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Introduction
The last decade has witnessed a significant 
decline in viable drug candidates,1 while 
escalating costs are resulting in an average 
$1.8 billion price-tag of developing and 
bringing each new drug to market.2 Faced with 
myriad challenges, the pharmaceutical sector is 
expressing an urgent need to re-evaluate current 
approaches to drug discovery.3 
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Beyond Reductionism: 
Systems Biology and Drug Discovery
Dr. Laura Batson, MSc, ND

eductionism has dominated 20th century drug discovery. A 
reductionist approach aims to reduce complex disease into 
a single molecular cause and then develop a drug exhibiting 
high specificity to that single target. This strategy is often 

referred to as the “one target - one drug - one disease” approach. 
Limitations of this strategy are two-fold: i) complex diseases are 
multi-factorial and irreducible; single molecular variants are unlikely 
to explain the cause and perpetuation of complex disease,3 and ii) 
‘single-target’ drugs often affect multiple off-target sites leading to 
unwanted side-effects.3 

The limitations of modern pharmacology are tightly coupled with 
the limitations of reductionist bioscience. Werner Heisenberg, the 
great 20th century physicist, said: “What we observe is not nature 
herself but nature exposed to our method of questioning”.4 We 
only see what we ask to be shown. Reductionism, as a method of 
questioning, has led bioscience down a path of observing nature’s 
parts.  Reductionism is not wrong; it simply does not provide the 
whole story, for certain properties of biological function, such as 
the emergent property of robustness*, cannot be observed through 
analysis of molecules alone. Yet robustness of disease phenotype 
leads to the failure of many single-target drugs once they reach 
phase II and III clinical trials.5 Robustness is not considered in the 
early stages of drug development because reductionist methods of 
questioning have no way to see or accommodate this property. 

If we want to account for the properties that arise at the level of 
whole cells and organisms — properties that not only affect drug 

R

action but help explain the cause and perpetuation of complex 
disease — then a new approach is required. If we want to know 
the whole story of what biology is, then we need new, more holistic 
methods of questioning.  For this reason, 21st century bioscience is 
moving towards systems biology.6 Systems biology aims to understand 
biological processes as whole systems instead of collections of 
isolated parts. When the components of a cell are studied as a 
whole system, they reveal complex signalling networks that display 
emergent properties.  A deeper understanding of these cellular 
properties brings us to the realization of why reductionist single-
target drugs often fail in complex disease and guides us, alternately, 
towards the need for multi-component and multi-target medicines, 
not unlike the complex mixtures of medicines used in many natural 
and traditional medical practices.  

Systems Biology: a new method of inquiry 

Systems biology has been identified as “the next wave” in the 
evolution of bioscience.6 Concerned with the study of biological 
wholes: including whole cells, organs, organisms, and ecosystems, 
the fundamental premise of systems biology is that the organization 
and function of biological wholes cannot be understood through 
analysis of their individual components in isolation. Rather, all 
components must be analysed together as an integrative system to 
reveal a comprehensive understanding of the whole.  

Systems biology utilizes advances in biotechnology such as high-
throughput sequencing that allow biologists to rapidly sequence and 
screen cells for large numbers of active molecules, from RNA to 
proteins and metabolites. These large data sets are then subjected 
to in silico (computer) analysis to reveal patterns of expression and 
interaction among molecules. This technology enables biologists 
to bridge quantitative science with experimental biology to derive 
global views of biological systems.7,8 The global view emerging is 
one of networks. Cell phenotype is not driven by individual genes or 
individual molecular pathways but by complex interactive networks of 
gene expression, protein interaction and metabolic intermediates.9-12 
This allows mathematical approaches like graph theory to be applied 
to biological networks to reveal their patterns of inter-relationship 
and to better predict their behaviour. 

In a network model, the components of the cell (i.e., genes, proteins, 
metabolites) are represented as “nodes”, and the interactions between 
components are represented as “edges”.  

* Robustness is an emergent property of cellular networks. It will 
be further defined and discussed in the body of paper.
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Systems biology can be applied in the study of whole organisms 
to better understand how phenotypic expression arises out of 
the complex networks that span multiple levels of biological 
organization, from genes to environment. Figure 2 illustrates the 
complexity of these interactive networks.

FIGURE 1 
Example of a network graph with five nodes and six edges. In 
cellular systems, nodes represent components of the cell and edges 
represent their physical interactions.

FIGURE 2 (used under license by Chem Soc Rev.):
The complex interacting networks of the genome, transcriptome, 
proteome and metabolome in biological systems. Information 
flows bi-directionally among biological networks and is combined 
with environmental influence, to produce phenotype. 13

Disease Networks

When systems biology is applied to the study of disease phenotype, 
we see that the majority of chronic diseases are the result of complex 
interactions of genetic, metabolic and environmental factors.14 Even 
when a single genetic mutation is identified, it is often not enough 
to explain the cause and propagation of the disease. Huntington’s 
Disease, for example, is a devastating neurodegenerative disease 
that has been traced to a mutation in a single gene.15 Although this 
mutation has been known since 1993, no effective cure has been 
developed. Knowledge of the genetic mutation alone is not enough 
to explain the pathogenesis of this disease or to provide a viable 
single target for its treatment.16 

Systems-level analysis can provide more comprehensive views of the 
complex networks involved in disease process. We can now see that 
the interconnectivity of cellular components means the impact of a 
genetic mutation is not limited to the function of the altered gene 
product, but can spread throughout the interaction network and alter 
the function of gene products that are otherwise unchanged.14 Dr. 
Albert-Laszlo Barabasi and his team in Boston, MA, are pioneering 
this research. They conclude: 

“Therefore, the phenotypic impact of a defect is not determined solely 
by the known function of the mutated gene, but also by the functions of 
components with which the gene and its products interact and of their 
interaction partners, i.e., by its network context.” 14

This means that the initial mutated gene and its products are not 
necessarily the molecules responsible for propagating or maintaining 
the disease state. Rather, the genes and proteins responsible for 
maintaining the disease state may be normal, yet their function 
has been changed by the altered context of the cell network.  These 
molecules are difficult to identify through reductionist experimental 
approaches since they may have no physical abnormality and 
they often lie outside of the suspected molecules involved in the 
disease process.  Network analysis can help identify these molecules 
by screening large sets of biological data and mapping their 
interconnections to identify “nodes” that occupy critical positions in 
the disease network.17 

Network Drugs

The discovery of disease networks has implications for drug 
development. It means a shift away from single-target drugs aimed 
at the molecular ‘cause’, towards multi-component drugs (often 
called network drugs) that interfere with the functioning disease 
network by targeting multiple critical nodes simultaneously.14,18-20  
For example, Huang et al 21 are applying network analysis in the 
pathogenesis of glioblastoma, the most common adult brain cancer. 
Amongst thousands of possible molecules involved in the disease 
process, they have identified only a handful that occupy critical 
nodes in the disease network. Nodes such as those found within the 
SRC tyrosine kinase family (already well-known to be involved in 
the disease process) were recapitulated through network analysis, in 
addition to nodes that were formerly not suspected to be involved in 
the disease process such as the estrogen receptor, ESR1. Using this 
research, combinational agents that targeted multiple nodes in the 
Glioblastoma disease network had a greater effect on halting disease 
progression than targeting single nodes alone.22 

Synergy of Network Drugs

Network models are also revealing synergistic mechanisms of multi-
component drug combinations.23 Synergy occurs when multi-
component drugs have a greater overall outcome on disease process 
than the outcome achieved by adding together the effects of each 
individual component on the disease. Synergistic drug combinations 
are helping to overcome the unwanted side effects, toxicity and drug 

Apr_1_Spring_2014_ALL_IN_recovered_APR_4.indd   38 2014-04-07   1:44 PM



Apr_1_Spring_2014_ALL_IN_recovered_APR_4.indd   39 2014-04-07   1:44 PM



41www.cand.ca CAND Vital Link | Spring 2014

RESEARCH | Beyond Reductionism: Systems Biology and Drug Discovery – cont’d
U

P
D

A
T

E
E

D
IT

O
R

IA
L 

C
A

S
E

 R
E

V
IE

W
P

R
A

C
T

IC
E

R
E

S
E

A
R

C
H

resistance often associated with high-dose single-target drugs while 
also demonstrating greater selectivity towards disease networks and 
superior therapeutic efficacy.24,25 Lehár et al24 provide numerous 
examples of drug synergy including the antibacterial synergy of 
ribivarin combined with disulfiram that resulted in greater selectivity 
of bacterial cells over host cells than each drug demonstrated on its 
own.

Two additional properties of cell networks, modularity and robustness, 
are particularly relevant to multi-target drug design. 

Modularity in Cell Networks
In randomly connected networks, all nodes have, on average, the 
same number of connections (“edges”). Such networks have very low 
modularity.  However, the nodes of biological networks are proteins 
and other biochemical intermediates whose interactions with other 
molecules are not at all random.  Whereas the vast majority of 
biological nodes have few connections, a small number of nodes 
form very highly connected “hubs” that nucleate various regions 
of the cell network.26-28 Networks containing such hubs are said to 
exhibit high modularity. 

FIGURE 3 (used with permission from original author):
An example of modularity in protein-protein interaction networks. 
Note that most nodes only have a few connections while some 
nodes are highly connected “hubs”29

Modular patterning is an important feature in the identification of 
complex disease because it helps to overcome the issue of molecular 
heterogeneity. Reductionism has revealed a high degree of molecular 
heterogeneity in cells associated with complex disease.30 Cancer cells 

are a prime example. No two cancer cells exhibit the same molecular 
phynotype.31,32 Even cells taken from the same tumour show 
differences in genome structure, distribution of mutations, repertoire 
of protein variants and activity along metabolic pathways.33 This 
widespread variation has made the identification of single molecular 
targets difficult, often leading to disappointingly limited efficacy 
and safety of single-target anticancer drugs.34 However if we shift 
our attention away from the parts and on to the whole, we become 
aware of living systems as interconnected networks of molecules in 
interacting pathways rather than just a list of individual molecules 
and cell pathways. We begin to see patterns emerging at the level of 
the whole cells that are not apparent at the level of the molecules. 

Network analysis reveals changes in modular patterning within cell 
networks associated with complex diseases including neurological 
disease, cardiovascular disease and cancer.14,35 Moreover, similar 
modular changes take place within cell networks of a given disease, 
irrespective of the molecular heterogeneity among these cells.36 
Awareness of changes in network modularity offers a potential 
breakthrough for drug discovery. It means that instead of screening 
immense molecular heterogeneity looking for consistent variation 
in single nodes, we can now document reproducible changes 
in modularity, that is the organization patterns of interconnected 
molecules, and screen disease networks for the molecules responsible 
for maintaining these changes. 

This network approach is already advancing cancer research and 
drug design. A recent study of patients with sporadic breast cancer 
showed a significant and consistent change in cellular network 
modularity between patients with poor prognosis compared to 
those who were disease-free after extended follow-up.37 Iyanger and 
Hansen conclude: 

“Therefore, it appears that the analysis of modularity can be used to 
characterize disease states. The origins and progression of diseases might 
not only involve a change in the activity of individual pathways...but 
could also involve the re- or disorganization of functional modules. 
Successful treatment might depend on the ability to go back to a prior 
network organization or to go to a new organization characteristic of 
normal physiology.” 8

In summary, screening diseased cells for single molecular variants 
is proving to be difficult due to the molecular heterogeneity of 
disease. However, screening disease states for changes in modular 
patterning is providing new, more consistent network-based targets 
for the treatment of complex disease.  This calls for approaches 
that address and treat the identifiable pattern(s) of disease states 
rather than attempting to address and treat individual molecules of 
disease.

Robustness of Cell Networks
In some instances, sorting through the molecular heterogeneity of 
complex disease has led to the successful identification of single 
molecular targets.  The HER2 receptor, for example, is over-expressed 
in a subset of metastatic breast cancers, distinguishing them from 
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healthy cells. The chemotherapy drug trastuzumab (Herceptin) is 
a monoclonal antibody designed to act specifically on this receptor. 
However, the majority of patients who initially respond well to this 
drug will also build resistance to it.38 Cancer cells are persistently 
adaptive to disturbances from drug perturbation. Cancer cells, in 
fact, are robust.  Robustness is often a quality attributed to healthy 
cells, defined as an intrinsic property that enables cells to maintain 
their function in the face of various perturbations.39,40

Dr. Paul Weiss, a pioneer in systems biology, gave a lecture in 1968 
marveling at the ability of biological form to spontaneously re-
organize in the face of disturbance:

“Since any movement or change of any part of the system deforms the 
structure of the whole complex, the fact that the system as a whole tends 
to retain its integral configuration implies that every change of any one 
part affects the interactions among the rest of the population in such a 
way as to yield a net countervailing resultant; and this for every part.  
Couched in anthropomorphic language, this would signify that at all 
times every part ‘knows’ the stations and activities of every other part and 
‘responds’ to any excursions and disturbances of the collective equilibrium 
as if it also ‘knew’ just precisely how best to maintain the integrity of the 
whole system in concert with the other constituents.” 41

Flexibility and adaptability are properties of healthy networks; they 
are also properties of many disease networks. Kitano39 points out: 
“Disease can be viewed as a breakdown of the robustness of normal 
physiological systems and the re-establishment of robust, and  potentially 
progressive, disease states.”  Disease networks are highly robust, able to 
re-assign protein functions and rewire circuits to allow for persistence 
of function in the presence of perturbation.42 As a result, drugs have 
little therapeutic benefit when the robustness of the system that is 
being targeted compensates for any changes caused by drugs. Disease 
networks are especially robust to the removal of components by 
single-target drugs.39,43-45 

To overcome the robustness of disease networks, drugs need to 
interfere with the compensatory mechanisms of the cell. This is 
achieved using multi-component drugs that target not only the 
molecular variants but the mechanisms responsible for maintaining 
robustness. In the case of HER2 expressed breast cancers, numerous 
mechanisms contribute to the resistance to trastuzumab.46 For 
example, HSP90 (heat shock protein 90) is a molecular chaperone 
and key player in stabilizing denatured client proteins including 
HER2. Studies show that combining HSP90 inhibitors with 
trastzumab results in increased downregulation of HER2, less 
resistance to trastzumab, and greater efficacy of treatment.47

Kitano reflects on what these findings mean for the future of cancer 
treatment:

“This recognition shifts our attention from the magic bullet approach 
of anti-cancer drugs to a more systematic control of cancer as complex 
dynamical phenomena. This leads to the view that a complex system has 
to be controlled by complex interventions.” 48

In similar reflection, Dr. Nathan Price, the associate director of the 
Institute for Systems Biology in Seattle, states:  

“Cancer isn’t one disease. It represents many, many different ways cells 
in our body go awry. The cure is unlikely to be a simple drug; it’s much 
more likely to be a complex adaptive system that can help identify and 
eradicate cancerous cells. It would probably have to be a system that 
evolves and changes just like cancer evolves and changes.” 49

Simple problems require simple solutions. Complex problems require 
complex solutions. To overcome the robust mechanisms of complex 
disease networks, drugs must be as complex and multifaceted as 
the disease network itself, targeting not only the molecular variants 
but also the robust mechanisms of these networks. By a like-cures-
like principle, a more effective treatment approach may be to work 
with the complexity of biology rather than against it. Rather than 
using a single-target drug aimed at controlling or suppressing 
complex disease, we may achieve greater therapeutic benefit by using 
complex multi-component drugs that can participate in the complex 
mechanisms of disease, effectively shifting it into a state of health.

Systems Pharmacology 
In summary, the application of systems biology to drug development 
is resulting in a new field of pharmaceutical research called Systems 
Pharmacology.50 Systems pharmacology aims to develop drugs that 
are multi-component, multi-target, synergistic, and able to shift 
complex disease networks towards states of health more effectively 
and with less toxicity than single-target drugs. Supported by a new, 
more holistic science, systems pharmacology is shifting drug-design 
from reductionism towards holistic approaches. This new paradigm 
is also supported by more holistic treatment principles. (Table 1 
summarizes these principles). Challenges do exist in the translation 
of this new science into clinical practice, such as cultural barriers 
to developing integrated and holistic models, lack of expertise in 
translational therapeutics, and challenges in developing test models 
that can scale from molecular interactions to organismal physiology.3 

TABLE 1: Discoveries of Systems Biology translated into 
Treatment Principles

SYSTEMS BIOLOGY 
DISCOVERY  

Disease Networks: 
The “root cause” of complex 
disease is not a single 
causative factor but a multi-
scale interacting network of 
factors.            

Modular Patterning:
The relationships among bio-
logical objects have become 
diseased, not necessarily the 
objects themselves. 

Robustness: 
States of health and disease 
are maintained by innate 
adaptive mechanisms that al-
low function to persist in the 
presence of perturbation.

TREATMENT PRINCIPLE 

Treat the whole, not the part: treat the whole cell 
network, not a single gene/protein; treat the whole 
person, not only the part that appears to be symptom-
atic; address disease in-context, not in-isolation (ie: ad-
dress predisposition, environmental and psychosocial 
factors, personal and molecular individuality).

Identify diseased patterns, not only diseased 
objects (eg: identify the altered interaction patterns 
among molecules, not only the altered molecules 
themselves); treat the altered patterns of relationship; 
use medicines that engage and shift the diseased 
relationships, not medicines that attempt to control 
and suppress diseased objects. 

Remove the obstacles to health and establish 
the conditions for healing:  aim to destabilize the 
robust mechanisms of disease while re-establishing 
the robust mechanisms of health; support the innate 
healing potential of the body. 
Like-cures-like: use medicines that are as complex 
and adaptable as the disease itself. Rather than aiming 
to control complex disease with single-target drugs, 
aim to shift complex disease through complex and 
adaptable multi-target medicines.   
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Systems Pharmacology is Looking to Natural 
Medicine for Guidance 

Drug discovery based on natural products is receiving renewed 
interest in the age of systems biology.51-53 Systems biology provides an 
evidence-based foundation for the use of complex multi-component 
medicines such as those used in herbal an nutritional medicine. In 
particular, systems biology validates the wisdom of using whole-
herbal mixtures and whole-foods, as opposed to the extraction 
and administration of single bioactive compounds. Additionally, 
the discoveries of systems biology can be translated into treatment 
principles that are in accordance with many of the principles of 
traditional medical systems: treat the whole person, treat the root 
cause of disease, treat the underlying pattern of disharmony, re-
establish balance and harmony, remove the obstacles to health and 
establish the conditions necessary for healing, and, among others, 
utilize the healing power of nature.  

Certain herbal medicines, for example, are utilized by traditional 
medicine for their ability to re-establish balance in biological 
systems and/or to strengthen the resilience of organ systems to 
environmental perturbation. Referred to as adaptogens and/or tonics 
these medicines contain complex mixtures of bioactive constituents 
that work synergistically to support the robustness of their targeted 
organ system.54  The botanical formula ADAPT-232 is a mixture of 
Eleutherococcus senticosus, Schisandra chinensis, and Rhodiola rosea 
was shown to target multiple nodes in the metabolic network of 
neurogial cells, resulting in increased robustness of these cells 
through inhibition of stress-induced catabolic reactions.55 Moreover, 
this complex mixture produced synergetic effects, deregulating genes 
that none of the individual botanicals on their own could affect.55 

Using the technology of systems biology we can now, more 
comprehensively, screen botanical medicines and derive maps of the 
bioactive networks responsible for their medicinal actions, as well as 
provide organism-wide models that detail the synergistic and multi-
scale mechanisms of botanicals throughout the human body.56-61

The results from these studies are piquing the interests of the 
pharmaceutical industry: 

“Now, it is possible to link the network-based treatment principle of 
herbal medicine with the pathological target network and optimize the 
combined-dosage of the essential components. All in all, network-based 
drug discovery is taking the pharmaceutical industry into a new age 
where efficient use of systems biology and computational technologies 
for medicinal herbs investigation will function as a powerful engine for 
multi-target drug discovery and development of network medicine.” 56 

Perhaps the area of greatest collaboration is occurring at the interface 
of systems biology and Traditional Chinese Medicine (TCM).62-

68 Systems biology can translate the principles and practices of 
TCM into western scientific language, providing a bridge for deep 
collaboration with western medicine.69 For example, the Ottawa 
Institute for Systems Biology, located within the department of 

medicine at Ottawa University, has recently partnered with the 
Shanghai Institute of Materia Medica to use systems biology to better 
understand the mechanism of action of Chinese herbal medicine in 
neurological disease, with an initial focus in Alzheimer’s disease.70   

The benefits of these collaborations are mutual: systems 
pharmacology receives valuable insight into network-based drug 
design with less toxicity and greater efficacy, while the indigenous 
wisdom and medicine of traditional healing practices receives 
valuable scientific validation through holistic models that honor the 
complex medicines rather than attempting to break them down into 
reductionist explanations. 

Conclusion

Modern pharmaceutical development has reached an impasse. 
Reductionism, as the underlying bioscience of pharmacology, 
no longer provides a model able to cope with the emerging view 
of biological complexity. As a result, the reductionist “one target 
- one drug - one disease” approach is failing to treat complex 
disease. A new approach is required. Systems biology offers a 
promising new approach. With advances in biotechnology and 
computational analysis, systems biology is allowing us to observe, 
more comprehensively, the biological whole. Through systems 
analysis, disease is understood to arise from interacting networks 
that span multiple levels of biological organization. These networks 
display emergent properties such as modularity and robustness.  This 
new understanding of disease is resulting in a new approach to the 
treatment of disease that involves treating the whole disease network 
using multi-component, multi-target and synergistic medicines.  
This approach is not new, however.  An epistemological approach 
that embraces the biological whole and a treatment approach that 
utilizes the healing power of complex synergistic medicines is as old 
as time and is still alive today in many traditional medical systems. 
Western botanical medicine, ayurvedic medicine, traditional 
Chinese medicine, and naturopathic medicine are among these 
medical systems. Systems pharmacologists have begun to recognize 
the wisdom of ancient medical practices and are now turning to 
nature and traditional medicine for guidance.   

About the Author

Laura Batson, MSc, ND, graduated from CCNM and runs a family 
practice in Ottawa, Ontario. Prior to becoming a naturopathic 
doctor, Laura completed a Master’s in holistic science with a focus on 
systems biology and complexity theory, from Schumacher College, 
UK. Laura is developing curriculum to integrate holistic science 
with the naturopathic medical program and profession. She is also a 
passionate advocate for the re-integration of science with spirit, love, 
and art. Additional work can be found at www.LauraBatsonND.com.

Apr_1_Spring_2014_ALL_IN_recovered_APR_4.indd   44 2014-04-07   1:44 PM



References
1. Kaitin, KI and JA. DiMasi, Pharmaceutical innovation in the 21st century: new drug 

approvals in the first decade, 2000-2009. Clin Pharmacol Ther. 2011; 89(2): 183-8.
2. Paul, SM, Mytelka DS, Dunwiddie CT, Persinger et al., How to improve R&D productivity: 

the pharmaceutical industry’s grand challenge. Nat Rev Drug Discov. 2010; 9(3): 203-14.
3. Sorger P, Allerheiligen S. Quantitative and systems pharmacology in the post-genomic era: 

new approaches to discovering drugs and understanding therapeutic mechanisms. National 
Institutes of Health White Paper. 2011.

4. Werner Heisenberg, Physics and Philosophy: The Revolution in Modern Science, New York: 
Harper & Row Publishers; 1962, p. 58.

5. Sams-Dodd F, Target-based drug discovery: is something wrong? Drug Discov Today. 2005 
Jan; 15;10(2), 139-47.  

6. Integrative Systems Biology: The 21st Century Challenge to Biological, Biomedical  and 
Biotechnological Research in Canada. Briefing Paper and Working Recommendations.

7. Ram PT, Mendelsohn J, and Mills GB., Bioinformatics and systems biology, Mol Oncol. 
2012 April; 6(2):147–154.

8. Hansen J, Iyengar R, Computation as the mechanistic bridge between precision medicine and 
systems therapeutics. Clin Pharmacol Ther. 2013 Jan; 93(1):117-2.

9. Mo ML, Palsson BO, Understanding human metabolic physiology: a genome-to-systems 
approach. Trends Biotechnol. 2009; 27(1):37–44.

10. Papin JA, et al. Reconstruction of cellular signalling networks and analysis of their 
properties. Nat Rev Mol Cell Biol. 2005; 6(2):99–111. 

11. Jordan JD, Landau EM, Iyengar R, Signaling networks: the origins of cellular multitasking. 
Cell. 2000; 103(2):193–200.

12. Ben-Tabou de-Leon S, Davidson EH, Modeling the dynamics of transcriptional gene 
regulatory networks for animal development. Dev Biol. 2009; 325(2):317–28.

13. Dunn, WB,  Broadhurst, DI,  Atherton HJ, Goodacre R, and Griffin JL,  Systems level 
studies of mammalian metabolomes: the roles of mass spectrometry and nuclear magnetic 
resonance spectroscopy. Chem. Soc. Rev. 2011; 40:387-426.

14. Barabási AL, Gulbahce N, Loscalzo J, Network medicine: a network-based approach to 
human disease. Nat Rev Genet. 2011 Jan;12(1):56-68. 

15. The Huntington’s Disease Collaborative Research Group: A novel gene containing 
a trinucleotide repeat that is expanded and unstable on Huntington’s disease 
chromosomes. Cell. 1993;72(6):971–983.

16. González-Couto E, Functional and systems biology approaches to Huntington’s disease. 
Brief Funct Genomics. 2011 May;10(3):109-14.

17. Jeong H, et al. Lethality and centrality in protein networks. Nature. 2001;411(6833):41–2.
18. Csermely P, Agoston V, Pongor S, The efficiency of multi-target drugs: the network 

approach might help drug design. Trends Pharmacol Sci 2005;26: 178–182. 
19. Zhao S, Iyengar R. Systems pharmacology: network analysis to identify multiscale 

mechanisms of drug action. Annu Rev Pharmacol Toxicol. 2012;52:505-21.
20. Silverman EK, Loscalzo J. Network medicine approaches to the genetics of complex diseases. 

Discov Med. 2012 Aug;14(75):143-52. 
21. Huang SS, Clarke DC, Gosline SJ, et al, Linking proteomic and transcriptional data 

through the interactome and epigenome reveals a map of oncogene-induced signaling.  PLoS 
Comput Biol. 2013;9(2):e1002887.

22. Lu KV, Zhu S, Cvrljevic A, et al, Fyn and SRC are effectors of oncogenic epidermal growth 
factor receptor signaling in glioblastoma patients. Cancer Res. 2009 Sep;1;69(17):6889-98.

23. Chou TC, Theoretical basis, experimental design, and computerized simulation of 
synergism and antagonism in drug combination studies. Pharmacol Rev. 2006;68:621–81.

24. Lehár J, Krueger AS, Avery W, et al, Synergistic drug combinations tend to improve 
therapeutically relevant selectivity. Nat Biotechnol. 2009 Jul;27(7):659-66. 

25. Borisy AA, Elliott PJ, Hurst NW, et al. Systematic discovery of multicomponent 
therapeutics, Proc Natl Acad Sci U S A. 2003 Jun 24;100(13):7977-82. 

26. Baraba´si AL, Network biology: Understanding the cell’s functional organization. Nature 
Reviews Genetics 2004;4:101–114.

27. Newman MEJ, Modularity and community structure in networks. Proc Natl Acad Sci USA 
2006;103:8577–8582.

28. Zhao, J, Ding, GH, Tao, L et al, Modular co-evolution of metabolic networks. BMC 
Bioinformatics 2007;8: 311.

29. Sievert H, Venz S, Platas-Barradas O, et al, Protein-protein-interaction network 
organization of the hypusine modification system. Mol Cell Proteomics. 2012 Nov;11(11), 
1289-305.

30. Silverman EK, Loscalzo J. Network medicine approaches to the genetics of complex diseases. 
Discov Med. 2012 Aug;14(75), 143-52.

31. Hanahan D, Weinberg R.A., The hallmarks of cancer. Cell. 2000; 100:57–70.
32. Kreeger P.K., Lauffenburger D.A., Cancer systems biology: a network modeling perspective. 

Carcinogenesis. 2010 Jan;31(1):2–8. 
33. Sottoriva, A et al., Intratumor heterogeneity in human glioblastoma reflects cancer 

evolutionary dynamics. Proc. Natl Acad. Sci. USA, 2013;110:4009–4014.
34. Tang J, Karhinen L, Xu T et al, Target inhibition networks: predicting selective 

combinations of druggable targets to block cancer survival pathways. PLoS Comput 
Biol. 9(9):e1003226. Epub 2013 Sep 12.

35. Chen, G., Zhang, HY, Xie, C et al, Modular reorganization of brain resting state networks 
and its independent validation in Alzheimer’s disease patients, Front Hum Neurosci. 2013 
Aug;9(7):456.

36. Nacher, J.C., Schwartz, J.M., Modularity in Protein Complex and Drug Interactions 
Reveals New Polypharmacological Properties PLoS One. 7(1):e30028. Epub Jan 18 (2012)

37. Taylor, IW, Linding, R, Warde-Farley, D et al, Dynamic modularity in protein interaction 

RESEARCH | Beyond Reductionism: Systems Biology and Drug Discovery – cont’d
U

P
D

A
T

E
E

D
IT

O
R

IA
L 

C
A

S
E

 R
E

V
IE

W
P

R
A

C
T

IC
E

R
E

S
E

A
R

C
H

45www.cand.ca CAND Vital Link | Spring 2014

networks predicts breast cancer outcome. Nat. Biotechnol. 2009;27:199–204.
38. Nahta, R, Esteva, FJ, HER2 therapy: molecular mechanisms of trastuzumab resistance. 

Breast Cancer Res. 2006;8(6):215.
39. Kitano H, A robustness-based approach to systems-oriented drug design. Nat Rev Drug 

Discov. 2007;6:202–210. 
40. Bhalla US, Iyengar R. Emergent properties of networks of biological signaling pathways. 

Science. 1999;283(5400), 381–7.
41. Weiss P., quoted in Arthur Koestler (ed.) and J.R. Smythies (ed.), Beyond Reductionism: New 

Perspectives In The Life Sciences, Beacon Press; 1969.
42. Ram PT, Mendelsohn J, Mills GB. Bioinformatics and systems biology Mol Oncol. 2012 

April;6(2):147-54. Epub 2012 Feb 17.
43. Fitzgerald JB, Schoeberl B, Nielsen UB, Sorger PK Systems biology and combination 

therapy in the quest for clinical efficacy. Nat Chem Biol. 2006;2:458–466.
44. Zimmermann GR, Lehar J, Keith CT, Multi-target therapeutics: when the whole is greater 

than the sum of the parts. Drug Discov Today 2007;12:34–42.
45. Hopkins, AL, Network pharmacology: the next paradigm in drug discovery. Nat Chem Biol. 

2008;4:682–690. 
46. Nahta, R, Yu, D, Hung, MC, Hortobagyi, GN, Esteva, FJ, Mechanisms of disease: 

understanding resistance to HER2-targeted therapy in human breast cancer. Nat Clin Pract 
Oncol. 2006 May;3(5):269-80. 

47. Zsebik, B, Citri, A, Isola, J, Yarden, Y, Szöllosi, J, Vereb, G, Hsp90 inhibitor 17-AAG 
reduces ErbB2 levels and inhibits proliferation of the trastuzumab resistant breast tumor cell 
line JIMT-1. Immunol. Lett. 2005;104:146–155.

48. Kitano, H, quoted in Emmanuel Barillot, Laurence Calzone, Philippe Hupe, Jean-Philippe 
Vert, Andrei Zinovyev, Computational Systems Biology of Cancer. Taylor & Francis Group, 
LLC, Boca Raton, FL; 2013, p. xxvii.  

49. Price, N., Quote obtained from: https://corefacilities.systemsbiology.net/scientists-and-
research, Feb 13; 2014.

50. Quantitative and Systems Pharmacology in the Post-genomic Era: New Approaches to 
Discovering Drugs and Understanding Therapeutic Mechanisms, An NIH White Paper by 
the QSP Workshop Group, October; 2011. 

51. Koehn, FE, and Carter, GT, The evolving role of natural products in drug discovery. Nat. 
Rev. Drug Discov. 2005;4:206. 

52. Patwardhan B, Mashelkar RA., Traditional medicine-inspired approaches to drug discovery: 
can Ayurveda show the way forward? Drug Discov Today. 2009 Aug;14(15-16):804-11.

53. Gu J, Gui Y, Chen L, Yuan G, Lu HZ, Xu X.Use of natural products as chemical library for 
drug discovery and network pharmacology PLoS One. 2013 Apr;25;8(4):e62839.

54. Panossian, A, and Wagner, H, Adaptogens: a review of their history, biological activity, and 
clinical benefits. HerbalGram 2011;90:52–63.

55. Panossian A, Hamm R, Kadioglu O, Wikman G, Efferth T, Synergy and Antagonism of 
Active Constituents of ADAPT-232 on Transcriptional Level of Metabolic Regulation of 
Isolated Neuroglial Cells. Front Neurosci. 2013 Feb;20;7:16.

56. Leung EL, Cao ZW, Jiang ZH, Zhou H, Liu L. Network-based drug discovery by 
integrating systems biology and computational technologies. Brief Bioinform. 2013 
Jul;14(4):491-505.

57.Niemeyer K, Bell IR, Koithan M.Traditional Knowledge of Western Herbal Medicine and 
Complex Systems Science. J Herb Med. 2013 Sep;3(3), 112-119.

58. Gostner, J.M., Wrulich, O.A., Jenny, M., Fuchs, D., Ueberall, F.  An update on the 
strategies in multicomponent activity monitoring within the phytopharmaceutical field, 
BMC Complement Altern Med. 2012 Mar;14:12-18.

59. Gertsch J. Botanical drugs, synergy, and network pharmacology: forth and back to 
intelligent mixtures. Planta Med. 2011 Jul;77(11):1086-98.

60. Ulrich-Merzenich, G, Panek, D, Zeitler, H, Wagner, H, Vetter, H. New perspectives for 
synergy research with the “omic”-technologies. Phytomedicine. 2009 Jun;16(6-7):495-508.

61. Rasoanaivo P, Wright CW, Willcox ML, Gilbert B: Whole plant extracts versus single 
compounds for the treatment of malaria: synergy and positive interactions. Malar J, 
2001;15(Suppl 1):S4.

62. Yang M, Chen JL, Xu LW, Ji G, Navigating traditional chinese medicine network 
pharmacology and computational tools. Evid Based Complement Alternat Med. 
2013:731969. Epub Jul 31 (2013).

63. Li, S, Zhang, B, Traditional Chinese medicine network pharmacology: theory, methodology 
and application. Chin J Nat Med. Mar 2013;11(2):110-20.

64. Li, S, Zhang, B, Zhang N, Network target for screening synergistic drug combinations with 
application to traditional Chinese medicine, From The 4th International Conference on 
Computational Systems Biology (ISB 2010) Suzhou, P. R. China. 9-11 September 2010, 
BMC Systems Biology; 2011.

65. Lin LL, Wang YH, Lai CY, et al, Systems biology of meridians, acupoints, and chinese herbs 
in disease. Evid Based Complement Alternat Med. 2012:372670. Epub 2012 Oct 18.

66. Bohui Li, Xue Xu, Xia Wang, Hua Yu, Xiuxiu Li, Weiyang Tao, Yonghua Wang, and Ling 
Yang, A Systems Biology Approach to Understanding the  Mechanisms of Action of Chinese 
Herbs for Treatment of Cardiovascular Disease. Int J Mol Sci. 2012 Oct;13(10):13501-20.

67. Tao W, Xu X, Wang X, Li B, Wang Y, Li Y, Yang L Network pharmacology-based 
prediction of the active ingredients and potential targets of Chinese herbal Radix Curcumae 
formula for application to cardiovascular disease. J Ethnopharmacol. 2013 Jan;145(1):1-10.

68. Liu H, Wang J, Zhou W, Wang Y, Yang L.Systems approaches and polypharmacology for 
drug discovery from herbal medicines: an example using licorice. J Ethnopharmacol. 2013 
April;146(3):773-93.

69. van der Greef J, van Wietmarschen H, Schroën J, Wang M, Hankemeier T, Xu G. Systems 
Biology-Based Diagnostic Principles as Pillars of the Bridge between Chinese and Western 
Medicine, Planta Med. 2010 Dec;76(17):2036-47.

70. Sourced from: http://www.oisb.ca/cobac/SIMM-OISB.html, Feb 14; 2014.

Apr_1_Spring_2014_ALL_IN_recovered_APR_4.indd   45 2014-04-07   1:44 PM


