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The role of analytical sciences in medical systems biology
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Medical systems biology has generated widespread interest
because of its bold conception and exciting potential, but the
field is still in its infancy. Although there has been tremendous
progress achieved recently in generating, integrating and
analysing data in the medical and pharmaceutical field, many
challenges remain, especially with respect to the crucial core
technologies required for analytical characterization. This
review briefly summarizes these aspects for metabolomics,
proteomics, data handling and multivariate biostatistics.
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Abbreviations

CE capillary electrophoresis
ECD electrochemical detector
HR-MAS high resolution magic angle spinning

MALDI matrix-assisted laser desorption ionization

Introduction

Interest in the application of systems biology to the life
sciences has become widespread over the past five years,
although systems perspectives have been applied to many
sciences, ranging from biology to cosmology, since at least
the beginning of the 20th century. There is a striking
commonality between various scientific domains, which
each describe the interconnectivity and interdependence
of the components of the system and which each recog-
nize that new properties of systems are revealed as
increasing levels of complexity are studied. The tradi-
tional approach in biology of relating limited observa-
tional data to a holistic model is now being complemented
with a new wave of life science technologies that are
beginning to yield detailed molecular and mechanistic
information on an unprecedented scale [1-3].

The definition of systems biology is highly variable in the
literature. Our working definition for medical systems

biology is ‘studying biology as an integrated system of
genetic, protein, metabolite, cellular and pathway events
that are in flux and interdependent’. This does not imply
that all elements need to be measured for systems studies
but that systems thinking and systems-based analytical
strategies are key. For medical systems biology, human
samples are often restricted to body fluids and conse-
quently pathway relationships between the components
may not be revealed without further study, in contrast to
the study of animal models or single cell types where
informative pathway information can be gained at an early
stage of analysis.

Systems biology requires the integration of biology, med-
icine, mathematics and chemistry with biostatistics and
bioinformatics to transform complex and diverse datasets
into useful knowledge [4-8,9°°], and systems biology
approaches are being increasingly applied in the fields
of microbiology, and plant and medical sciences. We
focus here on analytical sciences in medical systems
biology; in particular, the status and challenges for meta-
bolomics and proteomics. Data pre-processing before the
important steps of biostatistics, bioinformatics and mod-
eling is briefly considered and notable references for data
evaluation and integration steps are given.

An important principal for the discovery of biomarkers for
drug discovery, drug development and disease diagnosis
[10°°-12°%,13,14] is that multi-factorial disease (Figure 1)
involves studying complex and dynamic biomarker pat-
terns rather than a single biomarker such as cholesterol,
prostate-specific antigen or glucose. Although this evo-
lution from single biomarker strategies towards those
employing biomarker patterns involves managing new
levels of complexity in data generation and analysis, such
a change will be essential to adequately characterize and
ultimately understand the etiology and progression of
disease states. It is also important to recognize that
different biomarker profiles are found at the onset of a
disease versus the late stage where symptoms and indirect
effects are prominent. Therefore understanding transi-
tional biomarker profiles in terms of mechanism and
validation is crucial.

Implicit in this assumption is that the analytical cap-
abilities to reliably establish biomarker patterns are
capable of identifying different levels of complexity that
impact the practice of medicine. However, despite
recently renewed interest in biomarkers, there are still
critical gaps in the analytical capabilities at the levels of
primary data acquisition and analysis, especially for
proteomics [15°°]. This review addresses critical issues
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Figure 1
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The development of disease from healthy (homeostasis within black dotted lines) to sub-optimal health and eventually an overt disease state.
Biomarker patterns (for graphical reasons represented as a single line) are essential to describe the changes from normality to dysfunction.
Adapted from [11°°] with kind permission. Copyright 2003, Kluwer Academic Publishers.

confronting medical systems biology. In particular, we
focus on analytical issues, describing the status of meta-
bolomics, which has a longer history on profiling and
pattern recognition [11°*], followed by proteomics and
data evaluation.

Analytical tools for metabolome analysis
Recent developments in both NMR and hyphenated MS
technology have extended the crucial roles of these tools,
although alternative approaches with great potential are
also now emerging. Major improvements in NMR include
the introduction of extremely high field magnets (cur-
rently up to 900 MHz), cryoprobe technology and the
measurement of microsamples. When using the cryop-
robe in a high field NMR (800 MHz) signal-to-noise ratios
are improved by a factor of 15-20, as compared with a
standard probe in a 600 MHz apparatus. Consequently,
acquisition times can be reduced dramatically. This has
opened the way to including >C NMR spectroscopy as
an additional tool for metabolic profiling [16]. For this,
spectra acquisition now requires 30 min per sample
instead of overnight measurements.

Nanoprobe technology allows the analysis of samples in
volumes as small as 25 pl, and has been applied in the
metabolic profiling of cerebrospinal fluid microdialysates
obtained from several brain regions of freely moving rats
[17]. Additionally, high-resolution magic-angle spinning
(HR-MAS) NMR spectroscopy provides information on
metabolite concentration and compartmentalization in
intact tissue samples. HR-MAS produces narrow-line-
width spectra comparable to those from solid-state
NMR. Some recent applications of NMR and HR-
MAS NMR are found in [18-20].

The latest generation of Fourier transform ion cyclotron
resonance mass spectrometers represents a quantum leap
forward in the robust capability of mass spectrometers for
high-resolution metabolite analysis. In standard analytical
experiments, resolutions of > 100 000 (50% valley defini-
tion), yielding accurate masses within 0.5 ppm, are easily
obtainable without compromising the chromatographic
conditions (including nano-LLC) and without the use of
internal calibrants [21°°,22°°]. The accurate masses
obtained give elemental compositions that provide a
major step towards metabolite identification.

Although such high mass resolution might minimize the
need for chromatographic separation before introduction
to the mass spectrometer, this is probably not possible.
Direct infusion of the sample into the mass spectrometer
would be predicted to lead to suppression of ionization in
the electrospray inlet and the formation of adducts.
Interestingly, however, an optimized protocol including
the use of the non-salt-based buffer tricine for metabo-
lome analysis in yeast by direct infusion has been
reported [23]. On the other hand, enhanced chromato-
graphic resolution from the use of a long (90 cm) mono-
lithic capillary column effectively reduced ionization
suppression so that several hundred peaks could be
detected in an Arabidopsis thaliana extract [24]. With
limited sample availability, it is essential to reduce the
dimensions of the LLC columns to enable increased sen-
sitivity. Capillary L.C connected to a quadrupole-time-of-
flight mass spectrometer generated about 2000 different
mass signals in extracts of Arabidopsis [25]. Highly polar
compounds, normally missed by standard reversed phase
chromatography, are detected by hydrophilic interaction
chromatography. In combination with electrospray
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ionisation ion-trap MS (in positive and negative ion
mode), oligosaccharides, aminosugars and sugar nucleo-
tides were detected [26].

The highest separation efficiency before MS detection is
obtained with capillary electromigration methods. From
Bacillus subtilis, 1692 metabolites were analysed by using
a combination of three capillary electrophoresis (CE)-MS
methods. To maximize detection sensitivity, the mass
spectrometer scan range was narrowed to 30 m/z; about 30
injections were necessary to cover the necessary mass
range [27]. Pressure-assisted CE-MS allowed the analysis
of multivalent ions as nucleotides and CoA-derivatives
[28]. By applying air pressure to the inlet of a non-charged
polymer-coated capillary a conductive liquid junction
between the capillary and the MS was maintained. Selec-
tivity originating from the mass spectrometer detector
(i.e. by precursor ion scanning for specific fragment ions)
was applied in the CE-MS analysis of sugar nucleotides
[29]. Furthermore, CE is an excellent tool for the on-line
pre-concentration of metabolites; dynamic pH junction,
sweeping and dynamic pH junction sweeping are three
recent, complementary methods for electrokinetic focus-
ing (reviewed in [30°°]). Further increase in separation
efficiency is obtained by using CE in a two-dimensional
approach [31] hyphenated micro-LLC (with a monolithic
column) and CE. Sweeping and a dynamic pH junction
were employed to interface the two dimensions. The
method was evaluated for 54 standard metabolites and
applied to a Bacillus subtilis extract.

As an alternative to the commonly used MS and photo-
diode array detection systems, the use of an electroche-
mical detector (ECD) sheds new light on the metabolome
by the very sensitive detection of redox active com-
pounds. Recent developments in this area are the coulo-
metric array technology (16 channels) including the
option of combining it with gradient elution (so far,
ECD is mainly used in isocratic systems) [32,33].

Another approach is the use of Fourier-transform infrared
spectroscopy. This economical and rapid technique was
applied in an animal model study for idiosyncratic toxicity
[34,35]. For body fluid, tissue (and whole organism)
profiling, Raman spectroscopy has several applications
(reviewed in [36]). Stable isotope-based dynamic meta-
bolic profiling (SIDMAP) proved to be a powerful
approach, enabling a better understanding of changes
in substrate flow as a basis for drug mechanisms and
disease [37]. In conclusion, tremendous progress has been
made in the dynamic range and coverage capabilities of
metabolite profiling. However, despite the availability of
high-resolution NMR and MS/MS, the comprehensive
identification of metabolites remains a key challenge,
which awaits the better integration of NMR and MS/
MS data as well as the development of novel approaches.
In medical systems biology, the metabolome coverage of

body fluids is still limited and the integration of techni-
ques in a platform is mandatory [11°°].

Challenges in developing analytical tools

for proteome analysis

Despite the crucial role that proteomics [38] will play in
medical systems biology, the field currently faces huge
technical challenges that are a consequence of the com-
plex, dynamic, idiosyncratic and largely uncharacterized
protcome present in most samples of human fluids, cells
or tissues. Authoritative reviews [15°°,39°°,40] summariz-
ing the situation for the analysis of human plasma and
serum illustrate the magnitude of the problems. After
extensive recent efforts to evolve better methodologies
via such approaches as fractionation schemes or the iso-
lation of targeted protein or peptide classes, the fact
remains that even after over 30 years of productive work
in isolating, characterizing and quantifying proteins, the
large-scale proteomics vision of global and comprehen-
sive protein analysis remains largely unfulfilled.

In particular, there are five critical, unsolved problems
that need to be adequately addressed before proteomics
can begin to realize its potential for medical systems
biology, and before significant progress can be made with
second-generation proteomics areas of study such as
intermolecular interactions, biological function and struc-
tures. First, is the lack of accurate and reproducible
quantification of all components detected, a requirement
which is fundamental to systems biology approaches.
Second, is the need for extensive coverage of the pro-
teome, since most current global approaches probably
detect less than 0.1% of the protein species present in a
complex sample, largely due to the dynamic range of
more than 10 orders of magnitude between the most
abundant protein albumin, and the least abundant pro-
teins measured clinically [39°°]. Third, although protein
catalogue information can be useful, the comparative
nature of systems biology demands differential analyses,
in which changes in multiple species across many samples
are routinely measured. Fourth, is the important require-
ment for identifying differentially expressed protein spe-
cies at the structural level, including precise amino acid
sequence as well as the nature and structure of post-
translational modifications. The widely adopted approach
of attempting to map a limited complement of tryptic
peptides to specific protein species using the currently
substantially incomplete proteome databases will not
meet the needs of medical systems biology for the future.
Finally, the work flows for these primary capabilities need
to be robust, cost- and time-effective, and capable of
yielding data from hundreds of samples, even at a dis-
covery stage, before focused and high-throughput assays
can be developed for key biomarker subsets.

On a positive note, several potentially breakthrough
approaches in proteomics are emerging related to
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quantification improvements via labeling procedures
[41°°]. An example of these efforts is the recently pre-
sented [42°°] new multiplexing tagging reagent termed
1'TRAQ (isobaric tags for relative and absolute quantifica-
tion), reported to work via an efficient global peptide
labeling strategy that can derivatize all peptides, includ-
ing those which are post-translationally modified.

Other promising and innovative approaches include
direct tissue profiling and imaging mass spectrometry,
in which MALDI MS analysis of thin tissue sections
allows a detailed assessment of the complex protein
pattern within tissue samples [43°°], and the develop-
ment of natural protein microarrays for diagnosing cancer
based on antibody responses to tumour antigens [44°°].

From data to information and knowledge

The avalanche of data resulting from applying ‘-omics’
technologies to complex biological systems requires sev-
eral crucial steps before integration to a systems level of
understanding. Data pre-processing is critical to success
in this area, the first issue being the peak (variable)
alignment. A significant problem in MS and NMR mea-
surements comes from the fact that the position of a peak
has a measurement error and/or a shift in position as seen
in the NMR dependency on the chemical composition of
a sample. This is important when profiling samples of
varying composition. With urine it has been necessary to
align peaks using non-linear alignment procedures [45],
peak picking [46] or by using binning techniques with
variable bin sizes [47] to obtain useable data. In many
cases, deconvolution or curve resolution plays an impor-

Figure 2

tant role and can be effectively performed as in LC-MS
and GC-MS [48-50]. Depending on the settings and the
experiment, choosing a particular approach can be impor-
tant to maintain optimum resolution [11°%47,51]. In
addition, normalization and scaling of the data are crucial,
and typical choices such as autoscaling, mean centering,
or variable stability scaling [52] can only be made after
examining the analytical techniques used in the experi-
ment. Such choices are even more complex in combina-
tion with multi-way analysis [53].

It is important in most medical systems biology studies to
apply unsupervised techniques such as pattern recogni-
tion (principal component analysis being the classical
approach) for cluster analysis before using clinical diag-
nostic information and moving into non-supervised meth-
ods. New approaches for high dimensionality data have
been described such as independent component analy-
sis [54°°]. Clustering based on a variety of distinct
approaches is typically needed to obtain sufficient infor-
mation to reveal biomarkers of disease.

When data are available at transcriptomics, proteomics
and metabolomics levels, integration via correlation net-
works has been shown to yield information concerning
the interconnectivity of biological elements. One such
study focused on the detection of early markers of athero-
sclerosis in a transgenic model (Figure 2). Correlation
networks not only demonstrate biomarker discovery but
they also provide information on the biological pathways
involved, even though they employ a @¢ novo approach
with broad profiling using ‘-omics’ technologies. The

Heme
oxygenase 2
Inositol

monophosphatase _ Glutathione

S-transferase

X1\

Apolipoprotein A1

Fatty acid binding protein

Pyruvate kinase
Protein kinase C ¢
(cell signaling)

N Gene
pc c18-7 \;Q;“.,:séz!‘.g; O
. Y A\DEAY .
18:0 .“‘.‘.’.;;1;5,‘ Hemopoietic cell (] Protein
PLA, VII ’ hosphat .
2 VI3 ./A\;;. phosphatase +1C,>0.8 O Metabolite

Fatty acid binding gene
- &
b

DKK 1 Murinoglobulin 2

2
A0 Diacylglycerol
XA
{ l/’ \ LysoPC
Nuclear

ribonucleoprotein H1
(transcription splicing)
Apoptosis inhibitory

Translation protein 6

initiation factor 2
(protein synthesis)

[
Up-regulated Down-regulated

The correlation network of all biomarkers found in a study on the early onset of atherosclerosis in the ApoES3 transgenic mouse model.
Adapted from [55°°] with kind permission. Copyright 2004, Liebert publishers.

Current Opinion in Chemical Biology 2004, 8:559-565

www.sciencedirect.com



The role of analytical sciences in medical systems biology van der Greef, Stroobant and van der Heijden 563

outcome of such an experiment demonstrates that devel-
oping a drug focused on a single target will only impact
part of the disease and strongly supports studies centred
on multi-dimensional pharmacology or multi-target
pharmacology.

Although progress in the field of nutrition, which involves
studying multi-component mixture responses in a com-
plex biological system [56], has previously been limited
by analytical challenges, newly developing systems biol-
ogy platforms are now providing an excellent opportunity
for further scientific progress. Systems biology in medical
sciences has been mainly focused on statistical mining
[57°°] and developing or linking annotated databases of
different origin (not discussed in this review). But it is
important to note recent dynamic modeling innovations
in cellular systems and the continuum between statistical
mining and modeling. For transcriptomics and, in parti-
cular, in the analysis of metabolic networks, there are
numerous excellent studies, which include the impor-
tance of flux considerations [58-60]. Studying dynamic
systems also prompts the development of appropriate
tools [61,62].

Conclusions and future perspectives

The rapid ongoing technological improvements in the
fields of MS and NMR, in which instruments with higher
resolution and sensitivity become available, will continue
to improve the coverage of the metabolome and proteome
from a chemical diversity, coverage and concentration
perspective. The optimization of sample preparation and
separation methods in hyphenated strategies as well as
miniaturization to allow smaller sample volumes or to
cover single cell (nano) systems biology studies [63], will
allow a direct link to important modeling efforts at the
cellular level.

Integrating new biological perspectives in the design of
medical systems biology studies will be increasingly
important. Because a disease state is the consequence
of the deregulation of communication and subsequent
changes in dynamics and loss of homeostasis, analytical
methods capable of measuring dynamic systems and the
appropriate statistical and modeling tools to analyse long-
itudinal studies must be further developed. Although
human clinical study samples are mostly restricted to
body fluids, limiting a full systems biology approach,
the identification of candidate biomarkers to describe
this loss of homeostasis will hopefully greatly facilitate
the detection of early diagnostic and prognostic markers
following additional focused studies.

A logical next step in the field will be to acknowledge the
influence of the mind in human biology and to integrate
quantitative techniques in neuroscience such as non-
invasive brain imaging technologies and psychological
profiling into medical systems biology [64]. Such

approaches will include more detailed studies of extreme
physiological stress, and will also involve understanding
the mechanisms of effects of thought patterns and pla-
cebo effects on health status. Although the field is still in
its infancy, analytical sciences integrated with many other
biosciences will have a bright new future in life science
research.
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