetic acid, and m- and  

p-hydroxyphenylpropionic acid are of bacterial origin and are fermentation 

products of proteins (61, 62). It was reported that, e.g. bifidobacteria, are able to 

produce phenyllactic, 4-hydroxyphenyllactic (63, 64) and indolelactic acid (65) out 

of the aromatic amino acids phenylalanine, tyrosine and tryptophan, respectively.  

The degradation of polyphenols and fiber to benzoic acid can be seen in excretion 

of hippuric acid in urine. Furthermore, peptidoglycans, lipopolysaccharides and 

possibly other microbiota-derived metabolites act as signaling molecules and can 

affect inflammation processes (66). 

The gut microbiota also generates specific lipids. Recently, sulfonolipids were 

identified in murine cecum produced by the bacterial genera Alistipes and 

Odoribacter. This unusual class of sphingolipids was significantly increased in mice 

fed with high-fat diets. However, their biological functions are yet unknown (14). 

To what extend microbiota-derived products affect the host are only partly 

understood. The analysis of the metabolome in a complex host - microbiome 

system related to health or disease is sometimes called meta-metabolomics (33). 

To investigate the metabolome in relation to the gut microbiota different types of 

samples can be used. Besides plasma, the luminal content of the small intestine, 

cecum and colon or the organ tissue itself is used for analysis in animal model 

studies. However, spatial variation of gut luminal metabolites has to be considered. 

This was shown to be directly linked to microbial breakdown of carbohydrates and 

proteins in the cecum and reabsorption processes in the colon in mice (67). 

Non-invasive specimen which can be collected to investigate the impact of the gut 

microbiota on the metabolome are feces and urine. Indeed, the number of 

metabolomics studies using intestinal matrices is smaller compared to urine and 

plasma studies. Maybe this is the case because plasma and urine are established 

matrices in clinical practice. Since they are fluids they are also easier to handle, 
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compared to fecal samples. However, the advantage of using feces for microbiome 

related studies is that the dry matter consists of 25 – 54% bacterial biomass, 

therefore the percentage of analyzed metabolites with bacterial origin is relatively 

high (50). Furthermore, the same fecal sample used for 16S rRNA sequencing, 

metagenome, metatranscriptome and metaproteome analysis can be used for 

metabolomics analysis (13, 18, 38, 68). By this, an integrative approach that 

includes microbiome sequencing and comprehensive fecal metabolite analysis is 

a method of choice. Besides bacterial biomass, feces consists of exfoliated colonic 

epithelial cells, undigested food residues, macromolecules (e.g. fiber, protein, 

DNA, polysaccharides) and thousands of small molecules such as sugars, organic 

acids, and amino acids. Hence, stool contains a variety of molecules that reflect 

the result of nutrient digestion and absorption by both gut bacteria and the 

gastrointestinal tract (50). 

In addition, hundreds of bio-transformed metabolites such as glycoside and sulfate 

conjugates can be found in feces, depending on diet and exposure to xenobiotics.  

In this field there is still the need for systematic identification of these  

compounds (50). 

For these reasons, there is an increasing interest in analyzing the human fecal 

metabolome to investigate interactions with resident microbes within the gut (16, 

50, 69). Indeed, human stool is one of the most complex sample types analyzed in 

the field of metabolomics (69). The complexity associated with human fecal 

samples originates from a variety of fluctuating influences and sources. The 

molecules in the gut originate from ingested, absorbed or inhaled materials such 

as food and smoke, personal care and hygiene products or anything that humans 

are exposed to in their environment and daily life. But also metabolites from the 

human host itself and especially from its microbiota. In animal models the diet and 

environment can be controlled and standardized therefore, which makes the 

diversity of the fecal metabolome less complex and more predictable (69). 

Despite the fact that fecal metabolomics studies become more popular, the 

methods for collecting, extracting and analyzing fecal samples are still far from 

being standardized (16, 50). One of the first metabolomics studies of human feces 

used headspace gas chromatography coupled to mass spectrometry (GC-MS) to 

compare volatile organic compounds in patients with infectious gastroenteritis 

versus healthy controls (70). However, most of the fecal metabolites are non-

volatile (50). In the first fecal metabolomics analysis of non-volatiles metabolic 

profiles between patients with inflammatory bowel disease (IBD) and healthy 



1. General Introduction and Methods 

8 

controls were compared using nuclear magnetic resonance (NMR)  

spectroscopy (71).  

The increased interest and understanding of the role of the gut microbiome in 

health and disease resulted in rising numbers of fecal metabolomics studies using 

advanced analytical technologies with the goal to understand the chemical 

environment of the gut microbiome (50). 

 

 

1.1.2 Nutritional metabolomics 

The application of metabolomics in nutrition research has become popular in 

recent years. Metabolomics is very well suited to study the impact of food on our 

health due to the close interplay between dietary components and human 

metabolic pathways. Nutritional metabolomics can be used to 1) identify new 

dietary biomarkers, 2) understand the role of the diet in intervention studies, 3) 

study diet-related diseases and 4) precision nutrition. (9) 

Assessment of food intake is normally done by the use of questionnaires, diaries, 

or interviews. However, the problem with this kind of assessments is the high 

tendency of errors and incompleteness due to their subjective nature. These 

problems could be significantly improved by the use of qualitative nutrition markers. 

Thus, one of the goals of nutritional metabolomics is the identification and 

validation of such markers to improve their use for quantitative assessment of 

recent or more long-term food intake (72). A number of putative nutrition markers 

were already successfully identified using metabolomics approaches (11, 12).  

In the future, metabolomics will continue to play a key role in the validation of such 

markers (9). 

Nutrition markers could be used to characterize individual and population dietary 

habits in order to draw conclusions on the impact of diet and lifestyle on healthy 

living and prevention of disease. By defining certain nutrition patterns in specimen 

from individuals or populations a correlation to metadata of e.g. body mass index 

or medical information could be performed and a linkage of diet and lifestyle 

behavior to disease prevention and promotion can be facilitated. Nutrition-derived 

biomarkers can then to be monitored and related to their expected biological 

effects (73). 

Diet plays a significant role in health and disease (74), and can be considered as 

part of the so called exposome, the totality of exposure individuals experience 
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throughout their lives (75). An imbalanced diet is associated with different diseases 

like obesity, diabetes or inflammatory diseases (76). However, to elucidate the 

reasons and underlying mechanisms of these associations it is necessary to know 

the molecular composition of food itself, which includes heterogeneous plant- and 

animal-based nutrients (74, 77). In line with this, metabolomics approaches are 

currently widely used to investigate different food metabolomes. By this, 

associations of food components with physiological responses can be made. 

Metabolomics allows the detection of thousands of chemical entities present in 

foods and beverages. By this, much more compounds than the classical nutrients, 

like carbohydrates, lipids and proteins, can be investigated (77). 

Nowadays, the interest of the western society is less focusing on sufficient nutrition 

to avoid diseases and more focusing towards optimizing overall health by the 

consumption of healthy and so-called functional food (74, 77). Certain dietary 

patterns can potentially reduce the risk of various diseases, such as cancer, 

cardiovascular disease, or Alzheimer’s disease. Consumption of high levels of 

antioxidants, for example by eating fruits and vegetables, reduces the risk of 

cancer (76). However, it has to be noticed that an exceeding intake of 

supplementations enriched with natural antioxidants, vitamins and phytochemicals 

could also have harmful effects This can be true even for essential nutrients (76). 

The interaction of dietary components with the host metabolism is complex (77). 

The metabolites deriving from food can interact with genes, proteins, enzymes and 

microenvironment of an organism. An important function of nutrients is anabolism. 

They serve as building blocks for macromolecules like DNA, polysaccharides, 

proteins and cell membranes. For example, the fat composition of the diet 

influences the physical and chemical properties of lipid membranes in animals. 

Furthermore, dietary metabolites serve as an energy source, participate in cell 

signaling mechanisms and modulate enzyme activities (77). Essential nutrients 

required for homeostasis of an organism can be called core nutritional metabolome 

(74, 77).  

Another part of the plant-based food metabolome consists of phytochemicals. 

Some of these plant metabolites are bioactive. Several of those bioactive 

compounds play a beneficial role in the prevention of diseases, for example by 

having anti-oxidative or detoxifying properties (74, 77, 78). By analyzing the food 

metabolome, also compounds of non-natural origin can be detected, such as 

herbicides, insecticides and fungicides. These contaminants enter the human body 

through diet and by this and become part of the host metabolome. 
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The individual dietary behavior contributes to an individual metabolome.  

The knowledge provided from nutritional metabolomics has the potential to develop 

personalized dietary treatments (78). The individual nutritional phenotype may 

predict a certain response of a subject to interventions and the extent to which the 

health status might be affected. The identification of individual variations in 

response to dietary interventions contributes to the development of personalized 

nutrition. The aim of personalized nutrition is to meet nutritional needs of individual 

patients for the purpose of decreasing the risk of a disease and achieving overall 

wellness (77). Recently, it was demonstrated that personalizing dietary advice 

improved the dietary habits of individuals compared with receiving general healthy 

eating guidelines (79). An example of where metabolomics has discovered 

individual responses to dietary interventions is a three-month vitamin D and 

calcium intervention study, where individual metabolic profiles could predict the 

response to the intervention. Response to the intervention was for example defined 

by changes in the parathyroid hormone (80). The use of such individual profiles to 

personalize nutritional strategies would enhance success of food 

recommendations (9). 

In nutritional metabolomics, it is also important to evaluate the role of gut bacteria 

in the processing of nutrition-derived molecules. The role of the gut microbiota is 

emerging as an important potential player in the onset of diet-related diseases (9). 

With metabolomics alterations in metabolites that originate from microbial  

co-metabolism can be identified and associated to alterations in the gut microbial 

community (16, 43, 81). 

However, the differentiation between nutritional, microbial and host-derived 

metabolites is often not possible and remains to be a challenge in metabolomics 

studies. Following ingestion, the food components are either metabolized in the 

gastrointestinal tract by enterocytes and commensal bacteria or excreted in an 

intact form (77). Indeed, the main modulator of the gut microbiota composition is 

diet. Specific nutrients promote the growth of certain microorganisms, while others 

are not able to grow under these conditions. Conversely, the resulting microbial 

phenotypes influence the composition of the host metabolome. Depending on the 

type of bacteria the microbial metabolites may exhibit beneficial or harmful 

properties to the host. 

After absorption in the gut, dietary metabolites are transported to the liver followed 

further metabolized and transported through the blood stream to different tissues 

of the body. In order to fully understand the effects of diet on the host and its 
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microbiome a holistic view is required by screening metabolites in various 

specimens, like feces, plasma, urine or organ tissue. Metabolomics provides 

snapshots of the nutritional status, which, together with the genotype and 

microenvironment, define metabolic phenotypes that can remain constant for long 

periods (76). 

Furthermore, nutritional metabolomics generates big datasets which opens the 

door to a new age of research. The integration of metabolomics with genomics, 

transcriptomics, and proteomics data and the use of bioinformatics (multiomics 

approach), for example recently performed to study the impact of dietary resistant 

starch on the human gut microbiome, metaproteome, and metabolome (68), could 

enable a precise determination of the nutritional status of individuals and 

populations or prediction of responses to dietary interventions (78). 

 

 

1.1.3 Metabolomics to study the impact of diet on developing infants 

Environmental exposures in early life, for example nutrition, mode of delivery and 

the use of antibiotics can impact health in later life. Perturbations during the 

development phase have been associated, e.g. with an increased possibility of 

developing allergies, asthma and even metabolic syndrome in later life (82, 83). To 

understand these effects a variety of pediatric studies were conducted, including 

also metabolomics approaches. Metabolic profiling can be used to characterize the 

physiological processes during infant development on a molecular level. 

Infant nutrition is closely linked to the gut microbiota which plays a vital role in infant 

development (13, 84). Abnormal patterns of gut microbiota have been linked to 

sepsis (85) and necrotizing enterocolitis (86), which are two causes of morbidity 

and mortality in preterm infants. Furthermore, also the development of colic (87), 

allergic disease (88), and obesity (89) has been associated with the gut microbiota 

of infants. 

The microbiota from exclusively breast-fed infants is dominated by bifidobacteria, 

whereas the gut of formula-fed infants also settled by other bacterial species, 

including E. coli, Clostridia, Bacteroides, and Lactobacilli (13, 90, 91). The number 

of studies regarding the effect of diet on infant fecal microbiota and health is 

relatively high compared to the number of publications studying the influence of 

diet on the infant fecal metabolome (84). 
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However, the intestinal microbiota and thus the metabolite profile of fecal samples 

of infants fed with breast milk differ significantly from the formula fed ones (84).  

The human milk oligosaccharides (HMOs) in breast milk enable the settlement and 

the survival of bifidobacteria species in the gut (92). In turn, bifidobacteria influence 

the composition of the fecal metabolome. In contrast, the more diverse bacterial 

species in formula-fed infants contribute to a fecal metabolome, which is different 

compared to breastfed infants (13, 84). 

Breast milk is the gold standard for infant nutrition. It contains the appropriate 

composition of macro- and micronutrients and bioactive compounds, promoting the 

development of the immune system (93, 94). Infant formula is an alternative 

nutrition for infants used as sole food or for supplementation. Most infant formula 

are cow milk based and are supplemented with various micronutrients, like 

vitamins and polyunsaturated fatty acids. In recent years, also research in the field 

of probiotics vastly increased.  

Chow et al. investigated the fecal metabolite profiles of healthy, breast- and 

formula-fed infants before and during in vitro batch culture fermentation (84). An 

increase of human milk oligosaccharides (HMOs) and other metabolites  

(e.g. hydroxyphenyllactate, lactate and taurocholic acid sulfate) was detected in 

the batch culture of breastfed infants. On the contrary, the metabolite profiles of 

cultures from formula-fed infants had significantly higher amounts of tocopherols, 

saturated and unsaturated fatty acids and bile acids (84). 

Recently, a trial was conducted to study the impact of early-life intervention with 

bifidobacteria on the healthy infant fecal microbiota and metabolome (13). Also in 

this study, significant differences in microbiota and metabolites were detected 

between breast- and formula-fed infants and between infants birthed vaginally or 

by cesarean delivery. Targeted measurements of the SCFAs profiles were 

performed and described higher concentrations of propionate, butyrate, valerate 

and isovalerate in feces of formula-fed infants. Whereas pyruvic and lactic acid 

were detected at significantly higher concentrations in breastfed infants. The effect 

of probiotics on the metabolite composition was negligible (13). Samples from the 

same study were also used in this thesis with the aim to investigate the differences 

between the nutrition-related polar metabolomes using a non-targeted HILIC 

UHPLC-MS approach (Chapter 4). 

Furthermore, the introduction of solid food changes the gut microbiota composition 

towards an adult-like microbiota, and thus plays a significant role in the 

development of infants. For example, the increasing amount complex 
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carbohydrates play an important role in the microbial production of SCFAs (92), 

which was also shown by Bazanella et al. with increasing concentrations of 

propionic, butyric, isovaleric, and valeric acid in feces during the first year of life, 

independent of breast or formula feeding (13). 

 

 

1.1.4 Maillard reaction products in infant formula 

The Maillard reaction describes a reaction between reducing sugars (or more 

generally carbonyl compounds) and amino compounds, such as amino acids, 

peptides or proteins. First, spontaneous condensation between the carbonyl and 

amino group forms an N-glycosylamine, which rearranges into a so called Amadori 

product (1-amino-1-deoxy-2-ketose structure) via enolization. Amadori products 

undergo further reactions, especially under heat conditions. Their breakdown 

initiates a multitude of chemical reactions, which continuously produce new 

intermediates and reaction products. The sum of these products are called 

(advanced) Maillard reaction products. (95) 

Also in infant formula a variety of Maillard reaction products can be found. To 

ensure microbiological safety, infant formulas undergo extensive heat treatment, 

which strongly enhances the Maillard reaction. The high amounts of lactose 

promote the glycation of milk proteins (lactosylation) yielding the Amadori products. 

Furthermore, advanced glycation end products (e.g. carboxymethyllysine), sugar 

degradation products, and protein or lipid oxidation products are formed. In fact, 5 

– 20% of the protein-bound lysine in infant formula is lactosylated (96). However, 

the nutritional consequences for formula-fed infants are not completely 

understood. 

The loss of essential amino acid lysine is generally compensated by high protein 

concentrations in infant formula (97). However, a high protein concentration in 

infant formulas has been related to negative health effects such as a risk for 

obesity, therefore must be handled with care (98). 

The metabolism of dietary glycation compounds is little investigated, however, low 

bioavailability or rapid elimination is suggested (96). Moreover, gut microbial 

degradation of the Amadori product fructosyllysine by specific bacterial strains is 

possible (99-101). Whether formula-derived Maillard reaction products influence 

the composition of the infant’s gut microbiota is unknown. Further studies dealing 

with the nutritional consequences of Maillard reaction products are necessary, 
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since infant formula represent the sole food intake for many infants during the first 

months of life (96). 
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1.2 Analytical methods in metabolomics 

Mostly two techniques are used for metabolomics: nuclear magnetic resonance 

(NMR) spectroscopy and mass spectrometry (MS). However, nowadays MS 

techniques are dominating (9, 102). Data can be acquired in a non-targeted 

approach, where as many metabolites as possible are measured, or in a targeted 

approach, where a list of predefined metabolites are measured (9). Each 

technology has a number of advantages and disadvantages. 

The advantages of NMR-based metabolomics is a robust and reproducible 

analysis and minimal sample preparation, thus allowing relatively high-throughput 

analysis [6]. This reproducibility is very beneficial for epidemiology studies with 

large sample sizes. Furthermore, NMR is a non-destructive technique and thus the 

sample can be used for further experiments after its measurement. Furthermore, 

NMR spectroscopy provides structural and quantitative information. Structure 

elucidation is especially needed for the identification of unknown metabolites, a 

major bottleneck in metabolomics. The major disadvantage of NMR-based 

metabolomics is the lack of sensitivity. Therefore, only the most abundant 

metabolites in a biological sample can be detected and analyzed. (9) 

MS-based techniques are very sensitive and enable the detection of a broad 

spectrum of metabolites (103). It is possible to inject the sample directly into the 

MS system. This is often done in Fourier transform-ion cyclotron resonance mass 

spectrometry (FT-ICR-MS) experiments, to achieve ultra-high resolving power up 

to 1,000,000 and a high mass accuracy (< 0.2 ppm). By this, concrete molecular 

formulas can be assigned to the detected mass signals, supported by isotopic fine 

structure elucidation, enabling the investigation of the molecular and elemental 

composition of a sample (104). 

However, commonly MS is coupled to chromatography. Chromatographic 

separation of analytes prior MS detection has important advantages. Isomeric and 

isobaric compounds are separated from each other and an additional orthogonal 

property, i.e. retention time, is gained, which enables identification of metabolites. 

Furthermore, matrix effects and ionization suppressions are reduced due to prior 

separation of the complex mixtures of molecules in a biological sample. The most 

common approaches are gas-chromatography (GC) and liquid chromatography 

(LC). GC-MS is commonly used for the detection of fatty acids and a range of polar 

metabolites such as amino acids and glycolysis intermediates (9).  
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The disadvantage of GC-MS is the elaborating sample preparation (derivatization) 

to make the metabolites volatile prior analysis. For LC-MS, the sample preparation 

is less extensive and it enables the analysis of a broad range of metabolites, from 

high to low polarity, depending on the applied column chemistry. Drawbacks of 

chromatography coupled MS techniques are, that they usually need longer 

measurement times and the two-dimensionality makes data analysis more 

complex. 

In general, MS-based approaches are less reproducible compared to NMR-based 

metabolomics, making the analysis of large sample sets challenging. The chemical 

diversity and range of metabolites in biological samples makes it impossible to 

measure the whole metabolome using only one technique. The current trend is to 

use multiple technology platforms in order to achieve maximum coverage of  

metabolites. (9) 

 

 

1.2.1 Non-targeted vs. targeted metabolomics 

The variety of chemical and physical properties of metabolites and the dynamic 

range of concentrations across large orders of magnitude makes it necessary to 

apply an array of different analytical techniques in metabolomics research (5).  

MS-based metabolomics can be performed in a profiling mode with no prior 

selection of metabolites, so called non-targeted metabolomics, or in a targeted 

mode, where specific metabolites or metabolite classes selected prior 

measurement (5, 9, 69). A schematic overview of the main characteristics of non-

targeted and targeted metabolomics is illustrated in Figure 1-3. 

The starting point for many metabolomics studies is the non-targeted approach (9). 

Non-targeted metabolomics is hypothesis generating and used for investigation of 

metabolites without prior limitations. This unbiased view on the metabolome 

enables the discovery of novel molecules and pathways or alterations of 

metabolites in relation to biological interventions or diseases, which were not 

expected beforehand (1, 5, 69). 

Challenges of this approach are the extensive data processing steps and 

difficulties in identifying unknown metabolites. Different chemometric approaches, 

such as feature selection and appropriate multivariate statistics, are needed to 

handle the large datasets generated to get biological meaningful data. These 

features then require annotation using chemical or biological databases and further 
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analytical experiments for subsequent identification (5). In fact, on average only 

2% of the features from non-targeted LC-MS experiments have been annotated 

due to limitations in existing public reference data sets (69). 

Targeted metabolomics is hypothesis driven and is usually applied, if particular 

metabolites are expected to be altered in the context of a specific research 

question. Targeted metabolomics often includes the accurate quantification of the 

metabolites of interest. For absolute quantification external and labelled internal 

reference standards are needed (9). By this, the identity of the metabolites can be 

ensured and analytical variations are drastically reduced. The sample preparation 

can be specifically optimized for the metabolites of interest. Compared to full scan 

MS mode, targeted MS methods tend be more sensitive, because of the types of 

mass spectrometers used (e.g. triple quadrupoles and ion traps) (69). Moreover, 

targeted metabolomics has the advantage of comprehensive understanding of a 

vast array of metabolic processes, enzyme kinetics and established biochemical 

pathways. Furthermore, novel associations between metabolites may be 

illuminated in the context of specific physiological states. (5) 

 

 

Figure 1-3. Schematic overview and principles of non-targeted and targeted metabolomics. 
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1.2.2 Liquid chromatography 

Nowadays, liquid chromatography coupled to mass spectrometry (LC-MS) is the 

most frequently used analytical technique in metabolomics. The chromatographic 

instruments used for this are mostly HPLC or UHPLC ((ultra)high-performance 

liquid chromatography). Both of them perform well in terms of sensitivity, selectivity 

and their ability to separate non-volatile and thermal instable compounds. 

However, UHPLC has the advantage of higher resolution and shorter analysis 

times (105, 106). LC is a separation method based on the interaction of the analyte 

with a stationary and a mobile phase. The analytes are carried through the 

chromatographic column using a liquid mobile phase. During the chromatographic 

run, many equilibria are generated by the distribution of the analytes between the 

stationary and the mobile phase. Examples for interactions are hydrogen-bridging, 

dipole-dipole or ion-dipole interactions, van-der-Waals-forces and hydrophobic 

interactions (107). Due to these different interactions, the analytes of the sample 

elute separated in time. 

Most frequently, non-polar stationary phases and polar mobile phases for elution 

of the analytes are used, which is called reversed-phase (RP) LC. The RP 

stationary phases are usually based on silica gel and functionalized with unpolar 

organic residues such as C8 and C18 alkyl chains. The commonly used mobile 

phases are mixtures of water, methanol or acetonitrile, and additives like formic/ 

acetic acid and ammonium formate/ acetate. In a RP-LC experiment the polar 

analytes are not well retained on the column whereas non-polar analytes interact 

stronger with the stationary phase, resulting in higher retention time values. 

However, in the field of metabolomics also the analysis of polar compounds is 

crucial, since the metabolome consists of many different molecules with a wide 

range of polarities. In hydrophilic interaction liquid chromatography (HILIC) a 

combination of hydrophilic stationary phases and organic mobile phases are  

used (108). A HILIC gradient mode starts with a high amount of the organic solvent 

and then increasing the percentage of aqueous solvent over time. HILIC provides 

a wide range of different retention mechanisms and column selectivities. The 

stationary phases can be classified in charged (e.g. unbonded silica), neutral  

(e.g. amide) and zwitterionic phases based on the characteristic of the functional 

group (109). In this thesis, candidates from all three types of HILIC columns were 

used for the comparative analysis of fecal metabolites and a set of 150 metabolites 

(Chapter 3). The chemical characteristics of the investigated stationary phases are 

shown in Figure 1-4. 
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Figure 1-4. Schematic structures of HILIC stationary phases. (A) Unbonded silica, (B) BEH 
(Ethylene Bridged Hybrid) amide (Waters, ACQUITY UPLC™, Eschborn, Germany), (C) 
zwitterionic phase (iHILIC®-Fusion, HILICON AB, Umea, Sweden). 

 

 

Due to the polar stationary phase and a high organic mobile phase, a water-

enriched layer is built up on the surface of the stationary phase. The thickness of 

the water layer depends on the mobile phase composition and the functional 

groups of the stationary phase. One of the retention mechanisms in HILIC is based 

on the partitioning of the analytes the mobile phase and the water layer on the 

surface of the stationary phase. The more hydrophilic an analyte is, the more it is 

distributed to the water layer, the longer the retention time. Elution of these polar 

analytes is achieved with an increasing water proportion in the mobile phase (109). 

Additionally, hydrogen bonding or dipole-dipole interactions can occur. Another 

retention mechanism in HILIC are electrostatic interactions, especially when 

charged or zwitterionic stationary phases are used. Depending on the pH value of 

the mobile phase, the stationary phase and the analytes can be charged. Attraction 

between of the stationary phase and the analyte occurs if they are contrary charged 

and repulsion occurs by having the same charge. 

Additives are added to control the pH value and the ionic strength of the mobile 

phase. Buffer salts can decrease or increase electrostatic interactions and 

therefore influence the retention and peak shapes of the analytes (107, 108, 110). 
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1.2.3 Mass spectrometry 

A mass spectrometer (MS) measures mass-to-charge ratios (m/z) of ions (111).  

A mass spectrometer consists of three basic components: an ion source, a mass 

analyzer and a detector for ions. Electrospray ionization (ESI) is the most 

commonly used ion source, serving as an interface between LC and MS. ESI is a 

soft ionization technique, as the ionic analytes, dissolved in a solvent, get 

evaporated at atmospheric pressure. This technique is suitable for molecules with 

medium to high molecular weights, non-volatile and easily ionizable compounds, 

including a wide range of polar, unpolar and ionic compounds (112). MS enables 

sensitive analysis of complex biological samples, and therefore, it is the most 

common technique in metabolomics. There is a broad spectrum of different mass 

analyzers ranging from low to high resolution, including ion trap, quadrupole, Time-

of-flight (TOF), orbitrap and Fourier transform ion cyclotron resonance (FT-ICR) 

mass analyzer systems (113). In this thesis, ion trap-, TOF- and FT-ICR-MS 

systems were used for metabolomics studies. 

 

1.2.3.1 Ion trap mass spectrometry 

In an ion trap mass analyzer ions are trapped and stored in an oscillating electric 

field. The mass spectrum is acquired by ejecting the ions according to their m/z 

values. Furthermore, stored ions can be selected for fragmentation experiments.  

The principle of an ion trap is similar to a quadrupole but with different geometry.  

The ion trap is made up of one ring electrode and two ellipsoid caps at the top and 

the bottom. Ions generated by an ESI source enter the trap through one of the end-

cap electrodes. For trapping the ions in the space between the electrodes, an 

electric field is generated by applying an oscillating alternating voltage together 

with a static direct voltage (114, 115). A scheme of an ion trap mass spectrometer, 

which was used in this thesis (Chapter 2) is shown in Figure 1-5. 

The advantage in comparison to a quadrupole is the possibility to store ions of 

different m/z values inside the trap at the same time. To avoid ion losses by 

repulsion, because of the same charge of the ions, helium gas is added to remove 

excess energy from the ions through collisions. Helium gas can also be used for 

fragmentation experiments. One method for the ejection of ions to acquire the 

mass spectrum, is the mass selective instability scan. With increasing radio 

frequency voltage, the trajectory of ions with low m/z values get unstable and are 
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ejected through the end-cap to reach the detector. With further increase of the 

radio frequency voltage, the trajectory of ions with higher m/z values get unstable 

and they are ejected. The maximum number of ions that can be stored in an ion 

trap is limited due to space-charge effects. Space-charge effects occur due to 

repulsion of ions with the same charge. 

Ion traps have the possibility to perform multistage fragmentation experiments 

(MSn). For fragmentation of a certain ion, only the selected m/z ratios are stored 

inside the trap. After the fragmentation process, MS/MS spectra are detected using 

an instability scan. To perform further fragmentation experiments (MS3), a MS/MS-

fragment ion is selected, the other ions are ejected and the fragment ion is 

fragmented again. (114, 115) 

 

 

Figure 1-5. Scheme of an iontrap MS (adapted from amaZon ETD user manual, Bruker 
Daltonics GmbH). 

 

 

1.2.3.2 Time-of-flight mass spectrometry 

Time-of-flight (TOF) mass spectrometers belong to the class of high resolution 

mass spectrometers. TOF instruments deliver a resolving power of up to 60,000 

and a mass accuracy < 5 ppm and are therefore often used in non-targeted 

metabolomics (25). 

A TOF-MS system consists of an ion source (e.g. ESI), ion focusing funnels,  

a quadrupole as mass filter, followed by a quadrupole as collision cell and the TOF 

mass analyzer. A scheme of an orthogonal hybrid quadrupole TOF-MS (QTOF-

MS), which was used in this thesis, is illustrated in Figure 1-6. The principle of the 

TOF mass analyzer is the separation of ions with different m/z values due to 
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different flight times. The smaller the m/z value of an ion, the shorter its flight time 

through the TOF tube and the earlier its detection. Inside the TOF tube, the 

accelerator is responsible for pushing the incoming ions orthogonally to the 

reflector. Here, also the determination of the m/z values takes place by measuring 

the drift time of the ions after the acceleration until their contact onto the detector 

unit. The reflector is responsible for compensation of different kinetic energies from 

ions with the same mass, which leads to a correction of the time of flight and 

increases the resolving power (115). The detector converts the ion signals into 

electrical signals, resulting in a mass spectrum. 

In a QTOF system, the first quadrupole (Q1) serves as a mass filter and allows the 

selection of single m/z values or m/z ranges. The second quadrupole is called 

collision cell (Q2) and can be used in different modes. If a full scan mode MS 

experiment is performed, the collision cell serves as a further transfer unit, leading 

the ions into the TOF analyzer. Apart from that, the collision cell can be used for 

fragmentation (MS/MS) experiments by using collision-induced dissociation (CID) 

with nitrogen gas. 

 

Figure 1-6. Scheme of an orthogonal hybrid QTOF-MS (adapted from maXis™ user 
manual version 1.1, Bruker Daltonics GmbH). 
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1.3 Thesis structure and objectives 

The aim of this thesis was to develop and optimize analytical methods for 

metabolomics, using diverse types of liquid chromatographic approaches coupled 

to different mass spectrometers, to investigate microbial and nutritional 

metabolites.  

The outline of this thesis is summarized in Figure 1-7. 

In chapter 2, a targeted metabolomics approach for quantification of 45 bile acids 

(primary and secondary) in cecum samples is described. UHPLC settings were 

optimized and the method was validated in terms of accuracy, precision, carry-over 

and matrix effects. Furthermore, the method was applied to investigate the impact 

of metformin on the cecal bile acid profiles of wild type and diabetic mice. 

Next, a detailed examination of the performance of different types of HILIC 

columns in dependency of pH values and salt gradient concentrations was 

performed (Chapter 3). Here, the goal was to develop a convincing method for non-

targeted metabolomics of stool samples. To achieve this, a set of 150 metabolite 

standards and a pooled feces sample was analyzed in terms of detected features, 

the ability to separate isomers, precision of the analysis, and retention time 

distribution of metabolites across all chromatographic runs. 

Finally, the most suitable non-targeted HILIC method and FT-ICR-MS was applied 

to screen for differences in the fecal metabolomes of breast- and formula-fed 

infants (Chapter 4). Four significant markers for the formula-fed fecal metabolome 

were found and identified as specific Amadori products, originating from infant 

formula protein glycations by using subsequent targeted metabolomics 

approaches. The described compounds could serve as nutrition markers for 

formula feeding in feces of infants. 

The appendix contains the original publications of Chapter 2 and 3, and the 

corresponding supplementary information of Chapter 2 – 4. 

Overall, it was demonstrated, that extrinsic factors like drug-intake and diet 

influence microbial and nutrition-derived metabolite profiles in gut-related samples 

of mice and humans (cecum and feces). These results were gained by applying 

different kinds of analytical approaches with main focus on LC-MS techniques. 

 



1. General Introduction and Methods 

24 

 

Figure 1-7. Outline of the chapters included in the thesis. 
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2. Metformin impacts cecal bile acid profiles in mice 

Abstract 

Bile acids (BAs) are major components of bile synthesized from cholesterol and 

take part in the digestion of dietary lipids, as well as having signaling functions.  

They undergo extensive microbial metabolism inside the gastrointestinal tract. 

Here, we present a method of ultra-high pressure liquid chromatography coupled 

to ion trap mass spectrometry for quantification of 45 BAs in mouse cecum. The 

system was validated in regard to sensitivity with limits of detection and 

quantification (0.6 –  

24.9 nM), interday accuracy (102.4%), interday precision (15.2%), recovery rate 

(74.7%), matrix effect (98.2%) and carry-over effect (< 1.1%). Afterwards, we 

applied our method to investigate the effect of metformin on BA profiles. Diabetic 

mice were treated with metformin for 1 day or 14 days. One day of treatment 

resulted in a significant increase of total BA concentration (2.7-fold increase; db/db 

metformin  

5.32 µmol/g, db/db control mice 1.95 µmol/g), most notable in levels of  

7-oxodeoxycholic, 3-dehydrocholic and cholic acid. We observed only minor 

impact on BA metabolism after 14 days of metformin treatment, compared to the 

single treatment. Furthermore, healthy wild type mice had elevated concentrations 

of allocholic and ω-muricholic acid compared to diabetic mice. Our method proved 

the applicability of profiling BAs in cecum to investigate intestinal BA metabolism 

in diabetes and pharmacological applications.

 

 

 

This chapter was published as Nina Sillner, Alesia Walker, Wendelin Koch, Michael 

Witting, Philippe Schmitt-Kopplin. Metformin impacts cecal bile acid profiles in 

mice. Journal of Chromatography B, 1083, 35–43, Copyright Elsevier (2018). 

Candidate’s contributions: Nina Sillner designed the targeted metabolomics 
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the quantification method, analyzed the data, prepared the figures, wrote and 

revised the manuscript. 
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3. Development and Application of a HILIC UHPLC-

MS Method for Polar Fecal Metabolome Profiling 

Abstract 

The fecal metabolome is a complex mixture of endogenous, microbial metabolites, 

and food derived compounds. Hydrophilic interaction liquid chromatography 

(HILIC) enables the analysis of polar compounds, which is a valuable alternative 

to reversed-phase liquid chromatography in the field of metabolomics due to its 

ability to retain a greater portion of the polar metabolome. The objective of the 

study was to find the optimal chromatographic solution to perform non-targeted 

metabolomics of feces by means of HILIC ultra-high-pressure liquid 

chromatography mass spectrometry (UHPLC-Q-TOF-MS). The performance was 

systematically investigated analyzing a pooled fecal sample, and mixtures of 150 

metabolites from different families, including for example amino acids, amines, 

indole derivatives, fatty acids and carbohydrates. Three different stationary phases 

(zwitterionic, amide and unbonded silica) were operated at three pH values (4.6, 

6.8 and 9.0), and three salt gradient conditions  

(5 – 5, 5 – 10 and 5 – 25 mM ammonium acetate). Amide and zwitterionic stationary 

phases performed similarly at low pH, with highest number of detected standards, 

which increased by increasing the salt gradient. The amide column showed slightly 

better performance in terms of separation of isomers and peak widths and 

remarkably good performance at basic pH, with highest number of metabolite 

features in the non-targeted analysis. The zwitterionic column operated best in 

terms of number of detected standards, retention time distribution of standards and 

metabolite feature across whole chromatographic run. Thus, the zwitterionic 

column was proven to suit for non-targeted analysis of fecal samples, resulting in 

good coverage of especially amino acids and carbohydrates. 

 

 

This chapter was published as Nina Sillner, Alesia Walker, Eva-Maria Harrieder, 

Philippe Schmitt-Kopplin, Michael Witting. Development and Application of a HILIC 

UHPLC-MS Method for Polar Fecal Metabolome Profiling. Journal of  
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Candidate’s contributions: Nina Sillner designed the metabolomics research, 
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4. Milk-derived Amadori products in feces of 

formula-fed infants 

Abstract 

Food processing of infant formula alters chemical structures, including the 

formation of Maillard reaction products between proteins and sugars. We detected 

early Maillard reaction products, so called Amadori products, in stool samples of 

formula-fed infants. In total, four Amadori products (N-deoxylactulosyllysine,  

N-deoxyfructosyllysine, N-deoxylactulosylleucylisoleucine, N-deoxyfructosyl-

leucylisoleucine) were identified by a combination of complementary non-targeted 

and targeted metabolomics approaches. Chemical structures were confirmed by 

preparation and isolation of reference compounds, LC-MS/MS and NMR. The 

leucylisoleucine Amadori compounds, which most likely originate from  

β-lactoglobulin, were excreted throughout the first year of life in feces of formula-

fed infants, but were absent in feces of breastfed infants. Despite high inter- and 

intra-individual differences of Amadori products in the infants’ stool, solid food 

introduction resulted in a continuous decrease, proving infant formula as the major 

source of the excreted Amadori products. 

 

 

 

 

This Chapter was published as Nina Sillner, Alesia Walker, Daniel Hemmler, 
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derived Amadori products in feces of formula-fed infants. Journal of Agricultural 

and Food Chemistry, 67, 28, 8061-8069, Copyright American Chemical Society 

(2019). 
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5. Discussion and Outlook 

This thesis reports on the targeted and non-targeted mass spectrometry-based 

profiling of metabolites in cecum and feces samples and the possibilities to cover 

a broad range of metabolites, from polar to semi-polar molecules by using different 

chromatographic settings. This enabled a holistic as well as detailed insight into 

the metabolic composition of samples from the gastrointestinal tract (Chapter 2 

and 3). 

The quantification method for bile acids enabled a targeted view on this specific 

metabolite class, allowing to explore the interplay of host, microbes and exogenous 

factors like drug-intake inside the gut system (Chapter 2). 

The developed and optimized HILIC UHPLC-QTOF-MS for non-targeted 

metabolomics of stool samples (Chapter 3) was successfully applied in a nutrition 

cohort study, investigating the metabolomes of breast- and formula-fed infants.  

Non-targeted metabolomics analysis provided an unbiased characterization of 

metabolic variation introduced by diet to the metabolic phenotype and most 

significant candidates were selected for an in-depth metabolite identification. 

Targeted MS/MS experiments, isolation of compounds from feces, preparation of 

reference compounds, structure elucidation with NMR and quantification of specific 

Amadori products in feces of formula-fed infants was successfully performed 

(Chapter 4). 

The combination of these different analytical methods enabled the identification of 

specific Amadori products (N-deoxylactulosyl-/ N-deoxyfructosyllysine and  

N-deoxylactulosyl-/ N-deoxyfructosylleucylisoleucine). Their fecal excretion was 

quantified at six time points during the first year of life. High concentrations were 

observed during exclusive formula feeding and decreasing amounts with 

introduction of solid food were detected. Furthermore, the Amadori products were 

absent in breastfed infants. Therefore, we think that the described compounds can 

serve as nutrition markers for formula feeding in infants by analyzing stool samples. 

This holds especially true for N-deoxylactulosyl- and  

N-deoxyfructosylleucylisoleucine, which were directly associated to the whey 

protein β-lactoglobulin and were not described as metabolites so far. The long-

term effects of the consumption of Amadori and, in general, Maillard reaction 

products in infant food are currently not known (116). Most of the few related 

studies investigated the consumption of Maillard products in human adults or 
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animal models (117-120). Our findings demonstrate the necessity for further 

research dealing for example with absorption and metabolism of Maillard reaction 

products, including Amadori products. 

Most of the nutrition related infant studies focused on the fecal microbiota 

composition. Only few studies investigated the impact of diet on the infant 

metabolome. Indeed, both microbiota and metabolites differ significantly between 

breast- and formula-fed infants (13, 84). Recently, reversed phase UHPLC-QTOF-

MS non-targeted profiling described major differences between the metabolite 

profiles of breast- and formula-fed infants on a global level (13). Based on this 

study, we were able to identify the previous unknown metabolite  

N-deoxyfructosylleucylisoleucine as the most significant marker for formula-

feeding (Chapter 4). Targeted profiling of short chain fatty acids emphasized also 

the impact of the diet on the gut microbiota and its contribution to the fecal 

metabolome (13). Besides the described Amadori products in Chapter 4, HILIC 

UHPLC-QTOF-MS non-targeted profiling revealed that a variety of stool 

metabolites were altered between breast- and formula-fed infants (Figure 5-1).  

 

 

 

 
Figure 5-1. Heat map of highly discriminative metabolites mass signals between infants 
exclusively breastfed (B, blue), exclusively formula-fed without probiotics (F-, orange) and 
with probiotics (F+, green) over time (month 1 – 24) analyzed by HILIC UHPLC-QTOF-MS 
(negative ionization mode). Peak areas were unit variance scaled for visualization. 
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For example in formula-fed infants (F- and F+) the additional putative Amadori 

products FruMetAla and FruAcLys (N-deoxyfructosylmethionylalanine and  

N-deoxyfructosylacetyllysine) can be found during the first months of life. 

Furthermore, increased levels of lysine and orotic acid were detected. Orotic acid 

is a known milk marker and was found in infant formula but not in breast milk (121).  

In the breastfed group two bacterial break-down products from the aromatic amino 

acids phenylalanine and tryptophan, namely, 4-hydroxyphenyllactic and 

indolelactic acid were found to be increased from month 1 – 9, demonstrating the 

impact of altered gut microbiota compositions. Chow et al. (84) recently reported 

about predominant protein fermentation in fecal samples from formula-fed infants. 

Furthermore, the chemical composition of stool from breastfed infants was rich in 

different human milk oligosaccharides (HMOs) and parts of their degradation 

products fucose and N-acetylneuraminic acid, especially in the first 3 months. The 

presence of HMOs in feces was also described by Chow et al. to be characteristic 

for breastfed infants (84). Also the bile acid metabolism was different between the 

feeding groups. The stool of breastfed infants seemed to be dominated by sulfated 

primary bile acids. However, the formula-fed infants showed higher peak areas for 

the secondary bile acids ketochenodeoxycholic and ketodeoxycholic acid, 

indicating distinct microbial activities. A differentiated picture of the whole diet-

dependent bile acid composition in infants will be obtained by applying a targeted 

method as described in Chapter 2 in future research. 

In general, the application of metabolomics in nutrition research has become 

popular because it helps to understand mechanisms underlying dietary 

interventions. There is a huge potential to find specific dietary biomarkers and to 

develop long-term disease prevention strategies for example against 

cardiovascular diseases and obesity. Furthermore, in the future metabolomics will 

emerge as an promising technology in the field of precision nutrition and  

medicine (9). 

In summary, it was demonstrated that cecal and fecal samples were highly suitable 

to evaluate the impact of extrinsic factors such as drug intake and diet on the 

metabolome. High resolution MS methods in combination with liquid 

chromatography proved to be excellent tools to investigate the metabolite space of 

feces samples and to discover new nutrition markers. 

The identification of unknown metabolites is difficult, repetitive, time consuming 

and demands several orthogonal analytical methods, including MS/MS, NMR, 
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fractionation and synthesis. Therefore, unknown identification is still a major 

bottleneck in metabolomics (122, 123). Precise method development and 

optimization for targeted as well as non-targeted metabolomics is absolutely 

necessary to get a deep and valid insight into the chemical composition of 

biological samples but also to determine the quantity of metabolites for biomarker 

research. In the future new analytical developments will enable a combined 

targeted and non-targeted profiling of metabolites, for example in a single 

measurement (124), by using tandem LC-MS (125) or paired single sample - dual 

mass spectrometry analyses approach (69), as well as extensive collection of 

MS/MS spectra for libraries and in silico fragmentation tools which will make 

metabolomics studies more time and cost efficient. 
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A. Appendix Chapter 2  
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* This chapter was published as Nina Sillner, Alesia Walker, Wendelin Koch, Michael 
Witting, Philippe Schmitt-Kopplin. Metformin impacts cecal bile acid profiles in mice. 
Journal of Chromatography B, 1083, 35–43, Supporting Information. Copyright Elsevier 

(2018). 
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A. Appendix Chapter 2 

 

45 

Table A.S2 Intraday (n = 6) and interday (n = 4) accuracy in RSD% for 45 BAs elaborated 
by standard addition method with low (0.03 mg/L), medium (0.15 mg/L) and high (0.3 mg/L) 
spiked quality controls. 

 

 
Table A.S2 (continued) Intraday (n = 6) and interday (n = 4) precision in RSD% for 45 
BAs elaborated by standard addition method with low (0.03 mg/L), medium (0.15 mg/L) 
and high (0.3 mg/L) spiked quality controls. 

 

No. BA low medium high low medium high low medium high low medium high low medium high

1 ωTMCA 96 99 93 27 92 64 80 120 118 133 111 109 84 105 96

2 αTMCA 117 108 90 70 109 74 111 105 106 114 101 108 103 106 95

3 βTMCA 89 104 93 105 97 74 104 108 101 111 110 109 102 105 94

4 THCA 98 109 93 99 99 79 106 116 106 111 110 108 103 109 97

5 TUDCA 96 111 93 77 99 82 106 117 103 101 114 107 95 110 96

6 GHCA 99 104 86 105 115 91 103 112 106 103 114 110 102 111 98

7 THDCA 95 109 93 82 100 81 106 118 105 106 115 105 97 111 96

8 TCA 62 96 90 10 92 76 84 113 105 99 111 115 64 103 96

9 GCDCA 96 108 88 111 105 85 97 115 107 100 111 101 101 110 95

10 GHDCA 97 107 90 117 113 89 99 113 105 107 113 106 105 111 97

11 CA-7S 95 113 87 65 145 86 <LOD 122 104 41 115 113 67 124 98

12 GCA 105 106 89 117 109 87 99 108 105 111 111 110 108 109 98

13 7-epiCA 109 109 90 106 110 89 102 114 103 103 112 116 105 111 99

14 7,12-dioxoLCA 94 109 88 100 119 92 93 114 104 97 113 105 96 114 97

15 TCDCA 75 103 90 105 96 77 104 113 108 103 105 106 97 104 95

16 ωMCA 90 107 88 56 116 87 75 120 105 97 124 117 79 117 99

17 αMCA 77 106 89 80 106 86 103 115 104 118 117 117 94 111 99

18 TDCA 101 108 91 97 100 79 108 109 98 108 110 115 103 107 96

19 7-oxoDCA 96 107 91 98 113 89 106 114 103 104 116 110 101 113 98

20 βMCA 98 111 92 83 110 87 103 119 102 108 118 109 98 114 97

21 GUDCA 104 108 88 125 112 91 100 107 104 112 111 112 110 110 99

22 GDCA 93 110 83 120 107 81 103 112 105 104 115 113 105 111 95

23 MDCA 103 112 93 104 111 98 111 119 103 108 119 114 107 115 102

24 HCA 113 108 91 93 109 90 109 115 106 118 114 117 108 112 101

25 3-dehydroCA 109 105 89 111 105 84 108 114 106 107 113 113 109 109 98

26 TLCA 95 105 91 107 105 82 109 109 104 108 106 108 105 106 96

27 alloCA 103 117 100 83 101 79 106 109 104 103 104 102 99 108 96

28 CA 89 99 84 104 108 85 98 100 98 97 108 110 97 104 94

29 UDCA 107 110 94 100 103 88 107 121 108 107 122 111 105 114 100

30 HDCA 92 113 96 93 106 92 101 122 106 101 119 107 97 115 100

31 6-oxo-alloLCA 96 113 94 103 113 93 104 119 104 100 118 105 101 116 99

32 6,7-dioxoLCA 94 109 89 112 112 88 94 113 103 93 110 103 98 111 96

33 GLCA 95 109 89 108 102 78 98 116 107 96 115 103 99 111 94

34 7-oxoLCA 91 112 93 100 109 93 103 117 103 101 116 106 99 113 99

35 12-oxoLCA 102 109 95 91 108 94 96 119 106 104 117 106 98 113 100

36 apoCA 106 107 92 108 106 89 106 115 107 108 114 108 107 110 99

37 3-dehydroCDCA 104 114 96 98 110 94 99 120 108 112 119 111 103 116 102

38 CDCA 92 109 94 99 107 93 91 117 108 111 120 113 98 113 102

39 DCA 66 98 90 49 98 78 59 122 113 52 121 121 57 110 100

40 alloLCA 86 114 94 93 116 95 99 118 102 104 116 105 96 116 99

41 isoLCA 91 112 94 94 114 97 100 117 103 105 116 106 98 115 100

42 7,12α-dihydroxy-5β-cholanic acid 104 108 93 98 109 92 102 116 107 109 116 108 103 112 100

43 Lithochol-11-enoic acid 92 112 94 97 113 95 99 117 105 100 116 107 97 115 100

44 LCA 96 112 95 96 114 96 94 115 104 105 122 112 98 116 102

45 dehydroLCA 98 112 94 99 114 97 94 116 105 101 118 108 98 115 101

B0-B3B0 B1 B2 B3

Intraday Interday

Accuracy % Accuracy %

No. BA low medium high low medium high low medium high low medium high low medium high

1 ωTMCA 40.4 19.0 13.2 97.6 20.4 62.0 22.1 7.0 13.9 16.2 6.4 6.6 44.1 13.2 24.0

2 αTMCA 7.5 12.9 6.8 60.4 18.4 24.1 8.9 2.6 12.7 9.7 4.7 3.1 21.6 9.7 11.7

3 βTMCA 33.5 23.6 12.4 31.4 20.9 9.3 9.6 1.4 12.2 14.5 4.5 2.2 22.2 12.6 9.0

4 THCA 5.0 21.2 7.3 30.0 19.6 12.3 5.4 3.2 10.4 5.9 3.9 6.5 11.6 12.0 9.1

5 TUDCA 3.2 18.7 9.3 39.4 14.7 21.2 6.8 3.3 9.8 4.6 5.4 8.1 13.5 10.5 12.1

6 GHCA 4.3 17.7 7.1 22.2 18.9 7.6 3.7 3.2 12.3 6.1 2.4 7.7 9.1 10.5 8.7

7 THDCA 2.0 20.1 9.4 45.5 16.0 17.4 4.3 2.5 9.6 10.0 2.4 6.3 15.5 10.3 10.7

8 TCA 155.8 17.2 10.9 <LOD 16.0 17.7 20.2 5.6 12.3 30.1 6.5 7.7 68.7 11.3 12.2

9 GCDCA 9.2 18.1 8.6 19.7 17.1 3.4 3.7 3.8 11.9 5.6 3.7 7.0 9.5 10.7 7.7

10 GHDCA 4.4 17.0 7.0 20.2 16.8 19.3 4.0 4.2 12.0 4.7 3.0 6.6 8.3 10.3 11.2

11 CA-7S 97.3 7.1 14.9 138.0 3.2 54.6 <LOD 9.2 13.0 115.6 16.0 14.2 117.0 8.9 24.2

12 GCA 3.2 18.1 8.3 19.3 18.9 7.1 5.0 3.4 12.5 7.4 4.4 5.2 8.7 11.2 8.3

13 7-epiCA 8.9 15.8 4.6 26.1 19.7 24.6 5.1 2.3 11.6 9.9 4.5 9.3 12.5 10.5 12.5

14 7,12-dioxoLCA 15.1 17.4 7.3 44.4 16.8 19.4 9.5 4.4 11.8 6.4 2.7 6.5 18.8 10.3 11.2

15 TCDCA 45.9 22.1 8.1 25.0 18.6 8.4 3.5 5.3 12.1 7.8 5.4 10.2 20.6 12.8 9.7

16 ωMCA 52.8 8.7 7.0 122.8 17.0 51.6 36.1 9.8 11.6 28.8 10.6 10.3 60.1 11.6 20.1

17 αMCA 33.3 14.0 6.9 64.3 20.0 32.0 14.3 3.9 10.6 9.1 5.8 11.7 30.2 10.9 15.3

18 TDCA 8.8 19.8 9.6 29.3 16.4 16.5 3.9 2.5 10.9 10.2 4.1 10.6 13.1 10.7 11.9

19 7-oxoDCA 3.2 17.0 5.1 29.7 21.3 6.9 6.0 1.3 9.8 8.7 6.0 11.2 11.9 11.4 8.2

20 βMCA 3.0 13.3 3.9 62.8 17.2 45.7 8.0 4.9 9.8 7.8 2.7 12.9 20.4 9.5 18.0

21 GUDCA 6.4 19.2 7.8 17.3 19.0 22.8 3.0 2.6 13.2 3.9 3.5 9.0 7.6 11.1 13.2

22 GDCA 10.0 18.5 4.2 19.5 18.0 15.0 7.1 2.3 12.4 4.6 5.5 7.3 10.3 11.1 9.7

23 MDCA 7.3 15.9 2.0 44.0 22.1 18.5 6.6 3.2 11.1 14.9 3.1 6.2 18.2 11.1 9.4

24 HCA 14.7 16.8 5.3 33.3 19.1 25.9 11.2 3.9 11.1 6.0 2.9 8.8 16.3 10.7 12.8

25 3-dehydroCA 0.8 17.9 7.1 27.4 21.1 47.6 6.0 1.9 10.2 9.8 5.0 9.8 11.0 11.5 18.7

26 TLCA 29.7 21.3 10.6 27.2 18.2 9.4 2.2 4.0 10.8 3.0 3.3 6.2 15.6 11.7 9.3

27 alloCA 23.5 14.1 9.2 76.1 18.0 122.5 14.5 6.0 9.7 15.2 4.1 3.8 32.3 10.5 36.3

28 CA 2.8 19.5 7.1 28.1 23.6 24.6 9.2 1.6 10.9 6.1 3.4 3.4 11.5 12.0 11.5

29 UDCA 1.2 17.7 6.7 37.3 22.6 13.3 5.2 4.0 10.0 9.2 2.2 4.0 13.2 11.6 8.5

30 HDCA 9.3 18.2 5.2 45.0 20.8 27.7 6.5 4.9 10.4 17.7 4.2 5.2 19.6 12.0 12.1

31 6-oxo-alloLCA 2.3 17.7 5.3 37.4 19.0 29.2 4.9 2.8 10.1 6.9 1.2 6.2 12.9 10.1 12.7

32 6,7-dioxoLCA 7.0 19.0 9.2 24.8 16.6 21.6 4.3 3.7 12.6 5.0 3.7 3.9 10.3 10.8 11.8

33 GLCA 1.9 18.1 11.7 21.3 16.2 2.7 3.4 4.8 11.3 4.0 2.7 4.0 7.6 10.4 7.4

34 7-oxoLCA 7.1 19.1 5.0 34.5 21.3 15.9 5.3 2.6 10.0 10.1 2.2 6.5 14.3 11.3 9.3

35 12-oxoLCA 2.4 17.4 5.8 42.9 19.9 30.6 8.2 3.7 11.1 10.7 3.7 5.5 16.0 11.2 13.2

36 apoCA 2.6 18.9 8.4 28.1 20.5 9.2 2.9 1.8 10.2 8.2 2.2 5.0 10.5 10.8 8.2

37 3-dehydroCDCA 10.0 19.9 5.9 37.2 19.9 15.9 10.0 1.8 10.3 16.5 3.6 4.2 18.4 11.3 9.1

38 CDCA 11.0 20.5 6.9 38.8 19.5 11.7 8.2 4.0 10.1 9.7 1.9 4.6 16.9 11.5 8.3

39 DCA 115.3 12.8 14.5 191.6 15.6 34.3 61.3 4.4 11.0 96.9 12.3 6.3 116.3 11.3 16.5

40 alloLCA 1.6 16.4 5.6 46.4 18.6 19.3 7.6 3.1 9.9 7.3 2.6 5.7 15.8 10.2 10.1

41 isoLCA 4.5 17.1 5.8 45.4 19.0 21.2 3.8 2.0 9.7 5.2 1.7 6.7 14.7 10.0 10.8

42 7,12α-dihydroxy-5β-cholanic acid 2.8 17.7 6.5 34.5 19.9 22.8 3.0 3.2 9.7 7.8 2.7 3.9 12.0 10.9 10.7

43 Lithochol-11-enoic acid 4.7 16.7 5.8 39.2 20.0 20.0 8.9 4.4 9.7 5.2 1.5 6.4 14.5 10.6 10.5

44 LCA 1.2 19.5 5.8 39.2 18.9 22.3 2.7 5.3 9.6 8.3 2.8 5.9 12.9 11.6 10.9

45 dehydroLCA 5.7 18.8 5.3 33.8 19.5 23.2 1.5 4.4 9.5 5.3 3.0 5.0 11.6 11.5 10.7

B2 B3 B0-B3B0 B1

Intraday Interday

Precision % Precision %
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Table A.S3 Endogenous concentrations (µmol/g) of BAs in cecum of wild type mice  
(wt; n = 10) after 1D treatment (vehicle). 

 
 
Table A.S3 (continued) Endogenous concentrations (µmol/g) of BAs in cecum of diabetic 
mice (db/db, n = 10) after 1D treatment (vehicle). 

 

 

No. BA 1 2 3 4 5 6 7 8 9 10 Median 25% quantile 75% quantile

1 ωTMCA 1.34 0.50 0.28 0.62 0.10 0.17 0.18 0.10 0.41 0.15 0.23 0.15 0.48

2 αTMCA 0.13 0.07 0.04 0.04 0.02 0.03 0.03 0.02 0.03 0.02 0.03 0.02 0.04

3 βTMCA 0.85 0.43 0.10 0.20 0.03 0.05 0.05 0.03 0.14 0.08 0.09 0.05 0.19

5 TUDCA 0.05 0.01 0.00 0.00 < LOD 0.00 0.00 < LOD 0.00 0.00 0.00 0.00 0.00

8 TCA 0.51 0.19 0.06 0.09 0.04 0.05 0.05 0.03 0.07 0.04 0.05 0.04 0.08

11 CA-7S 0.06 0.06 0.12 0.44 0.17 0.48 0.57 0.14 0.17 0.31 0.17 0.13 0.41

13 7-epiCA 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

15 TCDCA 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

16 ωMCA 0.54 0.10 0.57 0.74 0.17 0.55 0.37 0.29 0.57 0.38 0.46 0.31 0.56

17 αMCA 0.18 0.07 0.07 0.28 0.08 0.10 0.10 < LOD 0.05 < LOD 0.09 0.07 0.12

18 TDCA 0.13 0.07 0.06 0.10 0.04 0.04 0.04 0.03 0.05 0.04 0.04 0.04 0.07

19 7-oxoDCA 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01

20 βMCA 0.32 0.15 0.08 0.43 0.04 0.03 0.03 0.03 0.10 0.03 0.06 0.03 0.14

25 3-dehydroCA 0.00 < LOD 0.00 < LOD < LOD < LOD < LOD < LOD < LOD < LOD 0.00 0.00 0.00

27 alloCA 0.30 0.18 0.18 0.34 0.08 0.13 0.12 0.11 0.17 0.10 0.15 0.11 0.18

28 CA < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD - - -

30 HDCA 0.04 0.00 0.03 0.07 0.01 0.04 0.02 0.02 0.02 0.02 0.02 0.02 0.03

35 12-oxoLCA 0.05 0.05 0.06 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.05

37 3-dehydroCDCA 0.08 0.07 0.10 0.07 0.06 0.05 0.06 0.05 0.06 0.06 0.06 0.06 0.07

39 DCA 0.41 0.18 0.29 0.73 0.21 0.13 0.12 0.11 0.16 0.12 0.17 0.12 0.27

Total concentration (µmol/g) 5.01 2.17 2.07 4.21 1.11 1.89 1.78 1.02 2.05 1.42 1.97 1.51 2.15

% uBAs 38.42 38.05 68.11 64.34 63.70 56.78 48.86 65.58 57.25 54.69 63.27

% TBAs 60.46 59.01 26.01 25.23 21.07 17.64 19.41 21.08 34.69 23.49 26.83

% SBA 1.12 2.94 5.88 10.43 15.23 25.58 31.72 13.34 8.06 21.82 9.91

% primary BAs 47.91 54.03 31.43 43.61 41.76 45.91 52.68 35.44 36.16 41.57 38.30

% secondary BAs 52.09 45.97 68.57 56.39 58.24 54.09 47.32 64.56 63.84 58.43 61.70

wt

No. BA 1 2 3 4 5 6 7 8 9 10 Median 25% quantile 75% quantile

1 ωTMCA 0.27 0.12 0.50 0.19 0.20 1.27 0.58 0.21 0.06 0.33 0.24 0.19 0.46

2 αTMCA 0.03 0.04 0.22 0.07 0.03 0.18 0.10 0.07 0.03 0.07 0.07 0.03 0.10

3 βTMCA 0.08 0.04 0.53 0.13 0.07 0.82 0.37 0.19 0.03 0.36 0.16 0.07 0.37

5 TUDCA 0.00 < LOD 0.01 0.00 0.00 0.02 0.01 0.01 < LOD 0.01 0.01 0.00 0.01

8 TCA 0.08 0.12 1.27 0.19 0.08 1.39 0.55 0.25 0.07 0.62 0.22 0.09 0.60

11 CA-7S 0.06 0.48 0.17 0.29 0.29 0.14 0.09 0.04 0.23 0.07 0.15 0.07 0.27

13 7-epiCA 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01

15 TCDCA 0.00 0.00 0.03 0.01 0.00 0.03 0.02 0.01 0.00 0.03 0.01 0.00 0.03

16 ωMCA 0.26 0.07 0.09 0.11 0.32 0.29 0.07 0.02 0.06 < LOD 0.09 0.07 0.26

17 αMCA 0.02 0.09 0.03 0.10 0.09 < LOD 0.09 0.09 0.09 0.06 0.09 0.06 0.09

18 TDCA 0.07 0.05 0.09 0.10 0.05 0.14 0.08 0.05 0.04 0.06 0.06 0.05 0.09

19 7-oxoDCA 0.00 0.01 0.03 0.01 0.00 0.09 0.01 0.00 0.00 0.00 0.01 0.00 0.01

20 βMCA 0.04 0.04 0.05 0.07 0.03 0.07 0.05 0.03 0.03 0.04 0.04 0.04 0.05

25 3-dehydroCA < LOD 0.00 0.01 < LOD 0.00 0.00 0.00 < LOD 0.00 < LOD 0.00 0.00 0.00

27 alloCA 0.15 0.08 0.05 0.08 0.09 0.16 0.12 0.07 0.06 0.07 0.08 0.07 0.11

28 CA < LOD 0.06 0.29 0.07 0.04 0.32 0.09 0.06 0.06 0.07 0.07 0.06 0.09

30 HDCA 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

35 12-oxoLCA 0.06 0.05 0.05 0.08 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06

37 3-dehydroCDCA 0.08 0.09 0.09 0.13 0.11 0.06 0.07 0.07 0.07 0.07 0.08 0.07 0.09

39 DCA 0.59 0.26 0.38 0.47 0.33 0.42 0.30 0.15 0.16 0.15 0.32 0.19 0.41

Total concentration (µmol/g) 1.81 1.61 3.92 2.09 1.83 5.47 2.68 1.38 1.07 2.07 1.95 1.66 2.53

% uBAs 67.13 47.11 27.96 53.87 60.20 26.95 32.29 40.33 56.43 25.32 47.34

% TBAs 29.51 22.88 67.77 32.48 23.85 70.52 64.22 56.83 22.37 71.47 43.94

% SBA 3.36 30.01 4.27 13.65 15.95 2.53 3.49 2.85 21.19 3.21 8.71

% primary BAs 25.88 59.45 67.60 47.36 39.91 57.41 56.15 59.34 55.93 67.56 50.86

% secondary BAs 74.12 40.55 32.40 52.64 60.09 42.59 43.85 40.66 44.07 32.44 49.14

db/db
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Table A.S3 (continued) Endogenous concentrations (µmol/g) of BAs in cecum of 
metformin treated db/db mice (db/db metformin, n = 9) after 1D treatment. 

 

 
Table A.S3 (continued) Ratios of bile acid (BA) concentrations (μmol/g) in wild type  
(wt; n = 10), diabetic (db/db, n = 10) and metformin treated db/db mice (db/db metformin;  
n = 9) after 1D treatment. 

 

 

No. BA 1 2 3 4 5 6 7 8 9 Median 25% quantile 75% quantile

1 ωTMCA 1.65 0.93 0.45 0.36 1.81 0.35 1.53 0.66 0.54 0.66 0.45 1.53

2 αTMCA 0.35 0.26 0.10 0.16 0.71 0.17 0.48 0.42 0.14 0.26 0.16 0.42

3 βTMCA 1.08 0.79 0.26 0.21 1.12 0.24 1.38 0.61 0.44 0.61 0.26 1.08

5 TUDCA 0.03 0.03 0.01 0.00 0.11 0.01 0.06 0.02 0.02 0.02 0.01 0.03

8 TCA 2.00 1.28 0.33 0.26 3.43 0.53 2.23 1.39 0.66 1.28 0.53 2.00

11 CA-7S 0.08 0.04 0.28 0.17 0.07 0.49 0.08 0.15 0.07 0.08 0.07 0.17

13 7-epiCA 0.01 0.01 0.02 0.03 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02

15 TCDCA 0.07 0.04 0.01 0.01 0.18 0.02 0.08 0.04 0.02 0.04 0.02 0.07

16 ωMCA 0.57 0.20 0.40 0.57 0.69 0.52 0.26 0.64 0.26 0.52 0.26 0.57

17 αMCA 0.14 0.02 0.12 0.33 0.23 0.25 0.03 0.23 0.09 0.14 0.09 0.23

18 TDCA 0.31 0.13 0.12 0.13 0.28 0.26 0.27 0.19 0.07 0.19 0.13 0.27

19 7-oxoDCA 0.26 0.09 0.11 0.35 0.29 0.23 0.24 0.51 0.47 0.26 0.23 0.35

20 βMCA 0.29 0.06 0.06 0.31 0.27 0.11 0.31 0.34 0.25 0.27 0.11 0.31

25 3-dehydroCA 0.01 0.01 0.00 0.02 0.06 0.01 0.01 0.04 0.04 0.01 0.01 0.04

27 alloCA 0.16 0.12 0.15 0.12 0.05 0.07 0.12 0.15 0.09 0.12 0.09 0.15

28 CA 1.04 0.40 0.26 0.60 3.04 0.32 0.43 1.40 0.49 0.49 0.40 1.04

30 HDCA 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.00 0.01 0.01 0.01 0.02

35 12-oxoLCA 0.05 0.05 0.04 0.07 0.05 0.17 0.06 0.04 0.04 0.05 0.04 0.06

37 3-dehydroCDCA 0.07 0.08 0.07 0.05 0.06 0.29 0.08 0.05 0.05 0.07 0.05 0.08

39 DCA 0.72 0.31 0.52 0.61 0.39 1.22 0.64 0.33 0.15 0.52 0.33 0.64

Total concentration (µmol/g) 8.92 4.84 3.31 4.36 12.89 5.32 8.33 7.23 3.91 5.32 4.36 8.33

% uBAs 37.54 27.72 53.12 70.14 40.14 60.98 26.71 51.76 49.90 44.17

% TBAs 61.53 71.54 38.35 26.03 59.32 29.81 72.37 46.11 48.23 54.36

% SBA 0.93 0.73 8.53 3.83 0.55 9.22 0.92 2.13 1.88 1.47

% primary BAs 58.90 62.69 47.52 49.76 71.52 41.60 62.42 65.75 58.21 58.81

% secondary BAs 41.10 37.31 52.48 50.24 28.48 58.40 37.58 34.25 41.79 41.19

db/db  metformin

No. BA db/db /wt db/db metformin/wt db/db  metformin/db/db

1 ωTMCA 1.041 2.864 2.752

2 αTMCA 2.158 8.406 3.896

3 βTMCA 1.832 6.925 3.780

5 TUDCA 4.165 8.129 1.952

8 TCA 4.006 23.501 5.867

11 CA-7S 0.915 0.497 0.543

13 7-epiCA 0.689 2.835 4.115

15 TCDCA 5.772 23.517 4.075

16 ωMCA 0.192 1.148 5.977

17 αMCA 0.957 1.600 1.672

18 TDCA 1.498 4.386 2.929

19 7-oxoDCA 1.313 59.094 45.018

20 βMCA 0.685 4.429 6.469

25 3-dehydroCA 0.780 6.353 8.142

27 alloCA 0.537 0.776 1.444

28 CA - - 7.469

30 HDCA 0.510 0.744 1.460

35 12-oxoLCA 1.130 1.077 0.953

37 3-dehydroCDCA 1.254 1.060 0.845

39 DCA 1.876 3.063 1.633

Total concentration (µmol/g) 0.991 2.702 2.727

% uBAs 0.748 0.698 0.933

% TBAs 1.638 2.026 1.237

% SBA 0.880 0.149 0.169

% primary BAs 1.328 1.535 1.156

% secondary BAs 0.796 0.668 0.838

µmol/g ratio
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Table A.S4 Endogenous concentrations (µmol/g) of BAs in cecum of wild type mice  
(wt; n = 10) after 14D treatment (vehicle). 

 

 

Table A.S4 (continued) Endogenous concentrations (µmol/g) of BAs in cecum of diabetic 
mice (db/db, n = 10) after 14D treatment (vehicle). 

 

 

No. BA 1 2 3 4 5 6 7 8 9 10 Median 25% quantile 75% quantile

1 ωTMCA 0.29 0.02 0.02 0.60 0.27 0.58 0.70 0.71 1.19 0.21 0.43 0.23 0.68

2 αTMCA 0.02 0.01 0.00 0.04 0.03 0.05 0.06 0.05 0.09 0.02 0.03 0.02 0.05

3 βTMCA 0.15 0.01 0.02 0.16 0.19 0.20 0.24 0.31 0.47 0.13 0.17 0.14 0.23

5 TUDCA 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.01 0.02 0.01 0.01 0.00 0.01

8 TCA 0.06 0.01 0.01 0.06 0.15 0.05 0.04 0.05 0.15 0.03 0.05 0.03 0.06

11 CA-7S 0.13 2.59 3.17 0.20 0.13 0.35 0.80 0.05 0.06 0.02 0.16 0.07 0.69

13 7-epiCA 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01

15 TCDCA 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

16 ωMCA 0.27 0.35 0.36 0.86 0.28 0.78 1.01 0.44 0.24 0.17 0.36 0.27 0.69

17 αMCA 0.06 0.05 0.14 0.14 0.04 0.27 0.27 0.07 0.08 0.06 0.07 0.06 0.14

18 TDCA 0.01 0.00 0.00 0.02 0.01 0.03 0.03 0.03 0.04 0.01 0.02 0.01 0.03

19 7-oxoDCA 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.01 0.02 0.01 0.01 0.00 0.01

20 βMCA 0.08 0.03 0.20 0.16 0.09 0.30 0.18 0.18 0.29 0.08 0.17 0.09 0.20

25 3-dehydroCA 0.00 0.00 0.00 < LOD 0.00 < LOD 0.00 < LOD 0.00 < LOD 0.00 0.00 0.00

27 alloCA 0.07 0.01 0.07 0.27 0.07 0.13 0.15 0.12 0.19 0.04 0.10 0.07 0.14

28 CA 0.00 < LOD 0.00 < LOD 0.00 < LOD < LOD < LOD 0.06 < LOD 0.00 0.00 0.02

30 HDCA 0.02 0.02 0.01 0.04 0.01 0.03 0.08 0.02 0.03 0.02 0.02 0.02 0.03

35 12-oxoLCA 0.01 0.02 0.01 0.07 < LOD < LOD < LOD 0.02 < LOD 0.02 0.02 0.01 0.02

37 3-dehydroCDCA 0.05 0.06 0.05 0.11 0.03 0.09 < LOD 0.06 0.06 0.07 0.06 0.05 0.07

39 DCA 0.06 0.08 0.10 0.23 0.14 0.27 0.25 0.16 0.22 0.09 0.15 0.10 0.23

Total concentration (µmol/g) 1.28 3.28 4.19 2.97 1.48 3.15 3.83 2.29 3.21 1.00 3.06 1.68 3.26

% uBAs 48.50 19.63 22.98 63.51 45.88 59.93 51.05 47.20 37.15 56.09 52.27

% TBAs 41.35 1.49 1.28 29.91 45.50 29.09 28.07 50.51 61.07 41.57 38.88

% SBA 10.15 78.88 75.74 6.58 8.63 10.98 20.88 2.29 1.78 2.34 8.84

% primary BAs 44.05 82.40 86.36 34.32 47.78 42.81 45.09 36.50 43.21 38.84 41.70

% secondary BAs 55.41 17.58 13.62 65.47 51.05 57.04 54.83 63.03 56.18 60.54 58.30

wt

No. BA 1 2 3 4 5 6 7 8 9 10 Median 25% quantile 75% quantile

1 ωTMCA 0.14 0.10 0.09 0.05 0.03 0.03 0.08 0.04 0.07 0.13 0.07 0.04 0.10

2 αTMCA 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.02

3 βTMCA 0.04 0.04 0.04 0.03 0.01 0.01 0.04 0.01 0.04 0.04 0.04 0.02 0.04

5 TUDCA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8 TCA 0.04 0.06 0.05 0.09 0.02 0.03 0.10 0.02 0.09 0.09 0.05 0.04 0.09

11 CA-7S 0.09 0.05 0.14 0.05 2.09 0.05 0.06 0.44 0.15 0.05 0.07 0.05 0.15

13 7-epiCA 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01

15 TCDCA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

16 ωMCA 0.10 0.03 0.10 0.04 0.04 0.03 0.06 0.04 < LOD 0.04 0.04 0.04 0.06

17 αMCA 0.04 0.04 0.07 0.05 0.06 0.04 0.06 0.05 0.05 0.07 0.05 0.04 0.06

18 TDCA 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01

19 7-oxoDCA 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20 βMCA 0.02 0.03 0.04 0.03 0.04 0.02 0.04 0.03 0.02 0.03 0.03 0.02 0.03

25 3-dehydroCA < LOD < LOD < LOD < LOD 0.00 < LOD < LOD < LOD < LOD < LOD 0.00 0.00 0.00

27 alloCA 0.05 0.01 0.00 0.00 < LOD 0.00 0.01 0.01 0.02 0.03 0.01 0.00 0.02

28 CA < LOD < LOD < LOD < LOD 0.02 < LOD < LOD < LOD < LOD 0.00 0.01 0.01 0.02

30 HDCA 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01

35 12-oxoLCA < LOD 0.01 < LOD 0.01 0.02 0.01 0.02 0.01 < LOD < LOD 0.01 0.01 0.02

37 3-dehydroCDCA 0.05 0.04 0.07 0.05 0.06 0.04 0.06 0.05 < LOD < LOD 0.05 0.05 0.06

39 DCA 0.30 0.07 0.10 0.10 0.14 0.06 0.11 0.11 0.24 0.23 0.11 0.10 0.20

Total concentration (µmol/g) 0.94 0.52 0.74 0.53 2.54 0.36 0.67 0.87 0.73 0.79 0.73 0.56 0.85

% uBAs 62.44 46.98 53.83 55.61 15.18 61.11 55.61 39.95 47.89 54.65 56.83

% TBAs 27.56 43.20 27.64 35.84 2.67 24.18 36.01 10.05 30.98 38.61 30.83

% SBA 10.00 9.82 18.53 8.55 82.15 14.70 8.37 50.00 21.13 6.74 12.34

% primary BAs 32.75 46.97 46.42 48.85 88.23 47.32 49.16 66.47 53.51 43.99 47.37

% secondary BAs 67.03 52.75 53.38 50.80 11.75 52.52 50.60 33.47 46.21 55.73 52.63

db/db
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Table A.S4 (continued) Endogenous concentrations (µmol/g) of BAs in cecum of 
metformin treated db/db mice (db/db metformin, n = 9) after 14D treatment. 

 

 
Table A.S4 (continued) Ratios of bile acid (BA) concentrations (μmol/g) in wild type  
(wt; n = 10), diabetic (db/db, n = 10) and metformin treated db/db mice (db/db metformin;  
n = 9) after 14D treatment. 

 

 

 

Figure A.S1 Extracted ion chromatograms of 20 quantified endogenous BAs in mouse 
cecum. Numbers refer to Table A.S1.

No. BA 1 2 3 4 5 6 7 8 9 10 Median 25% quantile 75% quantile

1 ωTMCA 0.02 0.04 0.05 0.02 0.04 0.07 0.03 0.05 0.14 0.04 0.04 0.03 0.05

2 αTMCA 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.02

3 βTMCA 0.01 0.02 0.03 0.03 0.01 0.05 0.04 0.02 0.02 0.04 0.03 0.02 0.04

5 TUDCA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8 TCA 0.02 0.05 0.07 0.04 0.03 0.07 0.06 0.03 0.03 0.10 0.04 0.03 0.06

11 CA-7S 0.39 0.17 0.24 0.11 0.52 0.09 0.17 0.12 0.27 0.04 0.17 0.11 0.26

13 7-epiCA 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01

15 TCDCA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

16 ωMCA < LOD < LOD < LOD 0.04 0.05 0.06 0.05 0.06 0.08 0.06 0.06 0.05 0.06

17 αMCA 0.05 0.06 0.04 0.05 0.06 0.05 0.05 0.06 0.06 0.07 0.05 0.05 0.06

18 TDCA 0.00 0.01 0.01 0.01 0.01 < LOD 0.01 0.01 0.02 0.00 0.01 0.01 0.01

19 7-oxoDCA 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01

20 βMCA 0.02 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04

25 3-dehydroCA < LOD < LOD < LOD < LOD < LOD 0.00 < LOD < LOD < LOD 0.00 0.00 0.00 0.00

27 alloCA 0.02 0.00 0.01 0.01 0.01 < LOD 0.00 0.02 0.02 < LOD 0.01 0.01 0.02

28 CA < LOD < LOD < LOD < LOD 0.00 0.07 < LOD < LOD < LOD 0.09 0.07 0.04 0.08

30 HDCA 0.01 0.02 0.01 0.01 0.02 0.00 0.01 0.01 0.03 0.01 0.01 0.01 0.02

35 12-oxoLCA 0.01 0.02 0.02 0.01 0.02 < LOD 0.01 0.02 0.02 < LOD 0.02 0.01 0.02

37 3-dehydroCDCA 0.04 0.06 0.05 0.05 0.06 < LOD 0.05 0.05 0.08 < LOD 0.05 0.05 0.06

39 DCA 0.08 0.14 0.12 0.08 0.13 < LOD 0.06 0.09 0.18 0.04 0.09 0.08 0.13

Total concentration (µmol/g) 0.70 0.64 0.70 0.53 1.02 0.54 0.59 0.58 1.03 0.59 0.61 0.59 0.70

% uBAs 35.44 53.32 41.18 57.57 39.58 45.21 47.20 59.91 51.05 55.98 57.79

% TBAs 8.85 19.72 25.09 21.38 9.16 38.16 24.60 19.05 23.05 37.98 18.52

% SBA 55.70 26.96 33.73 21.05 51.26 16.63 28.20 21.04 25.89 6.03 23.70

% primary BAs 74.39 54.71 61.71 55.91 67.62 72.31 63.41 49.11 44.47 70.68 60.03

% secondary BAs 25.56 45.18 37.97 43.82 32.33 27.00 36.23 50.68 55.44 28.90 39.97

db/db  metformin

No. BA db/db /wt db/db metformin/wt db/db  metformin/db/db

1 ωTMCA 0.171 0.098 0.572

2 αTMCA 0.393 0.330 0.839

3 βTMCA 0.226 0.148 0.655

5 TUDCA 0.248 0.206 0.831

8 TCA 1.022 0.884 0.865

11 CA-7S 0.461 1.040 2.256

13 7-epiCA 0.620 0.644 1.037

15 TCDCA 1.020 0.798 0.782

16 ωMCA 0.120 0.161 1.339

17 αMCA 0.732 0.746 1.019

18 TDCA 0.330 0.328 0.994

19 7-oxoDCA 0.610 0.756 1.238

20 βMCA 0.182 0.230 1.267

25 3-dehydroCA 1.064 2.240 2.106

27 alloCA 0.102 0.118 1.151

28 CA 2.822 16.948 6.006

30 HDCA 0.403 0.440 1.093

35 12-oxoLCA 0.760 0.946 1.245

37 3-dehydroCDCA 0.895 0.871 0.973

39 DCA 0.738 0.588 0.797

Total concentration (µmol/g) 0.240 0.201 0.837

% uBAs 1.087 1.105 1.017

% TBAs 0.793 0.476 0.601

% SBA 1.396 2.679 1.920

% primary BAs 1.136 1.440 1.267

% secondary BAs 0.903 0.686 0.759

µmol/g ratio
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* This chapter was published as Nina Sillner, Alesia Walker, Eva-Maria Harrieder, Philippe 

Schmitt-Kopplin, Michael Witting. Development and Application of a HILIC UHPLC-MS 

Method for Polar Fecal Metabolome Profiling. Journal of Chromatography B, 1109, 142-

148, Supporting Information. Copyright Elsevier (2019). 

B.2 Supplementary Information * 

Table B.S1 Detailed information on analyzed standards. 
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 ID

N,N-Dimethylglycine Amino acids, peptides, and analogues A D Sigma HMDB00092

Fumaric acid Others A A Sigma HMDB00134

Benzoic acid Others A A Sigma-Aldrich HMDB01870

L-Leucine Amino acids, peptides, and analogues A A Sigma HMDB00687

Phenylacetic acid Others A D Aldrich HMDB00209

L-Methionine Amino acids, peptides, and analogues A A Sigma-Aldrich HMDB00696

Pimelic acid Fatty acids and conjugates A B Aldrich HMDB00857

3-Methyl-Histidine Amino acids, peptides, and analogues A B Sigma HMDB00479

2-Keto-3-deoxy-D-gluconate Others A D Sigma HMDB01353

Citric acid Tricarboxylic acids and derivatives A B Sigma HMDB00094

L-Tryptophan Indolyl carboxylic acids and derivatives A A Sigma-Aldrich HMDB00929

Uridine Others A B Sigma HMDB00296

3-Methylcytidine Others A A / No result

1-Methyladenosine Others A B Sigma HMDB03331

N
2
-Methylguanosine Others A C Sigma HMDB05862

Fructose-1,6-bisphosphate Carbohydrates and carbohydrate conjugates A A Sigma  HMDB0001058

Glutathione, ox. Amino acids, peptides, and analogues A A Sigma HMDB03337

Choline Others B A Sigma HMDB00097

L-Proline Amino acids, peptides, and analogues B D Sigma-Aldrich HMDB00162

Nicotinamide Others B B Sigma HMDB01406

L-Norleucine Amino acids, peptides, and analogues B B Sigma HMDB01645

N-Methylnicotinamide Others B A Aldrich HMDB03152

L-Glutamine Amino acids, peptides, and analogues B B Sigma HMDB00641

D-Arabinose Carbohydrates and carbohydrate conjugates B B Sigma HMDB0029942

Tryptamine Others B C Aldrich HMDB00303

Cis -Aconitic acid Tricarboxylic acids and derivatives B D Aldrich HMDB00072

Hippuric acid Others B A Sigma HMDB00714

Dl-Isocitric acid Tricarboxylic acids and derivatives B C Sigma HMDB00193

Indole-3-lactic acid Indolyl carboxylic acids and derivatives B B Aldrich HMDB00671

Pseudouridine Others B C / HMDB00767

Glucose-1-phosphate Carbohydrates and carbohydrate conjugates B D Sigma HMDB0001586

N
6
-Methyladenosine Others B D / HMDB04044

7-Methylguanosine Others B A Sigma HMDB01107

Arachidonoyl Ethanolamide Amines B B Biomol HMDB04080

Glyceric acid Carbohydrates and carbohydrate conjugates C C Sigma HMDB00139

Succinic acid Others C A Sigma HMDB00254

Taurine Others C C Sigma HMDB00251

L-tert-Leucine Amino acids, peptides, and analogues C C Aldrich No result

Anthranilic acid Others C B Sigma-Aldrich HMDB01123

D-Ribose Carbohydrates and carbohydrate conjugates C C Sigma  HMDB0000283

Carnitine Others C D Sigma HMDB0000062

Suberic acid Fatty acids and conjugates C A Aldrich HMDB00893

D-Galactose Carbohydrates and carbohydrate conjugates C A Sigma-Aldrich HMDB0000143

N-Acetylglutamic acid Amino acids, peptides, and analogues C D Sigma HMDB0001138

3-Indoxylsulfate Others C C Aldrich HMDB00682

Biotin Others C D Sigma-Aldrich HMDB00030

Adenosine Others C B Sigma HMDB00050

Guanosine Others C A Sigma HMDB00133

Palmitoyl Ethanolamide Others C B Biomol HMDB02100

Riboflavine Others C C Sigma HMDB00244

NADH Others C C Sigma HMDB0001487
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Table B.S1 (continued) Detailed information on analyzed standards. 
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L-Serine Amino acids, peptides, and analogues D B Sigma HMDB00187

Levulinic acid Tricarboxylic acids and derivatives D B Aldrich HMDB00958

Isethionic acid Others D D Aldrich HMDB03903

S-Malic acid Others D B Aldrich HMDB00744

2-Oxoglutaric acid Others D A Sigma-Aldrich HMDB00208

3-Phenylpropionic acid Others D D Aldrich HMDB00764

L-Fucose Carbohydrates and carbohydrate conjugates D A Sigma-Aldrich HMDB00174

D-Glucose Carbohydrates and carbohydrate conjugates D B Aldrich HMDB00122

3-Indolepropionic acid Indolyl carboxylic acids and derivatives D A Aldrich HMDB02302

L-Hydroxytryptophan Others D D Aldrich HMDB0000472

Palmitic acid Fatty acids and conjugates D A Sigma HMDB00220

5-Ethyluridine Others D C / No result

N
4
-Acetylcytidine Others D B Sigma HMDB05923

Quercetin Flavones D C Sigma HMDB05794

S-Adenosyl-L-homocysteine Others D D Sigma HMDB00939

FAD Others D D Sigma HMDB01248

p-Cresol Others E D Sigma HMDB01858

Betain Others E C Sigma HMDB00875

1,2,3-Trihydroxybenzene Others E A Sigma HMDB0013674

Methylsuccinic acid Fatty acids and conjugates E B Aldrich HMDB01844

Caprylic acid Fatty acids and conjugates E C Aldrich HMDB00482

2-Hydroxyphenylacetic acid Others E A Sigma HMDB00669

L-Phenylalanine Amino acids, peptides, and analogues E B Sigma-Aldrich HMDB00159

L-Arginine Amino acids, peptides, and analogues E C Sigma-Aldrich HMDB00517

D-Mannose Carbohydrates and carbohydrate conjugates E C Sigma HMDB00169

Ferulic acid Others E D Aldrich HMDB00954

Chorismic acid Tricarboxylic acids and derivatives E A Sigma HMDB00958

2'-O-Methylcytidine Others E B Sigma No result

Inosine Others E D Sigma HMDB00195

Kaempferol Flavones E C Sigma HMDB05801

Arachidonic acid Fatty acids and conjugates E D Sigma HMDB01043

S-Adenosyl-L-methionine Others E A Sigma HMDB0001185

Hypotaurine Others F A Aldrich HMDB00965

L-Valine Amino acids, peptides, and analogues F D Sigma-Aldrich HMDB00883

1,3,5-Trihydroxybenzene Others F B Aldrich HMDB0013675

L-Asparagine Amino acids, peptides, and analogues F C Sigma HMDB00168

Spermidine Amines F D Sigma HMDB01257

3-Hydroxyphenylacetic acid Others F B Aldrich HMDB00440

3-(4-Hydroxyphenyl)-propionic acid Others F C Aldrich HMDB02199

Indole-3-acetic acid Indolyl carboxylic acids and derivatives F D Sigma HMDB00197

Theobromine Others F D Sigma HMDB02825

Gluconic acid Carbohydrates and carbohydrate conjugates F A Sigma-Aldrich HMDB00625

Carnosine Others F B Sigma HMDB00033

5-Methylcytidine Others F C / HMDB00982

Glucose-6-phosphate Carbohydrates and carbohydrate conjugates F A Sigma HMDB01401

Apigenin Flavones F A Sigma HMDB02124

Retinol Others F A Sigma HMDB00305

Glutathione, red Others F A Sigma-Aldrich HMDB00125

2-Methylbutyric acid Fatty acids and conjugates G A Aldrich HMDB02176

L-Homoserine Amino acids, peptides, and analogues G B Sigma HMDB00719
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Table B.S1 (continued) Detailed information on analyzed standards. 
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Oxaloacetic acid Others G A Sigma HMDB00223

L-Ornithine Amino acids, peptides, and analogues G D Aldrich HMDB00214

4-Hydroxyphenylacetic acid Others G C Santa Cruz HMDB00020

Uric acid Others G D Sigma HMDB00289

N-Acetyl-L-ornithine Amino acids, peptides, and analogues G B Sigma HMDB03357

L-Citrulline Amino acids, peptides, and analogues G A Sigma HMDB00904

L-Tyrosine Amino acids, peptides, and analogues G A Sigma-Aldrich HMDB00158

Indole pyruvic acid Indolyl carboxylic acids and derivatives G C Aldrich HMDB0060484

Myristic acid Fatty acids and conjugates G C Sigma HMDB00806

2'-C-Methylcytidine Others G D Sigma No result

Myristoyl Ethanolamide Amines G B Biomol No result

Luteolin Flavones G D Sigma HMDB05800

N
2
-N

2
-Dimethylguanosine Others G B Sigma HMDB04824

N
6
-Threonylcarbamoyladenosine Others G B / No result

ATP Others G C Aldrich HMDB00538

Isovaleric acid Fatty acids and conjugates H B Aldrich HMDB00718

Uracile Others H B Sigma HMDB00300

L-Threonine Amino acids, peptides, and analogues H C Sigma-Aldrich HMDB00167

Creatine Amino acids, peptides, and analogues H C Sigma HMDB00064

L-Aspartic acid Amino acids, peptides, and analogues H A Sigma HMDB00191

L-Lysine Amino acids, peptides, and analogues H C Sigma HMDB00182

L-Histidine Amino acids, peptides, and analogues H D Sigma HMDB00177

Cysteic acid Amino acids, peptides, and analogues H A Sigma HMDB02757

2-Isopropylmalic acid Fatty acids and conjugates H B Aldrich HMDB00402

4-Pyridoxic acid Others H B Sigma-Aldrich HMDB00017

Sebacic acid Fatty acids and conjugates H B Aldrich HMDB00792

Thymidine Others H D Sigma HMDB00273

2'-O-Methyluridine Others H B AldrichCPR No result

γ-Linolenic acid Others H C Sigma HMDB03073

Catechin Others H B Sigma HMDB02780

γ-Linolenoyl Ethanolamide Amines H C Biomol HMDB13625

NAD+ Others H B Sigma-Aldrich HMDB0000902

Valeric acid Fatty acids and conjugates I C Aldrich HMDB00892

Creatinine Amino acids, peptides, and analogues I C Sigma HMDB00562

L-Cysteine Amino acids, peptides, and analogues I D Aldrich HMDB00574

L-Isoleucine Amino acids, peptides, and analogues I D Sigma-Aldrich HMDB00172

L-Homocysteine Amino acids, peptides, and analogues I C Santa Cruz HMDB0000742

L-Glutamic acid Amino acids, peptides, and analogues I D Sigma HMDB00148

Allantoin Others I A Sigma-Aldrich HMDB00462

1-Methyl-Histidine Amino acids, peptides, and analogues I C Aldrich HMDB00001

Serotonine Others I C Sigma-Aldrich HMDB00259

N-α-Acetyllysine Amino acids, peptides, and analogues I C Sigma HMDB00446

O-Acetyl-L-carnitine Others I D Sigma HMDB0000201

Cytidine Others I A Sigma HMDB00089

5-Methyluridine Others I C Aldrich HMDB00884

2'-O-Methyladenosine Others I A Sigma HMDB0004326

2'-O-Methylguanosine Others I D / No result

N
6
-Isopentenyladenosine Others I D / No result

Reserpine Others I D Sigma HMDB0014351
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Table B.S1 (continued) Retention times (min) measured in negative ionization mode. 
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N,N-Dimethylglycine 102.0561 x x x x x x x x x x x x x x x x x x

Fumaric acid 115.0037 x 5.1 x x 5.1 x x x x x x x x x x x x x

Benzoic acid 121.0295 1.6 1.6 x 1.6 1.6 1.5 1.7 1.6 1.5 1.7 1.7 2.7 1.7 2.9 1.7 1.8 1.8 1.8

L-Leucine 130.0874 4.8 4.3 4.2 4.9 4.3 4.4 4.8 4.3 4.4 4.3 4.3 4.9 4.3 4.8 4.3 4.3 4.3 4.3

Phenylacetic acid 135.0452 1.5 1.4 1.6 1.5 1.4 1.7 1.6 1.4 1.8 1.6 1.6 2.7 1.6 2.9 1.7 1.7 1.7 1.7

L-Methionine 148.0438 5.2 x x 5.2 4.5 x 5.1 4.5 x x x 5.2 x 5 4.5 4.5 4.5 4.4

Pimelic acid 159.0663 5 4.7 4.6 5.1 4.6 4.6 5.1 4.6 4.6 4.8 4.8 4.9 4.8 5 4.9 4.8 4.8 4.9

3-Methyl-Histidine 168.0779 7.9 5.4 x 7.8 5.5 x 7.5 x x x x x x x x x x x

2-Keto-3-deoxy-D-gluconate 177.0405 5.1 x x 5.2 4.7 x 5.2 4.7 x x x x x 5 x 4.5 4.5 x

Citric acid 191.0197 x x x x x x x x x x x x x x x x x x

L-Tryptophan 203.0826 x x x x x x 4.8 4.3 x x x x x x x 4.2 4.2 4.2

Uridine 243.0623 2.8 2.7 0.8 2.8 2.7 0.9 2.8 2.7 0.9 2.6 2.6 x 2.6 2.8 2.6 2.6 2.6 2.6

3-Methylcytidine 257.0779 1.3 0.8 0.8 1.3 1.2 0.8 1.3 1.2 0.8 1.2 1.2 1.3 1.2 1.3 1.2 1.2 1.2 1.2

1-Methyladenosine 280.1051 2.2 1.8 1.1 2.2 1.8 1.2 2.2 1.8 1.2 x x x x x x 1.8 1.8 1.8

N
2
-Methylguanosine 296.1000 4.2 x 2.7 4.2 x 2.9 4.2 x 3 x x x x x x x x x

Fructose-1,6-bisphosphate 338.9888 x x x x x x x x x x x x x x x 5.3 5.4 x

Glutathione, ox. 611.1447 x x x x x x x x x x x x x x x x x x

Choline 103.0997 x x x x x x x x x x x x x x x x x x

L-Proline 114.0561 x x x x x x x x x x x x x x x x x x

Nicotinamide 121.0407 x x x x x x x x x x x x x x x x x x

L-Norleucine 130.0874 4.8 4.3 4.2 4.9 4.3 4.4 4.8 4.3 4.4 4.3 4.3 4.9 4.3 4.8 4.3 4.3 4.3 4.3

N-Methylnicotinamide 135.0564 x 0.7 x x 0.7 x 0.8 0.7 x 0.7 0.7 0.8 0.7 0.8 0.7 0.7 0.7 0.7

L-Glutamine 145.0619 5.6 5 x 5.6 5.1 x 5.5 5.1 x x x 5.7 x 5.6 x 5 5 x

D-Arabinose 149.0456 3.6 x 1.2 3.5 x 1.3 3.6 x 1.3 x x x x x x x x x

Tryptamine 159.0928 x x x x x x 4.6 3.6 x 3.6 3.6 x x x x x x x

Cis -Aconitic acid 173.0092 5.1 4.9 4.5 5.2 4.8 4.6 5.2 4.9 4.6 x x 5 x 5.2 x 5 5.1 5.2

Hippuric acid 178.0510 3.7 3.7 3.5 3.7 3.7 3.6 3.7 3.7 3.6 3.7 3.7 4 3.7 4 3.7 3.7 3.7 3.7

Dl-Isocitric acid 191.0197 x x x x x x x x x x x x x x x x x x

Indole-3-lactic acid 204.0666 3.8 x x 3.9 3.4 x 3.9 3.4 x 3.3 3.3 4 3.3 4 3.3 3.3 3.3 3.3

Pseudouridine 243.0623 4.1 4 1.2 4 4 1.3 4 4 1.4 4 4 4.1 4 4.1 4 4 4 4

Glucose-1-phosphate 259.0224 x x x x x x 5.7 x x x x x x x x x x x

N
6
-Methyladenosine 280.1051 2.2 1.8 1.1 2.2 1.8 1.2 2.2 1.8 1.2 1.8 1.8 2 1.8 2.1 1.8 1.8 1.8 1.8

7-Methylguanosine 297.1073 x x x x x x x x x x x x x x x x x x

Arachidonoyl Ethanolamide 346.2752 0.6 0.5 x 0.6 0.5 x 0.5 0.5 x 0.5 0.5 0.6 0.5 0.6 0.5 0.5 0.5 0.5

Glyceric acid 105.0193 x x x x x x x x x x x x x x x x x x

Succinic acid 117.0193 x x x x 4.7 x 5.2 4.7 4.6 x x 4.9 x x x 4.8 4.9 5

Taurine 124.0074 4.9 4.5 4 4.8 4.5 4 4.8 4.5 4 4.5 4.5 4.9 4.5 4.9 4.5 4.4 4.5 4.5

L-tert-Leucine 130.0874 4.8 4.3 4.2 4.9 4.3 4.4 4.8 4.4 4.4 x 4.3 4.9 4.4 4.8 4.4 4.3 4.3 4.3

Anthranilic acid 136.0404 1.3 1.1 1 1.3 1.2 1 1.4 1.2 1.1 1.2 1.2 2.1 1.2 2.2 1.2 1.3 1.3 1.4

D-Ribose 149.0456 2.5 2.2 0.9 2.5 2.2 1 2.5 2.2 1 2.1 2.1 x 2.1 2.6 2.1 2.1 2.1 2.1

Carnitine 160.0979 x x x x x x x x x x x x x x x x x x

Suberic acid 173.0819 5 4.5 4.5 5 4.5 4.5 5 4.5 4.6 4.7 4.7 4.8 4.7 5 4.7 4.7 4.7 4.8

D-Galactose 179.0561 4.5 4.5 2 4.5 4.5 2.3 4.5 4.3 2.4 3.7 3.7 x 3.7 4 3.7 3.7 3.7 3.7

N-Acetylglutamic acid 188.0564 5.1 5 4.6 5.1 5.1 4.6 5.2 5.1 4.7 4.9 4.9 4.9 5 5.1 5.1 5 5 5.1

3-Indoxylsulfate 212.0023 0.6 0.6 0.4 0.6 0.6 0.4 0.6 0.6 0.4 0.5 0.5 0.7 0.5 0.7 0.5 0.5 0.5 0.5

Biotin 243.0809 4.1 4 4 4.1 4 4 4.1 x 4 x x x x x x 4.2 4.2 4.2

Adenosine 266.0891 x x x x x x x x x x x x x x x x x x

Guanosine 282.0844 4.5 4.2 3 4.4 4.2 3.1 4.5 4.2 3.2 4.2 4.2 4.5 4.2 4.5 4.2 4.2 4.2 4.2

Palmitoyl Ethanolamide 298.2752 x x x x x x x x x x x x x x x x x x

Riboflavine 375.1296 x x 1.7 x x 1.8 x x 1.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8

NADH 664.1175 x x x x x x x x x x x x x x x x x x

Retention time [min]

NEGATIVE

Acidic Neutral Basic
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Table B.S1 (continued) Retention times (min) measured in negative ionization mode. 
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L-Serine 104.0353 x x x x x x x x x x x x x x x x x x

Levulinic acid 115.0401 2 2.1 2.7 2 2.1 2.9 2.2 2.1 3 2.6 2.6 3.7 2.6 3.8 2.6 2.7 2.7 2.8

Isethionic acid 124.9914 2.1 3.3 0.7 2 3.3 0.7 2.1 3.3 0.7 2.7 2.7 2.1 2.7 2.2 2.8 2.7 2.7 2.8

S-Malic acid 133.0143 x x x x x x x x x x x x x x x x x x

2-Oxoglutaric acid 145.0143 5 x x 5.1 x x x 5 x x x 4.9 x 5 x x 4.9 x

3-Phenylpropionic acid 149.0608 1 0.7 0.5 1 0.7 1.1 1.1 0.7 1.2 1.1 1.1 1.4 1.1 1.5 1.1 1.1 1.1 1.1

L-Fucose 163.0612 2.7 2.6 1.1 2.7 2.6 1.2 2.7 2.6 1.2 2.5 2.5 3.2 2.5 3.3 2.4 3.1 2.8 3.2

D-Glucose 179.0561 x x x x x x x x x 4.4 4.4 x 4.4 x 4.4 4.4 4.4 4.4

3-Indolepropionic acid 188.0717 1.3 1 1 1.3 1 1.1 1.4 1 1.1 1.2 1.2 2.2 1.2 2.3 1.2 1.2 1.2 1.2

L-Hydroxytryptophan 219.0775 x x x x x x x x x x x x x x x x x x

Palmitic acid 255.2330 x 1.2 x x 1.2 x x 1.2 x 0.6 0.6 x 0.6 x 0.6 0.6 0.6 0.6

5-Ethyluridine 267.0623 2.1 1.7 x 2 1.7 1.2 2.1 1.7 1.2 1.7 1.7 2.1 1.7 2.1 1.7 1.7 1.7 1.7

N
4
-Acetylcytidine 284.0888 3.1 2.9 x 3 2.9 1.3 3.1 2.9 1.4 2.8 2.8 3.2 2.8 3.2 2.8 2.8 2.8 2.8

Quercetin 301.0354 x x 0.6 6.4 x 0.9 5.6 x 1 0.7 0.7 4 0.7 4 1.8 x x x

S-Adenosyl-L-homocysteine 383.1143 5.5 x x 5.5 5.1 x 5.5 5.1 x x x x x x x x x x

FAD 784.1498 x x x x x x x x x x x x x x x x x x

p-Cresol 107.0502 x x 0.7 x x 0.7 x x 0.8 x x x x x x x x x

Betain 116.0717 x x x x x x x x x x x x x x x x x x

1,2,3-Trihydroxybenzene 125.0244 x x x x x x x x x x x x x x x 1.1 0.9 1.1

Methylsuccinic acid 131.0350 4.9 4.1 4 5 4.1 4.1 5 4 4.2 4.4 4.4 x 4.4 x 4 4.4 4 4.2

Caprylic acid 143.1078 0.7 0.7 0.7 x 0.7 x 0.7 0.7 x 0.8 0.8 x 0.8 0.8 0.8 0.7 0.8 0.8

2-Hydroxyphenylacetic acid 151.0401 1.4 1 0.7 1.4 1 0.7 1.4 1 0.7 0.8 0.8 1.5 0.7 1.5 0.7 1 0.8 1

L-Phenylalanine 164.0717 4.9 4.2 4.1 4.9 4.3 4.5 4.9 4.3 4.5 4.3 4.3 4.8 4.3 4.7 4.3 4.2 4.2 4.2

L-Arginine 173.1044 7.6 5.6 x 7.3 5.6 x 6.9 x x x x x x x x x x x

D-Mannose 179.0561 4.5 4.3 2 4.5 4.3 2.3 4.5 4.3 2.4 4.3 4.3 x 4.3 4.5 4.3 4.4 4.4 4.4

Ferulic acid 193.0506 2.2 1.6 1.3 2.2 1.7 1.5 2.4 1.7 1.5 x x x x 3.7 2 2.1 2.1 2.1

Chorismic acid 225.0405 x x x 5 x x x x x x x x x x x x x x

2'-O-Methylcytidine 256.0939 4 3 2.5 3.9 3 2.4 3.8 x 2.4 3 3 3.7 3 3.7 3 3 3 3

Inosine 267.0735 4 3.8 1.9 4 3.8 2.7 4 3.7 2.6 3.7 3.7 4.1 3.8 4.1 3.8 3.7 3.7 3.8

Kaempferol 285.0405 3.5 0.7 0.6 3.5 0.8 1.1 3.5 0.7 1.3 0.7 0.7 3.9 0.7 3.9 0.7 0.7 0.7 0.7

Arachidonic acid 303.2330 0.6 0.6 0.5 0.6 0.6 0.5 0.6 0.6 0.5 0.6 0.6 0.7 0.6 0.7 0.6 0.6 0.6 0.6

S-Adenosyl-L-methionine 397.1300 x x x x x x x x x x x x x x x x x x

Hypotaurine 108.0125 x x x x x x x x x x x x x x x x x x

L-Valine 116.0717 x x x x x x x x x x x x x x x x x x

1,3,5-Trihydroxybenzene 125.0244 2 3.3 0.7 2 3.3 0.7 2 3.3 0.7 0.7 0.7 x 0.7 2.4 0.7 0.7 0.7 0.7

L-Asparagine 131.0462 x 5.2 x 6.1 5.2 x x 5.2 x x x x x x x x x x

Spermidine 144.1506 x x x x x x x x x x x x x x x x x x

3-Hydroxyphenylacetic acid 151.0401 3.7 3 2.3 3.6 3.1 2.5 3.7 3 2.6 3.3 3.3 4.1 3.3 4.2 3.4 3.4 3.4 3.4

3-(4-Hydroxyphenyl)-propionic acid165.0557 2.2 1.5 3.1 2.1 1.6 1.3 2.3 1.5 1.3 1.8 1.8 3.5 1.8 3.6 1.8 2 2 2

Indole-3-acetic acid 174.0560 1.9 1.4 1.3 1.9 1.4 1.4 2 1.4 1.4 1.6 1.6 3.4 1.6 3.5 1.6 1.7 1.7 1.7

Theobromine 179.0575 x 0.8 0.7 x 0.8 0.7 x x 0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.8 x 0.8

Gluconic acid 195.0510 6.7 6.1 4.8 6.7 6.1 x 6.8 5.9 x x x x x x x 4.9 x 5.1

Carnosine 225.0993 6.5 5.4 6 6.5 5.4 6 6.3 5.4 5.9 5.5 5.5 6.4 5.4 6.3 5.3 5.3 5.3 5.3

5-Methylcytidine 256.0939 4.4 3.9 x 4.3 3.9 3.4 4.2 3.9 x 3.9 3.9 4.2 3.9 4.2 3.9 3.9 3.8 3.9

Glucose-6-phosphate 259.0224 5.5 5.6 4.9 6 5.4 5 6.1 5.7 5 5.5 5.5 5.5 5.6 5.7 5.7 5.5 5.5 5.7

Apigenin 269.0456 1.5 0.7 0.5 1.5 0.7 0.6 1.5 0.7 0.5 0.7 0.7 0.9 0.7 0.9 0.7 0.7 0.7 0.7

Retinol 285.2224 x x x x x x x x x x x x x x x x x x

Glutathione, red 306.0765 x x x x x x x x x x x x x x x x x x

2-Methylbutyric acid 101.0608 x x x x x x x x x x x x x x x x x x

L-Homoserine 118.0510 x x x x x x 5.5 5 x x x 5.7 x x x x x x

NEGATIVE

Acidic Neutral Basic

Retention time [min]
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Table B.S1 (continued) Retention times (min) measured in negative ionization mode. 
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Oxaloacetic acid 130.999 x x x x x x x x x x x x x x x x x x

L-Ornithine 131.083 x x x x x x x x x x x x x x x x x x

4-Hydroxyphenylacetic acid 151.040 3.6 2.6 1.9 3.6 2.6 2.1 3.6 x 2.1 x x x x x x 3.2 3.2 3.3

Uric acid 167.021 x x x x x x x x x x x x x x x x x x

N-Acetyl-L-ornithine 173.093 x x x x x x x x x 5 5 5.5 5 5.5 5 5 x 5

L-Citrulline 174.088 5.7 5.1 x 5.6 5.1 x 5.6 5.1 x x x x x x x 5.2 5.1 5.1

L-Tyrosine 180.067 x x x x x x x 4.6 x x x x x x x x x x

Indole pyruvic acid 202.051 0.6 0.5 0.5 0.6 0.5 0.5 0.6 0.5 0.5 0.5 0.5 0.6 0.5 0.6 0.5 x x x

Myristic acid 227.202 x x x x x x x x x 0.6 0.6 x 0.6 0.7 0.6 0.6 0.6 0.6

2'-C-Methylcytidine 256.094 4.3 3.8 x 4.2 3.7 2.7 4.2 3.7 2.7 3.7 3.7 4.2 3.7 4.2 3.8 3.7 3.7 3.7

Myristoyl Ethanolamide 270.244 0.6 0.6 0.6 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 x x x

Luteolin 285.040 0.8 0.7 0.6 3.5 3.4 0.6 x 3.7 0.5 x x x x x x x x x

N
2
-N

2
-Dimethylguanosine 310.116 3.8 3.5 2.4 3.7 3.5 2.5 3.7 3.5 2.6 3.5 3.5 3.8 3.5 3.8 3.5 3.5 3.5 3.5

N
6
-Threonylcarbamoyladenosine411.127 x x x x x x x x x x x 4.8 x 4.8 x 4.6 4.7 4.7

ATP 505.988 x x x x x x x x x x x x x x x x x x

Isovaleric acid 101.061 x x x x x x x x x x x x x x x x x x

Uracile 111.020 1.3 1.2 0.7 1.3 1.2 0.7 1.3 1.2 0.7 1.2 1.2 1.3 x 1.2 x 1.2 x 1.2

L-Threonine 118.051 x x x x x x 5.7 5 x x x 6 x x x x x x

Creatine 130.062 5.2 4.8 4.7 5.2 4.8 4.7 x x 4.7 x x x x x x x x x

L-Aspartic acid 132.030 x x x 6.1 x x x x x x x x x x x x x x

L-Lysine 145.098 7.5 5.7 x 7.2 5.7 x 6.8 5.6 x 5 5 5.5 5 x x x x x

L-Histidine 154.062 8.4 x x 8.3 x x 8.1 x x x x x x x x x x x

Cysteic acid 167.997 5.2 5.1 4.3 5.2 5.1 x 5.3 5.1 x x x 5 x 5.1 x 4.9 4.9 5

2-Isopropylmalic acid 175.062 x x x x x x x 4.8 x x x x x 5.7 x x x x

4-Pyridoxic acid 182.046 1.8 0.8 0.5 1.6 0.8 0.6 1.4 0.8 0.5 0.7 0.7 0.8 0.7 0.9 0.7 0.7 0.7 0.7

Sebacic acid 201.113 4.6 3.9 4.1 4.6 3.9 4.3 4.6 3.8 4.3 4.4 4.4 4.8 4.4 4.8 4.3 4.4 4.4 4.4

Thymidine 241.083 1.5 1.4 0.7 1.5 1.4 0.7 1.5 1.4 0.8 1.3 1.3 1.5 1.3 1.5 1.3 1.3 1.3 1.3

2'-O-Methyluridine 257.078 1.3 x 0.8 1.3 1.2 0.8 1.3 1.2 0.8 1.2 1.2 1.3 1.2 1.3 1.2 1.2 1.2 1.2

γ-Linolenic acid 277.217 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.6 0.7 0.6 0.6 0.6 0.6

Catechin 289.072 x 0.7 0.5 5.9 0.7 0.5 5.6 2.3 0.5 0.7 0.7 x 0.7 x 0.7 2.1 x 1.8

γ-Linolenoyl Ethanolamide 322.275 0.6 0.5 x 0.6 0.5 x 0.6 0.5 x x x x x x x x x x

NAD+ 663.109 x x x x x x x x x x x x x x x x x x

Valeric acid 101.061 x x x x x x x x x x x x x x x x x x

Creatinine 112.052 x x x x x x x x x 3 3 x x x x 2.9 2.9 3

L-Cysteine 120.012 x x x x x x x x x x x x x x x x x x

L-Isoleucine 130.087 4.8 4.3 4.2 4.9 4.3 x 4.8 4.4 4.4 4.3 4.3 4.9 4.4 4.8 4.4 4.3 4.3 4.3

L-Homocysteine 134.028 x x x x x x x x x 1.6 1.6 2.1 1.6 2.1 1.6 x x x

L-Glutamic acid 146.046 5.4 5.3 x x 5.3 x 5.5 5.3 x x x 5.2 x 5.4 x 5.1 x x

Allantoin 157.037 3.8 3.5 0.9 3.8 3.5 0.9 3.8 3.4 1 3.4 3.4 3.8 3.4 3.8 3.4 3.4 3.4 3.4

1-Methyl-Histidine 168.078 x x x x x x x x x x x x x x x x x x

Serotonine 175.088 x x x x x x x x x x x x x x x x x x

N-α-Acetyllysine 187.109 5.4 5 5.1 5.4 4.9 5.1 5.4 5 5.1 5 5 5.5 5 5.5 5 5 x 5

O-Acetyl-L-carnitine 202.108 x x x x x x x x x x x x x x x x x x

Cytidine 242.078 4.5 4 3.2 4.4 4 3.3 4.3 4 3.3 x x 4.3 4 4.3 4 4 4 4

5-Methyluridine 257.078 2.3 2.2 0.8 2.3 2.2 0.8 2.3 2.2 0.8 2.1 2.1 2.4 2.1 2.3 2.1 2.1 2.1 2.1

2'-O-Methyladenosine 280.105 1.7 1.3 1.1 1.6 1.3 1.2 1.6 1.3 x 1.4 1.4 1.6 1.4 1.6 1.4 1.4 1.4 1.4

2'-O-Methylguanosine 296.100 4 3.7 2 4 3.6 2.1 4 3.6 2.1 3.6 3.6 4 3.6 4 3.6 3.6 3.6 3.6

N
6
-Isopentenyladenosine 334.152 1.1 0.8 0.7 1.1 0.8 0.7 1 0.8 0.7 1 1 1 1 0.9 1 0.8 0.8 0.8

Reserpine 607.266 4.1 0.5 2.8 4 0.5 2.6 3.9 0.5 x x x x x x x 0.5 x x

Acidic Neutral Basic

Retention time [min]

NEGATIVE
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Table B.S1 (continued) Retention times (min) measured in positive ionization mode. 
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N,N-Dimethylglycine 104.0706 x x x x x x x x x x x x x x x x x x

Fumaric acid 117.0182 x x x x x x x x x x x x x x x x x x

Benzoic acid 123.0441 x x x x x x x x x x x x x x x x x x

L-Leucine 132.1019 4.9 4.3 4.2 4.9 4.3 4.4 4.8 4.3 4.4 5.1 4.3 4.9 4.3 4.9 4.3 4.3 4.3 4.3

Phenylacetic acid 137.0597 x x x x x x x x x x x x x x x x x x

L-Methionine 150.0583 5.1 x x 5.2 x x 5.1 x 4.6 5.6 4.5 x 4.5 x 4.5 4.5 4.4 4.4

Pimelic acid 161.0808 5 4.7 x 5.1 4.6 x 5.1 4.6 x 4.9 x 4.9 x x x 4.8 x x

3-Methyl-Histidine 170.0924 8 5.3 6.1 7.9 5.5 7 7.6 5.4 6.9 9.2 5.6 8.1 5.5 7.8 5.4 5.7 5.5 5.4

2-Keto-3-deoxy-D-gluconate 179.0550 x x x x x x x x x 4.5 x x 4.4 x 4.4 x x 4.4

Citric acid 193.0343 x x x x x x x x x x x x x x x x x x

L-Tryptophan 205.0972 x x x 4.8 x x 4.8 4.3 x 5.2 x 4.8 x 4.7 x 4.3 4.2 4.2

Uridine 245.0768 2.8 2.7 0.8 2.8 2.6 0.9 2.8 2.7 0.9 2.9 2.6 2.9 2.6 2.9 2.6 2.5 2.5 2.6

3-Methylcytidine 259.0925 x 1.2 0.7 1.3 1.2 0.7 1.3 1.2 0.8 1.3 1.2 1.3 1.2 1.3 1.2 1.2 1.2 1.2

1-Methyladenosine 282.1197 2.2 1.7 1.1 2.2 1.8 1.2 2.2 1.8 1.2 2.3 1.8 2.2 1.8 2.2 1.8 1.8 1.8 1.8

N
2
-Methylguanosine 298.1146 x x 2.7 4.2 3.9 2.8 x 3.9 3 4.3 x 4 3.9 x 3.9 3.6 3.6 3.6

Fructose-1,6-bisphosphate 341.0033 x x x x x x x 1.2 x x x x x x x x x x

Glutathione, ox. 613.1592 x x x x x x x x x x x x x x x x x x

Choline 105.1143 x x x x x x x x x x x x x x x x x x

L-Proline 116.0706 5.1 4.5 4.6 5.1 4.5 4.7 5.1 4.5 4.7 5.3 4.5 5.2 x 5.1 0.7 4.5 4.5 4.5

Nicotinamide 123.0553 1 0.8 0.8 1 0.8 0.8 1 0.8 0.8 1 0.9 0.9 0.9 1 0.8 0.9 0.9 0.9

L-Norleucine 132.1019 x 4.3 4.2 4.9 4.3 4.4 4.8 4.3 4.4 5.1 4.3 4.9 4.3 4.9 4.3 4.3 4.3 4.3

N-Methylnicotinamide 137.0709 0.9 0.7 0.8 0.9 0.7 0.8 0.8 0.7 0.8 0.8 0.7 0.8 0.7 0.8 0.7 0.7 0.7 0.7

L-Glutamine 147.0764 5.6 5 4.6 5.5 5 5 5.5 5 5 6 x 5.7 x 5.6 x 5 5 1.1

D-Arabinose 151.0601 x x x x x x x x x x x x x x x 2.2 2.2 2.2

Tryptamine 161.1073 x 3.5 3.8 4.6 3.5 3.7 4.6 3.5 3.7 4.2 3.6 4.2 3.6 4.1 3.6 3.5 3.6 3.5

Cis -Aconitic acid 175.0237 5.1 x x 5.2 x x 5.2 4.9 x x x x x x x x x x

Hippuric acid 180.0655 x 3.7 3.5 x 3.7 3.5 x 3.7 3.6 4 3.7 4 3.7 4 3.7 3.7 3.7 3.7

Dl-Isocitric acid 193.0343 x x x x x x x x x x x x x x x x x x

Indole-3-lactic acid 206.0812 3.8 x 3.3 3.9 3.4 x 3.9 3.4 x x 3.3 4 3.3 4 3.3 3.4 3.3 3.3

Pseudouridine 245.0768 x x 1.3 x x 1.3 x x x 4.1 4 4.1 4 4.1 4 4 4 4

Glucose-1-phosphate 261.0370 x x x x x x x x x x x x x x x x x x

N
6
-Methyladenosine 282.1197 2.2 1.7 1.1 2.2 1.8 1.2 2.2 1.8 1.2 2.3 1.8 2.2 1.8 2.2 1.8 1.8 1.8 1.8

7-Methylguanosine 299.1219 4.9 4.6 4.5 4.9 x 4.5 4.8 4.6 4.5 5 x 5 x 4.9 x 4.6 x x

Arachidonoyl Ethanolamide 348.2897 0.6 0.5 0.5 0.6 0.5 0.5 0.6 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.5 0.5 0.6 0.6

Glyceric acid 107.0339 x x x x x x x x x x x x x x x x x x

Succinic acid 119.0339 x x x x x x x x x x x x x x 1.3 x x x

Taurine 126.0219 4.9 4.5 4 4.9 4.5 4 4.9 4.5 4 4.8 4.5 4.9 4.5 4.9 4.5 4.4 4.5 4.5

L-tert-Leucine 132.1019 4.9 4.3 4.2 4.9 4.3 4.4 4.8 4.3 4.4 5.1 4.3 4.9 4.3 4.9 4.3 4.3 4.3 4.3

Anthranilic acid 138.0550 1.3 1.1 x 1.4 1.1 1.1 1.4 1.2 1.1 2.2 1.3 2.2 1.2 2.2 1.3 1.2 1.2 1.3

D-Ribose 151.0601 x 2.2 x x x x x x x x x x x x x x x x

Carnitine 162.1125 5.4 4.8 5.4 5.5 4.8 5.5 5.5 4.8 5.5 5.5 4.8 5.5 4.8 5.5 4.8 4.8 4.8 4.8

Suberic acid 175.0965 5 x x 5 4.5 x x 4.5 4.6 4.8 4.7 4.9 4.7 5 4.8 4.7 4.7 x

D-Galactose 181.0707 x x x x x x x x x x x x x x x 3.7 3.7 3.7

N-Acetylglutamic acid 190.0710 5.1 5.1 4.6 5.1 5.1 4.6 5.2 5.1 4.7 x 4.9 4.9 5 5.1 x 5 5 x

3-Indoxylsulfate 214.0169 x x x x x x x x x x x x x x x x x x

Biotin 245.0954 4.1 4 4 4.1 4 4 4.1 4 4 4.5 x 4.5 4.2 4.5 4.2 4.2 4.2 4.2

Adenosine 268.1037 4.3 x 2.8 4.2 x 2.8 4.2 x x 3.4 2.8 3.4 2.8 3.4 2.8 x x x

Guanosine 284.0990 4.5 4.2 3 4.5 4.2 3.1 4.5 4.2 3.2 4.5 4.2 4.5 4.2 4.5 4.2 4.2 4.2 4.2

Palmitoyl Ethanolamide 300.2897 x x x x x x x x x x x x x x x x x x

Riboflavine 377.1441 3.8 3.8 1.7 3.8 3.8 1.8 3.8 3.8 1.9 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8

NADH 666.1320 x x x x x x x x x x x x x x x x x x

Retention time [min]
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Table B.S1 (continued) Retention times (min) measured in positive ionization mode. 
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L-Serine 106.0499 x x x x x x x x x x x x x x x x x x

Levulinic acid 117.0546 2 2.1 2.7 x 2 2.7 2.2 2.1 3 3.7 2.6 3.7 2.5 3.8 2.6 2.7 2.7 2.8

Isethionic acid 127.0060 x x x x x x x x x x x x x x x x x x

S-Malic acid 135.0288 x x x x x x x x x x x x x x x x x x

2-Oxoglutaric acid 147.0288 x x x x x x x x x x x x x x x x x x

3-Phenylpropionic acid 151.0754 x x x x x x x x x x x x x x x x x x

L-Fucose 165.0757 x x x x x x x x x x x x x x x x x x

D-Glucose 181.0707 x x x x x x x x x x x x x x x x x x

3-Indolepropionic acid 190.0863 1.3 1 1 1.4 1 x 1.4 1 1.1 2.2 1.2 2.2 1.2 2.3 1.2 1.2 1.2 1.2

L-Hydroxytryptophan 221.0921 x x x x x x x x 3.2 x x x 0.7 x 0.7 x x x

Palmitic acid 257.2475 x x x x x x x x x x x x x x x x x x

5-Ethyluridine 269.0768 2.1 1.7 0.6 2.1 1.7 0.7 2.1 1.7 0.6 2.1 1.7 2.1 1.6 2.1 1.6 1.6 1.7 1.7

N
4
-Acetylcytidine 286.1034 3.1 2.9 1.2 3.1 2.9 1.3 3.1 2.9 1.4 3.2 2.8 3.2 2.8 3.2 2.8 2.8 2.8 2.8

Quercetin 303.0499 x x x x x x 5.6 3.2 x x 0.7 x 0.7 x x 0.7 0.7 0.7

S-Adenosyl-L-homocysteine 385.1289 5.5 5.1 5.1 5.5 5.1 5.1 5.5 5.1 5.1 5.9 x 5.6 x 5.6 x 5.3 x 5.1

FAD 786.1644 5 x x 5 5.2 x 5.1 5.3 x 4.8 x x x x x 5.1 x x

p-Cresol 109.0648 x x x x x x x x x x x x x x x x x x

Betain 118.0863 x x x x 4.3 x x 4.3 x 4.8 4.3 4.8 4.3 4.8 4.3 4.3 4.3 4.3

1,2,3-Trihydroxybenzene 127.0390 x x x x x x x x x x x x x x x x x x

Methylsuccinic acid 133.0495 x x x x x 4.1 x x 4.1 x x x x x x x x x

Caprylic acid 145.1223 x x x x x x x x x x x x x x x x x x

2-Hydroxyphenylacetic acid 153.0546 x x x x x x x x x x x x x x x x x x

L-Phenylalanine 166.0863 x 4.2 4.1 4.9 4.3 x 4.8 4.3 x 5.1 4.3 4.9 4.3 4.8 4.3 4.3 4.3 4.3

L-Arginine 175.1190 7.4 5.6 5.9 7.2 5.6 6.2 6.9 5.6 6.1 x 6.4 10 6.2 8.5 5.9 6.2 6.1 5.8

D-Mannose 181.0707 x x x x x x x x x x x x x x x x x x

Ferulic acid 195.0652 x 1.6 x 2.3 1.6 1.4 2.4 1.7 1.5 x 0.5 x x x x x x x

Chorismic acid 227.0550 x x x x x x x x x x x x x x x x x x

2'-O-Methylcytidine 258.1084 4 x x x x x 4.2 3 x 3.7 3 3.6 3 3.7 3 2.9 3 3

Inosine 269.0881 4.5 3.8 1.9 4.1 3.8 2 4.1 3.7 2.1 4.1 3.8 4.1 3.8 4.1 3.8 3.7 3.7 3.7

Kaempferol 287.0550 3.5 0.7 x 3.5 0.8 1.1 3.6 0.8 1.3 x 0.7 3.5 0.7 3.5 0.7 0.8 0.7 0.7

Arachidonic acid 305.2475 x x x x x x x x x x x x x x x x x x

S-Adenosyl-L-methionine 399.1445 7.9 5.8 x 7.9 6 7.5 7.5 5.9 x x 6.6 x x x x 6.8 6.3 6

Hypotaurine 110.0270 x x x x x x x x x x x x x x x x x x

L-Valine 118.0863 x x 4.3 x x x 5.5 x 6.4 4.8 x 5.2 4.3 4.8 4.3 4.6 x x

1,3,5-Trihydroxybenzene 127.0390 x x x x x x x x x x x x x x x x x x

L-Asparagine 133.0608 x 5.1 5.3 6 5.1 5.2 5.9 5.2 5.3 6.8 x 6.3 x x x 5.4 x x

Spermidine 146.1652 x 6.4 8.9 x 6.5 8.5 9.9 9.5 8 x x x x x x x x x

3-Hydroxyphenylacetic acid 153.0546 x x x x x x x x x x x x x x x x x x

3-(4-Hydroxyphenyl)-propionic acid 167.0703 x x x x x x x x x x x x x x x x x x

Indole-3-acetic acid 176.0706 1.9 1.4 1.3 2 1.3 1.3 2 1.4 1.4 x 1.6 3.4 1.6 3.5 1.6 1.6 1.7 1.7

Theobromine 181.0720 0.9 0.8 0.7 0.9 0.8 0.7 0.9 0.8 0.7 0.9 0.8 0.9 0.8 0.9 0.8 0.8 0.8 0.8

Gluconic acid 197.0656 x x x x x x x x x x x x x x x x x x

Carnosine 227.1139 6.5 5.4 5.9 6.5 5.4 6 6.3 5.4 5.9 6.2 5.4 6.4 5.4 6.3 5.3 5.3 5.3 5.3

5-Methylcytidine 258.1084 4.4 3.9 3.3 4.3 3.9 3.4 4.2 3.9 3.5 x x 4.1 x x x x x x

Glucose-6-phosphate 261.0370 5.6 x 4.9 5.7 5.6 5.1 5.8 5.7 5.1 5.4 5.5 5.4 5.5 5.7 5.7 5.5 5.5 5.7

Apigenin 271.0601 1.4 0.7 0.5 1.4 0.7 0.6 0.9 0.7 0.6 0.9 0.7 0.9 0.7 0.9 0.7 0.7 0.7 0.7

Retinol 287.2370 x 0.5 x x 0.5 x x 0.5 x x x x x x x x x x

Glutathione, red 308.0911 x x x x x x x x x x x x x x x x x x

2-Methylbutyric acid 103.0754 x x x x x x x x x x x x x x x x x x

L-Homoserine 120.066 5.6 4.9 x x 5 x 5.7 5 5 6.1 x 5.7 x x x 5.1 x 4.9

Retention time [min]

POSITIVE

Acidic Neutral Basic
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Table B.S1 (continued) Retention times (min) measured in positive ionization mode. 
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Oxaloacetic acid 133.013 x x x x x x x x x x x x x x x x x x

L-Ornithine 133.097 7.5 5.7 6.1 7.3 5.7 6.4 6.9 5.6 6.2 5.5 x 9.8 x 8.5 x 6.5 6.1 5.9

4-Hydroxyphenylacetic acid 153.055 x x x x x x x x x x x x x x x x x x

Uric acid 169.036 x x x x x x x x x x x x x x x x x x

N-Acetyl-L-ornithine 175.108 5.4 5 5 5.4 4.9 5 5.4 5 5 5.5 5 5.5 5 5.5 5 4.9 5 5

L-Citrulline 176.103 5.6 5.1 4.8 5.7 5.1 5.1 5.6 5.1 5.1 6 5.2 5.7 x 5.7 5.2 5.2 5.2 5.2

L-Tyrosine 182.081 5.1 x x 5.1 x x 5.1 4.6 x x x x x 5.1 x 4.6 4.5 4.5

Indole pyruvic acid 204.066 0.7 0.6 0.5 0.7 x 0.5 0.7 0.6 0.6 0.7 0.6 0.6 0.6 0.6 0.6 0.6 x x

Myristic acid 229.216 x x x x x x x x x x x x x x x x x x

2'-C-Methylcytidine 258.108 4.4 3.8 2.5 4.3 3.8 2.5 4.2 3.8 2.8 4.2 3.7 4.1 3.7 4.1 3.7 3.7 3.7 3.7

Myristoyl Ethanolamide 272.258 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Luteolin 287.055 x 0.7 x x x 1.1 5.7 3.7 0.5 2.1 x x x x x x 2.7 0.7

N
2
-N

2
-Dimethylguanosine 312.130 x x 2.4 3.8 3.5 2.4 3.7 3.5 2.6 3.8 3.5 3.8 3.5 3.8 3.5 3.5 3.5 3.5

N
6
-Threonylcarbamoyladenosine 413.142 x x x x x x x x x 4.8 4.6 4.8 4.7 4.8 4.7 4.7 4.7 4.7

ATP 508.003 x x x x x x x x x x x x x x x x x x

Isovaleric acid 103.075 x x x x x x x x x x x x x x x x x x

Uracile 113.035 1.3 1.2 0.6 1.3 1.2 0.7 1.3 1.2 0.7 1.3 1.2 1.3 1.2 1.3 1.2 1.2 1.2 1.2

L-Threonine 120.066 5.6 4.9 x 5.8 5 4.2 5.7 5 4.2 6.5 x 5.9 x x x x x x

Creatine 132.077 5.2 4.8 4.7 5.2 4.8 4.7 5.1 4.8 x 5.2 4.8 5.2 4.8 5.2 4.8 4.8 4.8 4.8

L-Aspartic acid 134.045 x 5.3 x x 5.4 x 6.2 x x 6.4 x 6.1 x x x 5.4 5.2 x

L-Lysine 147.113 7.4 5.6 6.1 7.1 5.6 6.3 6.8 5.6 6.2 5.5 x 5.5 x 8.4 5.9 6.2 x 5.9

L-Histidine 156.077 8.2 5.8 6.3 8.2 6 7.4 8.2 5.3 7.6 x x x x x x x 6.6 x

Cysteic acid 170.012 5.1 5.1 x x 5.1 x 5.3 5.1 x 5.1 x 5 x 5.1 5 5 4.9 x

2-Isopropylmalic acid 177.077 x x x x x x x x x x x x x x x x x x

4-Pyridoxic acid 184.060 1.7 x 0.9 1.3 1.5 0.5 1.4 0.8 0.5 0.9 0.7 0.8 0.7 0.9 0.7 0.7 0.7 0.7

Sebacic acid 203.128 4.7 3.9 4.1 x 3.8 4.1 4.6 3.8 4.2 4.8 4.4 4.8 4.4 4.8 4.4 4.4 4.4 4.4

Thymidine 243.098 1.5 1.3 0.7 1.5 1.3 0.7 1.5 1.3 0.7 1.5 1.3 1.5 1.3 1.5 1.3 1.3 1.3 1.3

2'-O-Methyluridine 259.092 x 1.2 0.7 1.3 1.2 0.7 1.3 1.2 0.8 1.3 1.2 x 1.2 x 1.2 1.2 1.2 1.2

γ-Linolenic acid 279.232 0.6 0.6 x 0.6 0.6 x 0.6 0.6 x x x x x x x x x x

Catechin 291.086 x x x x x x x 2 x x x 6 0.7 x 0.7 x x 1.9

γ-Linolenoyl Ethanolamide 324.290 0.6 0.5 0.5 0.6 0.5 0.5 0.6 0.5 0.5 0.6 0.6 0.6 x 0.6 0.6 0.5 0.6 0.6

NAD+ 665.124 x x x x x x x x x x x x x x x x x x

Valeric acid 103.075 x x x x x x x x x x x x x x x x x x

Creatinine 114.066 4.6 2.8 3.3 4.6 2.8 3.3 4.4 2.8 3.3 3.8 3.1 3.8 3 3.8 2.9 2.9 3 3

L-Cysteine 122.027 x x x x x x x x x x x x x x x x x x

L-Isoleucine 132.102 4.9 4.3 4.2 4.9 4.3 4.4 4.8 4.3 4.4 5.1 4.3 4.9 4.3 4.9 4.3 4.3 4.3 4.3

L-Homocysteine 136.043 4.7 x x x x x 6.3 x x x x x x x x x x x

L-Glutamic acid 148.060 5.3 5.2 x 5.4 5.2 x 5.5 5.3 5 5.3 5.1 5.2 5 5.4 5.2 5 5.1 5.2

Allantoin 159.051 3.8 3.5 0.9 x 3.4 0.9 3.8 3.5 1 3.8 3.4 3.8 3.4 3.8 3.4 3.4 3.4 3.4

1-Methyl-Histidine 170.092 8 5.7 6.1 8.8 5.5 8.4 8.8 5.4 8.5 x x x x x x x x x

Serotonine 177.102 x x 3.8 x 3.9 3.8 4.6 3.9 3.8 4.5 2 4.2 2 4.1 2 1.9 1.9 3.9

N-α-Acetyllysine 189.123 5.4 5 5.1 5.4 4.9 5.1 5.4 5 5.1 5.5 5 5.5 5 5.5 5 5 5 5

O-Acetyl-L-carnitine 204.123 5 4.5 5.3 5 4.5 5.4 5 4.5 5.3 1 0.8 1.3 0.8 0.9 0.7 0.8 0.8 0.8

Cytidine 244.093 4.5 4 3.2 4.4 4 3.2 4.4 4 3.4 4.3 x 4.3 4 4.3 4 4 4 4

5-Methyluridine 259.092 2.3 2.2 0.7 2.3 2.2 0.7 2.3 2.2 0.8 2.4 2.1 2.3 2.1 2.3 2.1 2.1 2.1 2.1

2'-O-Methyladenosine 282.120 1.6 1.3 1.1 1.6 1.3 1.2 1.6 1.4 1.2 1.6 1.4 1.6 1.4 1.6 1.4 1.4 1.4 1.4

2'-O-Methylguanosine 298.115 x 3.7 2 4 3.6 2 4 3.6 2.1 4 3.6 4.2 3.6 4 3.6 3.9 3.9 3.9

N
6
-Isopentenyladenosine 336.167 1.3 0.8 0.7 1 0.8 0.7 1 0.8 0.7 1 1 1 0.8 0.9 0.8 0.8 0.8 0.8

Reserpine 609.2807 4.1 0.5 2.8 4 0.5 2.6 3.9 0.5 1.5 0.8 0.5 x x x x 0.5 0.5 0.5

Acidic Neutral Basic

Retention time [min]

POSITIVE
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Table B.S2 Number of detected isomeric pairs (x = not detected). 

 

 

Table B.S2 (continued) Number of separated isomeric pairs (ns = not separated). 

 

 

 

Isomeric pairs - Number of detected compounds

iH
IL

IC
 F

u
s

io
n

 5
-5

 m
M

iH
IL

IC
 F

u
s

io
n

 5
-1

0
 m

M

iH
IL

IC
 F

u
s

io
n

 5
-2

5
 m

M

B
E

H
 A

m
id

e
 5

-5
 m

M

B
E

H
 A

m
id

e
 5

-1
0

 m
M

B
E

H
 A

m
id

e
 5

-2
5

 m
M

C
o

rte
c

s
 H

IL
IC

 5
-5

 m
M

C
o

rte
c

s
 H

IL
IC

 5
-1

0
 m

M

C
o

rte
c

s
 H

IL
IC

 5
-2

5
 m

M

iH
IL

IC
 F

u
s

io
n

 5
-5

 m
M

iH
IL

IC
 F

u
s

io
n

 5
-1

0
 m

M

iH
IL

IC
 F

u
s

io
n

 5
-2

5
 m

M

B
E

H
 A

m
id

e
 5

-5
 m

M

B
E

H
 A

m
id

e
 5

-1
0

 m
M

B
E

H
 A

m
id

e
 5

-2
5

 m
M

B
E

H
 A

m
id

e
 5

-5
 m

M

B
E

H
 A

m
id

e
 5

-1
0

 m
M

B
E

H
 A

m
id

e
 5

-2
5

 m
M

Betain; L-Valine x x x x x x x x x 2 2 2 x 2 2 2 x x

1,2,3-Trihydroxybenzene; 1,3,5-Trihydroxybenzene x x x x x x x x x x x x x x x 2 2 2

L-Isoleucine; L-Leucine; L-Norleucine; L-tert-Leucine 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Pseudouridine; Uridine 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2'-C-Methylcytidine; 2'-O-Methylcytidine; 5-Methylcytidine 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

2'-O-Methyluridine; 3-Methylcytidine; 5-Methyluridine 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

1-Methyladenosine; 2'-O-Methyladenosine; N
6
-Methyladenosine 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

2'-O-Methylguanosine; N
2
-Methylguanosine 2 2 2 x 2 2 2 2 2 2 2 x x 2 2 2 2 2

D-Galactose; D-Glucose; D-Mannose 2 2 2 2 2 2 2 2 2 x x 2 3 3 3 3 3 3

2-Hydroxyphenylacetic acid; 3-Hydroxyphenylacetic acid;                  

4-Hydroxyphenylacetic acid
3 3 3 3 3 2 3 3 3 2 2 2 2 2 2 3 3 3

Kaempferol; Luteolin 2 2 2 2 2 2 2 2 2 2 x x x x x x 2 2

L-Homoserine; L-Threonine 2 x 2 2 2 2 x x 2 2 2 x x x x x x x

Glucose-1-phosphate; Glucose-6-phosphate x x 2 x x x x x x 2 x x x x x x x x

D-Arabinose; D-Ribose 2 2 2 x x x 2 2 2 x x x x x x x x x

1-Methyl-Histidine; 3-Methyl-Histidine 2 2 2 2 2 2 2 2 2 x x x x x x x x x

Acidic Neutral Basic

Isomeric pairs - Separated compounds
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Betain; L-Valine ns ns ns ns ns ns ns ns ns ns 2 ns ns ns ns 2 ns ns

1,2,3-Trihydroxybenzene; 1,3,5-Trihydroxybenzene ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 2 ns 2

L-Isoleucine; L-Leucine; L-Norleucine; L-tert-Leucine ns ns ns 2 2 2 2 ns ns 1 ns ns 2 3 2 ns ns ns

Pseudouridine; Uridine 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2'-C-Methylcytidine; 2'-O-Methylcytidine; 5-Methylcytidine 3 3 2 3 3 3 2 3 3 2 2 2 3 3 3 3 3 3

2'-O-Methyluridine; 3-Methylcytidine; 5-Methyluridine 2 2 2 2 2 2 ns ns 2 2 2 2 2 2 2 2 2 2

1-Methyladenosine; 2'-O-Methyladenosine; N
6
-Methyladenosine 2 2 2 2 2 2 ns ns ns 2 2 2 2 2 2 2 2 2

2'-O-Methylguanosine; N
2
-Methylguanosine 2 2 2 ns 2 2 2 2 2 2 2 ns ns 2 2 2 2 2

D-Galactose; D-Glucose; D-Mannose ns ns ns 2 2 ns ns ns ns ns ns 2 3 3 3 2 2 2

2-Hydroxyphenylacetic acid; 3-Hydroxyphenylacetic acid;                                      

4-Hydroxyphenylacetic acid
3 2 3 3 3 2 3 3 3 2 2 2 2 2 2 3 3 3

Kaempferol; Luteolin ns ns 2 ns 2 2 ns 2 2 2 ns ns ns ns ns ns 2 2

L-Homoserine; L-Threonine ns ns 2 ns ns ns ns ns ns 2 2 ns ns ns ns ns ns ns

Glucose-1-phosphate; Glucose-6-phosphate ns ns 2 ns ns ns ns ns ns 2 ns ns ns ns ns ns ns ns

D-Arabinose; D-Ribose 2 2 2 ns ns ns 2 2 2 ns ns ns ns ns ns ns ns ns

1-Methyl-Histidine; 3-Methyl-Histidine ns 2 2 2 2 ns ns 2 ns ns ns ns ns ns ns ns ns ns

Detected 30 28 32 26 28 27 28 28 30 27 23 21 20 24 24 27 27 27

Separated 16 17 23 18 22 17 13 16 16 19 16 12 16 19 18 20 18 20

% of separated isomers 53 61 72 69 79 63 46 57 53 70 70 57 80 79 75 74 67 74

Number of fully detected and resolved pairs 5 5 8 5 7 5 4 7 6 6 5 3 4 5 5 6 5 6

% of resolved isomeric pairs 33 33 53 33 47 33 27 47 40 40 33 20 27 33 33 40 33 40

Acidic Neutral Basic
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Table B.S3 Fecal metabolites matched with analyzed standards. Possible isomer 
separation was taken into account; (y = detected in feces, x = not detected in feces). 

 

Detected standards in feces
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Benzoic acid y x x x x y x x y x x x x x x y y y

Isethionic acid y y y y y y y y y y y y y y y y y y

Methylsuccinic acid y y y y x y y y y x x x x x x x x x

Phenylacetic acid y y y y y y y y y y y y y y y y y y

Anthranilic acid y x x y x x y x x x x x x x x x x x

3-Hydroxyphenylacetic acid; 4-Hydroxyphenylacetic acid y x x y x x y x x x x x x x x y y y

4-Hydroxyphenylacetic acid x y y x y y x x y x x x x x x x x x

3-Hydroxyphenylacetic acid x y y x y x x y y x x x x x x x x x

Pimelic acid y x x y y x x y x y y y x x x x x y

3-(4-Hydroxyphenyl)-propionic acid y y x y y y y y y y y y y y y y y y

3-Indolepropionic acid y y y y y y y y y y x y x y y y y y

3-Indoxylsulfate y x y y x y y x x x x x x x x x x x

Inosine y y y y y y y y y x x x x x y y y y

Arachidonic acid y y y y y y y y y y y y y y y y y y

Uracile y y y y y y y y y y x y y y y y y y

Creatinine y y y y y y y y y y y y y y y y y y

L-Proline y y y y y y y y x y x y x y x y y y

Taurine y y y y y y y y y y y y y y y y y y

Creatine y y y y y y y y x y y y x y x y y y

L-Ornithine y x x y x x y x x x x x x x x x x x

N-Methylnicotinamide y y y y y y y x y y y y y y y y y y

L-Glutamine y y x x y y y y y y x y x y x y y y

L-Lysine y y y y y y y y y x x x x y x y x y

L-Glutamic acid y y x y y x y y y y x y x y x y y y

L-Methionine y x x y x x x x x y x x x x x y y y

3-Phenylpropionic acid y y x y x y y x y y y y y y y y y y

L-Histidine y x x y x y y x y x x x x x x x x x

Carnitine y y y y y y y y y y y y y y y y y y

N-Acetyl-L-ornithine y y y x y y x y y y x y x y x y y y

L-Arginine y y y y y y y y y x x y x y y y y y

L-Citrulline y y y y y y y y y y x y x y x y y y

L-Tyrosine y x x y x x x y x x x x x x x y y y

4-Pyridoxic acid y y y y y y y y y y y y y y y y y y

N-Acetylglutamic acid y y x y y x x y x y x y x y x y y y

O-Acetyl-L-carnitine y x x x x x x x y x x x x x x x x x

Thymidine y y y y y y y y y y y y y y y y y y

Cytidine y x y y x y y x y y x x x x x x x x

Uridine y y y y y y y y y y y x y y y y y y

Biotin y x y y x y y x y x x x x x x x x x

Adenosine y x y y x y y x x y x y x y x x x x

Apigenin y y y y y y x y y y x x x x x y y y

Myristoyl Ethanolamide y y y y y y y y y y y x y y y y y y

γ-Linolenic acid y y y y y y y y y y y y y y y y y y

Guanosine y x y y x y y x y x x x x x x x x x

γ-Linolenoyl Ethanolamide y y y y y y y y y y y y x y y y y y

Arachidonoyl Ethanolamide y y y y y y y y y y y y y y y y y y

Riboflavine y y y y y y y y y x x x x x x y y y

Caprylic acid x y x x y x y y x x y x y y y y y y

Palmitic acid x y x x y x x y x x y x y x y y y y

L-Phenylalanine x y y y y x y y x y x y x y x y y y

3-Methyl-Histidine x y x y x x x x x x x x x x x y x x

Indole-3-acetic acid x y y x y y y y x x x x x y x y y y

Retinol x y x x y x x y x x x x x x x x x x

D-Arabinose; D-Ribose x x y x x x x x x x x x x x x x x x

D-Arabinose x x x x x x y x y x x x x x x x x x

D-Ribose y y y y y y y y x y y x y y y y y y

2-Hydroxyphenylacetic acid x x y x x x x x x x x x x x x x x x

Acidic Neutral Basic
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Table B.S3 (continued) Fecal metabolites matched with analyzed standards. Possible 
isomer separation was taken into account; (y = detected in feces, x = not detected in feces). 

 

 

L-Fucose x x y x x x x x x x x x x x x x x x

Pseudouridine x x y x x y x x y x x x x x x x x x

Spermidine x x y x x x x x x x x x x x x x x x

Allantoin x x y x x y x x y x x x x x x x x x

Indole-3-lactic acid x x y x x x x x x x x x x x x y y y

5-Methylcytidine x x y x x y x x y x x x x x x x x x

1-Methyladenosine; 2'-O-Methyladenosine; N
6
-Methyladenosine x x y x x y x x x x x x x x x x x x

2'-O-Methylguanosine x x y x x x x x x x x x x x x x x x

Tryptamine x x x y y x y x y y x x x y x y y y

L-Tryptophan x x x y x x y x x x x x x x x y x y

Carnosine x x x y x y y x y x x x x x x x x y

Succinic acid x x x x y x y y y y x y x x x y y y

Ferulic acid x x x x y y x x x x x x x x x x y x

Hippuric acid x x x x x y x x y x x x x x x x x x

L-Homoserine; L-Threonine x x x x x x y x x x x x x x x x x x

L-Homoserine x x x x x x x x x y x x x x x x x x

L-Threonine x x x x x x x x x x x y x x x x x x

Glucose-6-phosphate x x x x x x x y x x x x x x x x x x

2'-O-Methylcytidine x x x x x x x x y x x x x x x x x x

Myristic acid x x x x x x x x x y y x y y y y y y

Betain; L-Valine x x x x x x x x x y x x y y y x x x

Betain x x x x y x x y x x y y x x x y y y

L-Valine x x x x x x y x x x x y x x x y x x

L-Aspartic acid x x x x x x x x x y x y x x x x x x

N-α-Acetyllysine y y y y y y y y y y x y x y x y y y

D-Galactose; D-Mannose y y y y y y y y y x x x x x x x x x

D-Glucose; D-Mannose x x x x x x x x x x y x y x y y y y

D-Mannose; Theobromine x x y x x y x x y x x x x x x x x x

D-Mannose x x x x x x x x x x x x x y x x x x

Theobromine y y y y y y y y x y y y y y y y y y

N
2
-Methylguanosine x x x x x x x x x x x x x y x x x x

2-Keto-3-deoxy-D-gluconate x x x x x x x x x x x x x x x y y x

5-Methyluridine x x x x x x x x x x x x x x x y y y

1,2,3-Trihydroxybenzene; 1,3,5-Trihydroxybenzene x x x x x x x x x x x x x x x x y x

1,3,5-Trihydroxybenzene x x x x x x x x x x x x x y x y x y

1,2,3-Trihydroxybenzene x x x x x x x x x x x x x x x x x y

L-Isoleucine; L-Leucine; L-Norleucine; L-tert-Leucine y x y y y y y y y x y y y y y y y x

L-Leucine; L-Norleucine; L-tert-Leucine x x x x x x x x x y x x x x x x x x

L-tert-Leucine; L-Leucine x y x x x x x x x x x x x x x x x x

L-Isoleucine; L-Norleucine x y x x x x x x x x x x x x x x x x

L-Leucine; L-Norleucine x x x x x x x x x x x x x x x x x y

L-Isoleucine; L-tert-Leucine x x x x x x x x x x x x x x x x x y

L-Isoleucine x x x x x x x x x y x x x x x x x x

Number of total count 50 45 51 51 46 51 52 45 49 42 26 35 24 41 28 54 51 55
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* This chapter was published as Nina Sillner, Alesia Walker, Daniel Hemmler, Monika 

Bazanella, Silke S. Heinzmann, Dirk Haller, Philippe Schmitt-Kopplin. Milk-derived 

Amadori products in feces of formula-fed infants. Journal of Agricultural and Food 

Chemistry, 67, 28, 8061-8069. Supporting Information. Copyright American Chemical 

Society (2019). 

 

C.2 Supplementary Information * 

Acid hydrolysis of infant formula and RP UHPLC-MS/MS analysis 

Two infant formulas, which were consumed by the infant cohort, were obtained 

from local retail stores. The powder (20 mg each) was hydrolyzed with 1 mL of 6 

N hydrochloric acid in glass vials for 24 h at 110 °C, whereby the vials were flushed 

with nitrogen gas before closing. After cooling to room temperature, the pH was 

adjusted to 7 with 12 N sodium hydroxide and the volume was filled up to 2.5 mL 

with Milli-Q purified water. The hydrolysates were centrifuged (13000 rpm, 10 min) 

and 500 µL of each supernatant were dried under vacuum and dissolved in 100 

methanol.  

The remaining salt was removed by centrifugation (14000 rpm, 5 min). 

The infant formula hydrolyzates (methanol extracts) were analyzed by UHPLC 

(Acquity, Waters, Milford, MA, USA) coupled to a time of flight mass spectrometer 

(maXis, Bruker Daltonics, Bremen, Germany). Reversed-phase chromatography 

(RP) was performed using a C8 column (1.7 μm, 2.1 × 150 mm, Acquity™ UPLC 

BEH™, Waters, Milford, MA, USA). The LC settings were the same as previously 

described.(20) 

Calibration of the MS was done by injecting ESI-L Low Concentration Tuning Mix 

(Agilent, Santa Clara, CA, USA) prior to the measurements. Additionally, ESI-L 

Low Concentration Tuning Mix (diluted 1:4 (v/v) with 75% ACN) was injected in the 

first 0.3 min of each UHPLC-MS run by a switching valve for internal recalibration. 

Mass spectra were acquired in positive ionization mode. Parameters of the ESI 

source were: nitrogen flow rate was 10 L/min, dry heater temperature was 200°C, 

nebulizer pressure was 2 bar and capillary voltage was 4500 V. Data were acquired 

in line and profile mode with an acquisition rate of 5 Hz within a mass range of 50–

1500 Da. MS scan. MS/MS experiments of N-(2-furoylmethyl) amino acids were 

performed in multiple reaction monitoring mode (MRM) at 20 eV. 
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Table C.S1 Information on infant cohort and HILIC UHPLC-MS analysis of Amadori 
products in fecal samples (B = breast milk, F- = infant formula without probiotics, F+ = infant 
formula with probiotics). 
 

[M-H]- 405.2252 567.2763 307.1524 469.2048

RT 4.43 5.05 7.29 7.37

Sample Name Child ID Age (month) Group Feed LeuIleGlc LeuIleLac LysGlc LysLac

11-1 11 1 B B 0.030399 0.023658 0.025314 0.023865

11-3 11 3 B B 0.027547 0.022663 0.021095 0.020813

11-5 11 5 B B 0.028064 0.024441 0.024245 0.023302

11-7 11 7 B B + solid food 0.020531 0.016528 6.416521 0.015159

12-1 12 1 B B 0.064042 0.051684 0.051366 0.049659

12-3 12 3 B B 0.044472 0.050828 0.045559 0.050546

12-7 12 7 B B + solid food 0.02503 0.025507 0.026053 0.026807

16-3 16 3 B B 0.033223 0.038077 0.035461 0.035233

16-5 16 5 B B + solid food 0.01604 0.018533 0.017345 0.018176

16-7 16 7 B B + solid food 119.6613 0.03059 3.035293 0.027849

23-1 23 1 F- F- 4880.72 1791.823 835.1149 1383.562

23-3 23 3 F- F- 5582.87 159.7294 58.58814 0.026749

23-5 23 5 F- F- + solid food 7672.712 227.3245 63.65294 0.034793

23-7 23 7 F- F- + solid food 6845.209 53.83839 75.35301 1.086105

23-9 23 9 F- F- + solid food 1733.502 0.031755 22.3434 0.032376

23-12 23 12 F- F- + solid food 28.65984 0.031653 2.190044 0.026362

23-24 23 24 F- solid food 0.051798 0.039772 0.041514 0.043071

24-1 24 1 F- F- 8037.909 513.2307 806.8194 802.6556

24-3 24 3 F- F- 2813.364 1959.816 317.0631 1438.198

24-5 24 5 F- F- + solid food 8888.955 643.4647 1660.426 124.6727

24-7 24 7 F- F- + solid food 4929.419 10.10962 229.0182 21.44383

24-9 24 9 F- F- + solid food 2452.665 52.00817 308.4155 22.63938

24-12 24 12 F- F- + solid food 30.29263 0.022547 0.022807 0.023589

25-1 25 1 F+ F+ 4064.999 2029.759 1151.326 1295.769

25-3 25 3 F+ F+ 9407.13 1028.3 2048.097 327.8446

25-5 25 5 F+ F+ + solid food 6448.169 1117.198 1229.188 753.2615

25-7 25 7 F+ F+ + solid food 5874.533 643.2717 1005.692 472.6199

25-9 25 9 F+ F+ + solid food 9799.457 56.8465 1582.067 22.8003

25-12 25 12 F+ F+ + solid food 1025.998 0.025689 137.5831 0.023874

25-24 25 24 F+ solid food 0.027504 0.02923 0.02823 0.029744

27-1 27 1 F- F- 6171.278 2068.291 1463.314 1570.217

27-3 27 3 F- F- 7814.149 1229.349 603.484 1332.104

27-5 27 5 F- F- + solid food 1317.219 112.1544 134.7732 27.93683

27-7 27 7 F- F- + solid food 4457.185 0.03477 16.37367 0.03391

27-9 27 9 F- F- + solid food 23.23819 0.017976 4.34715 0.018257

27-12 27 12 F- F- + solid food 41.51971 0.028138 0.026562 0.027235

27-24 27 24 F- solid food 0.028174 0.030359 0.029739 0.031447

29-1 29 1 F- F- 3078.987 2874.825 1310.195 1674.523

29-3 29 3 F- F- 8367.447 2554.074 1643.16 1613.648

29-5 29 5 F- F- + solid food 970.6401 2.20181 880.4609 11.30277

29-7 29 7 F- F- + solid food 6457.739 280.4378 1593.962 12.83718

29-9 29 9 F- F- + solid food 419.3304 0.037518 172.66 0.036474

29-12 29 12 F- F- + solid food 417.3738 0.044037 17.1465 0.046876

29-24 29 24 F- solid food 0.024518 0.029352 1.041772 0.028365

30-1 30 1 F- F- 6923.973 145.3951 549.5674 527.8638

30-3 30 3 F- F- 4062.362 50.34164 398.8072 68.35814

30-5 30 5 F- F- + solid food 6055.812 208.2017 261.0104 183.5932
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Table C.S1 (continued) Information on infant cohort and HILIC UHPLC-MS analysis of 
Amadori products in fecal samples (B = breast milk, F- = infant formula without probiotics,  
F+ = infant formula with probiotics). 

 

 

30-7 30 7 F- F- + solid food 3227.72 0.021618 138.5986 4.706154

30-9 30 9 F- F- + solid food 3283.544 0.020012 104.2772 0.019035

30-12 30 12 F- F- + solid food 501.8773 8.037319 0.028008 0.031777

31-1 31 1 B B 0.038985 0.028682 0.030791 0.030038

31-3 31 3 B B 0.01522 0.018806 0.016635 0.016416

31-5 31 5 B B 0.018216 0.018375 0.017157 0.016849

31-7 31 7 B B + solid food 0.023549 0.016822 0.018156 0.018252

31-9 31 9 B B + solid food 0.035273 0.024436 3.00258 0.026499

31-12 31 12 B B + solid food 0.042147 0.034308 0.038401 0.0377

31-24 31 24 B solid food 0.067192 0.048276 0.051344 0.055365

34-1 34 1 B B 0.018015 0.014142 0.01513 0.014535

34-3 34 3 B B 0.021368 0.016479 0.019315 0.018911

34-5 34 5 B B + solid food 0.021025 0.02551 2.048708 0.022361

34-7 34 7 B B + solid food 0.028394 0.023117 2.02422 0.027832

36-1 36 1 F+ F+ 5379.674 1620.142 1429.285 941.4732

36-3 36 3 F+ F+ 6918.217 2503.807 1239.686 800.0972

36-5 36 5 F+ F+ + solid food 151.9933 9.260036 59.4021 0.016243

36-7 36 7 F+ F+ + solid food 383.2124 26.37218 47.93382 0.045944

36-9 36 9 F+ F+ + solid food 35.39916 0.024856 0.025968 0.024501

36-12 36 12 F+ F+ + solid food 0.025371 0.028151 0.026099 0.027542

36-24 36 24 F+ solid food 0.058457 0.04162 0.042774 0.049007

39-1 39 1 F+ F+ 4961.979 553.3896 859.2609 701.9982

39-3 39 3 F+ F+ 7993.562 1171.789 730.2295 493.9431

39-5 39 5 F+ F+ + solid food 4460.971 971.5635 414.7201 247.1307

39-7 39 7 F+ F+ + solid food 6991.32 7.0172 46.86997 0.016466

39-9 39 9 F+ F+ + solid food 907.8215 11.95675 11.11352 0.027204

39-12 39 12 F+ F+ + solid food 133.5297 0.022227 0.020332 0.021029

43-1 43 1 F+ F+ 4847.69 1995.941 227.1225 342.9379

43-3 43 3 F+ F+ 5293.913 799.6078 47.40313 102.9375

43-5 43 5 F+ F+ + solid food 7510.489 800.4518 61.7856 0.022508

43-7 43 7 F+ F+ + solid food 5488.896 137.508 33.92202 0.023231

43-9 43 9 F+ F+ + solid food 693.8391 0.013276 5.608192 0.012656

43-12 43 12 F+ F+ + solid food 12.05177 0.043896 0.04151 0.04608

43-24 43 24 F+ solid food 0.038076 0.043477 0.039819 0.040377

44-1 44 1 F+ F+ 4909.017 955.8195 1407.426 700.0211

44-3 44 3 F+ F+ 8893.238 0.02653 450.3308 0.026511

44-5 44 5 F+ F+ + solid food 7334.444 0.026977 78.2148 0.023978

44-7 44 7 F+ F+ + solid food 697.9181 0.02676 20.68241 0.026514

44-9 44 9 F+ F+ + solid food 1475.745 5.526965 9.571373 0.025829

44-12 44 12 F+ F+ + solid food 0.01563 0.016141 0.017035 0.016388

44-24 44 24 F+ solid food 0.0457 0.044094 0.04248 0.043983

45-1 45 1 B B 0.018529 0.01926 0.019362 0.018431

45-3 45 3 B B 0.024569 0.025162 8.176321 0.020671

45-5 45 5 B B + solid food 0.021222 0.022232 0.022511 0.022044

45-7 45 7 B B + solid food 0.043893 0.039683 0.038203 0.039139

46-1 46 1 F+ F+ 5291.856 700.014 648.5107 503.471

46-3 46 3 F+ F+ 8466.367 302.1923 737.0038 345.2114

46-5 46 5 F+ F+ + solid food 0.021304 0.017365 0.018125 0.018979

46-7 46 7 F+ F+ + solid food 4903.702 0.032018 2.589137 0.035386

46-9 46 9 F+ F+ + solid food 25.22747 0.014523 0.013442 0.012721
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Table C.S1 (continued) Information on infant cohort and HILIC UHPLC-MS analysis of 
Amadori products in fecal samples (B = breast milk, F- = infant formula without probiotics,  
F+ = infant formula with probiotics). 

 

 

46-12 46 12 F+ F+ + solid food 54.83285 0.023367 0.022787 0.02281

46-24 46 24 F+ solid food 0.069333 0.049605 0.057121 0.056636

59-3 59 3 B B 0.04264 0.045787 0.04463 0.045279

59-5 59 5 B B 0.044708 0.046599 0.046031 0.045686

59-7 59 7 B B + solid food 0.02704 0.033738 0.028484 0.03177

60-1 60 1 B B 0.024678 0.028794 0.030908 0.028434

60-3 60 3 B B 0.036864 0.044388 0.041384 0.038838

60-5 60 5 B B 2.665363 0.018085 0.015601 0.014989

60-7 60 7 B B + solid food 26.46408 0.021666 0.021535 0.021377

62-1 62 1 F+ F+ 9219.088 2778.548 2056.058 1337.216

62-3 62 3 F+ F+ 8067.571 1180.731 976.8632 535.6024

62-5 62 5 F+ F+ + solid food 8287.987 227.1479 298.9886 22.36671

62-7 62 7 F+ F+ + solid food 314.4135 0.038278 0.038936 0.037048

62-9 62 9 F+ F+ + solid food 5.790972 0.027967 0.026351 0.023841

62-12 62 12 F+ F+ + solid food 50.79174 0.038316 0.040774 0.043378

63-1 63 1 B B 0.04254 0.031122 0.034245 0.035298

63-3 63 3 B B 0.03731 0.039662 0.034347 0.035557

63-5 63 5 B B 0.023727 0.020533 0.019003 0.020601

63-7 63 7 B B + solid food 0.021331 0.022098 0.020648 0.023062

64-1 64 1 F- F- 10470.32 312.5716 1695.678 483.3049

64-3 64 3 F- F- 4808.745 0.016577 0.01825 0.018576

64-5 64 5 F- F- + solid food 2543.32 0.03424 9.896091 0.037412

64-7 64 7 F- F- + solid food 84.5799 0.025638 0.024155 0.023962

64-9 64 9 F- F- + solid food 40.11214 0.026856 4.455327 0.024618

64-12 64 12 F- F- + solid food 23.70247 0.026807 0.024161 0.024984

64-24 64 24 F- solid food 0.039658 0.045719 0.042782 0.044955

66-1 66 1 B B 0.042418 0.047013 0.047677 0.048388

66-3 66 3 B B 0.943099 0.027166 0.026298 0.029238

66-5 66 5 B B + solid food 0.017082 0.016357 0.016025 0.014871

66-7 66 7 B B + solid food 0.021345 0.022421 0.022967 0.023101

66-9 66 9 B B + solid food 16.56801 3.250371 32.73256 0.026534

66-12 66 12 B B + solid food 97.92702 0.023172 0.022787 0.021315

71-3 71 3 F- F- 6282.068 4081.131 1834.217 2384.216

71-5 71 5 F- F- + solid food 6579.307 653.6058 684.033 66.27993

71-7 71 7 F- F- + solid food 7044.154 205.5159 10.23927 0.015132

71-9 71 9 F- F- + solid food 825.8429 38.6703 29.93418 0.026235

71-12 71 12 F- F- + solid food 36.47426 0.035861 0.03418 0.032459

71-24 71 24 F- solid food 0.052651 0.038375 0.0386 0.041363

75-1 75 1 F- F- 9259.387 166.1759 400.8095 298.6309

75-3 75 3 F- F- 11202.94 335.5718 710.7202 757.5983

75-5 75 5 F- F- + solid food 8643.987 383.0965 532.2005 720.7888

75-7 75 7 F- F- + solid food 10867.99 0.01773 388.4415 0.021656

75-9 75 9 F- F- + solid food 844.0064 0.014694 166.1616 0.012186

75-12 75 12 F- F- + solid food 1.992445 0.017978 0.016053 0.01549

75-24 75 24 F- solid food 0.024581 0.029074 0.026276 0.02784

76-1 76 1 F- F- 7110.631 1786.628 1370.078 1165.233

76-3 76 3 F- F- 4109.133 1519.384 1012.03 937.5258

76-5 76 5 F- F- + solid food 1284.662 300.4745 6.10344 0.020782

76-7 76 7 F- F- + solid food 1.17755 0.021207 0.021195 0.021851

76-9 76 9 F- F- + solid food 5.429427 0.013825 0.011709 0.011783
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Table C.S1 (continued) Information on infant cohort and HILIC UHPLC-MS analysis of 
Amadori products in fecal samples (B = breast milk, F- = infant formula without probiotics,  
F+ = infant formula with probiotics). 

 

 

76-24 76 24 F- solid food 3.248891 0.036986 0.036516 0.034475

80-1 80 1 B B 0.019398 0.021628 0.020593 0.021539

80-3 80 3 B B 0.054553 0.040815 4.340475 0.045781

80-5 80 5 B B + solid food 2146.342 508.8088 253.9288 394.0239

80-7 80 7 B B + solid food 110.846 0.031166 17.98444 0.029246

80-9 80 9 B B + solid food 0.030932 0.029682 0.031978 0.030559

80-12 80 12 B B + solid food 0.022567 0.020887 0.019681 0.022194

80-24 80 24 B solid food 0.039818 0.045615 0.038868 0.043157

82-1 82 1 B B 0.026429 0.029543 0.029036 0.028207

82-3 82 3 B B 0.025006 0.020929 0.023184 0.021887

82-5 82 5 B B 0.017683 0.020667 2.766804 0.021036

82-7 82 7 B B + solid food 0.035174 0.031687 0.032056 0.032426

82-9 82 9 B B + solid food 53.46822 0.016728 5.001914 0.014961

86-1 86 1 F- F- 4030.443 1660.941 996.8328 826.4652

86-3 86 3 F- F- 7727.128 0.019392 45.4883 0.018072

86-5 86 5 F- F- + solid food 395.2402 0.015461 6.399787 0.015752

86-7 86 7 F- F- + solid food 27.45319 0.025326 2.940112 0.02989

86-9 86 9 F- F- + solid food 38.86829 0.016155 2.489334 0.013511

86-12 86 12 F- F- + solid food 8.479176 0.021749 0.020099 0.020817

86-24 86 24 F- solid food 0.028072 0.025723 0.024456 0.027522

88-1 88 1 B B 0.031802 0.036062 0.037012 0.038779

88-3 88 3 B B 0.020352 0.018267 0.017829 0.017351

88-5 88 5 B B 0.022317 0.019139 6.834954 0.019396

88-7 88 7 B B + solid food 0.017383 0.017107 12.29679 0.015961

88-9 88 9 B B + solid food 4.515869 0.022945 0.022355 1.22994

88-12 88 12 B B + solid food 3.543567 0.035857 0.030682 0.031225

90-1 90 1 B B 0.019305 0.021805 0.019632 0.01972

90-3 90 3 B B 0.021551 0.018904 0.018631 0.017493

90-5 90 5 B B + solid food 0.037158 0.037681 0.035173 0.035527

90-7 90 7 B B + solid food 388.2584 0.031361 19.07934 0.031765

92-3 92 3 B B 0.016381 0.013907 0.0134 0.01415

92-5 92 5 B B 0.020441 0.019136 0.020407 0.019275

92-7 92 7 B B + solid food 58.8532 0.02244 15.04533 0.022337

92-12 92 12 B B + solid food 0.017266 0.017963 0.019346 0.017796

95-1 95 1 B B 0.048445 0.036712 0.039834 0.037547

95-3 95 3 B B 0.044303 0.044166 0.0417 0.0432

95-7 95 7 B B + solid food 252.5689 0.021942 22.22397 0.021349

95-9 95 9 B B + solid food 189.8155 0.020749 65.87474 0.018427

95-12 95 12 B B + solid food 434.6342 0.021573 37.32093 0.017059

100-1 100 1 B B 0.023448 0.018199 3.975629 0.019157

100-3 100 3 B B 0.01581 0.018422 0.018952 0.017708

100-5 100 5 B B 0.01695 0.014122 0.014628 0.015142

100-7 100 7 B B + solid food 0.01974 0.020347 0.018529 0.018977

100-9 100 9 B B + solid food 6.405732 0.017286 1.362482 0.016572

100-12 100 12 B B + solid food 12.9028 0.023088 0.553953 0.019006

100-24 100 24 B solid food 3.381841 0.039471 0.038888 0.041432

102-1 102 1 F+ F+ 4645.779 1340.465 994.4343 1257.936

102-3 102 3 F+ F+ 4713.134 1668.482 1313.06 1069.385

102-5 102 5 F+ F+ + solid food 5410.648 268.9269 945.306 183.1295

102-7 102 7 F+ F+ + solid food 3173.625 0.022941 4.348681 0.02632
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Table C.S1 (continued) Information on infant cohort and HILIC UHPLC-MS analysis of 
Amadori products in fecal samples (B = breast milk, F- = infant formula without probiotics,  
F+ = infant formula with probiotics). 

 

 

 

 

102-9 102 9 F+ F+ + solid food 109.5796 0.023999 0.024753 0.025727

102-12 102 12 F+ F+ + solid food 8.879795 1.386224 1.506048 1.377331

102-24 102 24 F+ solid food 0.029173 0.034888 0.03073 0.031968

105-1 105 1 F+ F+ 8252.548 1303.03 1683.87 1268.308

105-3 105 3 F+ F+ 5550.674 1842.523 1110.428 1397.211

105-5 105 5 F+ F+ + solid food 1997.542 832.1617 288.5633 272.036

105-7 105 7 F+ F+ + solid food 195.7658 0.027274 0.029055 0.028685

105-9 105 9 F+ F+ + solid food 107.4512 25.61599 0.026726 0.025882

105-12 105 12 F+ F+ + solid food 18.04759 0.030021 0.027354 0.02806

105-24 105 24 F+ solid food 0.021742 0.024135 0.021616 0.023202

106-1 106 1 F+ F+ 6271.829 2362.048 1678.341 443.8438

106-3 106 3 F+ F+ 5826.753 63.52694 115.4738 43.11581

106-5 106 5 F+ F+ + solid food 744.356 2.250023 21.36107 0.028328

106-7 106 7 F+ F+ + solid food 347.7183 3.475778 19.9162 0.023906

106-9 106 9 F+ F+ + solid food 0.023362 0.028175 0.024146 0.025892

106-12 106 12 F+ F+ + solid food 48.59373 0.039716 6.484939 0.041032

106-24 106 24 F+ solid food 0.050023 0.058033 0.059674 0.062022

107-1 107 1 B B 0.030395 0.034933 0.028222 0.03012

107-3 107 3 B B 0.0423 0.035447 0.038896 0.037396

107-5 107 5 B B 0.019719 0.021717 0.020286 0.021378

107-9 107 9 B B + solid food 1.964399 0.028296 0.032728 0.029391

114-1 114 1 F+ F+ 4663.503 824.428 744.313 826.4558

114-3 114 3 F+ F+ 6090.119 0.027462 59.97435 0.028827

114-5 114 5 F+ F+ + solid food 6018.072 0.02211 18.13848 0.021818

114-7 114 7 F+ F+ + solid food 150.7144 0.024747 0.023042 0.021151

114-9 114 9 F+ F+ + solid food 37.04273 0.022617 0.023788 0.022505

114-12 114 12 F+ F+ + solid food 0.035365 0.024842 0.028185 0.029252

114-24 114 24 F+ solid food 0.050425 0.038197 0.045678 0.044608

115-1 115 1 B B 0.042476 0.04341 0.045546 0.046728

115-3 115 3 B B 0.053825 0.048243 0.046412 0.053621

115-5 115 5 B B 0.031935 0.034077 0.033277 0.034983

115-7 115 7 B B + solid food 13.75874 0.056975 0.058623 0.055045

115-9 115 9 B B + solid food 0.046962 0.043496 0.044904 0.04352

115-24 115 24 B solid food 0.048869 0.054127 0.051858 0.056311

126-1 126 1 B B 0.030898 0.036328 0.036258 0.032545

126-3 126 3 B B 0.041264 0.046923 0.04305 0.045803

126-5 126 5 B B + solid food 0.026529 0.027558 0.024562 0.026721

126-7 126 7 B B + solid food 0.029136 0.021611 4.406153 0.026032

126-9 126 9 B B + solid food 0.031128 0.037566 0.034971 0.038312

126-24 126 24 B solid food 0.040648 0.027995 0.031127 0.031922

127-1 127 1 F- F- 6100.672 2392.39 1506.03 1015.903

127-3 127 3 F- F- 3462.304 921.3953 958.8837 811.8805

127-5 127 5 F- F- + solid food 3682.81 8.951646 529.5674 136.9012

127-7 127 7 F- F- + solid food 137.5753 3.780905 147.5283 19.47951

127-9 127 9 F- F- + solid food 707.7817 152.4529 428.0896 127.1886

127-12 127 12 F- F- + solid food 154.0039 3.862017 114.0224 13.03087

127-24 127 24 F- solid food 48.43847 0.037375 0.037051 0.041144
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Figure C.S1. Chemical composition of feces from 1-month-old infants, who were 
exclusively fed with breast milk (average of signal intensity of n = 16 fecal samples), 
acquired by FT-ICR-MS in negative ionization mode. Calculated molecular formulas were 
categorized into 4 compositional groups: CHO (blue), CHON (orange), CHOS (green) and 
CHONS (red). The van Krevelen diagram plots the H/C vs. O/C atomic ratios of the 
computed molecular formulas. 
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Figure C.S2. Identification of Lys Amadori products performed with HILIC LC-MS/MS 
(positive ionization mode). (A) Extracted ion chromatogram of FruLys ([M+H]+ = 309.1656 
± 0.005 Da) in feces (orange), purchased compound (blue) and spiking of the purchased 
Amadori product into the pooled fecal extract (green). (B) Collision induced dissociation 
MS/MS experiments (20 eV) of the FruLys standard and (C) of pooled fecal samples 
(MS/MS match: fit score 99.5%). (D) Chemical structure of FruLys. (E) Extracted ion 
chromatogram of LacLys ([M+H]+ = 471.2185 ± 0.005 Da) in feces (orange), prepared 
reference compound (blue) and spiking of the prepared Amadori product into the pooled 
fecal extract (green). (F) MS/MS (20 eV) of prepared LacLys standard and (G) of pooled 
fecal samples (MS/MS match: fit score 99.9%). (H) Chemical structure of LacLys. 



C. Appendix Chapter 4 

 

88 
 

 

Figure C.S3. 2D 1H-1H TOCSY NMR spectrum of the reference standard leucylisoleucine  
(800 MHz, in 15% D2O aqueous NMR buffer containing TSP). 

 

 

Figure C.S4. 2D 1H-1H TOCSY NMR spectrum of the prepared and purified FruLeuIle 
standard (800 MHz, in 15% D2O aqueous NMR buffer containing TSP). 
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Figure C.S5. 2D 1H-1H TOCSY NMR spectrum of extracted FruLeuIle from fecal samples 
(800 MHz, in 15% D2O aqueous NMR buffer containing TSP). 

 

 

Figure C.S6. 2D 1H-1H TOCSY NMR spectrum of extracted LacLeuIle from fecal samples 
(800 MHz, in 15% D2O aqueous NMR buffer containing TSP). 
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Figure C.S7. Acid hydrolysis of infant formula. Fragmentation patterns of the putative  
N-(2-furoylmethyl) amino acids (A) furosine, (B) N-(2-furoylmethyl)-leucine and  
(C) N-(2-furoylmethyl)-leucylisoleucine measured with C8 RP-UHPLC-MS/MS in positive 
ionization mode with a collision energy of 20 eV. MS/MS of (D) lysine and (E) leucine are 
shown for comparison. 



C. Appendix Chapter 4 

 

91 
 

 

Figure C.S8. Excretion of (A) FruLeuIle and (B) FruLys in µmol/g feces during the first year 
of life. Samples from 6 exemplary formula-fed infants were chosen for quantification. 
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Figure C.S9. 1H NMR spectra used for quantification of (A) FruLeuIle (7.3 mmol/L) and  
(B) FruLys (12.4 mmol/L) reference stock solutions using 1 mg/mL TSP as internal 
standard. 
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Department Sensory Analytics, Freising, Germany 

 Title: Monitoring of garlic substances in breath, urine and 

breast milk via proton-transfer-reaction mass spectrometry 

(grade: 1.0) 

 Design of a nutrition study and recruitment of volunteers 

 

10/2013 – 09/2015 Master of Science “Molecular Science“ 

Friedrich-Alexander-University Erlangen-Nürnberg, Germany 

 Specialization: Molecular Life Science 

 Final grade: 1.1 

 

09/2014 – 02/2015 Exchange semester, Chemistry 
ETH (Swiss Federal Institute of Technology) Zurich, Switzerland 

 

 

10/2010 – 09/2013 Bachelor of Science “Molecular Science“ 
Friedrich-Alexander-University Erlangen-Nürnberg, Germany 

 Thesis title: Untersuchungen zum Einfluss von Silizium 

Nanopartikeln auf C. glutamicum und C. elegans 

 Final grade: 1.8 
 

06/2010 Higher education entrance qualification 

German “Abitur” grade 1.4 
Johannes-Scharrer-Gymnasium Nürnberg, Germany 

Honors and Awards 
 

2018 

2018 

Since 08/2010 

09/2014 – 
02/2015 
 

2010 

Scientific poster prize at Seeon Conference, Germany 

Travel grant from GDCh, Division Analytical Chemistry 

Online scholarship from e-fellows.net 

Swiss European Mobility Program scholarship for exchange 

semester at the ETH Zurich, Switzerland 

 
 
Future prize in biology (“Biozukunftspreis”) from the “Natur 

Mensch Kultur” foundation for excellent achievements in the 

subject biology 

 

  



Eidesstattliche Erklärung 
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Eidesstattliche Erklärung 

Ich erkläre an Eides statt, dass ich die bei der promotionsführenden 

Einrichtung Wissenschaftszentrum Weihenstephan für Ernährung, 

Landnutzung und Umwelt der Technischen Universität München zur 

Promotionsprüfung vorgelegte Arbeit mit dem Titel: 

 
Optimization of liquid chromatography-mass spectrometry-based 
methods for the discovery of microbial and nutritional metabolites 

 

In Chemie am ZIEL – Institute for Food & Health unter der Anleitung und 

Betreuung durch apl.-Prof. Dr. Philippe Schmitt-Kopplin ohne sonstige Hilfe 

erstellt und bei der Abfassung nur die gemäß § 6 Abs. 6 und 7 Satz 2 

angegebenen Hilfsmittel benutzt habe. 

(x) Ich habe keine Organisation eingeschaltet, die gegen Entgelt 

Betreuerinnen und Betreuer für die Anfertigung von Dissertationen sucht, 

oder die mir obliegenden Pflichten hinsichtlich der Prüfungsleistungen für 

mich ganz oder teilweise erledigt. 

(x) Ich habe die Dissertation in dieser oder ähnlicher Form in keinem 

anderen Prüfungsverfahren als Prüfungsleistung vorgelegt. 

(x) Ich habe den angestrebten Doktorgrad noch nicht erworben und bin nicht 

in einem früheren Promotionsverfahren für den angestrebten Doktorgrad 

endgültig gescheitert. 

Die öffentlich zugängliche Promotionsordnung der TUM ist mir bekannt, 

insbesondere habe ich die Bedeutung von § 28 (Nichtigkeit der Promotion) 

und § 29 (Entzug des Doktorgrades) zur Kenntnis genommen. Ich bin mir 

der Konsequenzen einer falschen Eidesstattlichen Erklärung bewusst. 

Mit der Aufnahme meiner personenbezogenen Daten in die Alumni-Datei 

bei der TUM bin ich einverstanden. 

 

 

München, den .............................   ................................... 

 

 



 

 
 

 

 


