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This article has been cited by other articles in PMC. Abstract The exponential development of highly
advanced scientific and medical research technologies throughout the past 30 years has arrived to the point
where the high number of characterized molecular agents related to pathogenesis cannot be readily integrated
or processed by conventional analytical approaches. Indeed, the realization that several moieties are signatures
of disease has partly led to the increment of complex diseases being characterized. Scientists and clinicians
can now investigate and analyse any individual dysregulations occurring within the genomic, transcriptomic,
miRnomic, proteomic, and metabolomic levels thanks to currently available advanced technologies. However,
there are drawbacks within this scientific brave new age in that only isolated molecular levels are individually
investigated for their influence in affecting any particular health condition. Systems medicine approaches can
therefore be employed for shedding light in multiple research scenarios, ultimately leading to the practical
result of uncovering novel dynamic interaction networks that are critical for influencing the course of medical
conditions. Consequently, systems medicine also serves to identify clinically important molecular targets for
diagnostic and therapeutic measures against such a condition. Introduction The exponential development of
highly advanced scientific and medical research analytical technologies throughout the past 30 years has
arrived to the point where most if not all key molecular determinants deemed to affect human conditions and
diseases can be scrutinized with great detail. Scientists and clinicians can now begin to attempt investigation
of any individual dysregulations occurring within the genomic, transcriptomic, miRnomic, proteomic, and
metabolomic levels thanks to advancing wet-lab technologies such as mass spectrometry, quantitative
polymerase chain reaction qPCR and next generation sequencing, and detailed bioinformatics suites. All these
technologies are capable of extracting information from complex datasets to enable disease models to be
developed for wet-lab testing. The interplay between the wet and dry lab with specific clinical expertise not
only is a main current component of translational medicine, but also is enabled by systems medicine.
However, there are drawbacks within this scientific brave new age, in that in most scientific studies it is only
specific molecular levels which are individually investigated for their influence in affecting any particular
health condition. This involves careful and methodical examination of all simultaneous molecular interactions
occurring levels e. Consequently, the urgent need to counteract such research shortcomings has been
acquiesced through the emergence, in the last decade, of the novel research field of systems biology [ 1 , 2 ].
Main Principles of Systems Biology Approaches to Research In essence, the field of systems biology revolves
around the principle that the phenotype of any individual living organism is a reflection of the simultaneous
multitude of molecular interactions from various levels occurring at any one time, combined in a holistic
manner to produce such a phenotype see Figure 1 [ 3 ]. Consequently, systems biology is very much an
interdisciplinary field of research, requiring the technology platforms and research expertise of individuals
from a spectrum of scientific research niche [ 3 , 4 ]. However, the measurement of all molecular parts of an
organ or even biomedical pathway is far from routinely achievable, and great efforts to improve sensitivity of
analysis and to make the output data possess a quantitative significance are starting to improve through
implementation of field standards [ 5 , 6 ]. Given current constraints, Boolean approaches are assisting with
production of 1st generation systems biology models [ 7 ]. A main difference between systems biology and
systems medicine is that the former assumes the data to be correct and useable as often wet-lab data generation
expertise is not the main goal but is assumed to be correct and useable. Systems medicine sometimes referred
to as systems healthcare promises to lead with clinical and molecular know-how to produce exquisite datasets
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that are employed to generate pathway models and treatment and will hopefully directly contribute to stratified
medicine en-route to personalized healthcare [ 4 , 8 â€” 11 ].
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Several environmental factors continue to surface as potentially instrumental in explaining the wide global
variation in the incidence and biological behavior of various tumors. For example, discoveries that both
essential and nonessential dietary nutrients can markedly influence several key biological eventsâ€”including
cell cycle regulation, processes involved in replication or transcription, immunocompetence, and factors
involved with apoptosis, or programmed cell deathâ€”have strengthened convictions that specific foods or
components may markedly influence cancer risk. Analyses of the incidence of cancer in twin pairs and in
families are traditional methods for answering questions about the relationships between cancer etiology,
genes, and the environment. Sorting out the relative roles of each in the initiation and progression of cancer
can lead to clearer elucidation of how shared environmental influences can disparately affect the health of
individual members of a community, that is, why some people exposed to a specific agent develop cancer
when others do not. Finally, although environmental, occupational, and recreational exposures to carcinogens
contribute to cancer risk in humans, variation in incidence and progression of cancers among individuals can
be attributed to interindividual variation in genetic makeup. Gene polymorphisms that are important in
apoptosis will increasingly be recognized as clues to individual susceptibility to cancer, explaining why
individuals with shared environmental exposures do not always share cancer morbidity and mortality. Page 26
Share Cite Suggested Citation: Cancer and the Environment: The National Academies Press. Although 80
percent of cancers are related to environmental factors, the influence of diet in the development of cancer is
somewhat uncertain. However, the general consensus is that approximately 35 to 40 percent of cancers relate
to dietary habits, although the range might be quite large. The influence of diet in the development of cancer is
somewhat uncertain. However, the general consensus is that approximately 35 to 40 percent of cancers relate
to dietary habits John Milner Even though science has come a long way in understanding what factors are
important in controlling cancer risks or modifying health in general, we still do not really know who is going
to benefit, and under what circumstances, said Milner. In fact, we do not yet know if there are some people
who would be placed at risk because of exaggerated intakes of certain types of foods or food components. The
whole issue of the role of diet in health is exceedingly complex when trying to assess the relative roles of
individual foods as they relate to overall cancer risk. There are some areas of agreement, however, said
Milner. More than 80 percent of the studies that have been published reveal a reduction in cancer risk with an
increase in fruit and vegetable consumption. He added that we need to have a better understanding of how
genes are involved in the cancer process and how individual nutrients can modify these genes and ultimately
influence the probability of developing cancer. Some of the strongest evidence linking diet and cancer comes
from the epidemiological observation that increased vegetable and fruit consumption is associated with a
reduction in the risk for cancers of the mouth and pharynx, esophagus, lung, stomach, colon, and rectum.
Likewise considerable evidence points to a host of essential and nonessential nutrients as modifiers of cancer
risk at a variety of sites. Milner noted that part of this variation in cancer risk may arise from variation in the
intake of one or more essential nutrients supplied by either plant or animal food sources. Vegetables derived
from various parts of plants including roots e. Some of these phytonutrientsâ€”including flavonoids,
carotenoids, organosulfides, and Page 27 Share Cite Suggested Citation: Despite the clear linkages that have
been found between the risk of developing some types of cancers and dietary patterns, inconsistencies have
been detected, which might reflect the multifactorial and complex nature of cancer, the specificity that
individual dietary constituents have in modifying specific genetic pathways, and the temporal relationship
between dietary intervention and phenotypic changes in tumor incidence or behavior. The chemical and
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biological diversity of dietary components in combination with a range of molecular targets makes pinpointing
the importance of diet in various cancers a challenge, emphasized Milner. It is likely that this challenge will be
augmented by advances in cell biology and epidemiology. For instance, when limonene found in citrus fruits
is added to tumor cells it has been found to enhance several genes while suppressing others. Since several of
the identified genes are involved in the pathways leading to apoptosis, it is possible that agents such as
limonene could play a role in the cell signaling involved in programmed cell death. Similarly, studies with a
variety of other nutrients, including selenium, isothiocyanates, and allyl sulfide, have been reported to modify
at least 20 different gene products associated with cancer prevention. In addition, knockout and transgenic
animals can provide important clues about the specific site of action of dietary components. The use of these
genomic technologies to evaluate the effects of nutrients offers exciting opportunities for determining which
cellular change is most important in bringing about a change in the incidence or behavior of a tumor. A
reductionist approach to diet and cancer prevention may produce oversimplifications and confusion. We
clearly need to know what the mechanisms are that account for specific bioactive food components but must
also recognize that we eat whole foods. John Milner Preclinical evidence suggests that diverse dietary
constituents including selenium, allyl sulfur, genistein, and resveratrol can influence the same genetic
pathways associated with tumor cell proliferation and apoptosis. Such common effects raise concerns about
potential interactive and cumulative effects among nutrients, said Milner. In addition, compounds such as
diallyl disulfide, which is found in crushed garlic, can actually suppress the growth rate of cells, and
indolecarbinol, found in cabbage, can shift estradiol metabolism, which can affect tumor formation. The only
problem, said Milner, is that we may have to consume about three-quarters of a pound of cabbage a day and
several cloves of garlic to bring about a response. We know of a few examples where isolated food
components and intact foods do not bring about the same biological response. Astonishing strides have been
made in understanding how molecules and genetic pathways differ in precancerous and malignant cells and
from their normal counterparts. Capitalizing on the differences in cellular signatures that are characterized by
active and inactive genes and cellular products could assist in determining who should and should not benefit
from intervention strategies. Clearly, added Milner, such information will help clarify the reason for
discrepancies among preclinical, epidemiological, and intervention studies. It is now becoming apparent that
the prevalence of polymorphisms is variable among studied populations, and these differences could influence
the response to diet. Evidence exists that genetic polymorphisms may modulate cancer risk through their
influence on folate metabolism. For example, epidemiologic studies have reported that the relationship
between dietary folate and colorectal cancer risk is influenced by polymorphism in methylenetetrahydrofolate
reductase activity. Variation in the response to folate metabolism is not unique since other studies suggest that
variation in receptors for vitamin D may also be linked to cancer risk. Considerably more information is
needed about how genetic polymorphisms influence the response to dietary components and ultimately cancer
risk, added Milner. Unquestionably, cancer is intertwined with environmental factors including diet. Strategies
to prevent cancer through modification of either diet or specific dietary patterns will probably not be
uniformly effective for all individuals, said Milner. He stressed that a better understanding of geneâ€”nutrient
interactions will be needed to determine those who might benefit most from dietary intervention and those
who might be placed at risk. For example, there are data suggesting that some women who consume large
amounts of fruits and vegetables may be at increased risk of giving birth to children with infantile leukemia.
These women appear to have a reduced ability to remove some of the flavonoids from their system, which thus
accumulate and become toxic to the developing fetus. Although in most cases there likely will be benefits
from increased consumption of fruits and vegetables during pregnancy, in a small subset of the population an
opposite response may occur. Future research in nutrition and cancer prevention must give top priority to
studies that seek to understand the basic molecular and genetic mechanisms by which nutrients influence the
various steps in carcinogenesis. Page 29 Share Cite Suggested Citation: Studies with various animal and in
vitro models, initiation and promotion models, adenoma carcinoma models, and immortalized human cells
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provide evidence that polygenic mechanisms are important in cancer, at least in experimental systems. Almost
all of the known cancer syndromes are monogenic and conform to a two-stage model of development; that is,
they require inactivation of two copies of a tumor suppressor gene in order to initiate. These syndromes tend
to be dominant Mendelian conditions, which can be assessed in family studies covering two or more
generations. However, such studies provide no data on recessive Mendelian conditions and have a limited
resolving power in polygenic conditions. Consequently, apart from highly penetrant single-gene mutations, the
risks posed by low-penetrance single-gene mutations, polygenes, and recessive genes are poorly understood.
Hemminki described a study of data obtained from 44, same-sex twin pairs to assess cancer risks for co-twins
of twins with cancer. There were almost 10, pairs in which one of the members had cancer. The analysis of
environmental and inherited contributions was based on correlations between monozygotic twins who share
the genome completely, that is, percent concordance in their genomes. A similar concordance was carried out
with dizygotic twins, the difference being the assumption that only 50 percent of the genes are common. The
assumption is that the environment is affecting monozygotic and dizygotic twins similarly. Some of these
different effects will then be percent, or Twin studies as tools for understanding genes, the environment, and
cancer Genetic: The nonshared random environmental effect was the largest factor for all cancers, accounting
for 58 to 82 percent of the total variation Table Lichtenstein et al. Statistically significant heritability estimates
were detected for cancers of the colorectum 35 percent , breast 27 percent , and prostate 42 percent. The
estimates for shared environmental effects ranged from 0 to 20 percent, but none were statistically significant.
A Swedish family cancer database, containing 10 million people, is the largest population-based data set ever
used for studies on familial cancer, said Hemminki. The data are used to develop estimates for the
environmental and inherited components in cancer, using the genetic relationships among family members to
calculate the effects of genotype, shared environment, and nonshared environment. The database has been
used in modeling cancer causation and has revealed that environmental causes explained most of the total
variation for all neoplasms except thyroid cancer, for which heritable causes were largest. There also appears
to be a subgroup of cancer patients who develop a second cancer to which there is a strong genetic
predisposition, that often cannot be predicted by a family history. This phenomenon is typical of polygenic
disease. Hemminki reported that the twin and family data quantified nonshared environmental effects as
ranging from 40 to 90 percent for different cancers. It is of interest to note that this effect was large for some
cancers of identified environmental causes, such as lung and cervical cancers. In contrast, shared
environmentâ€”common family experiences and habitsâ€”accounted for 0 to 30 percent of cancer etiology.
For all cancer, the genetic effect was estimated to be 26 percent; however, there is evidence supporting
heritability for all cancers.
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Abstract The exponential development of highly advanced scientific and medical research technologies
throughout the past 30 years has arrived to the point where the high number of characterized molecular agents
related to pathogenesis cannot be readily integrated or processed by conventional analytical approaches.
Indeed, the realization that several moieties are signatures of disease has partly led to the increment of
complex diseases being characterized. Scientists and clinicians can now investigate and analyse any individual
dysregulations occurring within the genomic, transcriptomic, miRnomic, proteomic, and metabolomic levels
thanks to currently available advanced technologies. However, there are drawbacks within this scientific brave
new age in that only isolated molecular levels are individually investigated for their influence in affecting any
particular health condition. Systems medicine approaches can therefore be employed for shedding light in
multiple research scenarios, ultimately leading to the practical result of uncovering novel dynamic interaction
networks that are critical for influencing the course of medical conditions. Consequently, systems medicine
also serves to identify clinically important molecular targets for diagnostic and therapeutic measures against
such a condition. Introduction The exponential development of highly advanced scientific and medical
research analytical technologies throughout the past 30 years has arrived to the point where most if not all key
molecular determinants deemed to affect human conditions and diseases can be scrutinized with great detail.
Scientists and clinicians can now begin to attempt investigation of any individual dysregulations occurring
within the genomic, transcriptomic, miRnomic, proteomic, and metabolomic levels thanks to advancing
wet-lab technologies such as mass spectrometry, quantitative polymerase chain reaction qPCR and next
generation sequencing, and detailed bioinformatics suites. All these technologies are capable of extracting
information from complex datasets to enable disease models to be developed for wet-lab testing. The interplay
between the wet and dry lab with specific clinical expertise not only is a main current component of
translational medicine, but also is enabled by systems medicine. However, there are drawbacks within this
scientific brave new age, in that in most scientific studies it is only specific molecular levels which are
individually investigated for their influence in affecting any particular health condition. This involves careful
and methodical examination of all simultaneous molecular interactions occurring levels e. Consequently, the
urgent need to counteract such research shortcomings has been acquiesced through the emergence, in the last
decade, of the novel research field of systems biology [ 1 , 2 ]. Main Principles of Systems Biology
Approaches to Research In essence, the field of systems biology revolves around the principle that the
phenotype of any individual living organism is a reflection of the simultaneous multitude of molecular
interactions from various levels occurring at any one time, combined in a holistic manner to produce such a
phenotype see Figure 1 [ 3 ]. Consequently, systems biology is very much an interdisciplinary field of
research, requiring the technology platforms and research expertise of individuals from a spectrum of
scientific research niche [ 3 , 4 ]. However, the measurement of all molecular parts of an organ or even
biomedical pathway is far from routinely achievable, and great efforts to improve sensitivity of analysis and to
make the output data possess a quantitative significance are starting to improve through implementation of
field standards [ 5 , 6 ]. Given current constraints, Boolean approaches are assisting with production of 1st
generation systems biology models [ 7 ]. A main difference between systems biology and systems medicine is
that the former assumes the data to be correct and useable as often wet-lab data generation expertise is not the
main goal but is assumed to be correct and useable. Systems medicine sometimes referred to as systems
healthcare promises to lead with clinical and molecular know-how to produce exquisite datasets that are
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employed to generate pathway models and treatment and will hopefully directly contribute to stratified
medicine en-route to personalized healthcare [ 4 , 8 â€” 11 ]. Overview of the main concepts for conventional
reductionist and systems approaches to modern medical research. The bottom-up, data driven approach
initiates from the collection of large volume datasets derived through a spectrum of omics-based experimental
procedures, followed by thorough mathematical modeling analyses to combine the relationships between key
molecular players from the varying omics data results obtained [ 19 â€” 21 ]. One of the primary
methodologies employed by the bottom-up systems biology conceptual approach is network modeling [ 22 â€”
25 ]. A typical biological network model is composed of multiple nodes interacting with each other through
edges, whereby nodes are classified as individual key molecular players from any omics level such as genes,
noncoding RNA family members, and proteins and the edges represent experimentally validated molecular
interactions [ 19 ]. Both the nature and detail of the nodes and edges within any particular biological network
may vary. In addition, highly active nodes interacting in a close-knit network are defined as hubs [ 26 ]. Party
hubs represent nodes which commonly interact with multiple other molecular partners in a simultaneous
manner, whereas date hubs are much more dynamic since they interact with other molecular partners across
multiple timeframes and within varying locations [ 26 ]. Conversely to the bottom-up experimental
methodologies, the hypothesis driven top-down approach relies heavily on mathematical modeling for
conducting studies on small-scale molecular interactions for a specific biological condition or phenotype [ 19 ,
27 ]. Such a method can be utilized since most intermolecular activities occur with specific kinetics that can be
mimicked e. However, dynamical modeling can only be effective if specific assumptions are imposed
regarding the biomolecular interactions taking place, such as the selection of defined reaction rate kinetics
occurring within the studied biomolecular interactions [ 31 , 32 ]. Interestingly, there can also be a third
approach to systems biology research models that implement both the top-down and bottom-up
methodologies, namely, the middle-out rational approach [ 33 , 34 ]. Application of Systems Biology for
Human Disease: The Advent of Systems Medicine The traditional reductionist approach to medical research
has been discussed and can be restricted to the investigation of the biological effects of individual or minute
quantities of key molecular players for complex, multifactorial human conditions, including cancer. The
application of systems biology within the remit of present day medical research can be defined as systems
medicine, its concept dating back to [ 9 ]. Systems medicine requires the employment of several vital facets in
order to attain its clinical theranostic goals whenever such an approach is implemented [ 35 ] see Figure 2.
Overview of the required facets for implementation of systems medicine approaches to modern medical
research. The essential facets of systems medicine should ideally be established in order to provide proper
support for the effective and rapid implementation of any novel research methodologies aimed at reaching the
intended outcome for systems medicine-based projects. Undoubtedly, the laboratories involved in conducting
systems medicine projects should have the necessary infrastructure and research protocol adaptations required
for the intense interdisciplinary networking and consequent data handling and flow of information that are
vital components for enabling successful systems medicine approaches. Another important component for
systems medicine involves the employment of computation of computational and modeling sciences.
Neuroblastoma is the first human condition that has been investigated from a systems level perspective in
recent years [ 19 ]. The study conducted by Sarmady et al. The study applied a motif discovery algorithm on
specific groups of HIV viral protein sequences, together with the sequences of immediate binding protein
partners found on the host organism [ 36 ]. This algorithm ultimately selected only those statistically enriched
motifs with conserved viral sequences binding to targeted host proteins [ 36 ]. Another example for the use of
modeling sciences in systems medicine would be the study conducted by Verma et al. ABL oncoprotein
expression and phosphorylation levels within chronic myeloid leukaemia imatinib-resistant cell line models [
37 ]. This protein regulatory network was deemed to be reliable to identify the varying effects of two specific
classes of drugs tyrosine kinase inhibitors and BCR. ABL-specific miRNAs on cell lines with differing
expression profiles and chemoresistance properties [ 37 ]. In addition, for the purpose of this study,

Page 7

EXPERIMENTAL APPROACHES TO MULTIFACTORIAL INTERACTIONS IN
TUMOR DEVELOPMENT pdf
quantitative PCR-based high-throughput miRNA expression profiles were established, exemplifying the use of
a systems-based approach to develop a protein regulatory network from large scale experimental datasets [ 37
]. This study can also be utilized to illustrate the importance of quantitative analytical technologies in this
case, high-throughput RT-qPCR for driving novel data collection within systems medicine research. An
alternative research scenario in which systems medicine approaches are highly valuable is in the field of
biomarker discovery [ 8 ]. The recent study carried out by Zhang et al. The results of this analysis highlighted
the distinction between two separate miRNA-mRNA correlation and regulatory modular networks for primary
and metastatic prostate cancer [ 38 ]. This study is a classic example to demonstrate the utility of systems level
research for the identification of highly interactive biomarkers delineating differing classes and severity for an
individual disease condition that can ultimately serve to monitor or predict specific treatment responses in the
individual patient. Another crucial requirement for the successful implementation of systems medicine is the
availability of significantly large, though also highly defined, patient groups. Such patient groups can be
organized particularly well if patient samples are provided from curated biobanks. The study conducted by
Albrecht et al. This study employed Gaussian Graphical Modeling with a hypothesis-free approach for the
analysis of metabolites from a total of patients, with the intention to construct a metabolite network affecting
serum urate production [ 39 ]. The results of this study elucidated a novel serum urate regulatory pathway
involving 38 key metabolite components, with a high proportion of such components bearing a
gender-specific trait [ 39 ]. The study carried out by Mani et al. The advances in imaging sciences and
quantitative data extraction methodologies have also been of immense value in attaining successful outcomes
through systems medicine approaches. Examples of such technologies include the advent of high content
imaging, laser assisted microdissection, and single cell sequencing technology to name but a few [ 41 â€” 43 ].
In essence, this change in research perspective by scrutinizing overall molecular network interactions, rather
than individual molecules, allows for more effective and clinically applicable research outcomes. Systems
Medicine Implications in Novel Drug Research and Development The ever expanding value of systems
medicine influences are also currently implemented in order to expedite various aspects of the drug discovery
and development protocols within the realm of the pharmaceutical industry. One of the main research
challenges in which systems medicine perspectives can make a major difference is in the prediction of drug
adverse effects during the early phases of the drug development process [ 10 ]. Pharmacogenetics research for
the purpose of drug development has, in the past, focused almost entirely on the effect of variations in
individual genes for causing a specific adverse effect [ 10 ]. The recent study conducted by Zhao et al.
Rosiglitazone has an associated high risk of myocardial infarction adverse effect; consequently the
investigators sought to identify a second drug with the capacity to reduce this risk in patients currently
undergoing rosiglitazone [ 49 ]. This systems-based approach led to the conclusion that exenatide is a suitable
drug to administer for minimizing the rosiglitazone cardiac adverse effect risks, through its ability to regulate
blood clotting processes [ 49 ]. This study demonstrated that apart from playing an important part in predicting
drug adverse effects, systems medicine methodologies can also be employed for the prediction of ideal drug
combination therapies to be adopted for specific disease conditions. The study carried out by Babcock et al.
The study utilized the Connectivity Map CMap to select candidate hERG inhibitors with similar gene
signature expression profile induction, together with analytical methodologies from databases of experimental
datasets for annotated hERG inhibitor activities [ 50 ]. This approach is of crucial value particularly for
complex and multifactorial clinical conditions such as cancer pathways, bearing a wide spectrum of druggable
targets [ 54 ]. Systems medicine approaches also play a central role in the emerging drug development area of
drug repositioning, whereby drugs deemed to be dated or ineffective for one particular medical condition may
however prove to be highly effective for a different condition altogether [ 55 ]. The explorative study by Jin et
al. This study adopted an integration of one established systems-based analytical approach, namely, Bayesian
factor regression model BFRM , together with the novel cancer-signaling bridges CSB network component,
with the resultant systems approach termed as CSB-BFRM [ 56 ]. The CSB-BFRM was successful in
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predicting clinical response outcomes for the vast majority of the Food and Drug Administration-approved
drugs, with proof-of-concept studies in three separate cancer models breast cancer, prostate cancer, and
leukaemia confirming the accuracy of the novel systems medicine-based analytical approach [ 56 ].
Furthermore, other bioinformatic tools are being developed for aiding researchers to effectively conduct drug
repositioning studies. One such tool is the Drugmap Central http: A typical example to identify the application
of systems medicine methodologies for this research scenario is miRNA research. Since miRNAs regulate
transcripts, with one individual miRNA possibly downregulating the expression levels of up to hundreds of
downstream target genes, it is no wonder that such miRNAs can be implicated in multiple clinical conditions,
possibly in a simultaneous manner [ 58 ]. The development of bioinformatics web-tools such as the miRNA
BodyMap allows for a clearer visual on the degree of molecular interactions that are directly influenced by
miRNA members of the mirnome, therefore easing the task for miRNA researchers to establish the hubs and
nodes for their network modeling approaches pertaining to their specific conditions under investigation [ 58 ].
Conclusion and Perspectives Systems medicine is definitely impacting the way academics, researchers, and
clinicians look at medical research experimental approaches. The possibility to simultaneously scrutinize
multilevel data from both actual experimental and computational in silico sources provides greater insight into
the intricate and intertwined, complex molecular interactions. The interactome would otherwise remain
hidden, as the associations of regulatory processes are not intuitively obvious. This leads to the revealing of
novel dynamic interactions that are critical for influencing the course of medical conditions and consequently
also serve as clinically important key molecules for future diagnostic and therapeutic agent development.
However, there are still major challenges posing hurdles as emerging technologies such as next generation
sequencing and MS provide vast quantities of data and the computational methodologies available at present
are only just recently managing to cope with sifting through such high volumes of data to root out meaningful
inferences for the posed research queries. In addition, there is no one specific tool that can be utilized to help
in the integration of multi-omics datasets, with the results that there is a high degree of subjectivity for the
selection of the ideal systems-led approaches. The future of systems medicine is also shifting its focus onto
molecular hubs with a high and versatile influence on the effects of polypharmacology therapies, such as the
varying classes of drug transporters within the cellular environment [ 59 , 60 ]. Additional challenges include
the requirement for effective systems medicine models to integrate multiple data masses for accurate
identification of novel drug targets, therapies, and also enhanced stratification of patient risk groups. Such
effectiveness can only be achieved through proper handling of quantitative data, obtained using vetted and
standardized methodologies, with effective data transfer capabilities between multiple software packages and
data handling platforms in a smooth manner as the case is for RDML in handling of RT-qPCR data [ 63 ]. In
addition, such data handling should be shared more efficiently across the pharmaceutical industry in order to
allow for more rapid theranostic developments. Ultimately, with the adoption of such novel research
perspectives, systems medicine will prove to become one of the mainstays in the way future research will be
carried out, not only for extracting further mechanistic knowledge on disease processes but also through a
faster and more effective drug development pipeline with the integration of systems-based analysis. Conflict
of Interests The authors declare that there is no conflict of interests regarding the publication of this paper.
View at Google Scholar J. Systems Biology and Medicine, vol. De Roos et al. Mora Van Cauwelaert, J. Arias
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