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Systems Biology as a paradigm shift in clinical research 

The marked increase in research spending and individual efforts over the years on the 

development of disease biomarkers, therapeutic targets and new drugs has not been translated 

into the expected clinical outcome. This may point towards the need for a paradigm shift in 

the way biomarker and drug discovery is conceived: Identification of an association of 

individual molecules with a specific phenotype (e. g. presence, recurrence, progression, 

response etc of the disease), even following optimization of all technical parameters involved 

and initial confirmation of findings, is not sufficient for the establishment of this molecule as 

a clinically useful test or a potential drug target. The multi-factorial molecular phenotype of 

disease makes increasingly evident that development of novel therapeutic and disease 

detection approaches should be based upon the study of the entire “System” simultaneously 

(1). This is in contrast to the reductionist approach that focuses on individual molecules, as 

extensively used in the past two centuries to address those complex questions (2). The 

reductionistic approach is based on the principle that complex problems can be solved by 

reducing them into smaller, simpler units easier to deal with. However, it is obvious that 

living system behaviour cannot be predicted only by the sum of observations made on its 

individual parts (3). This is due to several reasons like inter-dependencies, context sensitivity, 

dynamics and more. Simply stated, molecules in a living cell are involved in networks of 

interactions that regulate the cell’s basic functions such as proliferation, growth, 

differentiation and death. Thereby cells can be broken down into smaller biologically relevant 

entities such as DNA, proteins, amino acids, etc and on the other end cells are also  part of 

tissues and organs, all connected and dependent. Disruption of a partner in these interactions 

does not result in linear and definable effects, but rather in global and often unpredicted 

perturbations of the whole network (1,3).  

 

Along this line of thinking, identification of efficient drug targets and development of optimal 

therapeutic modalities has to rely on a better understanding of biology in a systemic manner, 

on “Systems Biology”, predicting the series of events and resulting response of the biological 

network triggered by the introduction of the new interfering compound (4). Similarly, 

individual molecules/ biomarkers are destined to fail in providing optimal sensitivity and 

specificity in disease detection since they cannot reflect with accuracy the disease complex 

molecular phenotype. Systems Biology-based diagnostic and prognostic models consisting of 

relevant panels of molecules - key branches of the cellular network, appear to more accurately 
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reflect pathophysiology, consequently may have a much higher chance of success in the 

clinical setting (1,5) 

 

Systems Biology requirements 

This shift of interest from the identification of individual components to the ways that these 

components interact (3) as addressed by Systems Biology has raised specific research needs 

and will change significantly the ways biological and clinical studies are conducted. Of the 

most pronounced effects is the crossing between the borders and need for integration of 

multiple disciplines (biology, computing sciences, mathematics, medicine, etc.).  

 

 

To get a holistic view of a system’s biology, multiple and different types of observation have 

to be combined: clinical (e.g. pathological, demographical, epidemiological etc data), imaging 

(including molecular, tissue and organ imaging data), as well as molecular (including large 

scale genotypic, gene expression (mRNA, miRNA), proteomics, metabolomics, lipidomics 

etc.) data (6-8). These can be applied in a combined way to address questions at different 

levels and scales of a biological system, ranging from the definition of the transcriptional 

regulation network of a specific gene, to the cellular response to specific stimuli in time and 

space including cell interactions with the tissue environment. Therefore, the output of a 

Systems Biology approach can provide understanding on cell’s (i) structures (such as gene 

regulatory and biochemical networks, physical structures), (ii) dynamics (both quantitative 

and qualitative), (iii) control and, (iv) design (3). 

 

A Systems Biology approach therefore implies the integration of multi-source data along with 

an extensive use of mathematical and computational concepts and, additionally, experimental 

techniques to handle its complexity. It is safe to say that the progress in Systems Biology 

applications reflects advancements in technologies for data acquisition, development and 

adaptation of mathematical tools for their integrated analysis in parallel to an increase in 

computing power. A brief description of the input, analysis tools, and expected output 

associated with a Systems Biology approach (depicted in Figure 1) is given below:   

 

-Study design, standardization, quality control, data acquisition and mining:  

A key element in Systems Biology approaches is the availability of reliable data that are 

associated with a high level of confidence (in other words: the underlying assumption that the 
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data are correct must not be violated) (9-11). This requirement demands the employment of 

appropriate practices and technologies using standard operating procedures, quality controls, 

and a proper experimental design from both clinical and statistical points of view. The data 

are subsequently pre-processed and mined for the identification of traits (e.g. changes of 

molecules or alterations in tissue structure) with a true association with the disease. For the 

latter, application of proper uni- and multivariate statistical methods that take into 

consideration the high data dimensionality and variability appears essential (12). Definition of 

incorrect associations will result in errors in the subsequent modelling approaches, due to 

false input information. 

 

-Functional Ontologies and databases 

Biological ontologies and classification systems, which contain definitions of terms in a 

specific domain and the relations among them, are important for efficient integration of 

experimental and public available datasets and information (13). Ontologies can thereby be 

viewed as a means to interpret and categorize the data (Figure 1). A widely used classification 

system is the gene-ontology which links major categories including ‘biological process’, 

‘molecular function’ and ‘cellular component’ to molecules. In addition, a variety of 

databases on molecular pathways and cell signalling cascades (e.g. KEGG, Reactome, 

Wikipathways, PANTHER etc) can be leveraged. The knowledge embedded in these 

databases and ontologies is continuously growing due to constant input from the research 

community (7, 14).  

 

-Biological Network analysis 

Following data annotation by linking to available ontologies and databases, mathematical 

models are developed to describe molecular associations and interactions and/or map them to 

known pathways (reviewed in 14; 15, 16). These models can be usually represented by 

networks. Here, nodes typically represent molecular entities (genes, proteins, metabolites etc.) 

and edges (links) between them represent relationships between pairs of nodes (8, 15-16). 

Networks can represent knowledge at different levels of abstraction such as gene regulation, 

protein or metabolite interactions, and others. The vast majority of models generated so far 

reflect either protein-protein interaction (PPI) networks or co-expression networks as 

predicted based on one type of data -primarily gene expression- collected from specific 

biological specimens and pathophysiology (reviewed in 8). Recently, efforts have been made 

to build biological networks not only on PPI and co-expression data but on the incorporation 
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of different heterogeneous data sources (17-20; e.g. transcription factor binding profiles, 

functional annotation, information on subcellular location, genomic and proteomic profiles). 

These generated networks of higher complexity can for example be used in order to analyse 

lists of differentially regulated features from different -omics experiments and/or identify 

novel clusters of biomarker candidates for disease diagnosis.  

 

- Model generation and validation 

Systems Biology studies rely on the iterative cycle of “model building and validation, 

perturbation of model, hypothesis generation, experimental verification, model refinement, 

hypothesis refinement”, as outlined in more detail in the accompanying editorial by 

Dominiczak et al. During model development a variety of mathematical techniques have to be 

employed ranging from simple Pearson correlations to Boolean or Bayesian networks (21,22). 

Various software tools have been developed to facilitate creation, analysis and in silico 

validation of models (23). As expected from the status quo: datasets that may in part be biased 

or not entirely accurate, when analyzed using high dimensional mathematical algorithms 

(which by themselves lead to several possible solutions of a given problem), will generate 

models highly unlikely to be correct. Therefore, a tight cross-talk of the in silico with the 

experimental data in the form of a “validation loop” is of paramount importance: The 

generated models must be evaluated based on experiments in the biology laboratory, and the 

generated experimental data are in turn being used to refine and further improve on the in 

silico models.  

 

- Platforms for data deposition and dissemination 

Platforms that can accommodate and support the analysis and presentation of data from 

multiple sources and dissemination of the respective results are an evident requirement for 

Systems Biology and are continuously evolving.   Multiple software packages and web-based 

tools are now available that can perform network mapping and visualization and in several 

cases network manipulation and inference (reviewed in 7, 24).  Nevertheless there is much 

room for improvement in all cases in particular targeting more comprehensive data integration 

from multiple sources, providing methods to address information consistency  and ensuring 

compatibility across datasets and disciplines.  

 

Challenges-Outlook 

Systems Biology is a new and exciting discipline which evidently involves several challenges:  
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- processes that ensure high quality and repeatability/reproducibility of the –omics data have 

to be implemented and adhered to;  

- multi-source data integration in a comprehensive way remains elusive, a problem that is at 

least in part linked to data incompatibility issues;  

- the development of techniques to analyze complex pathway structures and/or dynamics is 

still challenging; classical graph-theoretic methods can often not be used. In addition, since 

such biological networks are often inferred probabilistically, erroneous graphs may be 

generated (15) pointing towards a need to adapt statistical methods for overcoming this 

problem.  

- multiple tools for data analysis are available, nevertheless their application is still prohibited 

due to the need for increased computational skills by the user. This further underscores the 

need for either adaptation of these tools to become more friendly for cross-discipline users or 

for development of educational programs emphasizing on the acquisition of computer skills.  

 

Once those challenges are met, Systems Biology, defined as the holistic investigation of a 

biological system and determination of the complex network of interactions among its 

components, clearly offers exciting opportunities in clinical research: Systems Biology 

approaches hold the promise of substantially improving the current  state-of-the-art in 

medicine by providing the ability to distinguish between multiple disease states and enabling 

the identification of the disease underlying molecular causes. This is particularly important for 

multi-factorial diseases such as Chronic Kidney and Cardiovascular diseases (see Dominiczak 

et al, accompanying editorial; also 25). Such disease definition, relying not only on the 

clinical symptoms but also on the molecular components involved and the dynamics of their 

interactions, is a prerequisite for the development of personalized medicine approaches.  
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Figure Legends 

 

Figure 1 

Representation of the major elements and requirements of Systems Biology. 

The definition of an individual based on the correlation of the molecular elements may be 

seen as the ultimate goal of Systems Biology, as presented on the left. To reach this goal, data 

on molecules, physiology, and biology have to be collected and linked to pathology. 

Ontologies are employed to display communication between data, and correctly interpret 

datasets. This combined know-how is used in mathematical modelling, which generates 

networks of molecules, but ultimately also smaller (cells) and larger (tissue, organs, 

organisms) biological structures. This process is constantly refined by the iterative alignment 

of the in silico models with actual biological data.  
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