
Research Article Open Access

Nanda et al. J Comput Sci Syst Biol 2011, S13 
DOI: 10.4172/jcsb.S13-003

Review Article Open Access

Special Issue 13 • 2011
J Comput Sci Syst Biol       
ISSN:0974-7230 JCSB, an open access journal  

Keywords: Metabolomics; Transcriptomics; Pharmacology; Genotype

Introduction
Metabolomicsis the “systematic study of the unique chemical 

fingerprints that specific cellular processes leave behind” - specifically, 
the study of their small-molecule metabolite profiles [1]. Metabolomics 
is the study of the small molecule, chemical fingerprint that specific 
cellular processes produce in metabolism, the chemical processes in a cell 
or organism that are necessary for life [2]. The metabolome represents 
the collection of all metabolites in a biological organism, which are 
the end products of its gene expression. Thus, while  mRNA  gene 
expression  data and  proteomic  analyses do not tell the whole story 
of what might be happening in a cell, metabolic profiling can give 
an instantaneous snapshot of the physiology of that cell. One of the 
challenges of systems biology and functional genomics is to integrate 
proteomic,  transcriptomic and metabolomic information to give a 
more complete picture of living organisms [3].

Metabolites are the small chemical components in every cell. 
Major traits such as food quality, taste, nutritional value, toxicity, 
allergenicity etc. are all directly correlated with the presence or absence 
of specific combinations of metabolites. Importantly, it is often this 
combination of metabolites, rather than the presence of individual 
compounds, which is of greatest biological relevance. In particular, 
complex traits such as flavor and nutritional value also inevitably have 
a complex biochemical background. Metabolomics technologies have 
therefore been developed to give us the broadest possible overview of 
the biochemical composition of biological materials without having to 
have prior metabolic knowledge [3].

Metabolomics is a newborn cousin to genomics and proteomics. 
It is a close counterpart to the genome, the transcriptome and the 
proteome. Together these four “omes” constitute the building blocks 
of systems biology [4]. Specifically, metabolomics involves the rapid, 
high throughput characterization of the small molecule metabolites 
found in an organism. Since the metabolome is closely tied to 
the genotype of an organism, its physiology and its environment 
(what the organism eats or breathes), metabolomics offers a unique 
opportunity to look at genotype-phenotype as well as genotype-
envirotype relationships. Metabolomics is increasingly being used in 

a variety of health applications including pharmacology, pre-clinical 
drug trials, toxicology, transplant monitoring, newborn screening 
and clinical chemistry. However, a key limitation to metabolomics is 
the fact that the human metabolome is not at all well characterized. 
There are approximately 2900 endogenous or common metabolites 
that are detectable in the human body. Previous studies of properties 
of metabolic works have mainly focused on the statistic properties of 
networks, including the small world, and power-law distribution of 
node degree, and building block of network motifs [5]. The primary 
platforms in use for metabolomics are mass spectrometry and 
microarrays which associate tools to process data flows [6]. There is 
potential for the metabolome to have a multitude of uses in oncology, 
including the early detection and diagnosis of cancer and as both a 
predictive and pharmacodynamic marker of drug effect [7].

Overview of systems biology

A system-level understanding of a biological system can be derived 
from insight into four key properties [8] (Figure 1):

1) System structures: These include the network of gene interactions
and biochemical pathways, as well as the mechanisms by which such 
interactions modulate the physical properties of intracellular and 
multicellular structures.

2) System dynamics: How a system behaves over time under
various conditions can be understood through metabolic analysis, 
sensitivity analysis, dynamic analysis methods such as phase “portrait” 
and “bifurcation” analysis, and by identifying essential mechanisms 
underlying specific behaviors. Bifurcation analysis traces time-varying 
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change(s) in the state of the system in a multidimensional space 
where each dimension represents a particular concentration of the 
biochemical factor involved.

3) The control method: Mechanisms that systematically control 
the state of the cell can be modulated to minimize malfunctions and 
provide potential therapeutic targets for treatment of disease.

4) The design method: Strategies to modify and construct biological 
systems having desired properties can be devised based on definite 
design principles and simulations instead of blind trial-and-error.

The genomic projects have provided a far wide amount of 
information which still needs to be implemented and further can be 
useful for the onset of metabolomics [9].

Techniques

There are two types of techniques discovered till now:

 » Separation methods

 ● Gas chromatography: Especially when interfaced with 
mass spectrometry (GC-MS), is one of the most widely used 
and powerful methods. It offers very high chromatographic 
resolution, but requires chemical derivatization for many 
biomolecules: only volatile chemicals can be analyzed without 
derivatization [10]. 

 ● High performance liquid chromatography: Compared to 
GC, HPLC has lower chromatographic resolution, but it does 
have the advantage that a much wider range of analytes can 
potentially be measured [10].

 ● Capillary Electrophoresis: CE has a higher theoretical 
separation efficiency than HPLC, and is suitable for use with 
a wider range of metabolite classes [10] and has its niche to 
provide information mainly on polar or ionic compounds in 
biological fluids and CE-MS has demonstrated to be a powerful 
technique for the profiling of polar metabolites in biological 
samples [11,12].

 » Detection methods

 ● Mass Spectrometry: Mass spectrometry (MS) is used to 

identify and to quantify metabolites after separation by 
GC, HPLC (LC-MS), or CE. GC-MS is the most ‘natural’ 
combination of the three, and was the first to be developed. 
In addition, mass spectral fingerprint libraries exist or can be 
developed that allow identification of a metabolite according to 
its fragmentation pattern [10,13].

 ● Surface-based mass analysis: Surface-based mass analysis has 
seen a resurgence in the past decade, with new MS technologies 
focused on increasing sensitivity, minimizing background, and 
reducing sample preparation [10].

 ● Desorption Electrospray Ionization: Desorption electrospray 
ionization (DESI) is a matrix-free technique for analyzing 
biological samples that uses a charged solvent spray to desorb 
ions from a surface. Advantages of DESI are that no special 
surface is required and the analysis is performed at ambient 
pressure with full access to the sample during acquisition. A 
limitation of DESI is spatial resolution because “focusing” the 
charged solvent spray is difficult [10].

 ● MALDI: MALDI is also used however, the application of a 
MALDI matrix can add significant background at <1000 Da that 
complicates analysis of the low-mass range (i.e., metabolites). 
In addition, the size of the resulting matrix crystals limits the 
spatial resolution that can be achieved in tissue imaging [9,10].

 ● Secondary ion mass spectrometry: SIMS was one of the first 
matrix-free desorption/ionization approaches used to analyze 
metabolites from biological samples. SIMS uses a high-energy 
primary ion beam to desorb and generate secondary ions from 
a surface. The primary advantage of SIMS is its high spatial 
resolution (as small as 50  nm), a powerful characteristic for 
tissue imaging with MS [10].

 ● Ion-mobility spectrometry: other methods of detection 
that have been used include ion-mobility spectrometry, 
electrochemical detection (coupled to HPLC) and radiolabel 
(when combined with thin-layer chromatography) [10].

Apart from these techniques there are a various number of 
techniques for further metabolomics studies: Microarray  analysis 
enables one to determine the relative level of expression of practically 
all genes in a genome, allowing the prediction of cellular plans 
for protein synthesis to be established [14]. The relative rates of 
development of the high throughput computational methods for the 
detection of SNPs (Single Nucleotide Polymorphism) and small indels 
(insertion / deletion) has gained wide applications in the field of the 
molecular markers [15]. Advanced microscopy and corresponding 
image analysis have evolved in recent years as a compelling tool for 
studying molecular and morphological events in cells and tissues. Data 
mining approaches used in HCS are image descriptors,computations, 
normalization, quality control methods and classification algorithms 
[16]. High-throughput DNA sequencing has enabled systems biology 
to begin to address areas in health, agricultural and basic biological 
research. Concomitant with the opportunities is an absolute necessity 
to manage significant volumes of high-dimensional and inter-related 
data and analysis. Alpheus is an analysis pipeline, database and 
visualization software for use with massively parallel DNA sequencing 
technologies that feature multigigabase throughput characterized 
by relatively short reads, such as Illumina-Solexa (sequencing-by-
synthesis), Roche-454 (pyrosequencing) and Applied Biosystem’s 
SOLiD (sequencing-by-ligation) [17]. The analytical methods of 

Figure 1: Overview of systems biology.
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choice for the analysis of metabolites in search of disease biomarkers 
in biological specimens. Global metabolite analysis and profiling of 
two different sets of data results in a plethora of data that is difficult 
to manage or interpret manually because of their subtle differences 
[18]. Metabolomics attempts to systematically identify and quantitate 
metabolites from biological samples. The small molecules represent the 
end result of complexity of biological processes in a given cell, tissue, 
or organ, and thus form attractive candidates to understand disease 
phenotypes [19]. Understanding the role of human genetic differences 
in xenobiotic metabolism and its relationship to interindividual 
susceptibility to chemical toxicities and carcinogenesis is an area 
of intense interest [20]. During the previous decade, a new array of 
analytical methodologies and technologies were introduced related 
to the analysis of microbial, plant and animal metabolomes [21]. 
One of the research has been focused on metabolites that these are 
essential for the growth and survival of the relevant bacteria. To 
identify potential drug targets, they have to be further screened these 
metabolites to eliminate any found in the human host [22]. Short 
interfering RNAs (siRNAs) can be used to suppress gene expression 
and have a lot of potential applications in therapy, yet how to design 
an effective siRNA is still under consideration [23]. The availability of 
the complete sequence information of Neisseria meningitidesserogroup 
B proteome has made it possible to carry out the in silico analysis of its 
genome for identification of potential vaccine and drug targets [24].
Virtual screening by molecular docking has become a largely used 
approach to lead discovery in the pharmaceutical industry when a 
high-resolution structure of the biological target of interest is available 
[25]. Applications covering phytochemistry, toxicology and clinical 
research in the field of metabonomics are presented with the latest 
developments with the techniques like capillary electrophoresis, and 
capillary electro chromatography normally hyphenated with MS [26]. 
DNA Micro arrays, In Vivo Expression Technology (IVET), Signature-
Tagged Mutagenesis (STM), Differential Fluorescence Induction (DFI), 
etc., are some of the metabolomics applications [27]. Pathway Tools 
software were used to corroborate finding ten metabolites as potential 
candidates for developing novel antibiotics [22]. Molecular docking 
has been used for lead discovery in pharmaceutical industries for 
virtual screening [28] which will be helpful for further metabolomics 
studies in future.

Recent developments

This new analytical science has progressed within the last years 
particularly with regard to improvements in mass spectrometry based 
detection, now allowing highly robust, reproducible, selective and 
sensitive qualitative or quantitative analysis of endogenous metabolites 
[29]. The applicability of CE-MS in metabolomicsresearch is illustrated 
by examples of the analysis of biomedical and clinical samples, and for 
bacterial and plant extracts. . Future considerations such as challenges 
for large-scale and (quantitative) clinical metabolomics studies and the 
use of sheath less interfacing and different ionization techniques are 
to be discussed [30]. Report of the development of the most complete 
reconstruction of yeast metabolism to date that is based upon reliable 
literature evidence and richly annotated according to MIRIAM 
standards [31]. The combined approach of systems biology and large 
scale network models was applied to investigate the hypertensive side 
effect of the cholesteryl ester transfer protein inhibitor torcetrapib in 
the context of human renal function [32]. A new algorithm Pathway 
Activity Profiling (PAPi) with which we are able to compare metabolic 
pathway activities from metabolite profiles. The applicability and 
potential of PAPi was demonstrated using a previously published data 

from the yeast Saccharomyces cerevisiae. PAPi was able to support the 
biological interpretations of the previously published observations 
and in addition, generated new hypotheses in a straightforward 
manner [33]. The high sensitivity and resolution of mass spectrometry 
achieved with liquid or gas chromatography allows for detection 
and quantification of hundreds to thousands of molecules in a single 
measurement. Where homogenization-based sample preparation 
and extraction methods result in a loss of spatial information, mass 
spectrometry imaging technologies provide the in situ distribution 
profiles of metabolites and proteins within tissues [13]. The field 
of drug metabolism has changed dramatically, the advances in 
liquid chromatography-mass spectrometry (LC-MS) are extremely 
impressive, and the speed of analysis has been increased even more 
with the recent developments in ultra performance LC (UPLC) [34]. 
Micrometabolomics, dealing with sample preparation methods, 
with focus on laser-assisted microdissection, and the analytical 
technologies used. Mass spectrometry (MS) and nuclear magnetic 
resonance (NMR) are among the most emergent technologies in 
metabolomics [35]. The developments regarding environmental 
metabolomics have taken place to a larger extent compared to 
previous year [36]. Evolution of metabolomics from its predecessor, 
“Hmetabolite profiling” has been provided with some pointers to 
future methodological and technological direction. Also efforts in the 
field of “targeted metabolomics”, namely, “steroidomics in the brain” 
have been highlighted [37]. A comparative modelling of the protein 
Hypoxanthin-guanine phosphoribosyltransferase is performed using 
the modeling program modeller9v3. The following structure validation 
programs PROCHECK, PROSA, VERIFY3D and WHATIF are used 
[38]. Data Mining, a tool for Systems Biology or a Systems Biology Tool 
[39]. A better understanding of the metabolic pathways may aid in the 
drug development and toxicity evaluation process [40]. Metabolites in 
safety testing (MIST) criterion is an approach to evaluate the Human 
Metabolites in a Drug that is Extensively Metabolized [41]. Specific 
neural (EEG) frequencies can be associated with visual perception. 
This can be adapted therapeutically i.e. to photostimulate inhibited 
protein-substrate reactions thereby regulating the function of each 
physiological system [42-44]. Various concepts are being introduced 
in industries for quick recovery [45]. Nowbreast cancer type is being 
decided with the help of computer added softwares [46] which will also 
be helpful for further studies of metabolomics. Damage analysis is of 
higher priority these days which utilizes various statistical methods 
e.g. graph analysis to study the damages in various metabolic pathways 
[47].

Applications

 » Disease diagnosis and treatment

 ● Metabolomics is now used in evaluation of glucose disorders 
e.g. type-1 and type-2 diabetes both in human and animal 
models. Diabetic complications such as diabetic nephropathy 
diagnosis are demonstrated using the metabolomic approach 
[48-50].

 ● Metabolomics and systems biology is a pathway tool for 
investing cardiovascular diseases. The KEGG pathway database 
along with the application of Transcriptomics and lipidomics 
is playing the key role in controlling the cholesterol in the 
diet [51,52]. Micro RNA analysis is also playing the role in 
diagnosing the point of chronic heart failure [53].

 ● Diagnosis of head and neck cancer by Powerful OMICS 
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technologies [54]. New ideas are needed to explain the genetic 
equidistance result that must grant different mutation rates to 
different species and must be independently testable [50,55].

 ● Metabolomics in application for obstetrics and gynecology 
included a discussion of methodology, challenges, potential 
applications and current research [56].

 ● miRNAs are found to be the biomarkers for the induced liver 
injury [57].

 ● Metabolomics research highlights the identification of 
reliable biomarkers with emphasis on neuroAIDS [58]. Such 
identification of candidate markers will be advantageous for 
tracking the progression of human immunodeficiency virus/
central nervous system (HIV/CNS) disease to gain maximal 
benefit from antiretroviral treatment and to provide insight 
into the mechanism of related neuropathogenesis.

 ● Metabolomics applications has been used to understand 
inflammatory bowel diseases (IBD) such as Crohn’sdisease 
(CD) and ulcerative colitis (UC) [59].

 ● Also urine metabolomics has great diagnostic potential for 
cystic renal disorders [60].

Drug discovery and biomarker discovery

Advances in the field of metabolomics applied to cancer research 
enabled the documenting of the generality of the Warburg effect in a 
broad variety of tumors [61,62]. Metabolite concentrations represent 
sensitive markers of both genomic and phenotypic changes [63]. 
Metabolomics has been an onset tool for the diagnosis of heart disease 
and diabetes research [64]. Mass spectrometry-based quantitative 
analysis and biomarker discovery using metabolomics approach 
represent one of the major platforms in clinical fields including for 
the prognosis or diagnosis, assessment of severity and response to 
therapy in a number of clinical disease states as well as therapeutic drug 
monitoring. Established strategy for the metabolomics investigation 
applies to samples from cells, animals and humans to separate groups 
based on altered patterns of metabolites in biological fluids and to 
identify metabolites as potential biomarkers discriminating groups 
[65]. Loss of metabolic homeostasis is common in critical illness, 
the metabolome could have many applications, including biomarker 
and drug target identification. Metabolomics could also significantly 
advance our understanding of the complex pathophysiology of acute 
illnesses like sepsis and acute lung injury (ALI)/acute respiratory 
distress syndrome (ARDS) [66]. Metabolomics has shown a great 
advancement specifically in this sector.

Hypoxanthin-guanine phosphoribosyltransferase (HPRT) is 
responsible for catalyzing a reaction which breaks down uric acid in the 
body. The lack of this enzyme creates a build-up of uric-acid, leading 
to a neurological problem, joint pain and kidney problem [67]. The 
clinical study demonstrated that acute intake of 24 mg CHP plus 160 
mg zinc did not show any clinical side effects or copper deficiency in 
healthy subjects [68]. In this view, the functions prediction of genomic 
sequences for hypothetical proteins will invigorate our knowledge with 
reference to the identification of new drugs for tuberculosis [69]. 

Future direction in metabolomics

 ● The Future of Metabolomics provides detailed insight into 
the effective use of metabolomics throughout drug discovery, 
preclinical development and clinical trials. 

 ● Metabolomics can be applied in lifecycle management by 
identifying new indications for a marketed product, or by 
developing a test that will optimize dosing and help patients to 
receive a dose that is both efficacious and safe.

 ● Metabolomics can be used to uncover new drug targets, 
prioritize lead compounds, and assess toxicity non-invasively, 
enabling the development of novel, smarter and safer drugs.

 ● Within the next 10 years it is anticipated that metabolomics 
will become a standard tool in the pharma industry as validated 
metabolomic-based biomarkers begin to emerge and cost-
effective screens are established.

Conclusion
Metabolomics has its roots in early metabolite profiling studies 

but is now a rapidly expanding area of scientific research in its own 
right. Metabolomics (or metabonomics) has been labeled one of the 
new “omics”, joining genomics, transcriptomics, and proteomics as a 
science employed toward the understanding of global systems biology 
[70]. Metabolomics has its roots in early metabolite profiling studies 
but is now a rapidly expanding area of scientific research in its own 
right.
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