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Metabolomics: new analytical methods 
for metabolome research 
Tobias Demetrowitsch, Karin Schwarz, Kiel

1 Investigation of human 
metabolism  

Fundamental knowledge of human 
metabolism provides an important 
foundation for nutritional sciences 
and modern medicine. Changes in 
body fluids (e. g. blood plasma and 
urine) indicate that there have been 
changes in the conditions of the orga-
nism. These are often signs of disease.  
For a long time, measurements on 
urine were the central instrument 
for the diagnosis of diseases without 
obvious injuries. Even in the fifth 
century BC, Hippokrates and Hermo-
genes diagnosed diseases on the basis 
of the properties of urine [1]. 

In the 1950s, the concept of syste-
matic characterisation of the me-
tabolomic pattern of urine was in-
troduced. The urine of ca. 200,000 
individuals was examined by paper 
and thin layer chromatography [2]. 
A specific metabolic pattern was 
found for different diseases. 
In the 1960s and 1970s, additional 
promising results were provided 
by using gas chromatography and 
mass spectrometry (see section 3). 
Thus Horning and Horning (1971) 
listed additional characteristic pro-
perties of urine, including increa-
sed concentrations of aromatic 
compounds in various diseases 
[3]. This approach has been conti-
nuously improved by progressive 
improvements in different analyti-
cal techniques, electronic process 
management and data processing.
 

2 “Omic” techniques are 
developed 

The introduction of “omic” 
techniques has led to the adaptation 
of the experimental design to new 

external conditions, such as impro-
vements in the recording and proces-
sing of new data. These techniques 
will now be described and explained 
using metabolomics as an example. 

“Omic” techniques provide the me-
thodological foundation of the new 
approach of system biology, which 
aims to investigate the complex in-
terrelationships between physiologi-
cal processes, whilst considering as 
many parameters as possible. The 
objectives of “omic” techniques are 
to identify and quantify: 

• �all genes (the genome), together 
with the corresponding regulatory 
molecules (genomics); 

• �all transcripts (e. g. messenger 
RNA and functional RNA), (tran-
scriptomics) as a map of gene ac-
tivity; 

• �all proteins formed (e. g. enzymes 
and structural and transport pro-
teins) (proteomics);

• �all metabolites1 of an organism 
(the metabolome) (metabolomics).

• Figure 1 gives an overview of the 
different “omic” areas. On the left, 
there are various factors, such as 
age or gender, that influence the dif-
ferent components of the organism 
(e. g. the genome or endogenous 
proteins). This influence is evident 
in the individual phenotype (black 
arrows). 

1 �These include metabolic products up to  
a molecular weight of 1,500 Daltons. 
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The metabolome describes all chemi-
cal compounds within the individual 
and is influenced by both external 
and internal factors. The green ar-
rows show the interrelationships. 

The red arrows in the figure illus-
trate the influence of the transcrip-
tome at the protein and metabolite 
level and, conversely, the regulatory 
effect of the proteins on the genome 
and thus on the transcriptome. The 
arrows symbolize the complex in-
teractions at the different levels in 
the organism.

Metabolomics

Metabolomics pursues the goal of 
identifying and quantifying all po-
tential metabolic products and of stu-
dying their interrelationships [5]. The 
physiological significance of the new 
information on metabolic products is 
evaluated with respect to metabolic 
pathways and functions. Substance 
flows are quantified and assigned to 
cell compartments. 
Metabolomic research requires effec-

tive and precise analytical systems, as 
the samples are complex and many 
compounds must be identified. It is 
important to remember that com-
plete organisms, organs, individual 
cells and their organelles each pos-
sess their own specific metabolome. 
This naturally changes, e. g. with 
age, and is gender-dependent to 
some extent. Moreover, the metabo-
lome can be influenced by external 
factors, such as climatic conditions, 
time of day, season and nutritional 
habits (• Figure 1). 
It is particularly interesting to employ 
a hypothesis-free approach (see sec-
tion 4) to identify unusual metabolite 
patterns, which, for example, may 
occur in individual diseases [5]. This 
may draw attention to the patho-
logical role of previously overlook- 
ed metabolites.  
However, this new approach to me-
tabolic research necessitates an ex-
panded experimental design. In the 
classical experimental design, a single 
or a few parameters are recorded 
and analysed. As a consequence, the 
quantity of data must be minimised 

to as great an extent as possible, in 
order to guarantee simple and clear 
analysis. 
In contrast, in the new approach, as 
much data as possible must be gene-
rated (• Box 1), as a complement to 
the classical approach.  

One frequently employed analyti-
cal technique is mass spectrometry 
(vide infra). NMR (nuclear magnetic 
resonance) spectroscopy is also used, 
albeit less frequently (cf. • Table 4, 
Study 4). One advantage of NMR 
spectroscopy is that it can not only 
identify metabolites, but also clarify 
their molecular structures. On the 
other hand, the use of NMR is gre-
atly restricted by the minimum con-
centration of µmol/L to mmol/L for 
individual metabolites [6]. 
 

3 Mass spectrometry  
in metabolomics 

After the chromatographic separa-
tion, the substance mixture to be ana-
lysed is passed continuously into the 
mobile phase. The chromatography 
system then serves as autosampler 
for the mass spectrometer (• Box 2). 
A mass spectrometer exclusively de-
termines the molecular masses of the 
compounds in a mixture of substan-
ces. Many different substances of wi-
dely different masses can be analysed 
in parallel. 
Using comparator spectra, the detec-
ted masses can then be assigned to 
specific compounds, e. g. pyruvate, 
cytosine etc. 
There are many different models of 
mass spectrometer, although all sys-
tems consist in principle of the same 
basic components: 
• ioniser,
• analyser and 
• detector. 
The ioniser (or ion source) converts 
unionised sample molecules into ions. 
For example, protons can be attached 
to the molecule or torn out of the 
molecule with a strong electric field.  
The analyser separates the ionised 

Fig. 1: �Sketch of the interactions between the different “omic” areas.  
On the left are the different external factors acting on the organism, 
and these directly influence the phenotype (right) (modified from [4])
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molecules, so that they can be more 
easily detected by the following detec-
tor. • Table 2 shows an overview of 
the different analysers. 
The detector is the most important 
component of every mass spectro-
meter. It determines the molecular 
mass and thus the composition of the 
ionised molecules. It produces a digi-
tal signal, which can be portrayed by 
the linked evaluation computer with 
comparator spectra (• Figure 3). 
In principle, the ionised sample mo-
lecules are accelerated with electrodes 
of various constructions and “flight 
chambers”, depending on their mass 
to charge ratios. They are partially 
filtered out of the system. Depending 
on their final velocity, the flight time 
(in the so-called time of flight (TOF) 
procedure) and the depth of penetra-
tion into the computer, the molecules 
can be characterised and assigned to 
possible molecular formulas. 
In order to limit the number of pos-
sible molecular formulas, only the 
most common natural atoms (car-
bon, hydrogen, nitrogen and oxy-
gen) are considered at the start of an 
analysis. If required (e. g. if expected), 
any other element in the periodic sys-
tem can be added. The subsequent 
identification can be performed with 
the help of various parameters, such 
as the deviation between the mea-
sured and theoretical mass (e. g. in 
ppm), the isotopic pattern, or on the 
basis of known fragments of the ex-
pected substance. The probability of 
successful and correct identification 
is greater, the smaller the number of 
possible molecular formulas. 

4 Evaluation approaches 

Data collection is followed by data 
evaluation and interpretation. • Fi-
gure 3 shows a typical mass spec-
trometric chromatogram for the 
measurement of a urine sample. 
The red chromatogram gives an 
overview of all measured mas-
ses, although only the mass with 
the greatest intensity per measu-

Box 1:
Large quantities of data need a novel presentation
Metabolomic techniques provide large quantities of measurement 
data. To permit rapid comparisons, this may, for example, be presen-
ted in the form of the so-called heat map. An essential characteristic of 
the heat map is that the quantification is colour coded, thus allowing a 
simple portrayal of a third dimension. 
• Figure 2 shows two examples of heat maps from urine samples. 
These show the measurements from two male volunteers (29 and 34 
years old, both healthy and sporting). 
The left y-axis shows the molecular mass of a substance (the mass to 
charge ratio “m/z”). On the right side, the colour changes are defined 
that represent the measured signal intensities (signal strengths). The 
x-axis shows the time of analysis. This corresponds to the retention 
time, the time between sample application and the detector signal. 
This time is influenced by the chromatographic conditions (• Box 2: 
Chromatographic methods). 
Each green point in the figures corresponds to a peak to which a mass 
can be assigned. These are considered for the subsequent analysis.  
Heat maps can be used to compare complex samples, so that changes 
in the pattern are rapidly evident. For example, the red circles within 
the heat map correspond to four substances that naturally occur in 
urine. Typical databases include several hundred metabolites (see Sec-
tion 4 and • Table 3).
Metabolite No. 1 was identified as cytosine. Cytosine has a mass of 
111 Daltons and was measured after 1.4 minutes. Cytosine is i. a. a 
component of DNA. 
Metabolite No. 2 is ascorbic acid (vitamin C), with a mass of 176 Dal-
tons and a retention time of 2.2 minutes.
Metabolite No. 3 is isoleucine, with a mass of 131 Daltons and a reten-
tion time of 6.1 minutes. Isoleucine is an essential amino acid in man 
and is a structural element in proteins. 
Metabolite No. 4 is creatinine, with a mass of 113 Daltons and a re-
tention time of 7.5 minutes. Creatinine is a natural metabolic product 
in man and is eliminated in urine. 
 

Fig. 2: Presentation of a mass spectrometric measurement of two human 
urine samples as heat map. The x-axis represents time [min.] and the y-axis mass 
to charge ratio [m/z]; the concentration (third dimension/z-axis) is portrayed as 
different colours; the scale ranges from white (absent) to magenta (very high si-
gnal intensity); the evaluation was performed with the program DataAnalysis 4.2 
from Bruker Daltonik (Bremen).



▸

Ernaehrungs Umschau international | 7/2014    105

Fig. 3: �Portrayal of a urine sample as mass chromatogram (data collected with an LC-QToF/MS); the x-axis represents 
the retention time in minutes. The y-axis represents the intensity of the peak in logarithmic form (102 = 100 intensity 
units); red: base peak chromatogram; green: mass chromatogram for cytosine; blue: chromatogram for ascorbic acid; 
magenta: mass chromatogram for creatinine. 

Box 2:
Chromatographic Methods
To investigate the metabolome, the samples are separated by a chromatographic procedure, before being ana-
lysed by e. g. mass spectrometry (see Section 3). 

In general, chromatography means the procedure to separate a substance mixture through the interaction of 
individual substances with a stationary phase. The substances are passed along with the help of a mobile phase, 
such as water. The substances interact with the stationary phase to various degrees. This means that they are 
delayed to various extents (and thus separated) during the transport with the mobile phase. 
When chromatography was first described in 1907, the system used was thin layer chromatography. With a 
filter paper as stationary phase, a  chlorophyll solution was separated into its components, which were visible 
as coloured spots on the filter paper. In later years, various different chromatographic techniques were tested, 
established and refined. The objective has always been continuously to increase the separation efficiency of the 
chromatographic systems, to shorten the times of analysis and to automate the analytical process. • Table 1 
shows an overview of the chromatographic systems, with some advantages and disadvantages. 

Work on metabolomics primarily employs gas and high pressure fluid chromatography.

Name Abbr. Separation 
Principle

Sample Advantages Disadvantages

Thin layer chromatography TLC capillary forces fluid simple, quick quantification difficult 

Gas chromatography GC chemical 
interaction

volatile,  
gas phase

identification and 
quantification 
possible 

substances must be volatile 
or gas phase; thermally labile 
substances decompose  

High pressure liquid  
chromatography

HPLC chemical  
interaction

fluid non-destructive 
analysis, low sample 
volume  

expensive due to heavy 
consumption of solvent  
and materials 

Isoelectric
focussing

IEF use of the  
lowest net 
charge at the 
isoelectric point 

fluid multidimensional 
sample separation

applicable to ionised 
compounds (amino acids, 
proteins) 

Gel permeation  
chromatography 

GAC size separation fluid quick, simple to 
handle 

separation by molecular size 

Supercritical  fluid  
chromatography

SFC chemical  
interaction

fluid or gas 
phase 

possible to separate 
complex mixtures 
that would not be 
separable with GC/
HPLC 

expensive, complex  
equipment 

Tab. 1: Overview of various chromatographic systems 
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rement is shown. The other chro-
matograms shown (green, blue and 
magenta) each portray the intensity 
for a specified mass (= substance) 
(green = cytosine, blue = ascorbic 
acid and magenta = creatinine).  

This type of chromatogram is 
known as an extracted ion chro-
matogram (EIC). It is filed for all 
masses (= substances) thought 
to be present in a mixture. The 
EICs can be used to check whether 
and when a mass is detected.  

However, it is very tedious to pre-
pare such chromatograms by ma-
nual entry, so that computeri-
sed applications are mainly used.  

There are various techniques; the 
two most important for “omic” 
studies will be described. Hypothe-
sis-supported (targeted) and hypo-
thesis-free (untargeted) approaches 
are distinguished. 

Targeted approach 

In the targeted (hypothesis-supported) 
approach, the measurement results are 

analysed for the expected compounds. 
• Table 3 shows an extract from a da-
tabase needed for this approach. 
The complete database contains 
more than 750 different compounds 
[8]. For the process of assignment, 
not only the substance name, but 
also the molecular formula must 
be known. This is used to derive the 
molecular mass of the substance. 
• Table 3 also contains quantitative 
information on some compounds. 
Quantitative analysis can also be 
performed with the targeted evalua-
tion approach. The concentration 
of the substances is then expressed 
in “mmol creatinine equivalents”, 
as creatinine is approximately pro-
portional to the dilution of the urine 
and the metabolites in urine of diffe-
rent concentrations can be compared 
relative to creatinine. 
As there are so many different com-
pounds, it is impossible in practice 
to set up a calibration line for each 
one. Relative concentrations can be 
given with reference to a calibration 
line for creatinine equivalents. 
Various parameters are used as a basis 
for the evaluation. One of the most 

important is the measured intensity 
(peak height of the substance). Subs-
tances with a peak height of less than 
100 relative intensity units are gene-
rally not considered, as the electronic 
noise of the detector can cause major 
interference up to this intensity. 
Another parameter for identification 
is the deviation of the mass and the 
isotopic pattern (“mSigma” value) of a 
measured value in comparison to the 
derived molecular formula. 
The measured mass is compared with 
the theoretical mass. The difference 
between the two values corresponds 
to the precision of the measurement. 
The smaller the value is, the better the 
measured value fits to the theoretical 
mass. 
As several different isotopes occur 
in each compound, this gives an 
isotopic pattern. As the distribution 
pattern and the probability that iso-
topes occur in natural compounds 
are the same, the intensity and 
number of isotope peaks (isotopic 
pattern) can be predicted for a mole-
cular formula.
The measured mass is compared 
with the theoretical mass. The dif-

Analyser Symbols Advantages

Quadrupole instruments
(e. g. triple quadrupole)

QqQ • �suitable for trace analysis  
(qualitative and quantitative)

• very high detector sensitivity 

Linear Quadrupol ion traps LIT • principally suitable for clarifying structure 
• target molecules can be fragmented several times

Fourier transform ion cyclotron 
resonance instruments

FT-ICR • extremely high mass resolution and precision  
• theoretically suitable for all areas of work 
• �high costs of purchasing and demanding structural 

requirements 

Time of flight instruments
(e. g. time of flight)

ToF • broad area of application 
• high mass resolution 
• very good mass determination 

Hybrid instruments
(e. g. quadrupole-time of flight)

QToF • combination of different analysers 
• advantages are effectively combined and exploited 

Tab. 2: Different analyser types and their advantages (modified from the German Society for Mass Spectrometry [7]) 



▸

It has the disadvantage that it can 
only be applied for expected subs-
tances and that unexpected subs-
tances cannot be considered in the 
automated evaluation.

Nontargeted evaluation approach 

The aim of the untargeted evaluation 
approach is to recognise differences 
and similarities between different 
types of volunteers by the simulta-

neous comparison of numerous me-
tabolites. In contrast to the targeted 
approach, it is initially of no great 
importance which metabolites are of 
special interest. It is more important 
to identify differences in the meta-
bolite profiles in different volunteer 
types. 

Without statistical procedures, the 
metabolite profiles would have to 
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ference between the two values 
corresponds to the precision of the 
measurement. The smaller the value 
is, the better the measured value fits 
to the theoretical mass. 
As several different isotopes occur 
in each compound, this gives an 
isotopic pattern. As the distri-
bution pattern and the probabi-
lity that isotopes occur in natu-
ral compounds are the same, the 
intensity and number of isotope 
peaks (isotopic pattern) can be pre-
dicted for a molecular formula. 

A comparison between the measu-
red and theoretical isotope pattern 
(cf. • Box 3) can be used to derive 
a value which, in the ideal case, 
approaches zero. This indicates that 
there is a very high probability that 
the compound is present. 
By comparing the masses and iso-
tope patterns, large quantities of 
data can be rapidly evaluated. This 
methodological approach is there- 
fore particularly suitable for 
screening analyses, in which many 
experiments are performed under 
constant conditions.

# Name Molecular  
Formula Mass (Da) Concentration µmol/

mmol creatinine

1 Pyruvate C3H4O3 88.0155 4.21

2 Uracil C4H4N2O2 112.0267 12.00

3 Creatinine C4H7N3O 113.0584 230.00

4 Nicotinic acid C6H5NO2 123.0315 0.65

5 Norleucin C6H13NO2 131.0941 0.0065

6 L-Homocysteine C4H9NO2S 135.0349 1.78

7 Adipic acid C6H10O4 146.0574 5.10

8 Xanthine C5H4N4O2 152.0329 2.90

9 1-Methylxanthin C6H6N4O2 166.0485 6.00

11 Uric acid C5H4N4O3 168.0278 206.00

12 Ascorbic acid C6H8O6 176.0315 32.50

13 Hippuric acid C9H9NO3 179.0577 217.00

18 Caffeine C8H10N4O2 194.0798 1.20

Tab. 3: �Extract from the FoCus database for more than 750 metabolites for the hypothesis-supported evaluation 
approach; the source data are taken from “The Human Metabolome Database” (www.hmdb.ca) [9–11]

Box 3:
Isotope pattern in mass spectroscopy 
Isotopes have the same number of protons and electrons, but may have 
additional neutrons, so that their mass is greater than that derived from 
the molecular formula. (The upper number before the element symbol 
corresponds to the sum of the protons and neutrons in the isotope). 
The significance of the isotope pattern will be illustrated using the ex-
ample of pyruvate, which has a molecular formula of C3H4O3:
The probability that this compound contains only 13C atoms rather than 
12C atoms is ca. 1.11 %. The probability that only deuterium (2H) rather 
than hydrogen (1H) is present is 0.012 %. The probabilities that oxygen 
is only present as 17O or 18O rather 16O are 0.038 % and 0.025 %, respec-
tively. As a result, different masses are measured for pyruvate. The most 
frequent mass is 88.0154, corresponding to the main peak. The isotopic 
forms with masses 89.0189 and 90.0199 correspond to 3.405 % and 
0.657 % relative to the main peak, respectively. These masses are the 
theoretical isotopic pattern for pyruvate.



Science & Research  | Original Contribution

108    Ernaehrungs Umschau international | 7/2014

Fig. 4: �Result of a PCA of urine samples (QToF/MS) and group formation; left: groups identified for the measured urine 
samples (Circles and triangles are different samples. The classification does not influence the evaluation algorithm, but 
serves for graphical classification); right: portrayal of the measured metabolites. Additional explanations in the text.

No. / Author Subject of Investigation Volunteers Sample Material Central Conclusion

1. Medina et al. (2012) [12] Study of oxidative stress with biomarkers  
(e. g. prostaglandins) 

15 sportsmen training for a triathlon 24h-urine, before and after 2 weeks of training Significant decrease in 3 stress markers after 2 weeks of training  

2. May et al. (2013) [13] Characterisation of urine in an intervention study; 
biomarker detection for vegetable consumption 

293 healthy study participants; 60 
participants for diet-based study; 72 
participants for intervention study 

Urine after at least 8-hour fasting  Proline-betaine, sulphoraphane and isoflavonoids were identified as 
stable biomarkers for vegetable consumption  

3. Bakker et al. (2010) [14] Demonstration of the reduction in mild inflam-
mation, metabolic and oxidative stress with food 
components, such as vitamin C, n3-fatty acids, 
resveratrol etc.

36 volunteers in a randomised, pla-
cebo-controlled double blind study 

Plasma samples after 8-hour fast The combination of food components influenced the biomarker adi-
ponection and the biomarkers of oxidative stress, e. g. 8-isoprostaglan-
din-F2α

4. Walsh (2006) [15] Detection of intra- and inter-individual variation 
in the metabolites in body fluids, as well as their 
changes with diet 

30 healthy volunteers 
(23 women, 7 men)

Samples taken in the morning; normal nutrition 
before visits 1 and 2. Before visit 3, the same diet 
should be taken as before visit 2. Before visit 3, a 
standardised diet was taken 

Diet had a marked effect in urine, but not in plasma or saliva. The inter- 
and intra-individual fluctuations in the metabolite spectrum in urine can 
best be reduced with a standard diet 

5. Redeuil et al. (2011) [16] Detection of polyphenol metabolites after coffee 
consumption, without sample preparation with 
enzymes

4 men, 5 women 
(n = 9); healthy volunteers

Before start of study, caffeine-containing foods for-
bidden. Blood samples taken after defined intervals

34 polyphenol derivatives were identified in blood samples, which were 
directly linked to coffee consumption. 19 of these were detected in 
human plasma for the first time 

6. Schmerler et al. (2012) [17] Research on specific biomarkers to distinguish 
infection-related systemic inflammation (sepsis) 
and non-infection-related systemic inflammation 

96 volunteers were selected (male/
female). 41 were non-infectious, 39 
had sepsis and 16 were controls

Blood samples were taken from the volunteers wit-
hin 24 hours of the first symptoms; with sepsis pati-
ents, the samples were taken within 24 hours of the 
first organ failure

Two biomarkers were identified that were significantly raised in plasma 
after infectious sepsis (acylcarnitine and glycerophosphatidylcholine)

7.  Cai et al. (2011) [18] Detection of biomarkers for lung cancer patients 
in comparison to healthy patients 

28 healthy volunteers and 66 lung 
cancer patients (57 men and 37 
women) 

Blood samples taken after fasting; plasma samples 
were taken without, during or after therapy

19 potential biomarkers were identified; their concentrations changed 
during therapy. There were differences in the metabolome between 
healthy and sick volunteers

8. McClay et al. (2010) [19] Comparison of urine and plasma samples in 
chronic obstructive lung disease (COPD) in com-
parison with healthy volunteers, with the aim of 
finding biomarkers 

392 volunteers, including 197 with 
COPD and 195 healthy; no prior diet

Urine and blood samples  Three potential biomarkers were identified for lung function, although 
the corresponding mechanisms are still unknown

9. Issaq et al. (2008) [20] Detection of biomarkers for bladder cancer; these 
must be collected non-invasively, but still be 
highly sensitive

48 healthy volunteers and 41 volun-
teers with urothelial carcinoma (blad-
der cancer), including 36 men and 5 
women

All samples were taken before possible cancer  
therapy

98 % of the sick volunteers and 96 % of the healthy volunteers could be 
classified to the correct clusters; with PLS statistics, even 100 % were cor-
rectly classified

Tab. 4: Examples of studies in metabolite research 
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Fig. 5: �Comparison of the information content against the number of principle components 
(principle component analysis). Explanations in text. 
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Plasma samples after 8-hour fast The combination of food components influenced the biomarker adi-
ponection and the biomarkers of oxidative stress, e. g. 8-isoprostaglan-
din-F2α

4. Walsh (2006) [15] Detection of intra- and inter-individual variation 
in the metabolites in body fluids, as well as their 
changes with diet 

30 healthy volunteers 
(23 women, 7 men)
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should be taken as before visit 2. Before visit 3, a 
standardised diet was taken 

Diet had a marked effect in urine, but not in plasma or saliva. The inter- 
and intra-individual fluctuations in the metabolite spectrum in urine can 
best be reduced with a standard diet 

5. Redeuil et al. (2011) [16] Detection of polyphenol metabolites after coffee 
consumption, without sample preparation with 
enzymes

4 men, 5 women 
(n = 9); healthy volunteers

Before start of study, caffeine-containing foods for-
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96 volunteers were selected (male/
female). 41 were non-infectious, 39 
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Blood samples were taken from the volunteers wit-
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ents, the samples were taken within 24 hours of the 
first organ failure

Two biomarkers were identified that were significantly raised in plasma 
after infectious sepsis (acylcarnitine and glycerophosphatidylcholine)
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28 healthy volunteers and 66 lung 
cancer patients (57 men and 37 
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Blood samples taken after fasting; plasma samples 
were taken without, during or after therapy
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during therapy. There were differences in the metabolome between 
healthy and sick volunteers

8. McClay et al. (2010) [19] Comparison of urine and plasma samples in 
chronic obstructive lung disease (COPD) in com-
parison with healthy volunteers, with the aim of 
finding biomarkers 

392 volunteers, including 197 with 
COPD and 195 healthy; no prior diet

Urine and blood samples  Three potential biomarkers were identified for lung function, although 
the corresponding mechanisms are still unknown

9. Issaq et al. (2008) [20] Detection of biomarkers for bladder cancer; these 
must be collected non-invasively, but still be 
highly sensitive

48 healthy volunteers and 41 volun-
teers with urothelial carcinoma (blad-
der cancer), including 36 men and 5 
women

All samples were taken before possible cancer  
therapy

98 % of the sick volunteers and 96 % of the healthy volunteers could be 
classified to the correct clusters; with PLS statistics, even 100 % were cor-
rectly classified
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be presented in a multidimensional 
coordinate system (one metabolite 
per axis). It would then be practi-
cally impossible to recognise cor-
relations or groups by eye. Thus, 
evaluation without statistical proce-
dures would be extremely complex 
and tedious. 
This approach employs the recogni-
sed statistical procedure of principal 
component analysis (PCA). PCA de-
termines whether there are correla-
tions between individual metabolites, 
so that - to put it simply - some of 
the metabolites or their axes can be 
omitted or replaced by a combina-
tion (with one axis for several me-
tabolites). For example, a substance 
may always occur at a fixed ratio 
to its degradation product. Finally, a 
large number of metabolites may be 
portrayed in two dimensions, using 
a few combinations of metabolites, 
so-called “principle components”  
(• Figure 4). 
To reduce the dimensions, the distan-
ces are repeatedly calculated. These 
are determined using an axis running 
through the midpoint of the measu-
red data. The smallest sum of all dis-
tances on a line is defined as the first 
principle component. This distance 
possesses the greatest variance (the 
greatest information content) of all 
metabolites of all samples.  
In the next step, an additional axis 
is identified, that is orthogonal (ver-
tical) to the first. The second prin-
ciple component is then determined 
with the same conditions. The data 
point of the first principle compo-
nent is then no longer considered.  
This procedure is repeated until all 
the points and the corresponding 
variance (the distance between the 
axis and the data point) can be exp-
lained. • Figure 5 shows that, with 
the fifth principle component, ca. 
90 % of the variance is explained 
which underlies group formation 
in • Figure 4. 
• Figure 4 shows an evaluated PCA 
and group formation in a serial mea-
surement of different urine samples 
from different volunteers. The left 

side of the graph shows a so-called 
score plot. This shows group forma-
tion of all measured urine samples. 
The right figure is known as a loading 
plot and shows the distribution of all 
measured masses. The masses which 
are most distant from the point cloud 
have the greatest influence on the va-
riance and therefore dominate the 
whole statistical model of principle 
component analysis leading to group 
formation (• Figure 4, left side).
Masses that influence the whole 
model to such an extent are of espe-
cial importance for further rese-
arch, as they are not contained in all 
samples, but greatly influence the 
statistical model determined. 

The advantage of the untargeted appro-
ach is that interrelationships can also 
be established for samples of unknown 
composition. The evaluation is rapid. 
Any faulty measurements or outliers 
can be recognised statistically and re-
moved from the model. 
However, the disadvantage is that the 
calculations are highly complex and 
require a great deal of computing ca-
pacity.
 
 

5 Typical applications

Nutritional metabolomic studies with 
volunteers are performed to iden-
tify relevant biomarkers, that allow 
conclusions about metabolic effects 
and are relevant to the prevention of 
chronic diseases. Metabolomic studies 
also investigate to what extent dif-
ferent nutritional patterns give rise 
to characteristic metabolite profiles. 
Studies 1 to 5 in • Table 4 show ty-
pical studies performed with healthy 
volunteers and which were intended 
to examine the effects of dietetic in-
tervention and physical stress on the 
metabolome. 
The metabolome of volunteers is also 
measured in the recruitment of large 
cohorts, in order to achieve additio-
nal phenotyping that is complemen-
tary to conventional clinical para-
meters [8]. In addition, metabolomic 

studies are used to improve medical 
diagnostic testing (studies 6 to 9 in 
• Table 4).
In both healthy and sick volunteers, 
metabolomic techniques in combi-
nation with untargeted statistical 
evaluation procedures can be used 
to identify biomarkers that only ap-
pear when external factors are varied. 
Some of these biomarkers were unex-
pected and therefore could not have 
been found with the targeted appro-
ach alone.
 

Effects on the metabolome of a 
diet rich in vegetables and fruit

One example of an untargeted 
approach is the study of May et al. 
(2013) in • Table 4, in which the 
urine samples of volunteers were 
examined with LC/MS [13]. 60 vo-
lunteers - 30 with low and 30 with 
high vegetable consumption - were 
compared with 72 volunteers who 
were subject to a controlled nutri-
tional plan for vegetable consump-
tion. The objective of the study was 
to analyse differences in the compo-
sition of the volunteers‘ urine. The 
urine was analysed during a 2-week 
menu with many different sorts of 
fruit and vegetables, in comparison 
with a 2-week diet in which the 
same food was forbidden. 
It was found that, with a diet rich 
in plants, there were many diffe-
rent and typical metabolites. For 
example, proline-betaine was detec-
ted; this is a metabolite marker that 
is detected in human metabolism 
after the consumption of citrus 
fruits. In addition, sulforaphanes 
were detected. These are hydrolysis 
products of the glucosinolate glu-
coraphanin. 
With the untargeted evaluation 
approach, a total of 46 metabolites 
could be identified that only occur-
red in man after consumption of 
fruit and vegetables. 
This study allows the conclusion 
that metabolomic analyses of urine 
can be usefully applied in restric-
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tion studies - in which one group of 
foods is omitted - in order to check 
that dietary instructions are being 
complied with.

6 Conclusion 
Metabolomics offers novel appro-
aches for medical studies and nu-
tritional and food research, parti-
cularly in studying very complex 
interrelationships. The experimental 
techniques and equipment are desi-
gned to collect maximal quantities 
of data, with a high degree of au-
tomatisation and comprehensive 
approaches to evaluation. 
With the untargeted analysis of the 
metabolome, it is possible to search 
for suitable biomarkers in nutri-
tional studies. This can start with 
screening on a very broad basis and 
can help to draw attention to me-
tabolites that had previously been 
overlooked. 
As foods are so complex, not only 
one metabolite, but many, may be 
found at different concentrations 
in nutritional studies. The shifts in 
the resulting metabolite pattern are 
often only moderate. This problem 
can be approached by evaluating 
a very wide range of metabolites, 
using the specific approaches of me-
tabolomics.
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