
Review

Genes are at the hub of so many biological events 
– focusing studies on human genetics allows for 
advances in drug discovery through a multitude 
of avenues, including the understanding of dis-
ease onset and progression, and providing a 
means for the identification of drug targets and 
even therapeutic agents by observing genes and 
their transcription products. The application of 
genomics to areas including, biomarkers, tissue 
expression profiling, side-effect profiling (SEP), 
pharmacogenomics (PGx) and genome-wide 
epigenetics are some of the main areas through 
which genomic techniques are contributing to 
the drug discovery and development processes. 
Similarly, proteomics applied to the field of drug 
discovery and development expand our knowl-
edge relating to protein function, interaction 
and regulation. Proteomics finds application 
in most areas through the drug-development 
pipeline, including target and lead identifica-
tion, compound optimization, throughout the 
clinical trials process and after market ana lysis 
[1]. Although genomic techniques are well estab-
lished, proteomics holds some major advantages 
over genomics.

Where metabolomics are concerned, due to 
the almost overwhelming complexity of cells, 

research has tended to focus on isolated meta-
bolic pathways and products and has increased 
the level of understanding on how cells function, 
revealing many significant mechanisms of dis-
ease. Unfortunately this ‘one at a time’ approach 
has drawbacks, for example, one of the main 
causes of drugs failing during clinical trials is 
the action of a drug molecule at a site other than 
the intended drug target, a potentially serious 
problem not normally picked up until later in the 
developmental process [2]. Possessing a holistic 
‘network’ view of all of the cellular pathways 
and understanding how these pathways interact 
with each other in a systems biology approach 
through metabolomics allows for advances in 
drug discovery and development. The identi-
fication of a drug target and then the valida-
tion procedure that follows are initial stages in 
drug discovery, and the information provided by 
the metabolic network shows how the target in 
question behaves in a normal environment. By 
looking at the metabolic pathway network, the 
downstream action of the target can be deter-
mined. This allows the consequence of interven-
tion to be predicted, whether this be beneficial 
or detrimental in terms of disease treatment. In 
addition, if the target proves to be involved in 
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multiple pathways then it may be advantageous 
to discard it and search for a target further down 
the specific pathway for which the intervention is 
desired, so as to focus the intervention effect. In 
the same way, side effects of drugs and also toxi-
cology, both of which are a major cause of late-
stage drug failure, can at times be predicted and 
avoided prior to the investment of significant 
time and money [3]. Already implemented to 
some degree in the drug-discovery industry and 
used in applications spanning target identifica-
tion through to toxicological ana lysis, metabolic 
network understanding is essential in generating 
future discoveries.

In this review we provide an overview detail-
ing some of the most common critical and rap-
idly developing areas of genomics, proteomics 
and metabolomics and discuss their applica-
tion throughout the areas of drug-discovery, 
development and clinical practice.

Genomics
�� Genomic sequencing techniques

There are numerous techniques available for 
genetic sequencing that have come to fruition 
since the early methods of Maxam–Gilbert 
sequencing and chain-termination methods 
developed in the 1970s. The basic methods 
have been improved upon so as that large-scale 
sequencing and de novo sequencing became a 
reality using techniques such as shotgun sequenc-
ing, which allows for long DNA sequences to 
be derived. The most recent techniques finding 
application in a pharmaceutical setting fall into 
the class of next-generation sequencing and there 
are new techniques being developed continuously. 

Next-generation sequencing
Massively parallel signature sequencing (MPSS) 
was the first next-generation sequencing technol-
ogy developed during the 1990s and involved a 
complex bead-based process consisting of adapter 
ligation and adapter decoding followed by fluo-
rescence-based signature sequencing [4]. MPSS 
had the disadvantage that the method was sus-
ceptible to the loss of some specific sequences and 
also sequence specific bias. Following the lead of 
MPSS, development of next-generation sequenc-
ing methods increased and now next-generation 
sequencing techniques come in a variety of forms 
with Illumina (Solexa ®)sequencing, 454 – Roche, 
supported oligonucleotide ligation and detection 
(SOLiD) sequencing, ion semiconductor sequenc-
ing and single-molecule real-time (SMRT) 
sequencing being some of the most common. 

Illumina (Solexa) sequencing
Illumina (Solexa) sequencing is a next-gener-
ation sequencing approach developed by Illu-
mina (CA, USA), which can provide very high 
throughput at a relatively low cost. It involves 
the use of single-molecule arrays where DNA 
amplification is achieved using bridge amplifi-
cation to produce a template for synthesis. This 
template is then used to generate complemen-
tary strands to eventually provide a flow cell 
containing somewhere in the region of 40 mil-
lion DNA colonies, each made up of around 
1000 clonal copies of the template. Sequencing 
in an MPSS fashion using fluorescent markers 
then follows using a different colored marker 
for each of the four nucleotide bases. Although 
it is a high-throughput, low-cost method there 
are limitations with the Illumina (Solexa) 
sequencing method, for example, it is unable 
to resolve short sequence repeats due to short 
sequence reads. Furthermore, sequencing mis-
takes stemming from substitution errors have 
been reported in published data using Illumina 
(Solexa) sequencing [5]. 

454 – Roche sequencing
454 – Roche sequencing can be used for whole 
genome sequencing, targeted resequencing, 
metagenomics and transcriptome sequencing 
making it one of the most efficient platforms on 
the market. The platform was designed to over-
come one of the main limitations of the chain-
termination methods developed in the 1970s. 
That limitation is the in vivo DNA amplification 
usually carried out using bacteria as hosts. This 
is overcome by implementing emulsion PCR [6]. 
DNA fragments are immobilized onto beads 
where amplification is then carried out in an 
emulsion. Amplification in this way is a reliable 
method that is well used and is very efficient, 
providing around 107 clonal copies per bead. 
The clonal copies are then sequenced using a 
technique known as pyrosequencing, which is 
a sequencing by synthesis technique running 
many samples in parallel and monitoring chemi-
luminescense in response to the release of inor-
ganic pyrophosphate. This method of sequenc-
ing was the first platform commercially available 
on the market and to date is the most widely 
used next-generation sequencing technique [7]. 

SOLiD sequencing
SOLiD sequencing is MPSS by hybridization-
ligation. It is able to generate up to 3 Gb of 
sequence in 35 bp reads from an 8 day run [7]. 

Key Terms

Biomarkers: Quantifiable 
indicators of biological state 
that are measured to indicate 
normal biological processes, 
pathogenic processes or the 
pharmacologic response to 
therapeutic intervention.  

Pharmacogenomics: Study 
of genetic effect on the 
performance of a drug to 
optimize drug therapy.

Systems biology: Relatively 
recent branch of science in 
which the whole picture is 
assessed, in that, instead of 
focusing on one event at a time, 
the whole complex network of 
events that come together to 
elicit the function or behavior of 
the system are considered. 
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This method begins with emulsion PCR as used 
in the 454 – Roche sequencing approach. The 
amplified clonal copies are then immobilized 
onto a slide before hybridization and ligation 
cycles are used to perform the sequencing. Fluo-
rescent labeling is again utilized as a means of 
differentiating the nucleotides from each other, 
however, SOLiD sequencing has an advantage 
over other techniques in that it is capable of iden-
tifying the difference between changes in the 
sequence due to sequencing error and changes 
in the sequence due to polymorphism. This is 
achieved by probing each sequence twice where 
sequencing error would only be observed on 
one occasion, whereas polymorphism would be 
observed on both [8].

Ion semiconductor sequencing 
Ion Torrent™ from Life Technologies (Pais-
ley, UK) is the ion semiconductor sequencing 
platform available on the market. It is unlike 
most other sequencing techniques in that it does 
not use optical output to sequence the genome, 
instead, it is able to sequence genomes directly by 
measuring ions that are produced by template-
directed DNA polymerase synthesis. The two 
instruments available are the personal genome 
machine and the ion proton system. The clonal 
sequences are produced either on a massively 
parallel semiconductor-sensing device or an ion 
chip. The ion chip contains ion-sensitive sensors 
capable of testing an array of over a million wells 
allowing parallel, simultaneous detection of 
independent sequencing reactions. This method 
allows for low-cost, large-scale ana lysis [9].

SMRT sequencing
SMRT sequencing is based on the sequencing 
by synthesis approach and does not require the 
amplification of DNA, as is the case in other 
sequencing techniques [10]. This means prob-
lems that may stem from the amplification stage 
associated with introducing sequencing errors 
or altering abundance of DNA fragments are 
avoided. In addition, there is no need for the 
immobilization of cloned fragments onto a solid 
support, instead, polymerase molecules are fixed 
to a solid support. Samples are then passed over 
the immobilized polymerase and the DNA frag-
ments interact when they encounter the poly-
merase active site. The nucleotide sequence is 
then imaged as this happens. In this way real-
time sequencing is possible, which shortens 
the time for sequencing and also allows larger 
fragments to be sequenced [11].

�� Techniques currently in development
Nano-pore sequencing
Nano-pore sequencing is a method for the 
genetic sequencing of DNA without the need 
for an enzymatic replication step. The process 
for nano-pore sequencing is very simple with 
the method involving an electric current applied 
across a membrane containing nano-pores that 
has been submerged in salt solution. There are 
two variations of nano-pore methodologies, 
one which utilizes the application of biological 
membranes and a second that utilizes synthetic 
membranes [12]. 

Currently, it is biological membranes that are 
preferred as the pore size shows little variability 
across membrane sections and is also well defined. 
Examples of biological membranes used include 
an a-hemolysin pore [13] and a Mycobacterium 
smegmatis porin A pore [14]. When an electric 
current is applied to the system ions pass across 
the membrane through the nano-pore. DNA 
molecules are charged, and when they arrive at 
and pass through the pores in the membrane they 
cause a change in the passage of ions, this cor-
relates to a measurable change in the electrical 
current. The detected change differs in magni-
tude depending upon the size of the molecule 
passing across the membrane and also the dura-
tion of the passage. The difficulty in nano-pore 
methods is providing a means by which the four 
DNA nucleotide bases can be told apart from 
one another, an essential feature if the DNA 
sequence is to be determined. This has recently 
been achieved through the genetic modification 
of the a-hemolysin pore to include a molecule 
that retards the passage of the DNA through the 
pores in order to improve detection [15]. 

The application of synthetic membranes to 
achieve DNA sequencing on a commercial level is 
still some way off due to complications involved 
in the manufacture of a membrane that provides 
a pore size with sufficiently low interpore varia-
tion, and currently grapheme is widely regarded 
as the most promising material [16]. In contrast, 
Oxford Nanopore Technologies (Oxford, UK) 
and Genia (CA, USA) are expected to deliver 
commercialized nano-pore sequencing platforms 
within the next 12 months [12]. 

Hybridization sequencing
DNA sequencing is a widely used genomic tech-
nique and there are a number of techniques that 
can be employed to carry out ana lysis. One of 
the most important additions to the world of 
genome profiling was the DNA array, which first 

Application of genomics, proteomics & metabolomics in drug discovery, development & clinic | Review

www.future-science.com 397future science group



arrived on the scene in 1982 [17] before being 
miniaturized and producing microarrays in 
1995 [18], allowing for the first mapping of a 
complete eukaryotic genome in 1997 [19]. DNA 
microarrays consist of a flat solid support onto 
which probes are immobilized in an organized 
fashion, with each probe able to unambiguously 
match and identify their corresponding mole-
cule [20]. Both ssDNA and dsDNA oligomers 
can be used in the production of microarrays. 
There are three main types, consisting of short 
length (25 bp) oligonucleotide probes [21], lon-
ger and highly variable cDNA probes [22] and 
long (50–80 bp) oligonucleotide arrays [23,24]. 
The long oligonucleotide arrays are the most 
recent development and may leave the cDNA 
versions redundant [24]. Microarray techniques 
provide a powerful high-throughput tool in the 
assessment of mRNA abundance, producing 
expansive data readouts detailing the expression 
levels of thousands of genes in every sample. 
The detailed ana lysis of these data sheets pro-
vides insight into the biological processes being 
studied and also contributes to the production 
of genomic databases and genetic maps such 
as the human genome project [18]. In the con-
text of drug discovery, microarray ana lysis has 
advanced areas of drug discovery and develop-
ment through the comparative assessment of 
normal and diseased-state tissues, transcription 
and/or expression profiling, SEP, PGx and the 
identification of biomarkers.

Sequencing with mass spectrometry
Sequencing with matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrom-
etry (MALDI-TOF MS) has been used as an 
alternative to gel electrophoresis in order to 
measure DNA fragments. The fragments are 
measured by mass, and as the mass of each 
nucleotide differs it is possible to detect this dif-
ference. In addition MALDI-TOF MS makes it 
easier when compared with gel electrophoresis 
to detect mutations that result from only one 
changed nucleotide in the sequence. The limita-
tion of using MALDI-TOF MS and other MS 
techniques is that the largest manageable read 
length is around 100 bp. This means that this 
is not a particularly useful method in large-scale 
sequencing techniques. One of the best examples 
of MALDI-TOF MS in genetic ana lysis is by 
Sequenom Inc. (CA, USA), which has integrated 
the application of MALDI-TOF MS into a top-
down approach for disease gene identification by 
genome-wide association studies [25].

Genomic applications 
�� Biomarkers

Biomarkers are measurable entities that indicate 
a diseased state when compared with normal 
state and provide feedback on the behavior of a 
drug following drug administration. They have 
a range of uses including pharmokinetic, phar-
modynamic and toxicological assessment. The 
focus of genomics in biomarker identification is 
to increase the number of biomarkers available 
and through this, increase the amount of data 
available earlier in the drug-development pipe-
line to base decisions upon regarding the pro-
gression of candidate compounds. Biomarker 
identification is often carried out in parallel 
with drug development and their use is appli-
cable for many stages in the drug-development 
process, including follow up studies once the 
medication hits the market [26].

Biomarker discovery has been applied in 
the identification of biomarkers for osteoar-
thritis. A report on the second Osteoarthritis 
Biomarkers Global Initiative, discussed how 
the experiments in genetics, epigenetics and 
genomics are yielding valuable information 
into osteoarthritis, and combining the find-
ings with conventional biomarkers and other 
techniques will provide scientists with increased 
understanding of the disease [27]. In order to 
ensure high quality standardized data gener-
ated from microarray investigations into bio-
markers using genomic profiling, the US FDA 
along with various users of the microarray 
platforms established the microarray quality 
control consortium that settled upon meth-
ods and standards to maintain wide-reaching 
quality control. Through the application of this 
standardization and the continued investiga-
tion into biomarkers for disease it will one day 
be possible to apply a reliable, predictive tool 
to the development of new medicines selecting 
for improved efficacy and reduced toxicity at an 
early stage in the developmental programme, 
saving time and money in research and devel-
opment, and also increasing the output of the 
pharmaceutical industry [28]. 

�� Tissue-expression profiling 
During drug development, expression profiling 
of various tissues plays an instrumental role in 
many aspects of drug discovery, including target 
identification, target validation, identification of 
candidate compounds, PGx, biomarker develop-
ment, the evaluation of clinical trials and the 
gathering of toxicological information [28].

Key Terms

Microarray: Example of a 
lab-on-a-chip, they consist of 
probes immobilized onto a solid 
substrate, variations of 
microarray include examples 
such as DNA microarrays, 
protein/peptide microarrays, 
tissue microarrays and antibody 
microarrays to name a few. 

Human Genome: Profile of 
the 25,000 or so genes that 
code for the human body. The 
Human Genome Project has so 
far accurately sequenced 99% of 
the human genome. 

Review | Russell, Rahman & Mohammed

Therapeutic Delivery (2013) 4(3)398 future science group



Over the last 10 years, the pharmaceutical 
industry has been keen to develop large-scale, 
species-specific transcriptional profiling data-
bases for a range of species. The profiling is 
normally performed through one of two routes, 
whole tissue profiling or regional tissue profil-
ing using techniques including purified cells and 
physical or laser micro-dissection. The investiga-
tions are standardized by ensuring that the type 
of array selected and the control standards are 
used universally. In this way, the data generated 
will be comparable over the entire investigative 
span, and in addition, the standardization of the 
data means that multiple databases can be com-
pared, and even cross-species comparisons can 
be performed with confidence, which is impor-
tant when considering species for nonhuman 
drug testing. 

When a pharmaceutical company wishes 
to establish profiling databases there are vari-
ous ways in which to go about it. The first is 
to gather existing profiling data from previous 
genetic profiling investigations and from this, 
create the databases in their entirety. The second 
is to combine the existing data with data they 
generate through their own investigations. In the 
second instance it is important that the inves-
tigative procedures generate data sets that are 
comparable to the existing database. The third 
option is where the pharmaceutical company 
wishes to create a new transcriptional profiling 
database through the application of a previously 
unused array platform. In this case the initial 
step is extensive genomic profiling of the species 
of interest. This leads to the rapid expansion of 
the new database. This approach can be applied 
to various stages of the drug-development 
process. 

During target identification it is important 
that the targets are isolated to one specific tis-
sue. For this it is necessary to reveal transcripts 
that are observed only in one tissue type. 
A recent example of this used the Ilumina 
HumanHT-12_v3 Expression BeadChips® 

in expression profiling to examine the genetic 
control of gene expression in blood and brain 
[29]. It was found that although there were many 
similarities between the blood and brain tran-
script levels there were examples where differ-
ences were found in transcript expression either 
due to restricted gene-expression patterns in one 
tissue or due to differences in how genetic vari-
ants are associated with transcript levels. Alter-
natively in toxicology, toxicogenomics provides 
a means to predict the toxicity at an earlier stage 

than the previous methods of histopathology or 
clinical chemistry by looking at the response 
of the genome to substances toxic to the body 
[30]. Through gene silencing investigations the 
genomic characterization of delivery systems 
and identification of drug incompatibility issues 
is possible. This allows for a reduction in the 
investment of both time and money by means 
of earlier drug screening. Once the database is 
constructed containing the transcription pro-
file data from the whole tissue samples, the next 
stage is to analyze individual regions of each tis-
sue through regional tissue profiling approaches. 
This involves the application of microarray ana-
lysis and expands the transcriptome of the tissue 
in question dramatically.

The effect of expanding the transcriptome 
improves the scope for target identification by 
improving the potential to identify drug targets 
with localized expression. A recent example 
of this can be seen in the Affymetrix human 
genome U133 plus 2.0 microarray representing 
approximately the whole human genome [31]. 
Gene expression was examined in the epididymis 
and of the 15,000 transcripts they detected, 65% 
were present throughout the three tissue regions 
examined, 2.6% were present in only one region 
and the remaining 32.4% was found in two of 
the three regions. The transcripts present in a 
single region only could be used as a drug target, 
safe in the knowledge that a drug targeting one 
of these transcripts will have no site of action in 
the second and third regions [31].

Target identification is not the only area 
to benefit from the micro-dissection of tissue 
samples. The delineation of regulated and non-
regulated genes reveals the genes (regulated) 
that are most likely to either be involved in the 
process being examined or alternatively become 
a biomarker if disease is to effect its expression. 
Furthermore, the fact that the gene location in 
the genome can be pinpointed often means that 
the protein for which that gene codes is often 
found in the same area, and thereby narrows 
the search if the aim is to isolate that particular 
protein. The application of tissue sample micro-
dissection can expand the understanding of bio-
logical pathways and add to the disciplines of 
proteomics and metabolomics, especially when 
combined with in silico modeling techniques. 
Finally, having the most detailed databases pos-
sible with information on tissues from multiple 
species allows for the cross-species comparison 
of genes or groups of genes. If it transpires that 
a group of genes is present in multiple species 
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then it is normally the case that those genes are 
of high importance with regards to the biologi-
cal processes involved in an organism and also 
that the genes are likely to able feature in the 
human genome. 

�� SEP 
SEP, also known as toxicogenomics, is the study 
of a chemicals toxicological behavior looking at 
effects on a transcriptional level. Although appli-
cable throughout the drug-development process, 
SEP is at its most useful and is most widely used 
once a drug reaches the clinical trials phase. 
Where SEP really excels when compared with 
traditional toxicology is in its ability to provide 
data earlier in the drug development pipeline, 
and also the fact that SEP can predict patient 
segments that are likely to respond best to the 
drug and also identify any patient segments 
for which side effects may be more severe. SEP 
reports have already been included in the sup-
porting data provided to regulatory authorities. 
There are currently a wide variety of tools avail-
able to carry out SEP including DNA micro-
arrays, differential display ana lysis, subtractive 
hybridization, serial ana lysis of gene expression, 
MPSS and various proteomic techniques. 

A recent example of such an application was 
published in 2012, in which biomarkers for an 
early time point gene expression pattern for a 
condition that leads to phospholipidosis as a 
side effect of many cationic amphiphilic drugs 
were identified [32]. To achieve this, Affymetrix 
GeneChip RAT Genome 230 2.0 arrays and 
identified 25 probe sets that were the biomarkers 
identified through genetic algorithm optimiza-
tion. Following validation of their findings they 
were able to confirm that the biomarkers indi-
cated statistically significant changes in the lipid 
metabolism which is associated with phospholip-
idosis. In this way they successfully developed a 
means of screening for phospholipidosis early in 
the drug development process which is a marked 
improvement over the previous method of histo-
pathology which involves late time point ana lysis 
and repeated doses of the drug being tested. The 
early testing is a significance advantage to the 
pharmaceutical industry through the time and 
money it can save the companies concerned [32]. 

SEP is poised to play a vital role in the selec-
tion of lead compounds from the thousands 
of candidates which are available for selec-
tion and progression further down the line in 
drug development. Through the observation 
of normal state gene expression, it is possible to 

identify alterations in gene expression that are 
responsible for side effects stemming from the 
drug action. Through the logging of SEP data 
and the formation of toxicogenomic databases, 
it is possible to understand the mechanism by 
which toxicity results and allow for toxicological 
prediction of the behavior of new compounds 
entering the pipeline, through comparison with 
previously studied examples. It is important, 
however, that the databases generated are of 
sufficient depth and breadth, ideally contain-
ing an extensive variety of known reference drug 
toxicogenomic profiles to ensure their reliabil-
ity. There are currently several databases such 
as Gene Logic [101] and Iconix Pharmaceuticals 
[102] that contain toxicogenomic profiles and they 
have been created using the guidelines of the 
standard of minimum information about micro-
array experiment (MIAME) and MIAME/Tox, 
which extends the MIAME guidelines to cover 
toxicogenomics [33]. The DrugMatrix database 
from Iconix was recently used in research into 
the application of black cohosh as a treatment 
for breast cancer [34]. DrugMatrix details organ 
specific gene expression data for over 650 refer-
ence compounds. Their findings indicated that 
black cohosh extract impacts the mitochondrial 
oxidative phosphorylation pathway and that 
the downregulation of mitochondrial genes 
may cause mitochondrial damage. The benefit 
of using expression data is that small changes 
in the liver can be used to predict toxicological 
and pathological effects in the liver and other tis-
sues before these effects can actually be observed 
through the more traditional toxicological 
techniques [34]. 

�� PGx
It is common knowledge in the pharmaceuti-
cal industry that the number of candidate drug 
compounds identified in drug discovery is huge 
when compared with the number of compounds 
that actually reach the market. Compounds can 
fail at any point though the drug-development 
process, however the failures that are of the 
highest consequence are the failures that occur 
once a drug has reached or cleared clinical trials. 
Almost 50% of the drugs that reach the final 
phase of clinical trials progress no further due 
to issues associated with their efficacy or their 
toxicity. Despite the fact that some drugs pass 
the clinical trials, there are occasions when upon 
reaching the market and becoming available to a 
very large patient population efficacy and toxic-
ity issues not detected previously may present 

Key Terms

Toxicogenomics: Used in 
drug discovery and development 
to study adverse reactions by 
examining how the genome 
responds in vitro and/or in vivo 
following exposure to a 
pharmaceutical product.

Proteome: Comprehensive 
readout of protein 
concentrations from a given 
sample at any given time will 
change in response to 
physiological and environmental 
conditions in addition to drug 
intervention.

Review | Russell, Rahman & Mohammed

Therapeutic Delivery (2013) 4(3)400 future science group



themselves. Failure of a drug in the final stages 
of clinical trials, or worse, once it has reached 
the market, carries a huge price tag for the com-
pany involved in its development. One of the 
main reasons behind the unpredicted failures 
is the heterogeneous way in which individuals 
respond to medications due to differences in 
metabolism, drug disposition and target protein 
polymorphism [35]. 

Pharmacogenetics investigates the correlation 
between an individual’s genetic makeup and 
their response to medicines through genotype 
and phenotype differences in the pharmacody-
namics and pharmacokinetics of drug metabo-
lism. PGx, on the other hand, is a genome-scale 
application of these techniques used to elucidate 
correlations between gene expression or single 
nucleotide polymorphism and drug efficacy and 
toxicity [35]. Through the application of DNA 
microarrays and bioinformatic techniques the 
aim is to understand how particular gene sets 
bring about particular responses in drug effect.

Recently, two groups Xu and Wang [36] and Li 
and Lu [37] have both published work detailing 
methods to correlate gene expression and drug 
action via data mining of existing literature. Xu 
and Wang developed a conditional relationship 
extraction approach to extract PGx-specific 
drug–gene pairs from 20 million MEDLINE 
abstracts using known drug–gene pairs as prior 
knowledge. Li and Lu developed a systematic 
approach to automatically identify PGx rela-
tionships between genes, drugs and diseases 
from trial records in the clinical trials database 
[103]. In this way it is anticipated that medicines 
designed specifically for certain patient groups 
may be possible, providing less side effects and 
increased efficacy. The application will also be 
applicable to preventing adverse drug reactions 
that result from unexpected drug–drug inter-
actions. Drug–drug interactions that lead to 
adverse drug reactions are a major problem in 
the pharmaceutical industry, especially in cases 
where patients are regularly receiving multiple 
medications – most often the elderly [38].

�� Genome-wide epigenetics
Sequencing-based approaches now allow high-
resolution, genome-scale investigation of cellu-
lar epigenetic landscapes. For example, mapping 
of open chromatin regions, post-translational 
histone modifications and DNA methylation 
across a whole genome is now feasible, and 
new non-coding regulatory RNAs can be sen-
sitively identified via RNA sequencing. The 

resulting large-scale data sets promise to con-
tribute towards a more precise and complete 
understanding of gene regulation and to yield 
insights into the interplay between genomes and 
the environment [39]. Epigenetics has benefited 
greatly from increases in sequencing power. 
Next-generation sequencing technologies dis-
cussed earlier, as well as emerging platforms 
such as Pacific Biosciences (CA, USA), enable 
full genome mapping of many kinds of epigen-
etic characteristics. Genome-scale epigenetic 
research is still in its infancy and many issues 
and challenges in the bioinformatic aspects of 
sequence-based epigenetics still remain [40]. 

Proteomics
In the field of drug discovery and develop-
ment the use of knowledge relating to protein 
function, interaction and regulation is known 
as proteomics and finds application in most 
areas including target and lead identification, 
compound optimization, throughout the clini-
cal trials process and after market ana lysis [1]. 
Although genomic techniques are well estab-
lished, proteomics hold some major advantages 
over genomics. First, gene expression is not nec-
essarily an accurate reflection of protein regula-
tion [41]. Second, genomics does not take into 
account cellular events that occur after gene 
transcription, such as histone modification 
with acetyl-, methyl- and phosphoryl-groups 
at distinct amino acid residues [42]. As such, 
current research has begun to focus more in 
the direction of proteomics (and metabolo-
mics, discussed later). Proteomic techniques 
fall mainly into the categories of separation 
and identification and are applied to produce 
a comprehensive readout of protein concentra-
tions from a given sample at any given time, 
this readout is known as a proteome and the 
proteome will change in response to physio-
logical and environmental conditions in 
addition to drug intervention [43]. 

Proteomic techniques
Proteins are inherently complicated to gain 
information from. The main limitations are that 
the protein level in cells fluctuates in response to 
a multitude of factors and protein concentration 
may not correlate with protein activity. Protein 
interactions with other proteins and other mol-
ecules in the cell also complicate the ana lysis. 
In addition, protein concentrations tend to be 
very low, leading to problems in the detection 
and accurate quantification of measurements. 
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As such it is essential that techniques employed 
must be suitably sensitive, activity indicating 
and also rapid to cater for the high number of 
proteins to be analyzed, and also the fact that 
cellular protein changes alter over time [1].

In the past, the main method of proteomic 
ana lysis involved firstly the separation of pro-
teins through a 2D gel electrophoresis followed 
by MS [1]. There were, however, limitations in 
the method sensitivity, limit of detection and 
separating power. Scientific advances in the 
analytical technology available including the 
advent of lab-on-a-chip systems and advances in 
MS techniques, coupled with huge advances in 
bioinformatic techniques and computing power 
have now provided new methods for proteomic 
assay including; multidirectional protein iden-
tification technology (MudPIT) [44], protein 
chips [45], yeast two-hybrid systems, isotope 
coded affinity tags (ICAT) [46], stable isotopic 
labeling by amino acids in cell culture (SILAC) 
[47], isobaric tags for relative and absolute quan-
tification (iTRAQ) [48] and activity-based probes 
(ABPs) [49]. It must be noted, however, that pro-
tein arrays have not been found to be as widely 
applicable as their DNA counterparts owing to 
protein heterogeneity. 

The information generated from proteomics 
provides at a minimum the identity and at times 
the abundance of the proteins being investi-
gated. These minimum level findings are often 
generated by what is referred to as the classical 
approach to proteomics. Beyond the classical 
techniques, the abundance, the function and 
indications of interactions are resolved by more 
complex ana lysis, it is the functional proteomic 
approach that provides this more complete pic-
ture and in a drug-development context it is 
essential that information from both classical 
and functional proteomics be available [1]. 

�� Classical proteomic analysis
MudPIT 
MudPIT is an example of ‘shotgun proteomics’, 
this name stemming from the analogy of the rap-
idly-expanding, quasi-random firing pattern of a 
shotgun that is applied to the shotgun sequenc-
ing of DNA. MudPIT falls into the classical 
branch of proteomics and utilizes micro-cap-
illary HPLC–MS to characterize peptides fol-
lowing enzymatic digestion of protein samples. 
Following the initial stage of enzymatic diges-
tion the digested peptides are separated using 
either a two or three stage LC process using 
either a biphasic column (two-phase MudPIT) 

consisting of reversed phase material flanked 
by strong cation exchange resin, or a triphasic 
column (three-phase MudPIT) consisting of 
reversed phase material flanked by strong cat-
ion exchange resin followed by additional reverse 
phase material. This means that the peptides are 
separated initially by their hydrophobicity and 
then by their charge. Once separated the pep-
tides are then analyzed using MS methodolo-
gies. Three-phase MudPIT allows for superior 
ana lysis when compared with two-phase Mud-
PIT, however, the volume of sample that can be 
analyzed is limited to approximately 100 µg to 
prevent damage to the columns. This can cause 
problems in the detection of low-abundance 
proteins and peptides. In addition the faster 
two-phase MudPIT or even simple liquid chro-
matography (LC)-MS/MS may be preferred 
if the sample to be analyzed is not of a suffi-
cient complexity to merit three-phase MudPIT. 
Although MudPIT provides significant advances 
on the 2D gel electrophoresis methods of ana-
lysis there are still limitations in its application 
as protein activity and protein abundance are 
not quantified [44]. 

�� Isotopic labeling
ICAT
ICAT is a technique that provides a sensitive, 
relatively high-throughput method, which allows 
for the identification and quantification of pro-
teins in a proteome. It involves the labeling of 
protein samples with known linkers that can be 
classified as being either heavy or light and dif-
ferent isotopes of labeling tags. These attach onto 
amino acids before samples are mixed and enzy-
matically digested, followed with the resulting 
peptides being separated and identified through 
HPLC–MS/MS or LC–MS/MS [1,50]. ICAT was 
used during the investigation of proteins that 
were associated with a high risk re-occurrence of 
stage IV colorectal cancer (CRC) to elucidate the 
underlying mechanisms of the disease, and also 
to glean information that could prove beneficial 
in the development of personalized medicines 
[50]. A number of proteins for the prognosis of 
CRC were identified and following statistical 
ana lysis on subsequent data produced to validate 
the findings, the authors confirmed the accu-
racy of their multi-marker biomarker panel. The 
results suggest that by analyzing expression levels 
of a select group of proteins that are considered 
to alter the drug sensitivity and proliferation of 
CRC cells, post-treatment prognosis of stage IV 
CRC patients may be possible [50]. 

Review | Russell, Rahman & Mohammed

Therapeutic Delivery (2013) 4(3)402 future science group



SILAC
SILAC is a simple labeling technique to pre-
pare cell samples for proteomic ana lysis by 
MS. SILAC is particularly useful as it removes 
false positives in protein-interaction studies, 
reveals large-scale kinetics of proteomes and, as 
a quantitative phosphoproteomics technology, 
directly uncovers important points in the sig-
naling pathways that control cellular decisions 
[47]. Amino acids, often arginine and lysine that 
have substituted stable isotopic nuclei, are incor-
porated into newly synthesized proteins in the 
cell samples. The light isotopic form is incorpo-
rated into one cell sample and the heavy isotopic 
form is incorporated into another cell sample. 
These cell samples are then grown in parallel 
until, eventually, all of the cells in the samples 
have the labeled amino acid in their makeup. As 
the amino acid is almost identical to the natural 
form, the cells behave in exactly the same way 
as they would if they have remained unlabeled. 
Once the cells are ready for ana lysis they are 
digested with trypsin before undergoing ana-
lysis, often by LC–MS/MS. Despite the success-
ful introduction of SILAC and the previously 
mentioned advantages to the method, there are 
however several major sources of quantifica-
tion error with this technique. These include 
the incomplete incorporation of isotopic amino 
acids, the conversion of arginine to proline, and 
experimental errors that present themselves as a 
result of the final sample mixing [51]. 

iTRAQ
iTRAQ is a labeling technique that allows for 
the quantification of proteins in proteomic 
investigations. iTRAQ delivers the advantages 
that this labeling technique can be applied to 
cells and tissues after cell lysis. This means that 
iTRAQ is not limited to only the quantification 
of proteins in systems in which stable isotopes 
can be incorporated into cellular proteins during 
cell culture. In addition, it is possible to compare 
multiple samples in one MS run thanks to the 
availability of different iTRAQ labels [48]. 

�� Label-free proteomic analysis
Over recent years label-free quantitative pro-
teomic techniques have developed rapidly, and 
as a result of this, there are now rapid, low-cost 
platforms for the ana lysis of protein expres-
sion levels. The most commonly used label-free 
quantification methods in use are peak inten-
sity-based comparative LC–MS and spectral 
count-based LC–MS/MS. 

The development of analytical methods to 
deliver nano-HPLC separation that is reliable, 
accurate and precise in addition to the avail-
ability of high resolution mass spectrometers 
and delicate computational tools has greatly 
improved the reliability and accuracy of label-
free, comparative LC–MS. In addition to this, 
the computer software commercially available 
for the purpose of analyzing the data generated 
from such proteomic techniques is now auto-
matically able to detect, match and analyze 
peptides from hundreds of different LC–MS 
experiments simultaneously, which provides a 
high-throughput technique for disease-related 
biomarker discovery [52].

ABPs 
ABPs can fall into both the classical and func-
tional branches of proteomics. The probes are 
capable of binding covalently to specific enzymes 
involved in particular cellular mechanisms with 
the probes, typically consisting of a reactive com-
ponent and a tag, most often an affinity tag. All 
tags allow for the detection of the tagged protein 
however the preference for the affinity tag is that 
an affinity tag allows for enrichment during the 
MS stage of the ana lysis, where the other tags do 
not. One of the most important factors in the 
application of ABPs is the selection of the position 
of the tag through the choice of reactive group. 
Ideally the tag should be as close to the enzymes 
active site as possible, and the results produced 
following MS allow for the active proteins of a 
proteome to be identified. The main advantage of 
ABPs is that the post-translational modifications 
that are responsible for the precise regulation of 
protein activity are taken into account [53].

�� Functional proteomic analysis
Protein arrays 
Protein arrays have advantages over other pro-
teomic techniques in that they are both simple to 
work with and provide a high-throughput plat-
form for proteomic ana lysis. That said, they are 
much more complicated to produce, calibrate and 
validate when compared with DNA microarray 
platforms. Protein arrays are capable of detecting 
specific proteins of interest and also at times have 
the ability to identify protein–protein and pro-
tein–small molecule interactions. There are three 
main types of protein array, an analytical protein 
array (APA), a functional protein array (FPA) 
and a reverse-phase protein array (RPPA) [54]. 
Within the three main subsets (APA, FPA and 
RPPA) there are numerous other forms of array 
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including 3D surface structure, nanowell and 
plain glass chip arrays, which are differentiated 
by the variations in chip design [55]. 

APAs most often consist of antibodies immo-
bilized onto a glass chip and they are used in 
the ana lysis of samples that may contain a large 
and diverse mix of different proteins. APAs find 
application in clinical diagnostics through the 
measure of factors including protein expression, 
binding and specificity in differential expression 
profiling [54,56].

FPAs, in contrast, are constructed using full 
length proteins or their domains and they are 
used to measure protein–protein or protein–
small molecule interactions on a whole proteome 
scale [54,57,58]. 

RPPAs are the final set of protein arrays and 
these involve the use of antibody probes that are 
applied to cell lysate from cells collected from 
the tissue that is under investigation. Assays to 
detect the antibody binding are then applied to 
achieve the quantification of the proteins in the 
lysate [54,59]. 

Phage displays 
Phage display technology makes use of bacte-
riophages to study protein–protein, protein–
peptide and protein–DNA interactions. This 
is achieved through the use of bacteriophages 
that have undergone batch cloning of DNA 
into their genome, with the idea that the pro-
teins for which the inserted DNA codes are 
presented on the surface of the phenotype. 
The bacteriophages for which the batch-clon-
ing process is successful proceed through an 
enrichment process, which eventually leads 
to bacteriophages that are ready for binding 
ana lysis. In the case of antibody-based phage 
displays, ana lysis often takes the form of ELISA 
methodologies and the data generated are used 
in the construction of large phage antibody 
libraries that are used in the identification of 
novel therapeutic targets. In addition to tar-
get identification, the libraries are also used to 
develop methods that allow for the selection 
of candidate and lead compounds based on 
the ana lysis of a particular ligands biological 
activity [60]. 

In addition to the biological approach to 
phage displays, there are nonbiological alterna-
tives that use barcoded nanoparticles, these are 
single gold nanoparticles with each nanoparticle 
being covered by an antibody that is specific 
to a target protein plus thousands of specific 
DNA strands. The antibody is responsible for 

the protein binding while the DNA strands 
are what account for the barcode-like label for 
the bound protein. These barcode-like nano-
particles provide assays for identifying bound 
molecules though a similar principle to the 
biological alternatives [61]. 

Ribosomal display
Ribosome display technology presents an inno-
vative cell-free in vitro technology that allows 
for a fast means of isolating and producing 
high-affinity peptides or proteins. The desired 
proteins are enriched once they are displayed 
by multiple selection rounds. An advantage 
of ribosomal display is that at this stage, no 
transformation stage is required meaning that a 
potential loss of library diversity is avoided [62]. 
A second advantage is that a complete cycle of 
display and selection can be carried out in 24 h, 
meaning that the existing gene repertoire can 
be rapidly scanned. Modification of the pro-
teins produced can be achieved post-isolation 
via random or directed molecular evolution 
for affinity maturation, as well as selected for 
characteristics such as protein stability, folding 
and functional activity. Recently, the field of 
display technologies has become more promi-
nent due to the generation of new scaffolds 
for ribosome display, isolation of high-affinity 
human antibodies by phage display, and their 
implementation in the discovery of novel pro-
tein–protein interactions. Applications for this 
technology extend into the broad field of anti-
body engineering, proteomics, and synthetic 
enzymes for diagnostics and therapeutics in 
cancer, autoimmune and infectious diseases, 
neurodegenerative diseases and inflammatory 
disorders [63].

Two-hybrid systems
Two-hybrid systems find application in drug 
discovery in the drug targeting of specific pro-
tein–protein interactions. They utilize a ‘lock 
and key’ type association between proteins to 
identify protein–protein interaction. The ‘lock’ 
protein or proteins are fused to the DNA bind-
ing domain of a transcription activator while 
the ‘key’ protein or proteins are fused to the 
activation domain of the transcription activa-
tor. If interaction between the ‘lock’ and ‘key’ 
proteins occurs this results in the reconstitution 
of a transcription factor, which in turn leads to 
the activation of a reporter gene and a measur-
able response, most often growth under selec-
tive conditions, or the development or change 

Key Term 

Metabolome: Complete list 
of all the small-molecule 
metabolites present in an 
organism. In a similar fashion to 
the human genome project, 
since 2005 the human 
metabolome project has been in 
progress with the aim to 
identify, quantify, catalog and 
store all of the metabolites that 
can be found in human tissues 
and bio-fluids. 
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of color through proteins such as b-galactosidase 
and green fluorescent protein [64]. 

Two hybrid systems used for the study of 
protein–protein interactions, were originally 
developed in yeast, and the use of yeast two-
hybrid systems is widely reported. Despite their 
widespread use there are still some drawbacks 
of yeast two-hybrid systems including issues 
regarding the experimental reproducibility, false 
positive and negative results due to issues regard-
ing the protein expression as fusion proteins and 
also the inability to analyze membrane-based 
protein–protein interactions. In order to over-
come some of the limitations of yeast two-hybrid 
systems there have been many variations of the 
model with more recent developments including 
the membrane yeast two-hybrid system, which 
allows for the study of protein–protein inter-
actions involving membrane proteins [65], some-
thing that was not possible through the use of 
the original yeast two-hybrid systems. Also the 
development of mammalian two-hybrid systems 
has been achieved. However, these are not well 
suited to the same degree of high-throughput 
ana lysis as yeast two-hybrid systems, and, in 
fact, are used more often for the confirmation 
of findings arising from the yeast two-hybrid 
systems [66].

Selected reaction monitoring quantification
Selected reaction monitoring is a quantita-
tive proteomic technique that can be used for 
non-scanning targeted quantitative proteomics 
through the application of MS. Following ioniza-
tion in an electrospray source, a peptide precursor 
is first isolated to obtain a substantial ion popula-
tion that consists mostly of the intended species. 
This ion population is then separated into mul-
tiple fragments, each of which contain ions whose 
signal strength correlates to the abundance of the 
peptide in the sample. This experiment is per-
formed on triple quadrupole mass spectro meters 
where fragmentation results in quantitative 
analyses with unmatched sensitivity [67]. 

Metabolomics 
The main challenge in the mapping of the 
metabolome and its network of pathways is the 
diverse nature and sheer quantity of metabolites 
and metabolite concentrations present in the 
cellular environment. However, metabolomics 
does have one major benefit over other ‘omics 
in that the pathways must obey strict stoichio-
metric constraints, meaning metabolomics are 
more discriminating [68]. In metabolomics, 

small-scale changes in gene expression and 
protein concentration are amplified to produce 
significant large-scale changes in the metabolite 
concentration and in addition, metabolite con-
centration may be altered by both disease and 
drug intervention [69]. 

�� Generation of data for pathway databases
There are a number of methods by which 
metabolite concentrations can be measured. The 
three main categories include chromatographic 
methods, capillary electrophoresis (CE), and 
NMR techniques. The data gathered from these 
approaches are then used to generate pathway 
databases, which are used to understand the 
metabolome. 

Chromatographic methods
With respect to chromatographic metabolic 
analyses, gas chromatography MS (GC-MS) 
and LC–MS are preformed most regularly. The 
major benefit of GC-MS is the high sensitivity 
that the technique offers. There are, however, 
drawbacks – GC-MS is unable to analyze metab-
olites that are non-volatile, temperature-sensitive 
or highly polar. Derivatization, a process by 
which compounds are chemically manipulated, 
can be implemented to broaden GC-MS appli-
cation to metabolites for which ana lysis would 
previously be impossible. There are limitations 
and disadvantages to this, including the need to 
purify samples to remove reaction by-products, 
the production of highly unstable compounds 
for ana lysis and use of hazardous and odorous 
chemicals [70]. 

LC–MS has not been in use for metabolomic 
analysis for as long as GC-MS systems, how-
ever, they are useful tools and they are becoming 
increasingly popular as they are able to analyze 
the non-volatile, temperature-sensitive and polar 
metabolites without the need for a derivatiza-
tion stage. In addition, the development of 
new stationary phase materials and advances in 
ion-pair techniques means that where ana lysis 
of ionic and highly polar compounds that are 
common place in bodily fluids was previously 
troublesome, it is now relatively simple [71]. 

CE
CE is a nonchromatic separation technique and 
brings with it advantages over GC-MS and LC–
MS techniques, and is often used to complement 
ana lysis performed on these platforms. Analysis 
is quick as there is very little work involved in 
preparing samples for ana lysis, also the methods 
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use little or no organic solvents. In addition to 
this, the technique is inexpensive as it uses simple 
silica capillaries and this means there is no need 
for expensive stationary phases that are necessary 
for GC and LC techniques. CE separates com-
pounds based on the ratio of their charge and 
mass. As such, CE is most useful for the separa-
tion of compounds that are polar or possess a 
charge. Operating as a standalone method, CE 
can encounter problems stemming from limited 
sensitivity, however, combining CE with MS it 
is possible to overcome this and in addition yield 
information on metabolite structural character-
istics. Through this means, metabolic projects 
are using CE-MS with increasing frequency to 
perform their ana lysis [72]. 

NMR
NMR differs from the other techniques applied 
in metabolomics that apply first a separation 
stage followed by a second detection stage, in 
that for metabolite ana lysis by NMR, a stage for 
the separation of the metabolites is not required. 
This makes the method relatively simple and in 
addition, following ana lysis by NMR, the sam-
ple can be used for additional testing. NMR 
also carries with it the advantage that it is pos-
sible to analyze multiple metabolites present in 
a sample all at the same time. The main limita-
tion of NMR application to metabolomics is that 
NMR cannot achieve the same level of sensitive 
detection that is achievable through the imple-
mentation of techniques that utilize MS in the 
detection stage of the ana lysis [73]. 

Pathway databases
One of the challenges in metabolomic ana lysis is 
handling the vast quantities of data that are gen-
erated, and using this to build a functional and 
coherent picture of the metabolome. To overcome 
this, there are initiatives integrating newly gener-
ated information with existing data sets and in this 
way developing large pathway databases such as: 
The Human Metabolome Database, Lipid maps, 
Mass Bank, National Institute of Standards and 
Technology, METLIN [74] and the Kyoto Ency-
clopaedia of Genes and Genomes (KEGG) [75]. 
It should be noted, however, that as it stands our 
understanding of pathway interaction is far from 
complete despite the vast quantities of research 
that have been undertaken.

METLIN
METLIN is an online resource in which metabo-
lite data is stored in an open access database. Used 

in metabolomics for analyzing and archiving data 
allowing for predictive modeling, METLIN exists 
to link many biological resources and deliver:

��Physical properties of metabolites, drugs and 
drug metabolites;

��Metabolite, drug and drug metabolite structural 
information as well as identifying structurally 
similar metabolites;

��The CAS number of each metabolite and 
provide a direct link to the metabolites entry in 
KEGG;

��Highly accurate Fourier transform MS data 
from reference samples used in producing m/z 
measurements;

��Searchable MS/MS data for reference use 
gathered from known metabolites and their 
derivatives, used widely in metabolite 
identification. 

Updated frequently, the METLIN database 
allows a user to search for a range of metabolic 
resources [76,104].

KEGG
KEGG is a widely used resource in the recon-
struction of genome-scale metabolic models 
(GEMs) and in systems biology. It is a computer 
model for biological networks and includes data 
from three areas of interest including chemical-
based, genome-based and biological network-
based databases. Throughout KEGG, the 
information is interlinked and also connected to 
outside data resources that are most often open 
access. The usefulness of KEGG stems from 
its ability to integrate information gathered 
on molecular pathways, genome projects and 
compound databases that is complemented by 
the logging of information referring to cellular 
pathways, both metabolic and signaling, and 
also information on human disease and drug 
development [77]. Despite the best of efforts, 
there are still gaps in the pathway databases, 
although it is possible to loosely predict the 
missing data using interaction studies such as 
yeast two-hybrid [78] and tandem affinity puri-
fication studies [79], though this can induce a 
high degree of error. An initial limitation of 
pathway databases was software compatibil-
ity, and in an effort to minimize this problem, 
systems biology mark-up language was created 
to ensure interoperability. Systems biology 
mark-up language is the main way in which 
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metabolism, metabolomics and systems biology 
are integrated [68].

To summarize, metabolomics examines 
metabolite concentration that can be changed 
as a result of disease and/or drug intervention. 
Through techniques including chromatography, 
CE and NMR, data are collected and used to 
create pathway databases. These are designed to 
make sense of the huge amounts of data gener-
ated, and promote understanding of the metabo-
lome and what changes in metabolite concen-
tration result from or will result in. Thanks to 
the nature of metabolomic data producing large 
maps of the metabolome, metabolomics lends 
itself nicely to systems biology approaches. 

The role of metabolomics in systems biology
Unlike the comparatively old fashioned reduc-
tionalist approach, which focuses on individual 
aspects of a system, systems biology links the 
individual aspects to provide a complete pic-
ture of a biological system. Systems biology is 
a research strategy by which in silico models are 
linked into multiple disciplines of experimental 
biology with the shared goal of unlocking the 
molecular mechanisms that network together 
to produce a complex biological system [80]. 
The area of metabolomics is an important con-
tributor in a systems biology approach, linking 
pathways described within the field of metabo-
lomics and also by combining with large-scale 
biochemical, signaling, protein, miRNA, and 
gene regulatory networks. It is possible to 
reconstruct and analyze the underlying mech-
anisms controlling human cellular processes 
and it is in this way that the recent develop-
ments in systems biology can be extended to 
medical applications [81]. Systems biology is 
rapidly expanding and developing, allowing 
for the ana lysis of complex systems by recon-
structing biochemical networks through the 
combination of mathematical models and data 
generated by the ‘omics, including genomics, 
transcriptomics, proteomics and metabolomics 
[82]. There are two approaches to systems biol-
ogy, the bottom-up approach and the top-down 
approach [83]. 

The bottom-up approach is based around 
hypothesis and involves the production of a 
mathematical model based on extensive prior 
understanding of multiple sub-systems. This 
metabolic model is then used to describe the 
system as a whole. 

In contrast, the top-down approach is based 
on data collection. The main advantage of the 

top-down approach is that existing knowl-
edge and understanding of the system and its 
sub-systems is not necessary. In this method, 
data produced from high-throughput experi-
ments are analyzed to determine the function 
and mechanism of many of the sub-systems. 
Combining the data from the high-through-
put experiments with network reconstruction 
methodologies and also standard molecular 
biology, biochemistry and physiology allows 
for the revelation of patterns in the pathways 
that are biologically significant and also iden-
tify the individual constituent components that 
make up the network. This in turn allows for 
the determination of the molecular basis of 
disease as the widespread changes observed in 
the metabolome can be used to categorize the 
molecular phenotype of the samples in ques-
tion. Moreover, identifying changes in indi-
vidual metabolite concentrations within the 
metabolome can lead to the discovery of new 
biomarkers. Metabolomics have been applied in 
a systems biology approach to various disease 
states including cancer [84]. 

One such strategy involves the use of siRNA 
strands. A recent investigation sought to dis-
cover how ARNT2 functioned in breast cancer 
signaling and metabolic pathways regulated by 
HIF-1a [85]. To achieve this, the group used 
siRNA to knockdown ARNT2 mRNA expres-
sion in human breast cancer cells (MCF7), 
and through metabolite profiling using NMR 
and metabolite databases, the effect of ARNT2 
downregulation was correlated to a change in 
metabolite concentration. Statistical applica-
tions were then implemented to reveal biomark-
ers. In this way it was observed that the levels 
of the metabolites; betaine, glucose, glycine, 
phosphocholine, pyruvate, lactate, ATP, ADP 
and AMP were significantly reduced in the cells 
that had been treated with the siRNA when 
compared with untreated control MCF7 cells. 

In addition, gene expression ana lysis revealed 
that downregulation of ARNT2 mRNA expres-
sion significantly reduced the expression of 
Glut-3, which is a predominant transporter in 
neurones and cancer cells involved in glucose 
uptake, indicating that the downregulation of 
ARNT2 mRNA expression affects a shift in glu-
cose metabolism. From their results, the authors 
were able to draw conclusions in agreement 
with other reports that the down regulation of 
ARNT2 mRNA expression impairs the func-
tion  of HIF-1 regulated glycine synthesis and 
glucose metabolism in MCF7 cells [86,87]. 
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GEMs
Systems biology is innovative in its ambition to 
bring together information gained from various 
scientific disciplines and utilize the combined 
knowledge to improve the understanding of dis-
ease over a diverse span including immunologi-
cal disorders, inflammatory-based disease, infec-
tious disease and diseases affecting the respira-
tory or nervous systems. This includes diseases 
related to human metabolism and it is a common 
view that comprehending the underlying meta-
bolic pathways will lead to the onset and progres-
sion of metabolic diseases being fully explained. 
Due to the almost insurmountable complexity of 
the human metabolic network, the implementa-
tion of computer modeling is essential. Through 
this, the development of GEMs may be possible, 
and through their creation and application in a 
systems biology approach, the window of oppor-
tunity is presented to analyze the specific state 
of any given human tissue. To date, GEMs have 
not been used for any practical application in 
identifying how errors in metabolism are related 
to disease states. It is clear however, that such 
an application providing detailed ana lysis of the 
metabolome of multiple subjects displaying vari-
ous phenotypes could lead to answers regarding 
the molecular advance of disease and in this way, 
identify new biomarkers for that disease while in 
addition open the door to the possibility of sys-
tems medicine, providing tailor-made medicines 
dependent upon patient and condition.

GEMs are produced using a multitude of infor-
mation sources with the majority of the data com-
ing from public databases such as KEGG, MET-
LIN, HumanCyc, Reactome, BioCarta, Rhea, 
the Human Protein Atlas and the Human Metab-
olome Database. Utilizing these sources, as well 
as including other data, it is possible to produce 
GEMs that are capable of running simulations 
that are reliable representations and are specific 
to a tissue of choice. Recon1 [88], the Edinburgh 
Human Metabolic Network [89] and Human-
Cyc [90] are three existing GEMs, however, these 
are all generic and nontissue specific, rendering 
them unsuitable for application to specific cell-
type studies and diseases [91]. The importance 
of cell-type-specific GEMs is clear as intertissue 
and intercellular metabolism in humans varies. As 
reported recently [81], two groups independently 
published reports on GEMs that were developed 
manually and are specific for hepatocytes [92,93]. 
Being manually produced means that these 
models are a suitable standard in the evaluation 
of subsequent automated or semi-automated 

approaches. GEMs now exist for kidney [94], brain 
[95], erythrocytes [96] and alveolar macrophages 
[97]. A recent article described the implementa-
tion of the Integrative Network Interference for 
Tissues algorithm to generate genome-scale active 
metabolic models for 69 different cell types and 
16 cancer types [91]. The result of which allowed 
for comparison between the metabolic profiles 
of healthy and cancer cells, which in turn lead 
to the identification of cancer-specific metabolic 
features that are generic potential drug targets 
for cancer treatment. The authors also stated that 
the models generated will form the first stage in 
establishing a Human metabolic atlas, a tool 
designed to better understand complex diseases 
by providing the tools for tissue- and organism-
level simulations. With this in mind, it should be 
noted that even the most recent GEMs currently 
available are incomplete with many gaps in the 
data. Although computational approaches are 
employed to fill these unknowns, they may be 
prone to error if the automation is initiated with 
poor insight. At this point it can be said that there 
have been significant advances in the production 
of specific GEMs on both a tissue and a cellular 
level, however there is still some distance to go 
and the need to continue to develop and create 
GEMs is constant. 

Metabolic disorders
There are three main diagnostic groups into 
which metabolic disorders stemming from 
congenital metabolic errors can be organized:
��Disorders that interfere with the production or 

breakdown of complex molecules causing 
symptoms that are permanent, increase in their 
intensity and are disassociated from other 
disease progression and food consumption;

��Disorders such as phenylketonurea, homocys-
tinuria and maple syrup urine disease that stem 
from malfunctions in amino acid metabolism. 
Similarly, organic acidurias, congenital urea 
cycle defects and galactosaemia all result in a 
metabolic block, leading to the build up of 
toxic compounds;

��Disorders such as congenital lactic acidemias, 
fatty acid oxidation defects, gluconeogenesis 
and mitochondrial respiratory chain disorders, 
which result in symptoms due to insufficient 
energy production or utilization in key areas 
such as the brain, liver, myocardium or muscle. 

Human metabolism is a highly complex pro-
cess consisting of many reaction pathways, and 
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Executive summary

Genomics

�� Illumina (Solexa) sequencing is a next-generation sequencing technique that provides a platform capable of delivering high throughput 
at relatively low cost using a bead-based method.

�� 454 – Roche sequencing can be used for whole-genome sequencing, target resequencing, metagenomics and transcriptome 
sequencing making it one of the most efficient platforms on the market.

�� Supported oligonucleotide ligation and detection sequencing is a variation of massively parallel signature sequencing that uses 
hybridization-ligation. 

�� Ion semiconductor sequencing is unlike most other sequencing techniques on the market, in that the ana lysis is not based on optical 
output. Instead the measurement of ions generated by template-directed DNA polymerase synthesis allows for genome sequencing. 

�� Single-molecule real-time sequencing is a sequencing based on synthesis approach that carries with it the benefit that DNA 
amplification is not necessary and the associated problems are avoided. Techniques currently in development that show promise 
include nano-pore sequencing, hybridization sequencing and sequencing with MS. 

�� Biomarkers can be identified through the application of genomic techniques and represent measurable entities, which indicate a 
diseased state when their level of expression differs from that of normal.

�� Tissue expression profiling plays an instrumental role in many aspects of drug discovery including target identification, target validation, 
identification of candidate compounds, pharmacogenomics, biomarker development, the evaluation of clinical trials and the gathering 
of toxicological information. 

�� Pharmacogenomics investigates the correlation between an individual’s genetic makeup and their response to medicines through 
genotype and phenotype differences in the pharmacodynamics and pharmacokinetics of drug metabolism. 

�� Genome-wide epigenetics involve sequencing based approaches and promise to contribute towards a more precise and complete 
understanding of gene regulation and to yield insights into the interplay between genomes and the environment. 

Proteomics

�� Classical proteomic ana lysis delivers the identify and abundance of proteins in the sample being analyzed. Multidirectional protein 
identification technology is an example of shotgun proteomics and utilizes HPLC–MS to characterize peptides following the enzymatic 
digestion of protein samples. 

�� Isotope coded affinity tags generates information on protein identification and quantification in a sensitive, high-throughput manor. 
Stable isotopic labeling by amino acids in cell culture is the labeling of cells in culture with stable isotopic markers to prepare cell 
samples for proteomic ana lysis by MS. 

�� Isobaric tags for relative and absolute quantification have the advantage that it can be applied to tissues and cells after cell lysis. This 
means that isobaric tags for relative and absolute quantification is not limited to use in cell cultures in the way stable isotope labeling 
by amino acids in cell culture techniques are. 

�� Label-free proteomic ana lysis has developed rapidly over recent years and as such, rapid, low-cost platforms for the ana lysis of protein 
expression are now available. The most common use is peak intensity based comparative LC–MS and spectral count-based LC–MS/MS.

�� Activity-based probes can fall into classical or functional proteomics and utilize probes consisting of a reactive component and a tag. 
The main advantage of activity-based probes is that post-translational protein modifications are taken into account.

�� Functional proteomic ana lysis differs from the classical proteomic ana lysis in that function proteomics generate a more complete 
picture of protein abundance, functions, indications and interactions.  

�� Two-hybrid systems find application in drug discovery in the drug targeting of specific protein–protein interactions. They utilize a ‘lock 
and key’ type association to identify protein–protein interaction. 

Metabolomics

�� The three main categories by which metabolite concentrations can be measured include chromatographic methods, capillary 
electrophoresis and NMR techniques. The data gathered from these approaches are then used to generate pathway databases that are 
used to understand the metabolome. 

�� Pathway databases are the result of large-scale metabolic ana lysis, and the only way to handle and make sense of the huge amounts of 
data that are being generated.

�� Systems biology is a research strategy by which in silico models are linked into multiple disciplines of experimental biology. The area of 
metabolomics is an important contributor in a systems biology approach, linking pathways described within the field of metabolomics 
and also combining them with large-scale biochemical, signaling, protein, miRNA and gene regulatory networks. 

�� Genome-scale metabolic models, when applied in a systems biology approach, are expected to allow for the ana lysis and later the 
simulation of the specific state of any given human tissue. Metabolic disorders result from the malfunction of metabolic pathways. 
In mapping the metabolic network it is possible to derive the molecular basis of the metabolic disease. This, in turn leads, to the 
opportunity to develop a strategy to combat the health risk. 
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metabolic diseases result from pathway malfunc-
tion. In mapping the metabolic network it is pos-
sible to derive the molecular basis of the meta-
bolic disease. From this follows the development 
of a strategy to combat this emerging health risk. 
Due to the complexity of the metabolic networks 
it is often challenging to narrow down the par-
ticular mechanism by which a metabolic disease 
manifests itself from initiation to progression. 
The complexity of the metabolic networks is not 
solely due to the number of metabolic pathways 
involved, there is also the involvement of various 
tissue types, and in addition, the role of numer-
ous genes that are capable of producing an even 
greater number of different mechanistic permu-
tations that deliver the same phenotype. Some of 
the most common metabolism-related diseases 
include obesity, diabetes, hypertension, hyper-
insulinemia, dyslipidemia and cancer. Recent 
advances in computing power, metabolomics 
and systems biology are moving to manage the 
complexity of the task in hand and allow for the 
development of GEMs.

Future perspective
Genomics, proteomics and metabolomics continue 
to develop and expand, revealing new insights into 
the world of drug discovery and development. 
With the increasing focus, the power of the indi-
vidual disciplines is further boosted and more 
rapid advances are anticipated. Systems biology 

approaches, coupled with improved computer 
systems to manage data handling and help make 
sense of the huge amounts of data generated hold 
great potential for the future of drug discovery. 
The combination of well established genomic, 
proteomic and metabolomic techniques and also 
the integration of novel and emerging technologies 
positions ‘omics and systems biology approaches 
at the forefront of medical research. The scope 
in which systems biology is expected to provide 
significant insight and advance will grow to cover 
the whole of the discovery process, from drug 
development and clinical trials to personalized 
medicine. As this branch of the science matures, 
systems biology, advanced by the development of 
techniques discussed in this review, promises to 
become a dominant approach in drug discovery 
and development by over coming the limitations 
and enhancing the prospects of individual omic 
technologies.
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