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What are metabolites, metabolome and metabolomics?

Metabolites are small organic molecules (50–2000 Da) that provide the 
building blocks and carriers of free energy necessary for growth, 
development, and repair of a living cell (1). In addition, metabolites function 
as an intermediate between metabolic regulatory components and the 
proteome and transcriptome via binding and modulating sensor functions, 
enzymes, chromatine, ion channels and others (2-4).  Primary metabolites 
belong among the most evolutionarily conserved biomolecules that 
participate in the conversion of nutrients into usable energy and provide the 
precursors for biomass. Secondary metabolites can be created from primary 
metabolites and are involved in communication, defense or excretion of 
waste or toxic products. Concentrations of metabolites are a direct 
consequence of a cellular function and for that reason they represent a 
sensitive response of phenotype to genetic or environmental changes (1, 5, 
6). 

The metabolome is a complete set of metabolites used by or formed by 
living systems (cells, tissues, organs, bio-fluids, organisms or environmental 
samples) in association within its metabolism (7) and it can be divided to 
endometabolome–set of intracellular metabolites - and exometabolome–set 
of metabolites excreted into the extracellular environment. Metabolome 
sizes differ strongly between organisms. For illustration, the human 
metabolome consisted of 4140 metabolites according to the most recent 
human metabolic network reconstruction- Recon 3D (8). On the other hand, 
over 18,000 compounds were detected and quantified in blood according to 
the Human Metabolome Database (9); both sources date from March 2018. 
But this is nothing compared to plants: over 200,000 metabolites are 
expected to be present in the plant kingdom (10, 11). 

Metabolomics is a scientific field that generates (quantitative) information 
about the metabolism intermediates and final products, often as a response 
to different stimuli. Metabolic studies are further subdivided to four distinct 
subgroups; two targeted approaches and two untargeted approaches; each 
of these approaches requires specific sampling, sample preparation, 
analytics and data analysis techniques. 

Untargeted metabolomics approaches comprise metabolic fingerprinting and 
footprinting. Metabolic fingerprinting uses mass spectrometry (MS) or 
nuclear magnetic resonance (NMR) spectra to detect and semi-quantify all 
metabolites in the sample for a sample classification (12). Metabolite 
footprinting (13) analyses specifically the exometabolome-what cells or 

8



systems excrete under defined conditions. Metabolite profiling and targeted 
metabolite analyses belong to targeted metabolomics approaches. Profiling 
analyses semi-quantitatively a number of selected metabolites with a focus 
on a study of a particular metabolic pathway. Targeted metabolite analysis 
quantifies amounts of a selected number of metabolites that might be 
connected to a biochemical pathway or a chemical class.  

Why to use metabolomics?

Metabolomics’ close connection with phenotype makes it an ideal tool in 
areas of biomarker discovery, disease research, but also food industry or 
bioengineering. In case of human health, metabolomics was applied in 
several studies concerning cancer. The list of metabolomics studies is long 
and it includes cases where untargeted metabolomics e.g. revealed that 
high levels of acylcarnitines in urine were associated with kidney cancer (14) 
or choline metabolites were associated with docetaxel resistance in breast 
cancer type 1 susceptibility protein (BRCA1)-mutated mouse mammary 
tumors (15). In cardiac disease studies, metabolomics identified methylated 
arginine species as a potential biomarker associated with coronary artery 
disease, myocardial infarction or stroke (16). Urine targeted metabolomics 
has been used in clinical laboratories to detect inborn errors of metabolism 
(17). Renal metabolomics studies enabled transplantation of organs, which 
would have been previously deemed to be non-transplantable (18). In a field 
of bioengineering and biofuels metabolomics optimized fermentation or 
biofuel production processes. Environmental metabolomics studies impact of 
chemicals or disease on sentinel species and assesses chemical risk of 
various chemicals. Food science metabolomics is used to identify 
biochemical composition of foods when the food storage conditions are 
evaluated (19). Plant metabolomics helps researchers to understand and 
identify factors impacting disease resistance, stress tolerance, seed quality 
or crop composition (20). Chapter 4 will provide an example of a 
metabolomics analysis used for identification of novel substrates of 
multidrug resistance protein 2 (MRP2) as a member of ATP-binding cassette 
(ABC) family of membrane transporters. 

How to perform metabolomics analysis?

Since different subtypes of metabolomics require different technological 
approaches, the first step of any metabolomics workflow is a biological 
problem formulation. Based on the type of problem, the appropriate 
metabolomics approach is selected (profiling, fingerprinting, footprinting, 
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targeted metabolomics) as well as the methods for sample type (tissue, 
cells, biological fluids, organism type), sample size, sample processing, 
sample collection, storage conditions and analytical platforms for data 
acquisition. 

Sample processing steps: 
Sample processing is a critical step in metabolomics analysis (21), which is 
selected based on the sample type (tissue, cell, biological fluid), 
metabolomics approach (untargeted or targeted metabolomics) and 
analytical platform (LC-MS, gas chromatography (GC)-MS, capillary 
electrophoreses (CE)-MS, NMR). The choice of sample processing has a 
significant impact on acquired data and data quality, and therefore it directly 
impacts on conclusions derived from the data. Sample processing generally 
consists of sampling, metabolism quenching and sample stabilization, 
extraction, and alternatively filtration, centrifugation, concentration, 
derivatization or washing steps. For untargeted metabolomics, processing of 
samples such as from growth medium or biological fluids usually consists of 
protein precipitation, a filtration or centrifugation step, and sample dilution. 
For solid samples such as tissues or cells, identical workflows are used, but 
enriched by some solid-phase extraction step. During targeted analysis 
sample processing is optimized specifically for metabolites of interest, and it 
includes metabolism quenching, sample matrix removal by extraction, and 
sample concentration or conversion of metabolites to volatile adducts via 
derivatization (22). The section below will address the different sample 
processing steps and highlight appropriate methods. 

Quenching is a key step in metabolomics that minimizes changes in 
metabolite levels in the sample via instantaneously stopping enzymatic 
activity, and therefore it improves data reproducibility and quality (23, 24). 
Quenching is necessary, because the half-life of some metabolites ranges 
from milliseconds to seconds, and therefore sample pretreatment steps, like 
centrifugation or washing, would lead to changes in metabolite levels in the 
sample of interest. The most frequently employed quenching strategies 
involve rapid change in the sample conditions such as rapid heating, cooling 
(25, 26) or acid denaturation (27). Selection of an appropriate quenching 
strategy should be based on the sample stability at acidic pH, or resistance 
to heat. For yeast metabolomics, quenching with 100% methanol at -40 °C 
was described (28). Unfortunately it is not applicable for prokaryotes, 
because it compromises bacterial membrane integrity, which leads to 
leakage of intracellular metabolites into the extracellular media. Chapter 1 of 
this thesis will provide a detailed overview of the developments in the field of 
quenching of microbial samples and discusses current advantages and 
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limitations. In addition, it will describe the development of a novel organic 
solvent mixture–based quenching strategy for L. lactis. 

Metabolite release is necessary as a large part of the metabolome is located 
inside of the cells. Metabolite extraction is possible due to disruption of cell 
structures and metabolites liberation. Metabolite release and extraction 
should be performed as quickly as possible to avoid changes in the 
qualitative and quantitative sample composition due to enzymatic and non-
enzymatic activity. Selection of the extraction method should be based on 
cell wall structures to be disrupted, metabolite physical-chemical properties 
and sources of losses. There are two ways to disrupt the cell: mechanical 
and non-mechanical. Mechanical cell destruction is not often used in 
metabolomics, and it is classified based on presence or absence of liquid 
(i.e. liquid or solid shear, respectively) during the extraction procedure. 
Mechanical destruction includes/involves liquid shear techniques, such as 
ultrasonication, microwave-assisted extraction, French press, pressurized 
liquid extraction (PLE), supercritical fluid extraction (SFE) or solid shear 
methods such as manual grinding, ball mill or Ultra-Turrax homogenizer. 
Non-mechanical cell destructions use chemical or physical agents to 
permeabilize cellular membranes to release intracellular metabolites into the 
extraction mixture. Cell lysis types are classified as enzymatic, chemical and 
physical (cold osmotic shock, freeze thawing, heating), where chemical lysis 
and extraction are the most utilized in metabolomics. A broad range of polar 
or non-polar organic solvents and their mixtures is used for metabolite 
extraction. The mode of action of those solvents is that they destabilize cell 
membranes or walls and therefore enable metabolite release to the 
extraction solvent. Most popular chemical extractions are: extraction with 
boiling ethanol, cold methanol, acidic/alkaline solution or organic solvent 
mixture such as water-methanol (1:4, v/v), water-methanol-acetonitrile 
(2:5:3, v/v) or water-methanol-chloroform. The type of extraction should be 
carefully selected based on the sample type and metabolites stability, or 
resistance to heat or pH.  

Enrichment of metabolites is necessary because metabolites of interest are 
diluted during the extraction procedure and their concentrations often fall 
below the limit of detection of the analytical instrument. In addition, 
metabolites often represent only a minority of the original starting material. 
Enrichment should be fast and it should retain metabolites of interest without 
any degradation or interconversion. Freeze-drying or lyophilization can 
concentrate aqueous samples, whereas evaporation is applied to 
nonaqueous extracts. 
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What analytical tools are used in metabolomics analysis?

Metabolome analysis is challenging and there is not a single analytical 
platform that is able to measure the entire metabolome. This is caused by 
the immense variety of biological sample composition as well as metabolite 
diversity in concentration range, molecular mass, polarity, pKa, structure, 
solubility, and volatility (29, 30). Since most of the analytical platforms focus 
on analysis of certain compound classes with specific chemical properties, 
only a combination of different platforms enables full metabolome analysis.  
Analytical tools can be divided based on metabolomics subtype. For 
fingerprinting and footprinting nearly crude samples are analyzed by NMR, 
MS, infrared or ultraviolet (UV) absorbance spectrometry. Aim of such an 
analysis is sample classification based on obtained data that ignore 
occurrence or identity of specific metabolites. Profiling and targeted analysis 
employ compound separation techniques such as LC, GC or CE prior to 
detection by NMR, MS or UV absorbance. In the section below, we provide 
an overview of the most popular analytical platforms used in metabolomics.  

LC-MS is frequently used for both targeted and untargeted analysis (31, 32), 
and provides the possibility to work with different LC column selectivities, 
such as reversed-phase (RPLC), hydrophilic interaction (HILIC), or ion-pair 
chromatography (IPC). RP separation is well compatible with aqueous 
samples and it is best suited for apolar or medium polar metabolites, 
whereas polar metabolites must be derivatized prior to analysis.  For 
example, amino compounds can be derivatized by 9-fluorenyl-methyl 
chloroformate (FMOC) or 6-aminoquinolyl-N-hydroxysuccinimidyl 
carbamate. In chapter 2 we present an RPLC-MS/MS platform for amino 
acid analysis after derivatization with propylchloroformate. 

The selectivity of HILIC is complementary to RPLC, and HILIC is used for 
analysis of polar metabolites. It employs a polar stationary phases combined 
with a mobile phase rich in organic content. The list of stationary phases 
used for HILIC is long and it includes packings such as non-bonded silica, 
silica bonded with aminopropyl, amide, poly(succinimide), diol, cyanopropyl 
and others. Disadvantage of HILIC is that it cannot separate all ionic 
compounds, may not be compatible with highly aqueous samples, and may 
suffer from retention time drifts (37). Chapter 2 will give an example of 
HILIC-MS/MS analysis of amino acid analysis with an aminopropyl 
stationary phase. 

IPC-MS combines a reversed phase column with a mobile phase containing 
an ion-pairing agent, which interacts with polar hydrophilic metabolites in 
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order to facilitate their retention on the hydrophobic stationary phase. The 
most common ion pairing agents used for metabolic profiling of endogenous 
compounds are heptafluorobutyric acid (HFBA) (33) and alkylamines such 
as tributyl- or hexylamine (TBA, HA) (34, 35). The drawbacks of IPC are 
long column equilibration times (34), system contamination by the ion-
pairing agent and negative impact of the agent on analyte ionization (i.e. 
causing ion suppression) (35). 

GC-MS is in metabolomics used for analysis of volatile metabolites or non-
volatile metabolites after derivatization. Favorable properties of GC-MS are 
reproducible chromatography, high separation efficiency, high sensitivity and 
high metabolite identification efficacy. Electron ionization is highly 
reproducible and for that reason large spectral libraries (36) could be 
generated (NIST and Fiehn Libraries) that enable identification of unknown 
compounds, but also enable searching for the chemical types of similar 
structures. Examples of derivatizations reagents utilized for GC-MS analysis 
are methoxyamine hydrochloride followed by N-
methyltrimethylsilyltrifluoroacetamide (MSTFA) (37) methylchloroformate 
(MCF; amino acids) (36) and 1,1,1,2,2,3,3-heptafluorobutyl chloroformate 
(HFBCF; organic acids, amines and amino acids) (38). The disadvantage of 
GC-MS is time-consuming sample preparation that often includes sample 
extraction and evaporation. Chapter 2 will provide an example of a GC-MS 
platform for amino acid analysis after derivatization with 
propylchloroformate. 

CE is well suited for the analysis of polar and ionic metabolites. Two CE 
separation modes, capillary zone electrophoresis (CZE) and micellar 
electrokinetic capillary chromatography (MEKC) are the most employed for 
metabolomics purposes. CE is often coupled with UV absorbance, UV-DAD, 
laser-induced fluorescence (LIF) or MS detection. The CE disadvantages 
are lower sample loadability and the need for modification of the inner 
capillary wall to prevent irreversible binding of sample matrix, which might 
cause shifts in analyte migration times (39). For targeted metabolites 
profiling, CE-MS employing electrospray ionization (ESI) is frequently used. 
For that purpose two interfaces either the “sheath-liquid” or the “sheathless” 
can be used (40). Sheathless interface with a porous sprayer shows higher 
sensitivity as it limits sample dilution as observed in sheath-liquid interface. 
In addition, sheathless interface employs flow rates lower than 20–30 nL 
min−1 and therefore exhibits higher ionization efficiency and lower ion 
suppression compared to sheath-liquid interface that runs at flow rates 
range from 5 to 10 µL min−1 (41). 
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 NMR spectroscopy is a fast, robust, reproducible, and quantitative 
technique that does not require sample preparation (42). It is frequently used 
for metabolome or metabolome fingerprinting studies (43) but also for in-vivo 
studies, referred to as magnetic resonance spectroscopy (MRS) or intact 
tissue analysis (44), referred to as high-resolution magic angle spinning 
(HRMAS) NMR spectroscopy. Despite the fact that NMR sensitivity evolved 
over time, it remains less sensitive relative to MS detection (45). Another 
drawback of NMR is that it is expensive to purchase or maintain, and 
operators have to be trained.  

How to process metabolomics data?

Raw MS data acquired during metabolomics analysis are complex and they 
need to undergo a set of preprocessing and quality control steps (Figure 1) 
before peak annotation, statistical analysis or interpretation. Major aim of the 
data pre-processing steps is to convert data into a format consisting of the 
mass number of ion divided by its charge number (m/z), retention time (RT) 
and intensity counts to a table where rows correspond to study samples and 
columns to features. For this purpose different freely available software 
packages, programs or databases are being developed on a regular basis, 
and advancements in those developments can be found in the literature (46-
48) or in online resources that are listed in Table 1.
First step of the preprocessing is peak detection. During this step peak-
picking algorithms deconvolute peaks from extracted ion chromatograms 
and apply baseline correction with smoothing to generate m/z features with 
specific retention times. In the follow up step alignment takes a place, where 
features of identical m/z are grouped across the analyzed samples, and it 
corrects for possible retention time shifts. Grouped peaks per feature are 
further integrated and two-dimensional data tables generated, where rows 
correspond to sample identity and the columns to features such as ion 
intensity, m/z value and m/z specific retention time. In the last step called 
gap filling, algorithms help to fill in missing values in the data table, that were 
not detected due to low peak intensity or bad peak shape. 

Data preparation takes place before statistical analysis and after complete 
data table generation without missing values. Data preparation involves 
steps such as data normalization, data quality checking or database search 
for compound identification. 
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Figure 1. 

Table 1. 
Resource 
Name 

Web link 

OMICtools 
(46) 

http://omic-tools.com 

Fiehn-Lab 
resources 

http://fiehnlab.ucda-vis.edu/ 
http://metabolomics.ucdavis.edu/Downloads 

Metabolomics 
Society 

http://metabolomicssociety.org/resources/metabolomics-
databases 

metabomatch 
catalog 

http://www.metabomatch.com/softwares/ 

Comprehensiv
e R Archive 
Network 

https://cran.r-
project.org/web/packages/available_packages_by_name.h
tml 

Bioconductor https://www.bioconductor.org/) 
GitHub https://github.com/). 

Normalization of data removes unnecessary sample variance and it enables 
data comparability. It can be done by different approaches. One approach 
involves addition of internal standard to each of samples. Regardless of a 
single internal standard or a set of internal standards being added per 
sample, it leads to peak areas normalization, which means that the ratio of 
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peak area and internal standard peak area is used instead of peak area only 
(49). Chapter 3 will discuss internal standard normalization and possible 
drawbacks of this approach. Examples of other normalization strategies are 
total area normalization, probabilistic quotient normalization (50) or quantile 
normalization. 

Data quality assessment during metabolomics analysis is accomplished by a 
quality control (QC) sample approach. The QC sample usually consists of 
pooled study samples (untargeted metabolomics) or a mixture of known 
analytes (targeted metabolomics), which are analyzed on a regular basis, for 
example every 6th injection during the entire sample run (51, 52). One way to 
observe data quality is to monitor feature presence in the QC sample. 
Features lacking in a certain number of QC samples are then excluded from 
data analysis. Additional information obtained from QC samples analysis is 
feature repeatability. Each feature in the QCs should have a low variance 
across the sample sequence. Based on this, features with variance above 
some variance threshold (e.g. 20% RSD for LC-MS analysis) should be 
removed from further processing. Second function of QC sample monitoring 
is to detect instrumental drifts that take place during long sample sequence 
analysis and lead to intra- and inter-batch variation. Drifts are compound 
specific and for that reason each feature has to be examined separately (53, 
54). Chapter 3 will provide detailed explanations on instrumental drift and its 
origin. This chapter also describes an R-based tool that uses QC sample 
trend over time to remove instrumental drift. 

Identification of unknown compounds or assigning chemical structure to a 
mass feature during metabolomics analysis is a critical step and it can be 
accomplished by search in spectral libraries or databases of known 
metabolites that are publicly available such as MassBank (55), METLIN (56), 
HMDB 4.0 (57) or others (58). One of the drawbacks of database search is, 
that if a molecular ion only is used to search feature identity, a large number 
of possible metabolite identities are generated. In order to reduce those 
numbers, high accuracy m/z of molecular ion enables identification of the 
unequivocal molecular formula and significantly reduces the number of 
identity candidates. But the most frequently equipped identification those 
days is a database or library search based on molecular ion fragmentation 
mass spectra. But even this identification step is not definitive, because the 
same molecule can generate different fragmentation spectra depending on 
the specific instrument, but also different between the ones of the same 
kind. In Chapter 5 we will introduce alternative workflow for identification of 
unknown features obtained during untargeted analysis.
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Scope 
Technological developments in analytical chemistry in the recent decades 
enabled innovative approaches for metabolic studies. Also, for that reason 
biochemistry is revived and the popularity of metabolomics is rising. In this 
thesis I describe my encounters with several aspects of metabolic studies. 

In the first chapter of this thesis I address a sample-processing step for 
quantitative metabolomics of microbes that allows instant stopping of 
metabolism. Compared to other approaches our method enables separation 
of intracellular and extracellular metabolite fractions. Contribution of this 
chapter to the metabolomics field is not only the development of a new 
quenching method for the bacterium L. lactis, but in particular the description 
of different testing approaches we used for method development that might 
be supportive for others who would like to develop quenching step for other 
organisms. 

The topic of the second chapter is the amino acid analysis. I provide an 
overview of recently used analytical approaches for amino acid analysis and 
compared three analytical platforms for amino acid analysis used in our 
laboratory being GC-MS and RP-MS after chloformate derivatization and 
HILIC-MS. Real life applicability of those platforms was based on a 
comparison of aspects related to sample pretreatment, chromatographic 
separation and applicability range including lower limit of quantifications, 
linearity, repeatability and reproducibility.  

In the third chapter we provide an insight into one source of analytical 
variance: instrumental drift. In this chapter we show two examples of 
glucose analysis where instrumental drift took place, and it was not 
corrected when 13C labeled glucose was used as an internal standard. To 
remove the drift, we developed a regression model that defines and 
removes time bias. We show that detrending improves data quality (variance 
and accuracy) irrespective of the use of 13C labeled internal standard in all 
analyzed samples such as a calibration; quality control and biological 
samples. 

Chapter four introduces a new term - transportomics - as the way of 
studying substrates of the ATP-binding cassette (ABC) transporters. In this 
approach we incubated inside-out membrane vesicles expressing ABC 
transporter of interest in the biological fluid and further detected metabolites 
actively transported into the vesicle with LC-MS. With this approach we 
could detect glucuronosyl and sulpho- conjugates of different 
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phytoestrogens as the substrates of the ABCC2 transporter. Innovation of 
this approach is that it doesn’t require upfront hypotheses about the 
transported substrate and it doesn’t require radioactive substrates, which are 
either not available or expensive. In addition, it can be easily applied to 
study other ABC transporters. 

The last chapter of this thesis describes how computational modeling can 
aid the metabolite identification during untargeted metabolomics of the 
exometabolome of the human pathogen Bordetella pertussis. We used LC-
MS to scan the exometabolome, followed by a database search of the mass 
data to find identity candidates. When combined with predictions from a 
genome-scale metabolic model we could identify metabolites with over 50% 
success rate, even though the relative inaccurate m/z measurements gave 
thousands of candidate metabolites. This approach identified eleven new 
metabolites involved in the nitrogen metabolism of Bordetella pertussis. We 
imply that combination of system biology knowledge and untargeted 
metabolomics can be an effective way of identification of new metabolites. 

18



References
1. Dettmer K, Aronov PA,

Hammock BD. 2007.
Mass Spectrom Rev 26:
51-78

2. Patil KR, Nielsen J. 2005.
Proc Natl Acad Sci U S A
102: 2685-9

3. Klitgord N, Segre D. 2011.
Curr Opin Biotechnol 22:
541-6

4. Gruning NM, Lehrach H,
Ralser M. 2010. Trends
Biochem Sci 35: 220-7

5. Fiehn O. 2002. Plant Mol
Biol 48: 155-71

6. Raamsdonk LM, Teusink
B, Broadhurst D, Zhang N,
Hayes A, et al. 2001. Nat
Biotechnol 19: 45-50

7. Nielsen J, Oliver S. 2005.
Trends Biotechnol 23: 544-
6 

8. Brunk E, Sahoo S, Zielinski
DC, Altunkaya A, Dräger
A, et al. 2018. Nature
Biotechnology 36: 272

9. Wishart DS, Feunang YD,
Marcu A, Guo AC, Liang K,
et al. 2018. Nucleic Acids
Research 46: D608-D17

10. Weckwerth W. 2003. Annu
Rev Plant Biol 54: 669-89

11. Saito K, Matsuda F. 2010.
Annu Rev Plant Biol 61:
463-89

12. Fiehn O. 2001. Comp
Funct Genomics 2: 155-68

13. Kell DB, Brown M, Davey
HM, Dunn WB, Spasic I,
Oliver SG. 2005. Nat Rev
Microbiol 3: 557-65

14. Ganti S, Taylor SL, Kim K,
Hoppel CL, Guo L, et al.
2012. Int J Cancer 130:
2791-800

15. van Asten JJ, Vettukattil R,
Buckle T, Rottenberg S,
van Leeuwen F, et al.
2015. J Transl Med 13:
114 

16. Wang Z, Tang WH, Cho L,
Brennan DM, Hazen SL.
2009. Arterioscler Thromb
Vasc Biol 29: 1383-91

17. García A, Barbas C,
Aguilar R, Castro M. 1998.
Clinical Chemistry 44:
1905-11

18. Port FK, Bragg-Gresham
JL, Metzger RA, Dykstra
DM, Gillespie BW, et al.
2002. Transplantation 74:
1281-6

19. Arapitsas P, Corte AD,
Gika H, Narduzzi L, Mattivi
F, Theodoridis G. 2016.
Food Chem 197 Pt B:
1331-40

20. Zhao Y, Zhao J, Zhao C,
Zhou H, Li Y, et al. 2015.
Sci Rep 5: 16346

21. Luque de Castro MD,
Delgado-Povedano MM.
2014. Anal Chim Acta 806:
74-84

22. Garcia A, Barbas C. 2011.
Methods Mol Biol 708:
191-204

23. Leon Z, Garcia-Canaveras
JC, Donato MT, Lahoz A.
2013. Electrophoresis 34:
2762-75

24. Paglia G, Hrafnsdottir S,
Magnusdottir M, Fleming
RM, Thorlacius S, et al.
2012. Anal Bioanal Chem
402: 1183-98

25. Ikeda TP, Shauger AE,
Kustu S. 1996. J Mol Biol
259: 589-607

26. Williamson DH, Krebs HA,
Stubbs M, Page MA,
Morris HP, Weber G. 1970.
Cancer Res 30: 2049-54

27. Schaub J, Schiesling C,
Reuss M, Dauner M. 2006.
Biotechnol Prog 22: 1434-
42 

28. Canelas AB, Ras C, ten
Pierick A, van Dam JC,
Heijnen JJ, van Gulik WM.
2008. Metabolomics 4:
226-39

29. Wang Y, Liu S, Hu Y, Li P,
Wan J-B. 2015. RSC
Advances 5: 78728-37

30. Forcisi S, Moritz F,
Kanawati B, Tziotis D,
Lehmann R, Schmitt-

19



Kopplin P. 2013. Journal of 
Chromatography A 1292: 
51-65 

31. Theodoridis G, Gika HG,
Wilson ID. 2011. Mass
Spectrom Rev 30: 884-906

32. Gika HG, Theodoridis GA,
Plumb RS, Wilson ID.
2014. J Pharm Biomed
Anal 87: 12-25

33. Tang Z, Cao T, Lin S, Fu L,
Li S, et al. 2016. Talanta
152: 119-26

34. Michopoulos F, Whalley N,
Theodoridis G, Wilson ID,
Dunkley TP, Critchlow SE.
2014. J Chromatogr A
1349: 60-8

35. Buescher JM, Moco S,
Sauer U, Zamboni N.
2010. Anal Chem 82:
4403-12

36. Kvitvang HF, Andreassen
T, Adam T, Villas-Boas
SG, Bruheim P. 2011. Anal
Chem 83: 2705-11

37. Tsugawa H, Tsujimoto Y,
Sugitate K, Sakui N,
Nishiumi S, et al. 2014. J
Biosci Bioeng 117: 122-8

38. Husek P, Svagera Z,
Hanzlikova D, Rimnacova
L, Zahradnickova H, et al.
2016. J Chromatogr A
1443: 211-32

39. Ramautar R, 
Nevedomskaya E, 
Mayboroda OA, Deelder
AM, Wilson ID, et al. 2011.
Mol Biosyst 7: 194-9

40. Ramautar R, Somsen GW,
Jong GJd. 2013. In
Metabolomics in Practice,
pp. 177–208

41. Zhang W, Hankemeier T,
Ramautar R. 2017. Curr
Opin Biotechnol 43: 1-7

42. Jimenez B, Mirnezami R,
Kinross J, Cloarec O, Keun
HC, et al. 2013. J
Proteome Res 12: 959-68

43. Connor SC, Wu W,
Sweatman BC, Manini J,
Haselden JN, et al. 2004.
Biomarkers 9: 156-79

44. Holmes E, Tsang TM,
Tabrizi SJ. 2006. NeuroRx
3: 358-72

45. Gowda GA, Zhang S, Gu
H, Asiago V, Shanaiah N,
Raftery D. 2008. Expert
Rev Mol Diagn 8: 617-33

46. Henry VJ, Bandrowski AE,
Pepin AS, Gonzalez BJ,
Desfeux A. 2014. 
Database (Oxford) 2014

47. Misra BB. 2018. 
Electrophoresis 39: 909-23

48. Misra BB, van der Hooft
JJ. 2016. Electrophoresis
37: 86-110

49. Sysi-Aho M, Katajamaa M,
Yetukuri L, Oresic M. 2007.
BMC Bioinformatics 8: 93

50. Dieterle F, Ross A,
Schlotterbeck G, Senn H.
2006. Anal Chem 78:
4281-90

51. Dunn WB, Broadhurst D,
Begley P, Zelena E,
Francis-McIntyre S, et al.
2011. Nat Protoc 6: 1060-
83 

52. Kamleh MA, Ebbels TM,
Spagou K, Masson P,
Want EJ. 2012. Anal Chem
84: 2670-7

53. Fernandez-Albert F,
Llorach R, Garcia-Aloy M,
Ziyatdinov A, Andres-
Lacueva C, Perera A.
2014. Bioinformatics 30:
2899-905

54. Kirwan JA, Broadhurst DI,
Davidson RL, Viant MR.
2013. Anal Bioanal Chem
405: 5147-57

55. Horai H, Arita M, Kanaya
S, Nihei Y, Ikeda T, et al.
2010. J Mass Spectrom
45: 703-14

56. Smith CA, O'Maille G,
Want EJ, Qin C, Trauger
SA, et al. 2005. Ther Drug
Monit 27: 747-51

57. Wishart DS, Feunang YD,
Marcu A, Guo AC, Liang K,
et al. 2018. Nucleic Acids
Res 46: D608-d17

58. Gil de la Fuente A, Grace
Armitage E, Otero A,
Barbas C, Godzien J.
2017. Electrophoresis 38:
2242-56

20




