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metabolite analysis and profiling of complete metabolite classes of a biological specimen over a broad
dynamic concentration range. The application of LC-MS/MS based metabolomic approaches in clinical

Keywords: applications aims at both, the improvement of diagnostic sensitivity and specificity by profiling a metabo-
Clinical app}lcamn lite class instead of a single metabolite analysis, and the identification of new disease specific biomarkers.

Metabolomics g YSIS, P
LC-MS/MS In the present paper we discuss recent advances in method development for LC-MS/MS analysis of lipids,
Tandem mass spectrometry carbohydrates, amino acids and biogenic amines, vitamins and organic acids with focus on human body
fluids. In this context an overview on recent LC-MS/MS based metabolome studies for cancer, diabetes

and coronary heart disease is presented.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction
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Table 1
Analytical principles applied for metabolome investigations.

69

Physical property Analytical principle

Disadvantages

Advantages

Separation technique

Polarity, size Liquid chromatography

Charge Capillary electrophoresis

Volatility Gas chromatography

Detection method
Mass Mass spectrometry

Rotation, vibration Infrared spectroscopy
hv absorption
hv emission

Spin rotation

UV spectroscopy
Fluorescence spectroscopy
NMR-, ESR spectroscopy

o High solvent consumption
and low separation power
(normal HPLC)

o Buffers not compatible with
MS

« Analyte volatility,
derivatisation

o High molecular weight
analytes

o Retention time inconstant

o No separation of isobaric,
isomeric analytes

o [on suppression depending
on matrix

o Salt-sensitive

o Not applicable for analyte
identification

o Nonspecific

o Nonspecific

o Low analytical resolution,
insensitivity

o Fast high-resolution
separation (UHPLC)

o Detection of thermolabile
molecules

o High-resolution capacity
o Low solvent and sample
consumption

o High-resolution capacity
o Detection of thermostable
metabolites

o Identification and
quantification of low to high
molecular weight metabolites
o Detection levels
ng/mL-pg/mL

o Structural information

o Salt-insensitive

o Salt-insensitive

o Identification of complex
structures of makromolecules

(DNA, RNA, proteins)
o Structural information

downstream products of cellular processes became more and more
important in the last decade [1-3]. Metabolites are low-molecular
weight (<1500 Da) components (e.g. carbohydrates, lipids, amino
acids, biogenic amines, organic acids). They are influenced by
genetic and epigenetic effects, environmental and dietary expo-
sures as well as lifestyle.

Metabolomic investigations have already become an integral
part in clinical drug safety assessment, environmental chemistry,
plant biochemistry, microbiology, and nutritional studies to gain a
more global picture of the molecular networks [4-7]. In the clin-
ical laboratory, metabolome studies are applied for the detection
of new biomarkers related to the ‘healthy vs. diseased’ concept as
known from proteomic studies [8-10]. The Human Metabolome
Database (HMDB) actually contains about 7900 metabolites found
in the human body [4]. The association of metabolites (metabo-
lite classes) in addition to genome data provided new insights
into the interplay between genetic variability and metabolic reg-
ulations [11]. Moreover, the quantitative analysis of challenging
metabolite classes, such as amino acids, steroids, eicosanoids or
phospholipids in the clinical laboratory might help to understand
the pathophysiology and to assess the individual risk prediction
of complex diseases such as diabetes, coronary heart disease and
cancer. However, it is still unclear if the investigations of com-
plete metabolite pathways by liquid chromatography tandem mass
spectrometry (LC-MS/MS) will improve clinical routine diagnos-
tics as shown for worldwide newborn screening programs. For
example, 30 inherited metabolic diseases of the amino acid and
fatty acid metabolism are detectable with the newborn screening
methodology. It has to be proven in clinical studies if metabolomic
investigations result in a significant improvement of the diagnos-
tic sensitivity or specificity compared to established diagnostic
assays.

Liquid chromatography coupled to mass spectrometry is an
integral part in quantitative metabolome analysis in the clinical
laboratory. Particularly current technical developments of new
generation quadrupole mass spectrometers enable rapid quantifi-
cation of multiple metabolites from the ng/L to g/L range in body
fluids.

In this paper, recent developments in the field of liquid chro-
matography tandem mass spectrometry (LC-MS/MS) and their
application to metabolome analysis in human body fluids for labo-
ratory diagnostics and clinical research will be reviewed.

2. Analytical concepts for metabolome studies in body
fluids

A variety of analytical principles can be used for metabolome
analysis due to the diversity of chemical structures including dif-
ferent functional groups, heterocyclic structures, and conjugated
double bounds (Table 1). Due to the diversity and broad dynamic
range of metabolites in body fluids, it appears to be unreasonably
difficult to analyze all metabolite classes with one common method
for extraction, chromatography and mass spectrometric analysis.
Adapting the overview of the dynamic range of protein biomark-
ers from Anderson and Anderson [5] and Schiess et al. [6] we have
summarized single metabolites or metabolite classes and their con-
centration levels found in biomarker studies or analyzed in the
clinical routine laboratory (Fig. 1). Different analytical approaches
have to be applied for metabolome investigations in body fluids,
which may provide complementary but also redundant informa-
tion.

Analysis of metabolites can be performed in two ways: first in
‘non-targeted’ analyses a large number of metabolites are analyzed
in an unbiased approach after minimal sample pretreatment and
second in ‘targeted’ analyses of specific, pre-defined metabolites
associated with a specific pathway, enzyme system or complete
metabolite class [1,3,7-9].

The development of fast LC concepts offers new possibilities to
improve analysis speed and chromatographic resolution of quanti-
tative LC-MS/MS applications [10]. Separation of analytes in body
fluids is performed by liquid chromatography, gas chromatography
(GC) or capillary electrophoresis coupled with the mass spectrom-
eter to enhance the power of identification [11]. Chromatographic
supports based on monolithic material, small porous particles and
porous layer beads have been developed to improve throughput
and separation efficiency [10,12]. Recently, hydrophilic interaction
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Fig. 1. Endogenous metabolite concentrations in serum/plasma determined by targeted and non-targeted approaches with LC-MS/MS.

chromatography (HILIC) has become a useful tool for the analysis of
polar metabolites [24,25]. The development of separation columns
containing sub-2 wm particles applied in ultra high performance
liquid chromatography (UHPLC) lead to higher chromatographic
resolution [10,13,14].

2.1. Non-targeted metabolomics

Non-targeted metabolome approaches for body fluids are
mainly based on nuclear magnetic resonance (NMR) spectroscopy
or high accuracy mass spectrometry with a mass resolving power
between 20,000-1,000,000 and a mass accuracy <3ppm [2].
Analyses are performed predominantly qualitatively by determin-
ing a subset of the whole metabolite profile. Quadrupole/time-
of-flight (QTOF), orbitrap and Fourier transform ion cyclotron
resonance mass spectrometry systems are applied for the identi-
fication of metabolites in global metabolomic approaches [15-20].
Ion mobility time-of-flight mass spectrometry (IM-MS), which sep-
arates ions on the basis of their mass/charge ratios as well as their
interactions with a buffer gas, becomes a powerful analytical tool
for investigating complex samples. Recently, IM-MS with an elec-
trospray ionization source was applied for metabolite studies in
whole blood [21]. The main advantage of IM-MS is the potential for
separation of metabolite isomers without chromatographic sep-
aration [22]. By coupling UHPLC with QTOF mass spectrometry,
metabolites (amino acids, organic acids, and phospholipids) which
are presentin the mg/Lrange in human plasma were identified [18].

The MS- or LC-MS fingerprints are preprocessed (background
suppression, peak picking, deconvolution, scaling, normalization)
and processed by use of multivariate analysis [23]. Identification of
potential biomarker is performed by the comparison of correspond-
ing fragment mass spectra or the accurate mass with databases.
An overview about available MS-databases for the identification of
metabolomic signals is given by Werner et al. [2].

Limitations of non-targeted metabolome analyses are the lack
of processing software for metabolites with low-abundant signal
intensities due to their low concentration ranges in human body
fluids or poor ionizability at the given ionization conditions [2].

2.2. Targeted metabolomics

Triple quadrupole mass spectrometry (QqQ) is mainly applied
to targeted metabolomics because of its potential in quantitative
analysis, the ability to perform multiple reaction monitoring
(MRM), neutral loss (NL) and precursor ion (PS) experiments.
Analytical strategies include the quantitative study of metabolite
classes, networks and targeted analysis of specific metabolites.
In the last years, modern QqQs overcame the limitation of low
duty cycles with scan times <10ms/MRM [24]. Furthermore,
hybrid instruments, in which the third quadrupole is replaced
by a TOF (Q-TOF) or linear ion trap (Q-Trap) are able to per-
form structural elucidation and quantitative MRM experiments
[25-27].

Detection specificity for isobaric and isomeric compounds is
indispensable especially in metabolomic approaches. In this case,
even high mass resolution spectrometers cannot be applied with-
out a chromatographic separation step prior to mass spectrometric
detection. Another limitation of LC-MS/MS analysis is still the lack
of detection sensitivity for some analyte groups such as steroid hor-
mones, biogenic amines and cytokines with blood levels in the low
pmolar range.

Certified commercial LC-MS/MS based assays or platforms
became available during the last years (e.g. Biocrates, Metabolon,
Metanomics) which decrease analysis time of metabolome inves-
tigations in clinical studies [28]. Limitations of LC-MS/MS such as
technical complexity, the need of specially trained technical staff
and laborious maintenance procedures could be reduced with the
new generation of mass spectrometers.
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Table 2

Recently developed analytical methods applying liquid chromatography tandem mass spectrometry for the analysis of different lipid classes in human specimens.

Specimen Volume (L) Pre-treatment Chromatography Ionization

Analysis (min) Reference

Lipid class Analytes

Glycerophospholipids Phospholipids P n.r.
Lysophospholipids, P 200
Lysophosphatidyl species P 20
Sphingosin-1-phosphate P 1000
Lysophosphatidic acid P 10
Ceramid species P 50

Fatty acyls Eicosanoids S 100
8-iso-PGF2a P,U 500
Endocannabinoids P 1000
Endocannabinoids S,P,U 500-2000
Endocannabinoids S 1000
Endocannabinoids P 500

Sterol lipids Sterols, phytosterols P 10
Cholesterol precursor, phytosterols S 1
Steroids S 100
Steroids S 200
Steroids S 760
Bile acids S, P 100
Bile acids S 100
Bile acids P 500

PP HPLC ESI*, ESI 30 [55]
E Nano LC ESI*, ESI- 110-130 [56]
E - ESI* 13 [54]
E UHPLC ESI- 20 [58]
E HPLC ESI* 12 [60]
E HPLC ESI* 21 [59]
Online SPE HPLC ESI- 30 [61]
PP, online SPE  HPLC APCI~ 13 [62]
E, SPE HPLC ESI* 21 [64]
SPE UPLC ESI* 4 [65]
PP,E HPLC ESI* 12 [66]
LLE HPLC ESI* 9 [67]
PP HPLC APPI* 10 [70]
D HPLC ESI* 20 [71]
PP, online SPE  HPLC APCI*, APCI- 4 [26]
PP HPLC APPI*, APPI- 12 [47]
PP HPLC APPI* 18 [46]
PP HPLC ESI- 5.5 [48]
SPE HPLC ESI- 50 [49]
SPE HPLC ESI- 29.3 [50]

APCI, atmospheric pressure chemical ionization; APPI, atmospheric pressure photo ionization; D, derivatisation; E, extraction; ESI, electrospray ionization; LLE, liquid-liquid
extraction; n.r., not reported; P, plasma; PP, protein precipitation; S, serum; SPE, solid-phase extraction.

3. Analysis of metabolites in body fluids by LC-MS/MS

LC-MS/MS became increasingly important for the analysis
of complex human body fluids during the last two decades
[29]. LC-MS/MS is being adopted in clinical laboratories for the
quantitative analysis of a number of analytes from physiolog-
ical matrices. However, a number of preanalytical guidelines
and requirements have to be considered in the validation
process [30,31].

3.1. Preanalytical aspects

Definition of preanalytical protocols is a prerequisite for
reproducible metabolite analyses. Biologically and techni-
cally influencing factors have to be considered depending on
the metabolite (class) and body fluid. So far, little is known
about the effects of age/gender, body mass, fasting, menstrual
cycle/pregnancy etc. on metabolite concentration. Nutrition and
physical activity seem to influence amino acid and acylcarnitine
concentrations [32]. Differences in lysophosphatidylcholines,
branched chain amino acids and acylcarnitines were observed in
obese men [33]. Levels of glutamine, glycine, alanine, lysine, serum
and creatinine are reduced while levels of acetoacetate and of very
low density lipoprotein increase during the luteal phase [34].

In addition, technical factors (sample type, different blood spec-
imens, type of tube for blood withdrawel, stability) have to be
considered for metabolome investigations. Serum might be more
suited for small molecule analyses because the overall protein
content is lower and therefore competing ionization reduced and
overall sensitivity increased [35]. However, the comparison of non-
targeted analyses in serum and plasma revealed the presence of
more peptide/protein fragments in serum, which resulted in addi-
tional disturbing effects during ionization [32]. Additionally, the
same study showed that the blood collection method itself appears
to influence the metabolome profile. Signals attributable to skin
sterilization detergents could be identified in mass spectrometric
chromatograms. Further, only small differences between plasma
specimens with different anticoagulants were identified. In tar-
geted approaches, it was shown that concentrations of metabolites
vary between serum, plasma and dried blood specimen [32].

The determination of metabolite stability data consists of the
analysis of stability over several freeze-thaw cycles, over sample

processing procedures and over post-preparative periods [36]. Such
stability data have been recently published for endocannabinoid,
phospholipid and oxysterol analysis as well as amino acid and acyl-
carnitine profiling [37-39]. A systematic review of preanalytical
variables was given for the steroid analysis [40]. Sample additives,
such as antioxidants can be added to the sample prior to sample
storage and further processing to increase analyte stability [41].

Only few data on specimen stability are available for non-
targeted metabolome analyses although it is essential to gain
non-confounded valid metabolic profiling data sets. It was shown
that storage conditions and freeze-thaw cycles lead to relevant
changes in the MS urine fingerprint [42].

3.2. Lipids

The mass spectrometric profiling of lipid pathways and net-
works is challenging due to the diverse chemical structures of the
different lipid classes. A huge number of LC-MS/MS applications
in the field of lipidomics was published during the last decade
[43-45]. Most of them are applied in the field of biomarker search.
Only few lipid species (steroids, bile acids) are measured in clin-
ical routine laboratories by LC-MS/MS [26,46-51]. A summary of
recently developed LC-MS/MS methods is provided in Table 2.

During the last years, lipidomic studies in bodyfluids were dom-
inated by the analysis of phospholipids with its two main classes,
the glycerophospholipids and the sphingomyelins [52-55]. Phos-
phatidylcholines, lysophosphatidylcholines and sphingomyelins
can be monitored by a precursor ion scan of m/z 184 (positive ion
mode), whereas phosphatidylinositol, phosphatidylglycerol, phos-
phatidylserin and phosphatidic acid can be profiled by a precursor
ion scan of m/z 153 (negative ion mode). However, the identifica-
tion of the fatty acid moieties and the location of double bonds
is still challenging. Isobaric phospholipid inter-class and intra-
class species separation could be achieved by applying nanoflow
LC-MS/MS [56]. Approaches applying flow injection analysis [54],
HILIC [57], UHPLC [58] and high performance liquid chromatogra-
phy (HPLC) [59,60] are available for the analysis of sphingolipid and
ceramid species.

Several LC-MS/MS methods have been recently published for
the targeted quantification of low abundant eicosanoids, includ-
ing isoprostanes in human plasma, serum or urine [61-63]. Sample
preparation procedures include protein precipitation and solid
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phase extraction (on- or offline) steps with further chromato-
graphic separation via HPLC or UHPLC coupled to tandem mass
spectrometric detection. However, the clinical application of these
methods is still hampered by the very low levels in plasma/serum
of healthy subjects (concentration range ng/L). For the analysis of
endocannabinoids, LC-MS/MS methods have been recently devel-
oped requiring sample volumes of 0.5-2 mL [64-67]. Similarly to
the eicosanoid analysis, lipid extraction either via solid-phase or
liquid-liquid extraction is performed for endocannabinoid sample
preparation.

The endogenous levels of sterol metabolites (either as total
or free and esterified sterol levels) are commonly measured via
GC-MS [68,69], but can also be determined by HPLC-MS/MS, either
directly [70] or after derivatisation [71].

3.3. Carbohydrates

Carbohydrate metabolism includes the pentose, fructose, and
galactose pathways, the gluconeogenesis and finally the glycogen
storage processes. Up to now, no non-targeted comprehen-
sive metabolomic study investigating the entire carbohydrate
metabolome has been published [72].

Several general targeted approaches were published for the
quantitative analysis of intermediates of the pentose phosphate
pathway [73-75]. These LC-MS methods are based on either Group
Specific Internal Standard Technology labeling [73] or the sepa-
ration on ion-pair-loaded C(18) HPLC columns [74,75]. Reference
values for dihydroxyacetone phosphate, p-ribose 5-phosphate,
the two sum parameter D-ribulose 5-phosphate/p-xylulose 5-
phosphate and D-fructose 6-phosphate/p-glucose 6-phosphate,
and p-sedoheptulose 7-phosphate were established for dried blood
spots, fibroblasts and lymphoblasts [74]. The analysis of metabo-
lites from the pentose phosphate pathway enables the diagnosis
of patients that are characterized by increased concentrations of
pentitols (ribitol and p-arabitol), erythritol, and probably sedohep-
titol in body fluids [76]. An HPLC-MS method is available for the
simultaneous analysis of phosphosugars, phosphocarboxylic acids,
nucleotides, and coenzymes, which enables the separation of the
structural isomers glucose 6-phosphate and fructose 6-phosphate
[77].

3.4. Amino acids and biogenic amines

Amino acids play essential roles in energy metabolism, neu-
rotransmission, and lipid transport. Physiological plasma amino
acids are usually analyzed by classical ion-exchange liquid chro-
matography requiring an analysis time of 2-3 h per sample. Because
most amino acids are very polar, analysis without derivatisation by
means of classical reversed phase chromatography in combination
with mass spectrometry is challenging. By combination of derivati-
sation (butylation) and ion-pair LC-MS/MS, 22 plasma amino acids
could be determined from 10 L plasma or serum by LC-MS/MS
in 11 min [78]. Using UHPLC combined with tandem mass spec-
trometry, 52 amino acids in plasma or urine can be quantified after
a simple dilution step in a run time of 30 min [79,80]. Different
methods are published for the analysis of multiple amino acids by
coupling ion-pair chromatography to mass spectrometry [81,82].
The analysis of 42 amino acids in urine specimens is enabled by
the TRAQ®-LC-MS/MS methodology using different isobaric tags
for analyte and internal standard [83]. The simultaneous measure-
ment of homocysteine and related metabolites involved in sulfur
amino acid metabolism in biological samples was published by
Rafii et al. [84]. A method for the simultaneous analysis of metabo-
lites involved in nitric oxide production (L-arginine, L-citrulline, and
dimethylarginine) was recently published [85].

Biogenic amines are neurotransmitters and hormones, synthe-
sized from amino acids. The diagnostic relevant metabolites occur
in very low concentrations in human plasma (nmol/L). Therefore
high-performing analytical techniques are required for quantifi-
cation. Different LC-MS/MS approaches for the determination of
biogenic amines in plasma and urine including catecholamines,
metanephrines, hydroxyindolactic acid, serotonin, tryptophan,
kynurenines and homovanillic acid were reviewed by de Jong et al.
[86].

3.5. Vitamins, organic acids, intermediary energy metabolites

LC-MS/MS has emerged as a particularly versatile and infor-
mative approach for the establishment of methods suitable for
the simultaneous analysis of the tricarboxylic acid cycle [87,88].
Two LC-MS/MS methods for the profiling of intermediary energy
metabolites are available for haemodialysate [89] or atmospheric
aerosols [89,90] but not for serum or plasma. Vitamin B(2) and B(6)
species, neopterin, cotinine, tryptophan metabolites, folates and
folate catabolites involved in the transfer of one-carbon units, or
cofactors for the relevant enzymes were measured by LC-MS/MS
[91].

4. LC-MS/MS based metabolomics in clinical applications

In clinical diagnostics quantitative targeted analysis by
atmospheric pressure ionization/quadrupole tandem mass spec-
trometry paved the way of metabolome investigations into
clinical routine application [14,20-23]. The first routine applica-
tion of metabolite screening by tandem mass spectrometry in
the clinical laboratory was introduced by Millington and Chace
in the 1990s. The screening of amino acids and acylcarnitines
for the detection of inborn errors in amino acid and fatty acid
metabolism enhanced the panel of screened diseases included in
newborn screening programs worldwide [92]. About 30 metabolic
parameters of amino acid and fatty acid metabolism were intro-
duced into the screening panel for the detection of inherited
metabolic disorders. This was the first multi-parametric metabolic
approach, which proved to be a valuable and effective preventive
diagnostic strategy [93,94]. During the last decade, numerous tar-
geted and non-targeted metabolome approaches were applied in
cross-sectional studies, comparing patients with healthy controls.
In this chapter we will highlight recent developments in the clinical
routine laboratory and disease-related biomarker search in clinical
studies.

4.1. Inherited metabolic diseases

In the field of laboratory diagnostics of inherited metabolic dis-
eases, multiple “second-tier” methods were established during the
last year. Overcoming the problem of non-specific first line param-
eters and a resulting high false positive rate, a second analysis of
dried blood from the same newborn screening card is performed
for the monitoring of specific metabolites or metabolic pathways
[95].

A multiplex enzyme assay for the measurements of the activity
of three galactose metabolizing enzymes with UHPLC-MS/MS was
developed as second-tier test of galactosemia screening [10]. An
alternative diagnostic procedure for the diagnosis of galactosemia
applying LC-MS/MS determines hexose monophosphates in dried
blood spots with a diagnostic sensitivity and specificity of 100%
[96].

For the evaluation of elevated propionylcarnitine concentra-
tions in dried blood, a rapid LC-MS/MS method was developed to
identify free methylmalonic, 3-OH propionic acid, methylcitric acid
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Table 3
Summary of recent biomarker identifications for several cancer sites applying mass spectrometry.

Cancer type Material Approach Method Metabolite biomarker Reference

Renal cell carcinoma Serum Non-targeted LC-QqQ Phospholipids, phenylalanine, [111]
tryptophan acylcarnitines, cholesterol
metabolites, arachidonic acid
metabolism

Renal cell carcinoma Urine Non-targeted HILIC-TOF 212 candidate biomarkers, no [109]
identifications

Colorectal cancer Urine Targeted LC-QqQ Acteylcarnine, phenylacetylglutamin, [110]
leucylproline, aspartyllysine

Colorectal cancer Serum Non-targeted FIA-FTICR Hydroxylated ultra long chain fatty [112]
acids

FIA-QqQ

Ovarian cancer Serum Non-targeted LC-QqQ 27-nor-5B3-cholestande-3,7,12,24,25- [106]
pentolglucoronide

Prostate cancer Tissue/urine Targeted LC/GCQ Sarcosine [113]

Kidney cancer Urine Targeted LC-QqQ quinolinate, 4-hydroxybenzoate, and [110]
gentisate

Kidney cancer Urine Targeted LC-QqQ Acylcarnitines [108]

Abbreviations: FIA, flow injection analysis; FTICR, Fourier transform ion cyclotron resonance; GC, gas chromatography; HILIC, hydrophilic interaction chromatography; LC,

liquid chromatography; Q, quadrupole; QqQ, triple quadrupole.

and total homocysteine (tHCY) [97,98]. A second-tier test apply-
ing LC-MS/MS was developed for the newborn screening of maple
syrup urine disease including the simultaneous quantification of
leucine, isoleucine, allo-isoleucine, valine and hydroxyproline [99].

A novel concept for analysis of metabolic pathways by
LC-MS/MS was introduced for the newborn screening of lysosomal
storage diseases. Here, metabolic rates of specific enzyme sub-
strates were analyzed simultaneously, which enables the newborn
screening of Morbus Gaucher, Morbus Pompe, Morbus Fabry, Mor-
bus Niemann-Pick A/B and Morbus Krabbe [100-102].

4.2. Cancer studies

Cancer cells are known to produce a unique metabolic finger-
print. Therefore, the identification of cancer specific biomarkers
might lead to earlier detection of cancer development [103].
Numerous NMR-based studies were performed to profile metabo-
lites by comparing cancer patients with healthy controls [104,105].
Tumors, in general, seem to be characterized by elevated phospho-
lipids (e.g. choline-containing phospholipids) [19].

Particularly cross-sectional metabolome studies based on
LC-MS/MS were performed for the following cancer types:
prostate, breast, ovarian, colorectal, renal cell and kidney cancer
[106-114]. A potential role for sarcosine in prostate cancer progres-
sion was shown [113]. A summary of metabolite biomarkers which
have been identified in cross-sectional LC-MS/MS based cancer
studies are summarized in Table 3.

4.3. Diabetes and coronary heart disease

Identification of high-risk individuals for type 2 diabetes (T2D)
and cardiovascular disease (CVD) is currently assessed by global
risk factors like age, sex, metabolic and lifestyle variables. In
the last decade, numerous genomic, transcriptomic, proteomic
and metabolomic studies have been performed in T2D and CVD
patients searching for biomarkers with higher predictive values.
However, most studies described cross-sectional differences in
metabolite levels between cases and controls. In serum and plasma,
differences in carbohydrates (glucose, mannose, desoxyhexose),
ketone bodies, phosphatidylcholines and free fatty acids have been
shown to be associated with insulin resistance [115]. Especially
the branched chain amino acid metabolism was identified to be
associated with severe insulin resistance in obese people [115]. The
analysis of branched chain and aromatic amino acids in 201 serum

samples from individuals, developing T2D during the last 12 years
of follow-up in the Framingham offspring study, identified leucine,
isoleucine, valine, phenylalanine, and tyrosine as biomarkers for
T2D risk prediction [116,117].

Important cardiovascular risk factors such as smoking, hyper-
tension, obesity, hyper-and dyslipidemia, T2D have been identified
in epidemiological studies. However, for a further risk prediction a
better understanding of pathophysiological mechanisms is needed
[118]. In the CATHGEN study, hydroxylated acylcarnitines were
identified as marker for the prediction of myocardial infarction
[119]. Additionally, the same group showed a high heritability
of metabolite profiles in families burdened with premature car-
diovascular disease [120]. During surgical ischemia/reperfusion,
acetylcarnitine and 3-hydroxybutyryl-carnitine were shown to be
elevated in serum of patients with impaired ventricular function
[121].

5. Summary

Global metabolome analysis or metabolite profiling may help to
identify new biomarkers or spotlight pathways of common diseases
for dietary or drug modulation. Additionally, multivariate biomark-
ers, including fingerprint profiles or metabolite signatures may
improve individual prognostic or predictive interpretation. How-
ever, the analysis of metabolites remains challenging because of
the structural diversity and broad dynamic concentration range.
Despite ample possibilities of LC-MS/MS for metabolite analy-
sis and encouraging results of clinical metabolome studies, only
limited clinical applications are available today. Prospective stud-
ies have to follow for the validation of metabolites as valuable
biomarkers for cancer, diabetes and cardiovascular diseases. Defi-
nition of preanalytical protocols, quality management, processing
of large and complex data sets, and the simplification of result eval-
uation has to be addressed before method implementation in the
daily clinical routine analyses.
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